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THVISTELMA

Yli vuosisadan ajan AC-siahkonjakelu on ollut laivojen siahkojarjestelmien
vakiintunut standardi. Kasvavat vaatimukset polttoainetehokkuudelle ja
paastovahennyksille ohjaavat kuitenkin kehitysta kohti tehoelektroniikkaan
perustuvaa DC-jakelua. DC-mikroverkot mahdollistavat saadettavanopeuk-
sisten generaattoreiden, energian varastoinnin ja uusiutuvien energialdh-
teiden tehokkaamman integroinnin, mutta perinteiset ohjausstrategiat poh-
jautuvat AC-jakelun periaatteisiin, keskittyen jaiykkaan jannitteen saatelyyn
jarjestelman joustavuuden ja vikasietoisuuden kustannuksella.

Tama vaitoskirja esittda vaihtelevaan jannitteeseen perustuvan tehon-
hallintastrategian DC-mikroverkoille, parantaen vikasietoisuutta ja au-
tonomista jannitteenhallintaa. Toisin kuin keskitetyt menetelmait, strate-
gia hyodyntaa DC-jannitteen luonnollista vaihtelua, mahdollistaen hajaute-
tun ja itseohjautuvan toiminnan. Kuormainvertterit, jotka eivat perin-
teisesti osallistu jannitteensaatoon, tukevat verkon vakautta ali- ja ylijan-
nitesaatimiensd avulla. Tama mahdollistaa kuormien itsendisen tuen jan-
niteldhteille, estden ldhteiden ylikuormitukset ja sihkokatkot.

Tutkimuksen keskeiset kontribuutiot ovat: (1) matemaattinen mallinnus-
paradigma, joka kuvaa DC-mikroverkon ja kuormainvertterien jan-
nitesdatijien toimintaa; (2) uudet ali- ja ylijannitesidadinalgoritmit,
jotka mahdollistavat sujuvan rinnakkaistoiminnan muiden jannitetta
yllapitavien laitteiden kanssa; (3) uudet varaustilan tasapainotusalgoritmit
energian varastoinnille, jotka toimivat yhteen ohjausstrategian kanssa ja
takaavat hairiottoman jannitetason; (4) strategian suorituskyvyn arviointi
laivakaytossd, sisaltden tehonsyoton priorisointiin ja sahkokatkojen
estamiseen liittyvid sovelluksia.

Mallinnus- ja kenttatestitulokset osoittavat, etta esitetty hallintastrategia
parantaa selviasti DC-mikroverkkojen vikasietoisuutta, energiatehokkuutta
jaluotettavuutta merisovelluksissa. Tulokset viittaavat siihen, etta menetel-
ma voi toimia vahvana vaihtoehtona perinteisille keskitetyn hallinnan jar-
jestelmille, tarjoten skaalautuvan ja autonomisen ratkaisun tulevaisuuden
laivasahkojarjestelmille.

Avainsanat:  DC-mikroverkot, vaihtelevaan jannitteeseen perustuva
hallinta, laivojen sidhkojarjestelmat, vikasietoisuus, kuormainvertterien
jannitesaato, sihkokatkojen estaminen, tehonsyoton priorisointi.
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ABSTRACT

For over a century, AC power distribution as proven technology has been the
standard in shipboard power systems. However, increasing demands for
fuel efficiency and emissions reduction are driving a shift toward DC dis-
tribution, enabled by power electronics-based technology. DC microgrids
allow more efficient integration of variable-speed generators, energy stor-
age, and renewables, but conventional control strategies remain based on
AC-distribution’s principles, prioritizing rigid voltage regulation over sys-
tem flexibility and resilience.

This dissertation proposes a variable voltage-based control strategy for DC
microgrids, enhancing fault resilience and autonomous power management
in shipboard power systems. Unlike conventional methods that rely on cen-
tralized control, the proposed strategy leverages natural voltage variations,
allowing distributed, self-regulating operation. Modern load inverters, tra-
ditionally passive in voltage control, actively contribute to grid stabilization
through their undervoltage and overvoltage regulators, enabling loads to
support voltage sources when needed. This prevents overloading and black-
outs without requiring a supervisory system.

Key contributions of the research include: (1) the development of a mathe-
matical modeling paradigm accurately representing the behavior of DC mi-
crogrids, including load inverter voltage regulators; (2) new load inverter
under- and overvoltage regulator algorithms enabling smooth parallel op-
eration with other voltage-maintaining equipment; (3) new energy storage
state-of-charge balancing algorithms compatible with the control strategy,
ensuring stable voltage levels; and (4) a detailed performance evaluation of
the strategy in shipboard scenarios, including case studies on power supply
prioritization and blackout prevention using real-world data.

Modeling results and real-world validations demonstrate that the proposed
control strategy significantly improves the resilience, efficiency, and fault
tolerance of DC microgrids in marine applications. The findings suggest that
this approach can serve as a robust alternative to conventional centralized
power management systems, offering a scalable and autonomous solution
for next-generation shipboard power systems.

Keywords: DC microgrids, variable voltage-based control, shipboard power
systems, fault resilience, inverter voltage regulation, blackout prevention,
power supply prioritization.



VII

“Any sufficiently advanced technology
is indistinguishable from magic.”

— Sir Arthur C. Clarke
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1 INTRODUCTION

Shipboard power systems are, in many respects, unique. They range from
comparatively small systems of a few hundred kilowatts to large-scale sys-
tems reaching dozens of megawatts. Their power generation methods are
continuously evolving, incorporating a wide range of fuel types for combus-
tion engines—each with distinct capabilities and characteristics—and new
technologies such as hydrogen fuel cells. Battery systems and other energy
storage technologies, such as supercapacitors, are also being introduced to
support power system operations through peak shaving, load scheduling,
and other strategies that promote energy-efficient operation. These systems
may also intermittently connect to shore-based power supplies. Propulsion
architectures are gradually shifting from conventional mechanical main en-
gines toward fully electric systems.

At the same time, shipboard power systems must rank among the most re-
silient in the world, capable of withstanding blackout-inducing fault con-
ditions and maintaining continuous operation of critical functions such as
propulsion, navigation, and essential services, to prevent potentially catas-
trophic accidents.

As shipboard power systems become more sophisticated and functionally
capable, the enabling technologies must also evolve. This development is
driving a fundamental shift in power distribution paradigms. Alternating
current (AC) distribution has served as the de facto standard in shipboard
power systems for over a century. However, due to increasing demands
for fuel efficiency and reduced carbon emissions, as noted in Kim, Park,
Roh, and Chun (2018), the adoption of power electronics-based inverters—
enabling variable-speed combustion engines and integration of energy stor-
age—is paving the way for direct current (DC) distribution systems, also
known as DC microgrids.

1.1 Background and Motivation

The objective of this dissertation is to develop an advanced and adaptive
control strategy for DC microgrids, which leverages the DC voltage level and
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the capabilities of modern load inverters to actively respond to voltage devi-
ations. This represents a fundamental shift from the conventional assump-
tion that load inverters do not, or cannot, contribute to DC voltage regula-
tion.

By enabling load inverters to autonomously react to grid events, a portion
of the microgrid control functionality is distributed to the inverters them-
selves. As some of the fastest-reacting devices in the system, load inverters
can enhance the robustness of microgrid behavior under a wide range of
conditions. The principles presented in this dissertation allow for the de-
sign of shipboard power systems that are autonomous, highly resilient, and
tolerant to fault conditions—capable of maintaining stability during excep-
tional events without requiring exhaustive pre-programming of all possible
contingency scenarios.

1.1.1 DC Microgrid Control and Drooping

Microgrid control refers to the mechanisms and operational principles used
to maintain the balance between power production and consumption. In
shipboard power systems, this is often part of or closely linked with the
broader power management system. In droop controlled DC microgrids,
this balance is reflected by the DC-link voltage: if the voltage is rising, more
energy is being produced than consumed, and vice versa—if the voltage is
falling, consumption exceeds production. The rate of voltage change corre-
sponds to the severity of the imbalance. Without such balance, the voltage
will deviate outside acceptable bounds, causing protective tripping of con-
nected equipment and loss of stable operation.

Different microgrid control strategies—centralized, decentralized, and dis-
tributed—make use of this voltage feedback in various ways. Each approach
has merits depending on system requirements and operational context. A
detailed comparison of these strategies is provided in Chapter 2, with Sec-
tion 2.4 specifically discussing their structure and implications.

The one thing that the microgrid controller has very limited control over is
the loads. While it is possible for the shipboard controller to forcibly dis-
connect non-critical loads, such action is typically reserved for exceptional
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situations in which the active loads are in danger of exceeding the power
production capacity. During normal steady-state operation, the loads op-
erate independently, and the microgrid must adapt accordingly to maintain
voltage stability—i.e., there must always be at least one voltage source in the
microgrid that continuously measures and regulates the DC voltage.

A fundamental aspect of microgrid control in larger systems is enabling the
parallel operation of multiple voltage sources. In a purely theoretical sce-
nario, two voltage sources maintaining and measuring exactly the same volt-
age would operate in harmony. The real world, however, is not ideal: com-
ponent tolerances, measurement errors, and control inaccuracies always ex-
ist. The resultis that voltage sources may observe slightly different voltages—
for example, one sees 749 V and another 751 V—even though both aim to
maintain a nominal 750 V. This discrepancy leads to conflict: one source
injects more current to raise the voltage, while the other absorbs current to
reduce it, effectively fighting each other. Such conflicts persist until one or
both sources exceed their current limits and trip offline.

Several methods exist to enable parallel operation of voltage sources, such
as synchronizing inverter modulation. However, many such solutions rely
on communication, which introduces potential failure points. To address
this, the concept of DC voltage drooping was introduced—a method that al-
lows independent sources to coordinate implicitly based on the measured
voltage level, as described in Ito, Zhongqing, and Akagi (2004), and defined
in Equation (1.1):

Vis = Vs — Rpsls (1.1)

The basic premise in this method is to create virtual resistance, Rpg, at the
output of each voltage source. This then effectively creates a non-ideal volt-
age source (sometimes referred to as a practical voltage source), with the
virtual resistance acting as the internal resistance, see Figure 1. The most
prominent feature of a non-ideal voltage source is that its actual output volt-
age, V5, varies as a function of its output current, /5. In other words, power
electronic equipment, like inverters operating as voltage sources in droop
control, emulate, through software-based control, the behavior of internal
resistance on output voltage. The higher the load demand towards the DC
microgrid, the lower the output voltage they aim to produce—and vice versa.
This method enables multiple voltage sources to be added to the same micro-
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Non-ideal
voltage source

Figure 1. Non-ideal voltage source circuit, equivalent for droop principle.

grid and operated in parallel without active communication between them.
The only “communication” is the shared DC voltage level of the microgrid.

Instead of a resistance value, it is often more intuitive to use a unitless co-
efficient that indicates the relative output voltage drop at the nominal cur-
rent Ihoms. This makes the drooping proportional to the source’s nominal
current, see Figure 2a, which is conceptually clearer than using a resistance
value that defines the slope of the droop curve, see Figure 2b. This coeffi-
cient for a voltage source is denoted (s in this work,

Vis = Vs (1 S Cs) : (1.2)

I nomS

A key benefit of the proportional nature of (g is that, when equal drooping be-
havior is desired across all voltage sources—even when the equipment have
different nominal ratings—the same value of (s can be applied. This con-
trasts with using Rps, which must be calculated individually for each voltage
source and inherently differs depending on the nominal current, as noted
by Bidram, Reno, Abadi, Aparicio, and Bauer (2024).

InomS

(a) (b)

Figure 2. Visualization to derive (a) (s and (b) droop resistance Rps.
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The virtual resistance represents the negative rate of change in output volt-
age over a range of output currents, as illustrated in Figure 2b:
_AVI;S B (VSS2 — VI;S1) VD*S1 — VI;Sz

Rps = = = ) (1.3)
DS Alg Igo — Igy Iso — Iy

The (s coefficient, by contrast, directly expresses how much the DC voltage
reference is permitted to drop from its nominal value when operating at the
nominal current. It effectively encodes this as a fraction or percentage, mak-
ing it more intuitive. This is shown in Figure 2a, and defined as:

if VDC ([noms) = ‘/nt)mDS>

V*
then (g = 1.0 — —fomDS
CS ‘/S* )

(1.4)

where Vo< is the desired drooped voltage level at 100% load. In prac-
tical implementations, (g is typically set to a small value, such as 2% (i.e.,
(s = 0.02), as modern measurement systems offer sufficient voltage accu-
racy. This was the value used in the power supply prioritization case study
by Alho and Laaksonen (2020).

1.1.1.1 DC Voltage as Balance Indication and Its Modeling

Fundamentally, the fact that DC voltage reflects the balance between pro-
duction and consumption in droop-controlled DC microgrids follows directly
from Kirchhoff’s current law and Ohm’s law. Any mismatch between gener-
ation and load manifests as a net current A7 at the DC-link. With grid and
droop resistances considered constant, the corresponding voltage deviation
is

AV = R-AI (1.5)
Hence, a larger power imbalance causes a proportionally larger deviation in
the common DC voltage. In this way, the DC-link voltage serves as a global
indicator of instantaneous power balance—analogous to frequency in AC mi-
crogrids. This principle forms the basis of the DC voltage modeling devel-
oped in Sections 3.1.3.1 and 3.1.10.

This principle holds regardless of whether capacitors or other energy storage
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elements are explicitly modeled. Including them introduces time-dependent
phenomena, such as natural delays and smoothing in the voltage response
and transients, but they do not affect the steady-state values. These dynamic
phenomena become relevant primarily at sub-second time scales. Omitting
such elements results in instantaneous voltage deviations—a simplification
that may appear unrealistic for transient studies, but is appropriate for the
quasi-static modeling used in this work. As described in Sections 3.1.3.1
and 3.1.4.1, the studied control strategy operates on time scales of seconds
to minutes, where the dominant observable effects of imbalance between
power production and consumption are adequately captured without de-
tailed modeling of transient dynamics.

1.1.2 Droop Compensation

Some researchers have proposed droop compensation as a foundational prin-
ciple for DC microgrid control strategies. In this approach, while drooping
is still used to enable parallel operation of multiple voltage sources, the DC
voltage references of the sources are continuously adjusted by an upper-level
controller to counteract the voltage deviation induced by droop. This results
in a system where the DC voltage is maintained near a target level, but re-
quires additional control mechanisms to compensate for the droop-induced
deviation. Guerrero, Vasquez, Matas, de Vicuna, and Castilla (2011) incor-
porated this approach into a general microgrid control strategy applicable
to both AC and DC systems.

In droop-controlled DC microgrids, voltage deviations can introduce several
challenges. One of the most critical is the stability issue associated with con-
stant power loads (CPLs): when a CPL draws a fixed power, a voltage drop
causes its current demand to increase, which in turn further lowers the volt-
age, potentially leading to a voltage collapse. Additional concerns include
reduced power transfer capability—as lower voltages require higher currents
to deliver the same power—and decreased efficiency due to increased resis-
tive losses.

These issues are particularly significant in large-scale DC distribution sys-
tems with substantial cable resistances. In contrast, the systems examined
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in this work—mechanically compact yet power-dense shipboard power sys-
tems—are assumed to have negligible distribution losses. As demonstrated
in the real-world case study Alho and Laaksonen (2020) analyzed in Sec-
tion 5.4.1, modern inverters can operate reliably with droop coefficients in
the range of 2—3 %, making the resulting voltage deviations acceptable for
most connected loads in such contexts. Nevertheless, cable and busbar re-
sistances are included in the nodal analysis framework in Section 3.1.10 to
capture their effects when applicable.

A fundamental drawback of droop compensation is that it removes valuable
system state information. In shipboard power systems the voltage sources
are traditionally parameterized identically (i.e., same voltage references and
droop coefficients), making the deviation in DC voltage directly proportional
to the loading of the voltage sources. This deviation can be leveraged by load
inverters to improve system robustness, fault tolerance, and autonomy. By
observing the voltage level, inverters can infer the system load state and act
accordingly—without centralized coordination.

Maintaining a constant DC voltage requires the capability to instantaneously
and accurately match power generation to consumption at all times. In ex-
ceptional situations where this is not possible, the voltage will collapse. Sys-
tems that rely solely on centralized control are vulnerable in such cases un-
less all contingencies are pre-programmed and communication systems are
both immediate and reliable. Even with accurate power availability forecasts
and preassigned load limits, the complexity of determining which loads to
shed and by how much increases rapidly.

Allowing the DC voltage to deviate within the few percentage points intro-
duced by droop control enables inverters to deduce the system loading state
and react autonomously. This enables system-level functionalities that were
not previously achievable. Furthermore, voltage deviations caused by ex-
ceptional conditions can be similarly interpreted by the inverters, enabling
them to respond without requiring explicit coordination.

Nonetheless, droop compensation remains a useful tool in specific cases.
For example, auxiliary systems such as DC/DC converters connected to su-
percapacitors can use variable voltage-based control principles to function
independently during fast transients. In normal operation, these devices
should remain unloaded, with their internal voltage references tracking the
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actual DC voltage.

Droop compensation is also used in Section 3.1.7 as a mechanism to force
under- and overvoltage regulators in load inverters to activate when desired.
Without such compensation, their activation thresholds would vary with in-
verter loading, leading to unintended behavior.

In conclusion, droop compensation can be beneficial when applied deliber-
ately and in specific scenarios. However, if used indiscriminately, it risks
discarding useful information about system load state, reducing the overall
controllability and resilience of the microgrid.

1.1.3 Variable Voltage-based Control

Utilizing DC microgrid voltage variations for control purposes is not a new
idea in itself; for instance, Bryan, Duke, and Round (2004); Chen, Xu, and
Yao (2013); Papadimitriou, Kleftakis, Rigas, and Hatziargyriou (2014); Zhang,
Wu, Xing, Sun, and Guerrero (2011) have applied a method called DC Bus
Signaling. In such approaches, the DC voltage level acts as a reference signal
for a centralized controller, which changes the system’s operational mode
accordingly.

However, relying solely on the controller to act based on the DC voltage
level has the drawback that the fast-acting control is not distributed to the
equipment most capable of reacting rapidly to system changes—namely, the
inverters themselves. Instead, the system includes a centralized controller
that supervises the DC voltage and makes decisions affecting inverter opera-
tion. While a higher-level supervisory controller is typical in power systems,
using it as the sole actor based on DC voltage introduces two critical prob-
lems in the shipboard context:

1. Fastreactions: As noted earlier, the DC voltage level reflects system
loading conditions, including exceptional events that may require re-
actions on the scale of milliseconds to tens of milliseconds—to prevent
blackouts. If the centralized controller alone supervises the voltage
and makes decisions, time-scales are too short to survive the situation.
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2. Manual control over operation modes: In shipboard systems,
the crew must maintain full authority. All operational mode changes
must be crew-initiated or at least the automatic changes are designed
with the ship owner. For safety and clarity, the system should not au-
tonomously perform major operational changes. It must remain re-
silient and ride through exceptional conditions (e.g., sudden power
shortfall) until manual corrective action is taken, then return to steady-
state operation.

In the variable voltage-based control method, fast response is distributed to
the lowest possible level —the inverters themselves. More details on this con-
trol strategy’s capabilities are presented in Chapter 5. A minimal example
of similar kind of control is given by Yu, Huang, Burgos, Li, and Du (2013),
where inverters operate based on local DC voltage measurements without
centralized coordination.

Inverters continuously monitor the DC voltage level and adjust their contri-
butions based on their internal control parameters: control method (current
or voltage source), droop coefficient, voltage reference, under- and overvolt-
age regulation thresholds and associated droop characteristics, and other
similar settings—see Figure 3.

These parameters define operational boundaries—a control sandbox. Within
this sandbox, each inverter’s behavior emerges naturally from system con-

DC Voltage
Reference

Voltage
Source

DC Droop
Coefficient

Inverter’s Regulator
Role in The Activation
System Overvoltage Limit
Regulator Regulator
Droop
Source Regulator
Activation
Undervoltage Limit
Regulator Regulator
Droop
Coeflicient

Figure 3. Parameters used in variable voltage-based control strategy.
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ditions, rather than centralized commands for droop compensation or sys-
tem-level mode changes. For instance, both a DC/DC converter (connected
to a battery) and a main propulsion inverter observe the same voltage level
and respond accordingly: the converter begins discharging when the voltage
drops; if voltage continues to fall, the propulsion inverter supports the sys-
tem via its undervoltage regulator by reducing its own load. Each unit acts
autonomously within its configured limits.

1.1.4 Research Motivation

While shipboard power distribution systems are gradually transitioning to-
ward more energy-efficient and robust DC architectures, the underlying con-
trol strategies found in the literature still largely reflect the principles tradi-
tionally used in AC systems. This includes, for example, requirements and
functionalities aiming for absolute DC voltage stability—a concept that ap-
pears to be a remnant of the strict frequency stability requirements inher-
ent to AC systems. However, enforcing constant voltage in DC systems can
prevent—or at least limit—the full exploitation of the benefits offered by DC
distribution and DC-based equipment.

As noted earlier, although the use of DC voltage as a communication mecha-
nism has been proposed and implemented in the form of DC Bus Signaling,
this methodology has not been developed to its full potential. In most im-
plementations, the voltage level merely informs the upper-level controller,
which then adapts the system’s operation accordingly. This approach of-
fers only marginal benefits and retains many of the drawbacks of centralized
control: communication delays, limited fault tolerance, and vulnerability to
single points of failure.

When the same concept is adopted as the foundation for a proper DC micro-
grid control strategy—particularly in systems equipped with modern invert-
ers and energy storage solutions—a fundamentally different system behav-
ior emerges. Such a system can achieve resilience and fault tolerance against
blackouts, ensuring high reliability and availability of power supply without
reliance on centralized upper-level control.
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1.2 Objectives of This Dissertation

The objective of this dissertation is to develop a novel DC microgrid con-
trol strategy and map out its performance. The control strategy is based on
utilizing the DC-link voltage as a communication method to disseminate in-
formation on the microgrid’s voltage sources’ loading to the load inverters.
These are then capable of autonomously supporting the sources according
to the DC-link voltage.

This voltage regulator functionality is an existing feature in modern invert-
ers, but it has been so far mainly used as a protection function, instead of cre-
ating a more comprehensive system level functionality around it. This dis-
sertation includes the development of an advanced voltage regulator func-
tionality for the load inverters, providing capability to support the DC volt-
age in parallel with the voltage sources when DC voltage deviates to the reg-
ulator activation limit.

To accurately assess the performance of the control strategy, it is essential
to model the microgrid and the behavior of its components with precision.
Additionally, the control strategy for ships must be designed to be highly
resilient and fault-tolerant, ensuring it can handle and ride through various
exceptional situations and operational scenarios. The modeling approach
must also incorporate the ability to simulate the voltage regulators of the
load inverters and their transitions between different operating modes.

The core principle of the variable voltage-based control strategy is that loads
can actively adjust their operation based on the DC voltage level. While they
do not necessarily become true voltage sources, they can function as voltage-
supporting units by transitioning from current sinks to providing support
through their under- and overvoltage regulators. This is a novel concept
in marine DC microgrid power management, fundamentally changing how
these systems can be designed and operated.

+ Research Question 1
The majority of academic research on DC microgrid control strate-
gies has focused on applying the same principles as in AC microgrids.
Since AC systems require frequency stability, DC systems have simi-
larly been controlled by keeping the voltage as close to the defined ref-
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erence as possible. The first research question (RQ1) addresses how to
model a DC microgrid control strategy that embraces both the sources’
DC drooping induced voltage deviation and the full DC voltage regu-
lating functionalities of modern load inverters.

Section 3.1 presents the mathematical foundation for the quasi-static
modeling paradigm developed in this dissertation in order to model
ideal and non-ideal DC microgrids and the inverters within it with their
under- and overvoltage regulators.

Research Question 2

The second research question (RQ2) considers how the load inverter’s
voltage regulators could be optimized. To have built-in drooping with
conditional compensation to enable parallel operation with other DC
voltage maintaining equipment, but without the drooping interfering
with the normal operation of the inverter.

Section 3.1.7 covers the development of the regulators, where the oper-
ation is modeled in a system with two loads supporting a voltage source
of limited maximum output in an ideal microgrid. Section 3.1.10 cov-
ers the regulator operation in non-ideal microgrids.

Research Question 3

While the microgrid voltage sources’ drooping induced DC-link volt-
age deviation is expected and allowed by the studied control strategy,
itis, however, expected to be the direct consequence of increasing load
in the system, and not unoptimized equipment behavior. As modern
shipboard power systems are expected to have a growing amount of
energy storage, and it is expected to be utilized to its full potential
by state-of-charge balancing algorithms, the inverters with these al-
gorithms must not cause voltage deviations while working as voltage
sources in the microgrid. The third research question (RQ3) defines
how to develop an energy storage state-of-charge balancing algorithm
compatible with the studied DC microgrid control strategy.

Section 4.3 covers the development of state-of-charge balancing algo-
rithm based on DC voltage reference offset, and in Section 4.4 a droop
coefficient offset-based is presented. The algorithms are built follow-
ing the same principles that were covered by the first research question
(RQ1), to be compatible with the modeling paradigm.
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+ Research Question 4

In order to assess the performance and usability of any DC microgrid
control strategy for the marine segment, the strategy and the equip-
ment behavior in the system must be developed and modeled to be
as resilient as possible during both emergency and normal operation
scenarios that shipboard power systems face in real-life. The fourth re-
search question (RQ4) focuses on studying the control strategy’s per-
formance in selected and modeled shipboard power system’s real-life
scenarios.

Chapter 5 includes system modeling in a number of different scenarios
that ships in real-life can and will face. They range from mundane
situations, like starting a voltage source automatically, to more critical
ones, like ship blackout and voltage source overload preventions.

+ Research Question 5
The fifth research question (RQ5) studies how well the modeling par-
adigm proposed in this dissertation models the behaviors of a real-life
system. For the modeling paradigm to be useful at all, its results must
have predictive value and model the real-life situations accurately.

Data from a real-life power supply prioritization use case is presented
in Section 5.4.3. The situation is also modeled utilizing the developed
modeling paradigm and the data from the real ship and the model are
compared.

« Research Question 6
Finally, the last research question (RQ6) studies how well the opera-
tional principles of the proposed DC microgrid control strategy work in
real-life situations. For the control strategy to have any usefulness, its
principles must be usable in real-life, i.e., they need to work in practice
as modeled.

This dissertation presents two real-life ships that utilize some of the
variable voltage-based control strategy’s principles: Section 5.4.1 uses
variable voltage-based power supply prioritization, first presented by
Alho and Laaksonen (2020), and Section 5.6.2 covers a real-life vari-
able voltage-based blackout prevention use case. Both cases are pre-
sented with real-life data on the operation of the system.
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1.2.1 Research Methodology

The effectiveness of the variable voltage-based DC microgrid control strat-
egy is analyzed through both mathematical modeling and real-life imple-
mentation cases. The modeling is based on the author’s self-developed quasi-
static modeling paradigm for droop-controlled microgrids that include volt-
age sources and load inverters with under- and overvoltage regulation func-
tionalities. The simulations are conducted in MATLAB, and the associated
scripts are made available in this dissertation to support reproducibility and
further research.

The development of a dedicated modeling paradigm is essential for accu-
rately representing the behavior of inverter-based load regulators. These
under- and overvoltage regulators are central to the control strategy’s op-
erational principles and require specific capabilities that are either not sup-
ported—or are prohibitively complex to implement—in existing commercial
simulation tools known to the author.

The real-life validation is conducted through use cases involving actual ships,
whose power systems the author has directly contributed to by developing,
programming, and, in some cases, commissioning. These systems incorpo-
rate the control principles detailed in this dissertation.

1.3 Main Contributions

This dissertation extensively covers the author’s self-developed DC micro-
grid quasi-static modeling paradigm. It includes capabilities to model ideal
and non-ideal DC-links, as well as voltage sources and loads with under-
and overvoltage regulators. As energy storage is becoming a vital part of
shipboard power systems, the modeling also includes state-of-charge bal-
ancing by means of DC voltage reference and DC droop coefficient. The de-
veloped state-of-charge balancing algorithms are analyzed for their compat-
ibility with the variable voltage-based DC microgrid control strategy.

The custom modeling paradigm was developed to avoid the limitations and
complexities of existing simulation environments, such as Simulink or PSCAD,
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particularly regarding the changing operational behavior of load inverters
with under- and overvoltage regulators. These regulators enable the invert-
ers to switch between voltage and current source operation. To the author’s
knowledge, such behavior is not natively supported in existing software, and
implementing it manually would increase model complexity and error risk.
The custom modeling paradigm allows regulator algorithms to be imple-
mented in a way that is fully compatible with the control strategy. Addi-
tionally, voltage sources using droop control can be modeled proportionally
without manually constructing equivalent circuits from ideal sources and
individual resistors, which would require separate calculations and increase
the likelihood of errors.

The contributions also include the author’s own state-of-charge balancing
algorithms, capable of handling multiple energy storage systems with arbi-
trary capacities and DC/DC converter current ratings, in a manner that is
fully compatible with the control strategy. Since the control strategy relies
on the DC voltage level to indicate system loading status, it is critical that the
voltage variation reflects real loading changes—not fluctuations introduced
by unoptimized control of subsystems. The developed balancing algorithm
ensures such undisturbed operation.

Because the dissertation focuses on DC microgrid control strategy—which,
in shipboard systems, is essentially equivalent to power management—the
work does not include transfer function modeling of inverters. The inverters
are instead modeled as ideal devices operating precisely within their defined
control limits. While transfer function modeling could have been achieved in
Simulink, it would have introduced unnecessary complexity for power flow
studies, which are the primary concern of this research.

Using the developed modeling paradigm, several DC microgrid scenarios are
modeled based on real-world requirements for shipboard systems. These
are complemented by real-life case studies from ships whose power systems
the author has helped develop, implement, or commission. Together, they
demonstrate the versatility of the variable voltage-based DC microgrid con-
trol strategy.

The main operational scenarios contributing to a resilient shipboard power
management system, as covered in this dissertation, include:
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Ensured power availability

Modeled scenarios in which loads and renewable sources automati-
cally limit their output to prevent voltage source overload, without ex-
ternal commands.

Automatic stand-by voltage source startup
Modeled scenario demonstrating automatic startup of standby volt-
age/power sources based solely on the DC voltage level.

Automatic limitation of excess power generation
Modeling of two mechanisms for limiting the output of current sources
without external commands, maintaining system stability.

Power supply prioritization
Real-life implementation and corresponding model demonstrating
prioritization among voltage sources.

Stopping non-critical loads
Modeling of non-critical load shedding based solely on the DC voltage
level.

Blackout prevention

Real-life demonstration aboard Wasaline’s Aurora Botnia, operating
between Vaasa, Finland, and Umed, Sweden, showing blackout pre-
vention based on the variable voltage-based control strategy.

1.4  OQutline of the Dissertation

In addition to the introduction, and the list of the research questions in Sec-

tion 1.2, the work is divided into six chapters, covering the following aspects.

Chapter 2 contains a brief introduction to different classifications and char-

acteristics of microgrids and their control strategies.

Chapter 3 covers in detail the mathematical foundation for the author’s own

DC microgrid modeling paradigm, which is used in this dissertation to demon-

strate the variable voltage-based control strategy’s performance in different

use cases. This chapter includes a detailed description of the fundamentals
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of the modeling paradigms and load inverter voltage regulators, answering
RQ1 and RQ2.

As energy storage is steadily increasing its presence in the DC microgrids,
especially in shipboard power systems, it was deemed vital that its usage
be covered more deeply. To this end, Chapter 4 covers the author’s own de-
veloped state-of-charge balancing algorithms, capable of balancing multiple
energy storages of arbitrary capacities and DC/DC converter nominal cur-
rent ratings, and compatible with the covered DC microgrid control strategy,
answering RQ3.

Chapter 5 dives more deeply into the performance of the variable voltage-
based control strategy, and demonstrates its capabilities in different scenar-
ios ships encounter in real life. Real-life use cases are also presented with
data recorded from ships sailing in Australia and Finland. Together with the
different scenarios and real-life data comparison, this chapter answers RQ5
and RQ6.

Chapters 6 and 7 are the discussion and conclusions chapters, respectively,
covering the recap of the dissertation and drawing conclusions on the data
from the mathematical models and real-life data of different scenarios. The
recap also lists the various shortcomings and development areas of the mod-
eling paradigm presented in this dissertation.
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2 CLASSIFICATION AND CHARACTERISTICS OF DC
MICROGRIDS AND THEIR CONTROL STRATEGIES

Isolated electrical grids have long existed in various forms, such as on ships,
offshore platforms, islands, remote rural communities, and aircraft. How-
ever, the term “microgrid” only emerged in recent decades, driven by the
proliferation of distributed energy resources (DERs) and the operational
challenges they introduce. The microgrid concept provides a framework for
improving power quality and system stability in grids where generation is no
longer centrally controlled. It does so by partitioning larger electrical sys-
tems into smaller, autonomous units with local control capabilities Lasseter
and Paigi (2004); see Figure 4.

Conventional terrestrial power systems were historically designed around
large, centralized power plants, as illustrated in Figure 4a. Power flowed
unidirectionally from these centralized units through transmission lines to
end-user loads. Voltage and frequency control were maintained by a rela-
tively small number of large generators.

With the increasing adoption of renewable energy technologies—such as roof-
top photovoltaic systems and small-scale wind turbines—the grid began to
incorporate a large number of geographically distributed, small-scale gener-
ators (Figure 4b). These units, while beneficial for sustainability, introduced
challenges for traditional grid control schemes. In particular, the centralized
generators were ill-equipped to respond to the rapid and intermittent fluctu-
ations in net load caused by variable renewable output. Moreover, bidirec-
tional power flows began to appear, as areas that historically acted solely as
loads became net producers. This introduced complications for protection
coordination, voltage regulation, and system stability.

To address these challenges, Lasseter and Paigi (2004) introduced the con-
cept of the microgrid, wherein the larger electrical network is divided into
smaller, semi-autonomous microgrids (Figure 4c¢). These microgrids are ca-
pable of operating both in parallel with the main grid and in islanded mode
during disturbances. This capability improves system resilience by allowing
localized control and operation even when the main grid becomes unstable.
The concept also facilitates better utilization of distributed generation, as
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(a) Traditional centralized power (b) Uncontrolled distributed power
generation. generation causing issues for the
centralized generation.

(c) Utilization of the microgrid
concept’s principles stabilizing the
power generation.

Figure 4. Simplified depiction on the birth of the microgrid concept.

local control can allow higher penetration and greater flexibility in power
management.

2.1 AC vs. DC Microgrids

As ACremains the global standard for electrical distribution, it is no surprise
that most microgrids are also AC-based. However, the increasing prevalence
of power electronics-based converters—which are inherently DC devices—
has accelerated interest in DC microgrids, particularly in sectors like mar-
itime power systems Alho, Shahparasti, and Laaksonen (2024).
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Modern power systems increasingly rely on components that are naturally
DC in character. Examples include battery and supercapacitor energy stor-
age systems, fuel cells, and photovoltaic arrays—all of which require inter-
facing through power converters or inverters. Additionally, efficient control
of electric motors typically involves frequency converters, which also intro-
duce DC stages into the system. As the number of such components grows,
it raises a fundamental question: why maintain an intermediate AC grid at
all?

DC microgrids offer several technical advantages over their AC counterparts:
reduced conversion stages between AC and DC, absence of harmonic distor-
tions and reactive currents, higher power density, and elimination of fre-
quency control requirements (Manandhar, Ukil, and Kiat Jonathan (2015);
Justo, Mwasilu, Lee, and Jung (2013); Clerici, Paris, and Danfors (1991)).
These advantages are especially attractive in marine applications, where con-
straints on space, efficiency, and fault tolerance are critical. As a result, DC
microgrids are gaining traction even in traditionally conservative domains
such as the marine sector Shekhar, Ramirez-Elizondo, and Bauer (2017);
F. Wang et al. (2015); Zohrabi, Shi, and Abdelwahed (2019).

AC systems offer several advantages, particularly in terms of voltage trans-
formation and the minimal need for power electronics. Voltage levels in AC
grids can be changed efficiently using passive transformers, which, although
bulky and requiring cooling, are extremely reliable due to their passive na-
ture. Historically, AC systems have operated entirely without power elec-
tronics, enabling straightforward generation, distribution, and usage.

However, modern power systems increasingly rely on power electronic con-
verters, even in AC networks. These devices introduce harmonic distortions
into the grid, necessitating additional filtering and mitigation strategies. As
aresult, there is growing interest in DC microgrids, which naturally avoid is-
sues related to harmonics and can simplify system design when paired with
inherently DC-based components such as batteries, photovoltaic systems,
and variable-speed drives.
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2.2 Marine vs. On-shore Microgrids

The marine sector is often conservative in adopting major new technologi-
cal solutions—and for good reason. Ships serve as both living environments
for crew and platforms for transporting people and cargo, frequently oper-
ating for extended periods in remote locations where external assistance is
unavailable. They also navigate confined spaces such as canals and ports,
where system malfunctions can lead to significant operational and safety
hazards, including grounding or collisions.

Several key differences exist between marine and on-shore microgrids, par-
ticularly in terms of power production, consumption types, and relative sizes.
On-shore microgrids typically feature a high penetration of renewable en-
ergy sources such as solar and wind, with generator sets primarily serv-
ing as backup. In contrast, solar and wind-based renewable energy has yet
to achieve widespread adoption in the marine sector. Marine power sys-
tems are typically centered around large propulsion-related loads—such as
main propulsors and thrusters—which often dominate the ship’s total gen-
eration capacity. On-shore microgrids generally lack such high power inten-
sity loads in relation to their production capacity.

Consequently, in isolated operation, marine and on-shore microgrids face
distinct challenges. All-electric ships operate with large loads relative to
their generation capability, creating challenges in balancing power under
heavy load conditions. Conversely, isolated on-shore microgrids often con-
sist of multiple, smaller, and potentially intermittent power sources, posing
challenges in managing generation-side variability and ensuring fuel effi-
ciency.

In off-grid on-shore systems intended for residential or remote use, con-
trol priorities often include optimizing generator set operation to minimize
fuel consumption, possibly through solar and wind-based renewable inte-
gration and energy storage to shift excess daytime production to nighttime
use. On the other hand, shipboard power systems prioritize blackout pre-
vention above all else. Any power outage must be quickly recovered to main-
tain navigational and operational safety. While fuel efficiency and solar and
wind-based renewable energy use are desirable, they remain secondary con-
cerns at sea. If such technologies compromise reliability, operators are quick
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to disable them.

2.2.1 Energy Storage Usage

There are notable similarities in the use of energy storage systems between
on-shore and shipboard power systems. In on-shore systems, batteries are
often used as uninterrupted power sources to ride through grid faults, serve
as a blackout prevention mechanism, or allow for a controlled shutdown
in case of power disturbances. Their primary role, however, is typically to
store excess energy from intermittent generation sources for later use, en-
abling load scheduling and peak-shaving—for example, in electric vehicle
fast-charging stations.

In shipboard power systems, energy storage usage is characterized by a dif-
ferent operational profile but also depend heavily on the ship design. Dur-
ing normal sailing—typically a stable operating condition—batteries can re-
main idle, as propulsion loads are steady and overall power dynamics are
relatively constant and no peak-shaving is required. In such cases, batteries
may be reserved for blackout prevention functions or used for system ser-
vice tasks, such as periodic state-of-health diagnostics. Their most active
use typically occurs when the vessel is at shore. For example, some ships
operate with batteries only near port to reduce emissions and general cargo
ships equipped with cranes or chemical tankers operating cargo pumps may
utilize batteries for peak-shaving and load scheduling, thereby reducing the
number of generator sets required and improving fuel efficiency.

While the fundamental roles of batteries are similar in both environments,
their load profiles differ significantly. On-shore systems tend to use batter-
ies continuously, though typically with moderate power levels. In contrast,
shipboard systems may involve infrequent but highly intense battery usage,
especially during shore operations. These differences have implications for
energy storage system dimensioning—not only in terms of power and en-
ergy ratings, but also in selecting a voltage level high enough to limit current
magnitudes in high-power applications.
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2.3  Grid Connected vs. Islanded

Shipboard microgrids can operate both as grid/shore-connected systems
and as islanded (stand-alone) grids when the ship is at sea. Traditionally,
shore connection has been used to reduce the need for main engine opera-
tion while at port, thereby lowering emissions. In most vessels—excluding
for example large cruise ships—the hotel loads supplied from shore are rela-
tively small, typically on the order of a few hundred kilowatts, whereas total
onboard power demand, including propulsion, can reach several megawatts
and above.

Today, as energy storage systems are increasingly integrated into ships, the
purpose of shore connections is expanding beyond hotel load supply to in-
clude battery charging. This shift poses significant challenges for port in-
frastructure. A ship that previously required a constant 200 kW of shore
power may now demand an additional 2,000 kW for a few hours to charge
its batteries before departure.

In on-shore microgrids, the role of the grid connection varies depending on
the system’s design and intended use. In some cases, the national grid is
the primary power source, while in others it serves only as a backup to local
generation when demand exceeds supply.

Regardless of the application, grid or shore connections require careful plan-
ning—both for intended and unintended disconnection scenarios. While
generator sets can be synchronized to an existing microgrid before connec-
tion, the opposite is not true: the national grid cannot be synchronized to the
microgrid. Instead, the microgrid must be synchronized to the grid before
connection, and this is typically handled by the microgrid’s power manage-
ment system.

2.4 Microgrid Control Strategies

Microgrid control strategies refer to the mechanisms and operational princi-
ples designed to ensure uninterrupted operation of the power system. Fore-
most, this involves ensuring that power producers are not endangered by
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overloading or forced backpower conditions, as their failure would lead to
a blackout. Secondly, critical loads must be kept powered, and smooth sys-
tem operation must be maintained across various routine and exceptional
scenarios—such as voltage source startups or shutdowns, or preferential load

ing of specific power sources. Some of these functions require rapid reaction
times, particularly in exceptional circumstances, while others—like the con-
trolled shutdown of a voltage source—can tolerate slower response.

In the marine sector, this concept is also commonly referred to as power
management (Edrington, Ozkan, Papari, and Perkins (2022), Ni, Hu, and
Li (2017)), which is typically closely integrated with the ship automation
system. It provides the ship’s crew with the necessary system-level tools to
operate the vessel across various operational modes such as maneuvering,
sailing, or shore connection. Depending on the system architecture, ship
size, and equipment portfolio, additional operational modes may exist, and
these can translate into different mode sets for ship sub-systems.

As microgrids themselves are not a new concept, the same applies to their
control strategies. A substantial body of academic research has emerged
on this topic. The literature commonly classifies microgrid control strate-
gies into three types: centralized, decentralized, and distributed (Khushoo,
Sharma, and Kaur (2022), Kant, Singhal, Mahto, and Jain (2022), Abhishek
etal. (2020), Zhang, Zhang, Zeng, and Yang (2018), Jin, Savaghebi, Vasquez,
Meng, and Guerrero (2016), Garg, Joshi, and Oruganti (2016)). Some au-
thors, such as Dhir, Garg, and Mahajan (2022) and Abhishek et al. (2020),
consider the hierarchical control strategy introduced by Guerrero et al. (2011)
as a separate category. However, in this work it is treated as a variation of
centralized control, since it is based on an upper-level controller that con-
tinuously adjusts the DC voltage references of equipment to compensate for
droop-induced voltage deviations.

Naturally, real-world systems rarely fit neatly into one category. A given
implementation may contain aspects from multiple control strategies, influ-
enced by the architecture of the system, the equipment used, and the ven-
dors involved. The following sections briefly describe the main features of
each control method.
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2.41 Centralized

In a centralized microgrid control strategy, the control system for the mi-
crogrid is a single controller, see Figure 5. It may have backup redundancy
hardware available and even implement a hot-swapping of the controller if
the main one malfunctions, but from the control point of view that single
controller controls everything. It has to rely on fast communication buses
to receive data from the equipment and hardwired signals for controlling
them.

Shipboard power systems could easily be categorized as this kind of system,
where everything is centralized, and sometimes they are, but it is not a stan-
dard practice. Centralization is not a very good design principle for ship-
board power systems as it creates a single failure point that can stop the
power supply of the whole ship.

Figure 5. Centralized control.

2.4.2 Decentralized

In decentralized strategy the system is divided into smaller sections, which
then have their own controllers, see Figure 6. This resembles the most how
actual shipboard power systems are built: the ship is divided in to, e.g.,
the main power system, shaft-generator power system, and energy storage
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Figure 6. Decentralized control.

system. The main power system, i.e., microgrid controller or power man-
agement system, can then command the other systems to provide power or
charge the batteries, etc.

In real-life ships the power management system can be divided, e.g., into
two separate parts, one for port and one for the starboard side of the ship.
From a user control point of view a single system is controlled, but due to the
decentralized nature of the control strategy, the starboard side controller, for
example, can be completely lost, and the ship can still be used with half of
the functionalities.

This kind of division is in line with the basic ship design principles as well.
Ships are divided into fire-zones that are designed so that even if a complete
fire-zone with all of its equipment is lost, the ship will have at least 50% of
main propulsion power available.

2.4.3 Distributed

The variable voltage-based control strategy presented in this work belongs
to the category of distributed control strategies. The equipment in the mi-
crogrid works independently according to their own parameters, and their
continuous operation is not dependent on any communication lines, see Fig-
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ure 7. The communication line is needed between the equipment and con-
trol system for the ship’s operational purposes, e.g., to make certain that
at least the rules’ specified minimum amount of power sources are running
near the shore, and that the operational parameters are set correctly to the
equipment in particular ship level operation modes.

The necessity of the ship-level control system stems from the ship opera-
tional requirements, rather than from the low-level control of ship equip-
ment. The equipment in distributed control acts according to its non-time
critical control parameters and references that the control system assigns
according to the ship’s operational requirements, and all time-critical deci-
sions and actions are made independently by the equipment itself.

Thus, distributed control strategies have the advantage that the continuous
operation of the system and the equipment therein are not relying on the
control system performing low-level control. We will cover this indepen-
dent operation from the variable voltage-based control strategy’s perspec-
tive more closely in Chapter 5 of this work.

Figure 7. Distributed control.
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2.4.4 On the Control Strategies

There is no single answer that states which control strategy is generally the
best. Every control strategy has its own benefits and drawbacks, and analysis
on what control strategy gives the best possible outcome in each situation is
based on the system at hand, and how much each strategy’s pros and cons
weigh into the decision making process. Table 1 compares the strategies on
a functional level and lists certain aspects that are beneficial to take into
account when making the decision.

For shipboard power systems, however, there are certain design rules that
are universal for all ships, e.g., no single fault must be able to cause loss of
propulsion (DNV AS (2024), Bureau Veritas (2025)). This single rule al-
ready affects the system design quite significantly, as it raises multiple con-
cerns related to the possible faults:

1. Howto ensure the captain does not accidentally overload the generator
sets just by increasing the electric propulsion’s reference?

2. How to ensure a generator set suddenly tripping will not cause a chain
reaction which will overload and trip the rest of the generator sets as
well?

3. How to utilize the shipboard energy storage to perform blackout pre-

Table 1. DC microgrid control strategy comparison (OpenAl (2025a)).

Feature

Centralized

Decentralized

Distributed

Control Mechanism

Communication Dependency

Fault Tolerance

Reaction Speed

Scalability

Applicability to Shipboard Systems

Single microgrid controller
(EMS/PMS) gathers data and
issues commands to all
equipment.

Very high: fast buses to receive
data and hardwired/signaled
outputs to command
equipment.

Low: inherent single point of
failure at the central controller
(even if hardware redundancy
exists).

Limited by communication and
central processing latency for
fast events.

Poor: adding units increases
central computation and
communication burden.
Limited / not preferred:
centralization creates a critical
single failure point for a ship.

System partitioned into
autonomous subsystems (e.g.,
port/starboard, shaft-generator,
ESS), each with its own
controller; limited coordination
between subsystems.

Moderate: communication
within each subsystem; minimal
cross-subsystem dependence.

Good: failure of one subsystem
does not collapse the others; fits
ship fire-zone philosophy.

Fast within each subsystem
(local decisions); slower only for
inter-subsystem coordination.
Good: modular expansion by
adding subsystems with their
own controllers.

Good fit: mirrors common
marine practice (redundant
halves, 250% propulsion
retained).

Local controllers act on local
measurements (e.g., droop /
variable voltage — based);
ship-level system mainly sets
modes/parameters, not fast
closed-loop control.

Low: communication chiefly for
configuration/monitoring;
closed-loop decisions are local.

Very high: no single controlling
node; units continue operating
independently if comms/nodes
fail.

Very fast: decisions are local,
avoiding communication and
centralized decision delays.
Excellent: adding units
preserves local behavior with
minimal coordination overhead.
Very suitable: robust,
responsive, and aligned with
ship operational needs when
parameters are set by ship-level
logic.
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vention in case the only running generator set is tripped?

As foritems #1 and #2 from above, the traditional answer is for the system to
constantly calculate the “power available”-value, and based on it assigning
limits for the loads to prevent generator sets from being overloaded. The
“power available” signal is calculated from the sum of the running power
generation units’ maximum allowed outputs and the sum of running loads’
consumptions, which gives the amount of power that is still available for the
ship loads to utilize. This “power available” -value is all that stands between
the ship running smoothly and a blackout, which then raises a lot of new
questions and concerns regarding the accuracy and possible faults affecting
the calculation the value, etc. This value is not dependent on the microgrid
control strategy directly, and it can be used or at least made available for the
crew with any strategy. Its existence—while being completely logical, clearly
usable, and intuitive value for the crew—is, however, the result of traditional
microgrid control strategies utilized in shipboard power systems.

The reliance on a single value so critical to the ship’s operation—such that
operating without it while avoiding blackouts would be extremely difficult—
creates a single point of failure in itself. As without it, the microgrid con-
troller is unable to assign the limits for the loads and the loading of the
generator sets would have to be controlled manually. While as mentioned
before, system designers have developed redundancies and fail-safes for it,
however, these only further increase the complexity of the system.

If the equipment running the loads, power generating units, and energy stor-
age would inherently know the system loading situation due to their own
measurement, the necessity to rely on the centrally calculated “power avail-
able” -value would disappear. This would effectively enable full utilization
of the distributed microgrid control strategy in the shipboard power system.
The distributed microgrid control strategy also has the inherent benefit of
distributing the decision making power as low in the system architecture
as possible—in this case, the inverters themselves, that are, for example,
running the propulsion motors or running the energy storage units—which
eliminates the need for communication and the resultant communication
and decision making delays.

This speed of decision making in distributed microgrid control strategy is
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one of the possible answers to all of the items #1, #2, and #3 above. In
larger systems of multiple system architectural layers, the need for decision
making speed reduces as we move further up from the ground level in the ar-
chitecture. For example, a very large cruise ship or a super-tanker can have
so large electrical system that it is divided into microgrids in itself, and thus
there needs to be a multi-microgrid control strategy running those micro-
grids in tandem. These systems, however, are outside of this work’s scope.
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3 UNDERSTANDING DC MICROGRIDS

Before getting into the details of variable voltage-based DC microgrid con-
trol, the mechanisms behind the variable voltage behavior have to be under-
stood. That is, how the inverters running in the DC microgrid on the one
hand contribute to the voltage variations and on the other can take advan-
tage of them. The different mechanisms are based on their active operation
mode, which in turn is based on their role in the system. With this, it is
possible to model the different real-life scenarios reliably and prove that the
functionalities are working.

From the DC microgrid control point-of-view, one could see that there are
only two roles for the inverters: either actively maintaining the DC-link volt-
age, i.e., a voltage source, or not, i.e., a current source or sink. These are
basically the two possible roles inverters can have toward the DC-link itself,
but they are not mutually exclusive. While an inverter working as a volt-
age source is not in most cases required to independently change its oper-
ation, the inverters working as current sources or sinks can, and in certain
situations have to, change to voltage source mode through their under- and
overvoltage regulators.

This capability for an inverter to change its operation mode from current
source or sink to DC voltage source is not a new inverter feature in itself,
but rather an overlooked one at least in academia as there is practically no
research done utilizing these functionalities. The capability for load invert-
ers to dynamically change the operation mode to support the DC microgrid
voltage reveals completely new kinds of possibilities for building a micro-
grid control strategy. The challenge in modeling microgrids containing these
said load inverters is that existing simulation software do not inherently sup-
port the operational mode change. There can be a number of reasons why,
but one of the most obvious is that the algorithms associated with the mode
changing are inverter supplier specific and not available to the public. And
even if they did support it, there is no guarantee that the algorithms utilized
would be usable for the research at hand, and it would still have to be pro-
grammed manually.

Thus, as it is imperative for the research that the inverter operation mode
change works in a compatible way with the control strategy in question, a
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modeling paradigm must be developed to support these types of inverters.
Creation of a modeling paradigm gives complete freedom in developing the
necessary algorithms to achieve the control mode change in a simulated en-
vironment, without limitations of existing simulation environments. The al-
gorithms are then transferable to real-life inverters if further real-life study
is made.

3.1 System Mathematical Modeling

Numerous modeling paradigms have been proposed for DC microgrids, of-
ten reflecting the specific focus or preferences of individual researchers. In
many cases, the models incorporate detailed physical elements, such as ca-
ble inductances, as seen in Abdolmaleki, Babak and Bergna-Diaz, Gilbert
(2022) and Ghanbari, Bhattacharya, and Mobarrez (2018). While such high-
fidelity modeling is valuable for stability analysis and transient behavior
studies, it may be excessive for research focused on control strategy develop-
ment. Similarly, equipment such as inverters and converters are frequently
modeled with internal capacitances and inductances Rashad, Ashraf, Bhatti,
and Minhas (2018); Y. Wang, Wei, and Zuo (2021), which is justified in
studies requiring detailed representation of device-level dynamics. How-
ever, from the perspective of DC microgrid control strategy research, such
detail often introduces unnecessary complexity without improving the prac-
tical relevance of the results.

The study and development of power management strategies, however, re-
volve around time scales relevant to the control systems implementing them.
In practical shipboard automation systems, the control logic typically oper-
ates on a one-second cycle, where measurements are read and commands
issued once per second. In centralized control strategies, equipment reacts
to fast events based on its internal design and parameterization, while the
control system manages the overall behavior by responding to the conse-
quences of those events at the slower control-system timescale.

Even in distributed control strategies—such as the one considered in this
work—the transients themselves remain largely irrelevant from the perspec-
tive of DC microgrid control. Equipment still responds to fast disturbances
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according to its configuration, but the decentralized control logic enables it
to independently react at the power management level when, for example, a
load is disconnected or a source is tripped due to a fault.

3.1.1 On the Modeling Paradigm

This section employs a matrix-based quasi-static model of the DC microgrid
in which only the virtual /droop resistances of voltage-supporting equipment
(e.g., voltage sources and load inverters when their under- and overvoltage
regulators are active) and cable resistances are considered. This simplifica-
tion omits capacitances and inductances and therefore excludes fast tran-
sient dynamics. The loss of fidelity affects only very fast, time-dependent
simulations aimed at transient analysis, which are outside the scope of DC
microgrid control strategy assessment and of this work.

In the model, the matrices represent the current injected into or drawn from
the DC-link by each device, irrespective of its role (voltage source or load).
Each device’s contribution is computed in a uniform manner; what differs
is the origin of the contribution (e.g., droop behavior versus regulator ac-
tion). The DC-link voltage—common to all equipment—is then obtained
from these contributions together with the modeled resistances.

The matrix-based approach scales well: devices can be added to or removed

from the matrices with minimal structural changes. Inter-source currents

are explicitly representable when the corresponding terms are included: both
circulating currents caused by voltage measurement errors and imbalance

currents resulting from differing voltage references or droop coefficients.

The framework also extends to nodal analysis with a network resistance ma-

trix; dynamic elements (capacitances and inductances) could be incorpo-

rated in future work, with the understanding that this introduces state vari-

ables and requires time integration beyond the present quasi-static scope.

For exposition, the system is first treated in an idealized setting with no
inter-source currents (neither circulating nor imbalance), loads modeled as
simple current sinks, and a simplified DC-link. Thereafter, the modeling is
extended to include circulating currents and the conditional voltage-source
behavior of loads when their under- and overvoltage regulators activate—a
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core element of the variable voltage-based DC microgrid control strategy.
Finally, non-ideal microgrids are addressed via nodal analysis with non-
negligible cable and busbar resistances.

Currents are signed from the potential perspective: a current directed to-
ward the higher-potential (DC+) is positive, and a current directed toward
the lower-potential (DC-) is negative. To smoothly vary the load level in the
examples, the smootherstep function Perlin, Ken (2002) is used to generate
loading profiles, which also expose behavior under voltage measurement er-
rors and create cases where loads’ under- and overvoltage regulators activate
and deactivate.

Alongside the equations, MATLAB code listings for the modeled scenarios
are provided for transparency and reproducibility. The listings are format-
ted for direct copy-paste into MATLAB; some long lines may reduce read-
ability.

3.1.2 Voltage Sources

The voltage source’s operations purpose is quite straightforward: it main-
tains the DC voltage at its reference level, which, if drooping is in use, is
allowed to deviate internally according to the inverter’s loading, see Equa-
tions (1.1) and (1.2). The practical limiting factors being, e.g.: current limits
to either direction of current flow and if it is actually in operation or has it
tripped to fault or simply stopped. If any of these limiting factors are in an
effect, like current limit is hit, either some other equipment compensates or
the voltage goes to an uncontrolled increase or decrease. For the purpose of
this dissertation, it is assumed that DC drooping is the paralleling mecha-
nism in use for the voltage sources.

Traditionally the voltage sources in DC circuit analysis have been modeled
simply as voltage sources, i.e., devices that take in voltage reference and
forcefully keep the potential difference between their poles at the specified
level, and let the current fluctuate according to load and/or generation varia-
tions. Adding internal resistance, which mathematically functions as droop
resistance, does not changed this; it is then simply modeled as a non-ideal
voltage source.
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As mentioned before, the modeling paradigm is based on a current matrix
that contains all the equipment’s currents. Further, droop controlled volt-
age sources’ current output is directly proportional to the difference between
the reference used and the actual DC voltage. Thus, to calculate the current
contribution of a voltage source, it can be assumed that the DC-link volt-
age Vpc follows exactly V5 from Equation (1.2), then it is possible to derive
how the source current /5 behaves in the function of DC-link voltage Vpc, see

Appendix 1:

CsV§

where subscript S indicates the variables are for voltage source named S,

IS = ]nomS (3 1)

and I,ons stands for the voltage source’s nominal current. As the voltage
reference V5 and drooping coefficient (s are controllable parameters by an
external controller or an user, DC voltage Vjc is the only free variable. Now
the fraction in front of I,,,s can be presented as a separate function I's:

Vs —Vbe

e =
: CS Vs*

: (3.2)
which gives us the proportional value of how much contribution is required
from the voltage source S. The MATLAB code implementation for the I func-
tion is presented in Code 1.

Figure 8a shows the I's’s behavior in the voltage domain with different values
for drooping coefficient (5. Figure 8b shows differently sized voltage sources’
current behavior in the voltage domain around the specified DC reference
voltage V5" of 700 V, and with static drooping coefficient (s of 0.02.

Now the equation for the current /s can be simplified by using the I's func-

%% Gamma Function
function output = Gamma(DCVoltage, DCVoltageReference, DCDroopingCoefficient)
if DCDroopingCoefficient == 0O
error ('Gamma:ZeroDroop', ...
'Zero droop not supported, leads to division by zero.');
elseif DCVoltageReference == 0
error ('Gamma:ZeroReference', ...
'Zero reference not supported, leads to division by zero.');
end

output = (DCVoltageReference - DCVoltage)/(DCDroopingCoefficient * DCVoltageReference);
end

Code 1. MATLAB code for I" function.
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(a) Behavior of I" with different ¢ values (b) Differently sized voltage sources’
across a voltage range of 690—710 V. current behavior in the voltage
domain with DC voltage references
of 700 V and drooping coefficients
of 0.02.

Figure 8. Behaviors of I" and current in the voltage domain.

tion, and voltage source current equation now becomes,

IS = I_‘SInomS- (33)

from which we can deduce a more generalized formula for the DC microgrid
voltage sources’ loading distribution Is:

Ts. 0 ... 01 [Ioms Is,
. 0 I, 0 Thoms, Ig,

Is = dlag(rs)lnoms = : . : n0:m = : . (34)
0 0 ... Tsy| |lomse| |Isy

With this first mathematical tool, it becomes possible to perform basic mod-
eling of the currents contributed by voltage sources in a system with a pre-
scribed DC-link voltage profile. Consider a system consisting of four voltage
sources with nominal current ratings of 10 A, 20 A, 30 A, and 40 A, as illus-
trated in Figure 9. The DC-link voltage is defined to follow two consecutive
smootherstep transitions. The operational parameters of all voltage sources
are set to have a DC voltage reference of V* = 700 V and a droop coefficient
of ¢ = 0.02.
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Vbe € [Vinin, Vinax]

Figure 9. Modeled system where the DC voltage is following
predetermined values and load is not considered.

Having the sources’ voltage references and droop coefficients identical, cor-
responds with the systems in real-life, where the aim is to proportionally
share the load between the sources. Having the voltage references and/or
the droop coefficients differing from each other, would result in proportion-
ally uneven generator load distribution which is generally an unwanted sit-
uation in ships. The modeling paradigm however can handle sources with
different references and droop coefficients which are covered directly in sec-
tions 3.1.4, 3.1.5 and 3.1.8 and chapter 4, as well as indirectly in form of
modeled cable resistances in section 3.1.10.

The resulting currents can now be calculated using the I" function presented
in Equation (3.4) and Figure 10 shows the results. The DC voltage is pre-

Source loading distribution in droop controlled DC Microgrid with pre-determined DC-link voltage
“ Ve = Ve = Vg = V5 = T00 V. G = Gs, = G = s, = 002
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Figure 10. Load distribution calculated by using I" of four ideal voltage
sources in DC microgrid of predetermined voltage.
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determined to be varying between 700 and 686 V. When the DC voltage is
at the DC voltage reference of 700 V, the source currents are zero, as the
difference between reference and actual voltage is zero. As the voltage devi-
ates further away from the DC voltage reference, the outputs of the voltage
sources increase, just as the drooping definitions in Equations (1.1) and (1.2)
predict. 686 V was selected as the low peak for the DC voltage because this
level corresponds with with 2% deviation from the nominal, resulting nom-
inal loading of the sources due to drooping coefficient of 0.02.

MATLAB code for the modeling is presented in Code 2. First in the code vari-
ables needed in the modeling are initialized, next sources’ nominal currents,
DC voltage references and droop coefficients are defined, and the used DC
voltage behavior is determined. The last part with the for-loop is the actual
modeling where the modeling steps are ran through and at each modeling

%% Initialize general modeling variables
steps = 1:5000;

%% Initialize source modeling variables
% Order of the sources is as follows: [S1, S2, S3, S4]
InomS = [10; 20; 30; 40]; % Source nominal currents
DCRefs = [700; 700; 700; 700]; % Source DC voltage references
DCDroops = [0.02; 0.02; 0.02; 0.02]; % Source DC droop coefficients
if ~isequal(length(InomS), length(DCRefs), length(DCDroops))

error('A_SourceOnlyModeling:SourceParameterMismatch', ...

'The number of source parameters do not match each other.');

end
number0fSources = length(InomS);
GammaMatrix = zeros(numberOfSources,numberOfSources);
sourceCurrentArrays = zeros(numberOfSources,length(steps));

%% Define the predetermined DC voltage behaviour

% Create smootherstep-based DC-link voltage profile
x = (2*(steps)./max(steps))*1.2;

x(x > 1.2) =2.4 - x(x>1.2);

x(x > 1) = 1;

s = 6*xx.75 - 16xx.74 + 10%x.73;

DCVolt = DCRefs(1) * (1 - 0.02 * s);

%% Run through the calculations
for n=steps
%% Source handling
% Populate the Gamma-matrix with new values according to
% the DC-link voltage and inverter parameters
for j=1:numberOfSources
GammaMatrix(j,j) = Gamma(DCVolt(n), DCRefs(j), DCDroops(j));
end

% Calculate the source currents
sourceCurrentArrays(:,n) = GammaMatrix * InomS;
end

Code 2. MATLAB code for modeling the source currents based on
predetermined DC voltage behavior.
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index n the T matrix is populated, which is then used to calculate the source
current array.

3.1.3 Incorporating the Voltage Sources to DC-Link with Prede-
fined Loads

The source modeling methodology presented earlier provides a way to de-
rive source currents based on the DC-link voltage. That is, the sources do
not intrinsically “know” how much current they must supply. Instead, each
source independently determines its current output based on the common
system variable: the DC-link voltage. This enables the development of a
decentralized, sequential modeling approach, as illustrated in Figure 11, in
which a change in load causes a change in the DC-link voltage, prompting
each source to react autonomously by adjusting its current. The change in
DC voltage depends on the characteristics of the voltage-controlling equip-
ment currently influencing the system, while the change in an individual
source’s output depends on its own internal parameters.

The sequential modeling paradigm, illustrated in Figure 11, offers the advan-
tage of treating sources and loads individually. Equipment behavior is mod-
eled in a decentralized and modular way—each source’s current is computed
independently of other devices. Furthermore, this structure facilitates later
integration of load behaviors into the modeling algorithm, including current
and power references and over-/undervoltage regulator functionalities.

Calculate the individual load Calculate the individual
currents i, li5,... source currents lsy, lsy,...

Calculate new DC-
link voltage

Figure 11. Modeling sequence.
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3.1.3.1 Modeling the DC Voltage

With the source current contributions expressed as functions of the DC-link
voltage, it becomes necessary to define how the DC-link voltage itself is mod-
eled. Since the objective of this dissertation is to demonstrate the usability
and operational principles of the variable voltage-based DC microgrid con-
trol strategy—and considering that power management strategies operate
on timescales ranging from seconds to minutes, which are orders of magni-
tude slower than electrical transients—there is no need to model full circuit
dynamics such as transient current responses. As a result, high-frequency
phenomena, such as those originating from inverter switching or capacitor
dynamics, fall outside the scope of this work. In real systems, such fast dy-
namics are handled locally by the internal control algorithms of individual
devices, such as inverters, whereas the microgrid-level control strategy re-
acts only to the resulting control challenges, such as those caused by equip-
ment tripping.

The modeling of inverter tripping events—which in the quasi-static context
is equivalent to inverter stopping—is covered in Section 3.1.4.1.

To illustrate the relevant control timescale, Figure 12 presents measured
propulsion load data from the ship Aurora Botnia during her sea trials. The
data in this figure shows the main propulsion inverter’s load behavior, ini-
tially operating in speed control mode, after which the propulsion load is
gradually reduced and the control mode changes to power control. The ob-
served load transitions occur over timescales ranging from several seconds
to minutes, highlighting the temporal domain in which power management
strategies are designed to operate.

In quasi-static modeling, each step is assumed to represent a steady state,
with all transient phenomena considered to have settled. As a result, the
modeled scenarios in this work do not include time on the figures’ z-axes,
since no time-dependent variables are involved. Although the real-world ex-
amples presented in later sections do include timestamps from the original
data on the z-axis, time plays no role in the modeling in those cases either.

The quasi-static modeling approach not only provides a computationally ef-
ficient method for modeling the phenomena with sufficient accuracy for the
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Figure 12. Loading of Aurora Botnia main propulsion during sea trials,
graph presented with permission from Wasaline.

time scales involved, but also serves as both a foundation for verifying the
proposed modeling paradigm and a basis for future development of dynamic
models. If the verification shows that the paradigm fails under quasi-static
conditions, it cannot be expected to function correctly in dynamic scenarios.

A straightforward method to compute the updated DC-link voltage can be
derived from Equation (1.5), following the same principles that define how
DC voltage behavior indicates the state of balance between power produc-
tion and consumption. When applied in a step-by-step modeling context,
the voltage at discrete time index n can be calculated as:

V(n)=V(n—1)+ AV

(3.5)
=V(n—=1)+ (I(n) — I(n—1)) - R(n), 35

where A from Equation (1.5) is now represented as the change in current
between modeling steps n» and n—1.

Applying this formulation to the DC microgrid model, the system voltage
Vbc is updated by adding the inter-step current imbalance—defined as the
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sum of previously generated and currently consumed currents—multiplied
by the system resistance value. Taking advantage of Kirchhoff’s current law,
which states that currents at the same modeling index must sum to zero, we
note that if consumption and production currents are taken from different
time steps, the resulting discrepancy can be used with Ohm’s law to calcu-
late the corresponding voltage difference. The system resistance, denoted
by Rwmg, represents the total effective resistance seen by the DC-link in the
modeled system. As shown in Equation (3.4), the generated source currents
are obtained from the array I, and an analogous array I, is defined for the
load currents. The DC-link voltage update equation is then expressed as:

VDc(n) = VDc(n—l) -+ AVDC
= Vpc(n—l) + Al - Rya (36)

= Vpc(n—1) + <Z Iu(n) + ZIS(”_1)> - Rumg(n),

where the summation notation implies summing over all elements of each
current array. As previously defined, currents produced by the equipment
are considered positive, and currents consumed are negative. Therefore, a
direct summation of the current arrays yields the system’s inter-step current
imbalance.

In this formulation, if the load remains unchanged between time steps, the
total current imbalance is zero and the DC-link voltage remains constant.
Any change in load results in a proportional voltage adjustment, governed by
the inter-step current imbalance between generation and consumption, and
scaled by the system resistance—the combined resistance in the modeled
circuit. The corresponding MATLAB implementation is provided in Code 3.

In the idealized case where cable and busbar resistances are neglected, Ry
is determined solely by the parallel combination of the voltage sources’ droop
resistances Rpg.

The droop resistance Rps for each source is calculated from the nominal
source current I,oms, voltage reference Vg, and droop coefficient (s, as fol-

lows:
AV —(Ve(l—G) = VE) _ Vs

R =
bs AIS [nomS —0A [nomS

: (3.7)

These parameters may vary during system operation. For example, changes
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%% DC-1link voltage calculation
function newDCVoltage = calculateDCVoltage(dcVoltage, generation, load, R_MG)
tempVolt = dcVoltage + ((generation + load) * R_MG);

% Handle situations where:
% 1. No active voltage sources exist and R_MG = Inf
% 2. Voltage has crashed to zero
if isnan(tempVolt) || tempVolt <= O
newDCVoltage = 0O;
% Limit maximum voltage to not crash the modeling in case load with 0OV
% regulator exists and "catches" the voltage
elseif tempVolt == Inf
newDCVoltage = 1000;
else
newDCVoltage = tempVolt;
end
end

Code 3. MATLAB function for DC voltage calculation.

occur if a source reaches its output limit or is shut down—as discussed in Sec-
tion 3.1.4—or during voltage source startup sequences where the voltage ref-
erence is ramped, as described in Section 5.2.2. Or when a load’s under- or
overvoltage regulator activates—as discussed in Section 3.1.7. These changes
directly affect the resulting value of Ry and are discussed in their respected
sections.

As shown in Figure 11, the source currents in the algorithm are updated after
the DC voltage calculation and are then used to compute the DC voltage in
the next modeling step. This structure is reflected in Equation (3.6), where
the Is values correspond to modeling index n—1. The effects of any opera-
tional changes in the voltage sources at step n—1 are thus taken into account
when computing the DC voltage at step n.

Consequently, if Ry varies due to source operation at modeling index n—1,
the resulting impact is reflected in the DC voltage level at index n.

To visually derive the terms used in the AVp¢ calculation, consider the sys-
tem in Figure 13, which consists of four droop-controlled voltage sources
and a single current source as a load. The circuit assumes no cable or bus-
bar resistances. The equivalent form used for the AVpc derivation is shown
in Figure 14.

Each voltage source — droop resistance pair may be interpreted as a Thevenin
equivalent circuit, which can be transformed into a Norton equivalent with
a known current value, as shown in Figure 15. At this point, the Norton cur-
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Figure 13. Circuit illustrating a system composed of a single load and four
droop-controlled voltage sources, where the internal
resistances represent droop behavior.
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Figure 14. Equivalent circuit of the system based on Figure 13 used to
derive the AVpc calculation in Equation (3.6).
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Figure 15. Circuit in Figure 14 after transforming each source to its
Norton equivalent.

rent sources can be summed to obtain the total current imbalance between
the modeling steps as in Figure 16, which is used in the AVpc calculation in
Equation (3.6).

It is now straightforward to compute the system resistance Ryg, illustrated
in Figure 17, as the parallel combination of the individual droop resistances
which are the only resistances in the system:

ot = (X ) 38)
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|::| RD81 (77) |::| RD52 (7’1) |::| RDSg (n) |::| RDS4 (n) ILl (17) + EIS(TL—l) AVpc

Figure 16. Circuit in Figure 15 after summing the current source
contributions.

ng(n) = (Z m) } Iy, (n) + 2]5(%*1) AVpc

Figure 17. Equivalent system resistance obtained by combining the
paralleled droop resistances.

The modeling sequence presented above assumes an ideal system where ca-
ble and busbar resistances are neglected. However, there is no restriction
preventing these resistances from being included in this method. Modeling
a system with cable and busbar resistances requires computing the terminal
voltage individually for each voltage source and load. Consequently, both
the current deviation A7 and the system resistance Ry must be evaluated
from each source’s perspective, since each source experiences a different lo-
cal terminal voltage and line resistance. In the idealized system presented
earlier, all voltage sources observe the same DC-link voltage due to the ab-
sence of cable and busbar voltage drops. Therefore, a single scalar value for
Vbc is sufficient to describe the system behavior.

More efficient way to consider the cable and busbar resistances is to utilize
nodal analysis, which enables to calculate the voltages over every equipment
in the system in a single matrix operation. While this section covers the
system modeling by omitting the cable and busbar resistances, the nodal
analysis is covered in Section 3.1.10.
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3.1.3.2 On the Quasi-static Nature of the Modeling

The quasi-static modeling paradigm employed in this work omits fast volt-
age transients and is therefore not intended for analyzing short-term dy-
namic phenomena. However, such high-speed dynamics are irrelevant at
the seconds-to-minutes time scales at which the power management strat-
egy operates. While sudden events—such as an abrupt voltage source shut-
down—can be captured (see Section 3.1.4.1), the associated transient wave-
forms fall outside the scope of the intended modeling horizon.

From the control system’s perspective, even cascading device trips would
appear as a (near) simultaneous loss of multiple devices. The power man-
agement strategy then operates on the updated system state observed at the
next modeling step, without requiring insight into the sub-second transient
sequence that led to the loss.

This is not to say that phenomena such as voltage dips caused by constant
power loads are ignored. Rather, while the transient initiating such behav-
ior cannot be captured, and while the whole scenario is dynamic in nature,
a quasi-static approximation of the resulting voltage depression could be
modeled. In this sense, the control-related consequences of constant power
loads—including the destabilizing feedback loop they may introduce—can
still be explored using quasi-static methods. The modeling framework can
represent inverter behavior that emulates constant power loads and exam-
ine the conditions under which instability would arise, along with the control
strategy’s response.

All test cases throughout this work are deliberately constructed to represent
quasi-steady scenarios. These were selected to highlight the operational ca-
pabilities of the proposed control strategy and to reflect realistic time scales
of power management actions. Even in the real-life blackout prevention case
discussed in Section 5.6.2, where inverter monitoring data was recorded
during the event, the system behavior was effectively quasi-static through-
out the relevant duration. The control system’s only concern was how in-
verters were parameterized to maintain DC-link voltage if and when such
blackout-inducing scenario occurs.

Accordingly, the quasi-static modeling paradigm provides a valid and suffi-
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ciently accurate approximation of system behavior at the relevant time scales
for power management and control. It achieves a balance between model
simplicity and fidelity required to support the proposed control framework.

A logical future extension would be to build upon the DC voltage calcula-
tion framework presented here and incorporate a more detailed voltage dy-
namic model capable of simulating transient behavior. Such an enhance-
ment would be particularly useful for applications like system-level fuse siz-
ing, where sub-second fault currents must be accurately captured.

3.1.3.3 Utilizing the DC Voltage Modeling

Figure 18 shows the behavior of a DC microgrid supplied by four voltage
sources and loaded by a load with the predetermined current profile I, vary-
ing between 0 and 100 A. The modeled system’s circuit is presented in Fig-
ure 13 and as a simplified single-line diagram in Figure 19. It is an extended
version of the system presented in Figure 9, with a current /i, following a

Modeled system behavior in droop controlled DC Microgrid with pre-determined load
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Figure 18. Load distribution of four ideal voltage sources in DC microgrid
with predetermined load profile.
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Figure 19. Modeled system with four voltage sources and ideal load.

load profile to produce similar DC voltage behavior as in the previous exam-
ple. In the single-line diagram of Figure 19, [©] symbol represents a perfect
current sink, whose load profile is predetermined before hand and is inca-
pable of being adjusted from outside of the equation via references, and does
not have any under- or overvoltage regulator functionalities.

Code 4 presents the MATLAB code for the modeling of the system, where
a distinct section for DC voltage handling is added. The load profile is not
written anymore directly as the DC voltage as was in Code 2 but as the actual
load current, which is then used to calculate the DC voltage values.

As the total of the source nominal currents and the load peak equals 100 A,
and all sources share identical voltage references of 700 V with 2% droop,
the voltage dips to 686 V when nominal loading is reached. This behav-
ior matches that of the previous example in Figure 10, where only the DC
voltage was modeled. The difference lies in the voltage trajectory during
load changes, discussed further in Section 3.1.3.4, which results from the
DC voltage calculation method.

This level of DC microgrid mathematical modeling is sufficient for basic
analysis of system-level behavior, where even complex current-based load
profiles can be represented. However, this method lacks the ability to cap-
ture more advanced load behaviors, such as alternative reference types or
the operation of under- and overvoltage regulators. Consequently, it is not
adequate when considering a complete control strategy based on variable
DC voltage. To support such strategies, the model must be extended to ac-
commodate variable loading changes driven by external references and reg-
ulator responses. Further, incorporating circulating current behavior be-
tween voltage sources and voltage-supporting loads provides additional in-
sight beneficial for system design.
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%% Initialize general modeling variables
steps = 1:5000;

%% Initialize source modeling variables
% Order of the sources is as follows: [S1, S2, S3, S4]
InomS = [10; 20; 30; 40]; % Source nominal currents
DCRefs = [700; 700; 700; 700]; % Source DC voltage references
DCDroops = [0.02; 0.02; 0.02; 0.02]; 7% Source DC droop coefficients
if ~isequal(length(InomS), length(DCRefs), length(DCDroops))

error('B_ModelingWithDCLink:SourceParameterMismatch',

'The number of source parameters do not match each other.');

end
numberOfSources = length(InomS);
GammaMatrix = zeros(numberOfSources,numberOfSources) ;
sourceCurrentArrays = zeros(numberOfSources,length(steps));

%% Initialize DC voltage modeling variables
DCVolt = zeros(1l,length(steps));

droopResis = zeros(numberOfSources, 1);
droopConduc = zeros(numberOfSources, 1);
R_MG = 0;

%% Create smootherstep-based load profile varying between -100 and 0 A
x = (2x(steps)./max(steps))*1.2;

x(x > 1.2) = 2.4 - x(x > 1.2);

x(x > 1) = 1;

s = 6xx.75 - 15%x.74 + 10%*x.73;

load = -100 * s;

%% Run through the calculations
for n=steps
%% DC voltage handling
% Calculate R_MG
for r=1:numberOfSources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = 1/droopResis(r);
end
R_MG = 1/sum(droopConduc) ;

% Calculate the DC voltage
if n==1 J, If first step use default values
DCVolt(n) = calculateDCVoltage(DCRefs(1), 0, load(n), R_MG);
else 7 Else use previous step DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCVolt(n-1),
sum(sourceCurrentArrays(:,n-1)), load(n), R_MG);
end

%% Source handling
% Populate the Gamma-matrix with new values according to
% the DC-link voltage and inverter parameters
for j=1:numberOfSources
GammaMatrix(j,j) = Gamma(DCVolt(n), DCRefs(j), DCDroops(j));
end

% Calculate the source currents
sourceCurrentArrays(:,n) = GammaMatrix * InomS;
end

Code 4. MATLAB code for modeling system behavior with predetermined

load.
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3.1.3.4 Note on stepwise path-dependence of the DC-link model

Equations (3.5) and (3.6) update the DC voltage by comparing the sum of
load currents at modeling index n to the sum of source currents from the
previous index n — 1. This discrete update rule (with no time-domain ca-
pacitance) introduces a small path-dependent offset at load transitions: the
instantaneous Vpc at the same numerical load level depends on the preced-
ing step.

For example as can be seen in Figure 18, when sweeping towards 100 A, the
load passes 50 A at about 691 V. While calculating a standalone 50 A oper-
ating point via Equation (3.2), and modeling with 50 A maximum load in
Figure 20, gives the Vpc of 693 V.

This is not a physical transient but a modeling artifact arising from the n vs.
n—1 current imbalance; it vanishes in steady segments and does not affect
the methodology elsewhere.

Modeled system behavior in droop controlled DC Microgrid with pre-determined load
y Vg = Vg = Vg = V& =700 V, Gs, = Gs, = G, = s, = 0.02, Rug = 0.14
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Figure 20. Load distribution of four ideal voltage sources in DC
microgrid with predetermined load profile peaking at 50 A.
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The magnitude is bounded approximately by |AVpc|~ Ry |AI|, where Ry
is the system resistance and AT is the current change between consecutive
indices.

When the system resistance Ry is changing between modeling steps, the
resulting modeling artifact can be reduced by evaluating the equivalent sys-
tem resistance as the average of two consecutive indices:

(Rme(n) + Rue(n—1)), (3.9)

DO | —

RMG,an =

which better approximates the continuous slope of the combined droop char-
acteristic.

This modification would moderate the apparent voltage deviation at chang-
ing circumstances e.g. during voltage source startup; however, the path-
dependence itself originates from the n — n—1 current imbalance and there-
fore cannot be entirely removed within the present discrete quasi-static for-
mulation. The modeling in this work does not employ the averaging but
rather uses Ryg(n) only.

3.1.4 Modeling Verification in Source Exceptional Situations, Non-

uniform Parameterization and Positive Loads

Traditionally in shipboard power systems, power generating units like com-
bustion engine-based generator sets and inverter-based shaft-generator sys-
tems, are always parameterized uniformly. This means that their references
and droop coefficients are the same, such that they share the loads propor-
tionally equally. This work mirrors that design aspect in the models and
equal DC voltage references and droop coefficients are used for each voltage
source.

But this status quo can be broken, e.g. when an equipment producing cur-
rent hits its limit, and the source no longer at that point works as voltage
source but rather just a current source with fixed current reference. Or if it
is stopped due to a fault, it creates then different system level scenario.

Also, an everyday scenario of a voltage source starting creates nonuniformity
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in the source parameterization. This is due to the voltage reference initially
being at level corresponding with the DC-link voltage and then ramping up
to the intended value. Starting the voltage source with DC voltage reference
corresponding with actual DC-link voltage enables starting the source with
zero load.

In modern shipboard power systems, equipment working as positive loads,
e.g. solar power and energy storage systems, are becoming more popular
every day. The power management strategy, the power system it is used in,
and the modeling paradigm must be able to handle positive loads as well, in
order to cope with and prepare for possible backpower situations. To this
end this section covers modeling with positive load reference as well.

3.1.4.1 Source Exceptional Situations

Exceptional source-side situations, such as current limitation or source shut-
down, require appropriate handling when calculating Ry and Is. Limit-
ing a source’s current to a predefined maximum can be achieved by con-
straining its corresponding I" value. For example, if the T" value of source 3,
as presented in earlier models, is limited to 0.6, its output cannot exceed
0.6 - Inoms, = 18 A. See Figure 21.

When a source is output-limited, it no longer behaves as a droop-controlled
voltage source but instead operates as a current source. As a result, its droop
resistance effectively becomes infinite and is excluded from the system re-
sistance calculation.

This shift to current source behavior affects the overall system resistance
Ry used in the DC voltage calculation in Equation (3.6). This operational
change affects also the circulating currents, as will be discussed in Section
3.1.5.1. Opposite operational changes are introduced for loads through under-
and overvoltage regulators in Sections 3.1.7 and 3.1.8, where loads transition
to voltage sources.

Similarly, source shutdown limits the source’s output current to zero and
also implies an infinite droop resistance. The two scenarios, current limita-
tion and source stopping, are prudent to keep separate even when their effect
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Modeled system behavior in droop controlled DC Microgrid with source 3 output limited to 60%
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Figure 21. DC microgrid simulation with voltage source 3 output current
limited to 60% by constraining I's, €] — 00, 0.6].

in this simple modeling is similar. With separated statuses for limitation and
stopping, and later model development including inverter modulation, it is
easier to distinguish between running at zero current and full stop.

Rather than explicitly assigning an infinite value to the limited source’s droop
resistance Rpg, a clearer and more numerically robust approach is to define
a multiplier that sets the inverse droop resistance—used in the system re-
sistance calculation in Equation (3.8)—to zero when the source is limited or
stopped.

A practical mathematical mechanism for the multiplier in modeling current
limitations and source shutdowns involves the use of Boolean arrays, where
each element represents the operational state of a corresponding voltage
source. These arrays are defined as Byg for voltage source operation and
B,.uns for running status:
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Bys = [Bys,, Bys,. - - -, BVSN]T

)

where BVSi = ([si > ]minSi) A (]Si < ImaXSi)
T ins. I )
_ <FSZ > mlnS,) A (PSZ < maxsz) :
InomSZ- Inomsi

with Iins, and Iays, denoting the specified minimum and maximum allow-

(3.10)

able output currents for Source .

T
BrunS = [Brun817 Brunsza ceey BrunSN]

Y

1, if Source i is considered running, (3.11)
where B,y,s, =

0, otherwise.

These Boolean arrays are used throughout the modeling framework to selec-
tively disable or include sources in matrix-based calculations depending on
their state. The Bys array is typically updated at each modeling step based
on the computed source current.

The Boolean array for running status, B,,,s, can be defined based on the
modeled system behavior—for example, based on user input or simulated
fault conditions. Figure 22 presents this behavior by introducing a multi-
plier into the Is equation, which is set to 1 when the source is operational
and 0 otherwise as described later in this section.

These Boolean arrays can be used in the system resistance calculation in
Equation (3.8) by applying the logical AND operator between the opera-
tional state and running status of each voltage source:

N -1
_ Bys, (1) A Bruns; (1)
Ry = <; Foos. () ) : (3.12)

The logical AND returns 1 only when both the voltage source’s operational
and running states are true, resulting in a non-zero conductance for that
source in the Ryg calculation. If either value is 0, the conductance becomes
zero—which corresponds to an infinite droop resistance—and the source is
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Modeled system behavior in droop controlled DC Microgrid with source 3 stopping

0 Vs, =Vg, =Vg, =Vs, =700V, (s, = (s, = (s, = Cs, = 0.02, Ryg = 0.14 — 0.20
b T a T T I 1 T T T

. S A\

—

40

20 -

Current [A]
&
\

-40 Index n: 2500

DC Voltage: 686

60
Is,; Inows, = 10 A
Is,, Inoms, = 20 A
<0 U Is,, Loms, = 30 A
50 I, Tooms, = 40 A
I, €[-100,0] A Index n: 2501
DC-link Voltage Vpc DC Voltage: 680
-100 I I | . [ | | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Modeling index n

Figure 22. DC microgrid simulation with voltage source 3 suddenly
stopping.

effectively excluded from the system resistance.

During modeling, the values of Bys can be computed concurrently with I'g
values, as they can be directly derived from them according to Equation (3.10):

<Fsl >
1
(FSQ >

<an >

I minS; ) A (FS <
I nomsS; !
minSs
ANl Tg <
I nomsSs ) ( :

] .
mlnSn> A (an <
]nomSn

I maxSq ) ]
I nomsS;

I maxSs )
I nomsS»

I maxs,, )
I nomS,, / 4

(3.13)

The effect of stopped sources is incorporated to the modeling by applying an
element-wise product (Hadamard product) with the run status array B,y,s
when calculating the source current array I, yielding the final array:

Is = (T's - I,

omS) © Bruns-

(3.14)
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In MATLAB, this operation corresponds to the .* operator. The use of a
compact N x 1 Boolean array avoids the need for a full N x N diagonal
matrix, while preserving extensibility for future modeling needs.

Code 5 presents the MATLAB code for running modeling with mechanisms
for limiting and shutting down specific sources. The code utilizes the Bys
and B,,,s arrays, as well as arrays for positive and negative source output

%% Initialize general modeling variables
steps = 1:5000;

%% Initialize source modeling variables

% Order of the sources is as follows: [S1, S2, S3, S4]

InomS = [10; 20; 30; 40]; % Source nominal currents

DCRefs = [700; 700; 700; 700]; % Source DC voltage references

DCDroops = [0.02; 0.02; 0.02; 0.02]; % Source DC droop coefficients

if ~isequal(length(InomS), length(DCRefs), length(DCDroops))
error('B2_ModelingWithDCLinkBooleanArrays:SourceParameterMismatch', ...

'The number of source parameters do not match each other.');

end

numberOfSources = length(InomS);

GammaMatrix = zeros(numberOfSources,number0OfSources);

sourceCurrentArrays = zeros(numberOfSources,length(steps));

B_VS = ones(numberOfSources, 1);

B_runS = ones(numberOfSources, 1);

posLims = ones(numberOfSources, 1) * inf;

neglims = ones(numberOfSources, 1) * -inf;

%% Initialize DC voltage modeling variables
DCVolt = zeros(1,length(steps));

droopResis = zeros(numberOfSources, 1);
droopConduc = zeros(numberOfSources, 1);
R_MG = 0;

%% Create smootherstep-based load profile varying between -100 and 0 A
x = (2+(steps)./max(steps))*1.2;

x(x > 1.2) =2.4 - x(x > 1.2);

x(x > 1) =13

s = 6xx.75 - 15*%x.74 + 10*x.73;

load = -100 * s;

%% Run through the calculations
for n=steps
%% DC voltage handling
% Calculate R_MG
for r=1:numberOfSources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = (B_VS(r) && B_runS(r))/droopResis(r);
end
R_MG = 1/sum(droopConduc) ;

% Calculate the DC voltage
if n==1 J If first step use default values
DCVolt(n) = calculateDCVoltage(DCRefs(1), 0, load(n), R_MG);
else 7/, Else use previous step DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCVolt(n-1), ...
sum(sourceCurrentArrays(:,n-1)), load(n), R_MG);
end

%% Source handling
% B_runS(3) = n < 2500; %<- Stop source 3 at modeling index 2500
% posLims(3) = 0.6; %<- Limit source 3 positive output to 60%

% Populate the Gamma-matrix with new values according to

% the DC-link voltage and inverter parameters

for j=1:numberOfSources
GammaMatrix(j,j) = min(max(Gamma(DCVolt(n), DCRefs(j), DCDroops(j)), neglLims(j)), posLims(j));
B_VS(j) = GammaMatrix(j,j) > negLims(j) && GammaMatrix(j,j) < posLims(j);

end

% Calculate the source currents
sourceCurrentArrays(:,n) = (GammaMatrix * InomS) .* B_runS;
end

Code 5. MATLAB code with mechanisms implemented for source
limitation and shutdown.
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limits to control the source output limitation. Source stopping can be done
simply by assigning its corresponding value in B,;s to zero.

To verify the accuracy of the modeling, the expected DC-link voltage can be
analytically calculated for each scenario and compared to the simulated val-
ues. At peak load, the system is subjected to a 100 A load, which matches
the sum of the nominal source currents (10 A + 20A + 30A + 40 A =100A).
Under normal conditions, given that all sources have identical voltage ref-
erences and droop coefficients, each source operates at its rated current, re-
sulting in a 2% voltage drop.

In the first exceptional case, Source 3—with a nominal current of 30 A—is
limited to 60% of its output capacity. This effectively turns it from a droop-
controlled voltage source into a current source delivering a fixed 18 A. Sub-
tracting this from the total load leaves 82 A to be supplied by the remaining
sources. As the remaining sources collectively have a nominal capacity of
70 A, they must operate at £ ~ 1.17 times their rated current. With a base-
line 2% voltage drop at rated current, the new voltage drop becomes £2-2% =
1% ~ 2.34%. This corresponds to a DC-link voltage of 700V - (1 — =25) =
683.6 V, which matches the simulated result shown in Figure 21.

In the second case, Source 3 is completely stopped, contributing no current.

The entire 100 A load must now be supplied by the remaining sources, which

again have a combined nominal capacity of 70 A. This results in a current
00 _ 10

overload factor of 2% = 10 ~ 1.43, leading to a voltage drop of % - 2% =

2% ~ 2.86%. The resulting DC-link voltage becomes 700 V- (1—2%) = 680V,

which aligns precisely with the model output shown in Figure 22.

The latter scenario shown in Figure 22 clearly demonstrates the quasi-static
nature of the selected DC-link voltage modeling method. Both the volt-
age and current values shift instantaneously to their new steady-state lev-
els, regardless of how dramatic the associated transients would have been
in a real-life. If the modeling were focused on capturing fast phenomena—
such as current spikes induced by a short-circuit during a sudden source
disconnection—then the time-dependent dynamics would certainly need to
be included. At minimum, such a model would require incorporating the
inverter capacitances into the algorithm.

However, in this work the developed modeling paradigm is specifically used
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in power management strategy, whose scope—both in this study and in real-
life applications—does not extend to such fast phenomena. In the scenario
shown in Figure 22, the role of the power management system is to coordi-
nate power generation and consumption in such a way that the loss of one
source does not trigger a cascading control failure that trips the remaining
sources and causes a blackout. From this perspective, the quasi-static na-
ture of the selected modeling method is entirely appropriate and sufficient
for the intended purpose.

3.1.4.2 Source Nonuniform Parameterization

While during stable shipboard power system operation the sources’ DC volt-
age reference and droop coefficient parameters would generally all be set
uniformly, there are multiple scenarios where they are intentionally differ-
ent. These scenarios range from energy storage state-of-charge balancing
methods covered in Sections 4.3 and 4.4 to voltage source starting covered
in Section 5.2.2.

For model verification purposes, let’s have similar model as previously, but
with Source 2 having DC voltage reference of 705 V and Source 3 DC droop
coefficient of 2.5%, as seen in Code 6. The modeling results are presented in
Figure 23.

Independent verification for the modeling accuracy in this scenario is more
complicated process than in previous section due to the “in-fighting” be-
tween the sources. The sources are at the same time feeding the load but
also feeding current between each other. In order to verify the accuracy of
the model, the DC voltage values must be found at different loads, to which
all sources concurrently agree/converge to.

%% Initialize source modeling variables

% Order of the sources is as follows: [S1, S2, S3, S4]

InomS = [10; 20; 30; 40]; % Source nominal currents
DCRefs = [700; 705; 700; 700]; % Source DC voltage references
DCDroops = [0.02; 0.02; 0.025; 0.02]; % Source DC droop coefficients

Code 6. Source parameters in MATLAB code for modeling scenario with
nonuniform source parameters.
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Modeled system behavior in droop controlled
DC Microgrid with nonuniform source parameters
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Figure 23. Modeling results of system with nonuniform source
parameterization.

As shown in Equation (3.7) the droop resistance ties the DC voltage reference
and droop coefficient together. In no-load situation the DC voltage must be
exactly the same as equivalent system DC voltage reference, which can be
calculated utilizing the droop resistances as droop-weighted average of the
source voltage references:

(3.15)

Calculating this gives Vi = 701.0579 V, which is also the voltage at zero load,
just as the model predicts in Figure 23.

By reapplying Equation (3.7) together with the equivalent voltage reference
Veq and the sum of the source nominal currents > I,oms, the equivalent droop
coefficient of the system can be calculated as:

RMG Z T, nomsS

Ceq = Vez ) (316)
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where Ry is the system resistance as defined in Section 3.1.3.1. Substituting
the values yields (., = 0.0213.

To calculate the expected DC voltage under a rated load of 100 A, the follow-
ing expression is used:

Ve = Vi, (1 — Ceg) = 686.1418 V, (3.17)

which matches the modeling result shown in Figure 23.

3.1.4.3 Positive Loads

For the defined modeling methodology and the math utilized, the direction
of the current is of no consequence. For testing purposes, the load can be
defined to be varying between -100 and 100 A with Code 7. The modeled
currents and DC voltage behave exactly the same way as before, just with
opposite signs. From Figure 24 it can be seen how the voltage drops 2% at
rated loading in motoring side, and then rises 2% in the generating side at
rated load.

This confirms that the modeling paradigm correctly handles bidirectional
power flow without requiring separate case handling or sign adjustments
in the logic. Furthermore, nonlinearities or direction-dependent behaviors
can also be implemented with minimal modifications if needed. This is par-
ticularly relevant for modeling equipment such as bidirectional converters,
batteries, or regenerative drives, where the control strategy or current limits
may depend on the direction of power flow.

%% Create smootherstep-based load profile varying between -100 and 100 A
x = 2*(steps)./max(steps);

x(x > 1) =2 - x(x > 1);

s = 6*xx.75 - 16xx.74 + 10%*x.73;

load = -200 * s + 100;

Code 7. MATLAB code for generating load profile varying between -100
and 100 A.
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Modeled system behavior in droop controlled DC Microgrid with positive load
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Figure 24. Modeling results of system with load sweeping also in positive
side.

3.1.5 Voltage Source Circulating Currents from Measurement Off-

sets

Circulating currents as a phenomenon refer to currents that are not reach-
ing the loads, i.e., the currents are wasted by flowing from voltage source to
voltage source instead of contributing to maintaining the DC voltage. This
is a result of the voltage sources’ internal DC voltage measurement errors or
imperfections in their operation. This results in the sources trying to gener-
ate a different voltage than supposed to, and they start “fighting” each other.
This is not to be confused with current flow behavior resulting from voltage
reference or drooping coefficient differences between the voltage sources,
as the phenomenon they produce is source unbalancing, and is covered in
Section 3.2 and utilized in Sections 4.3 and 4.4.

To keep the mathematical architecture in this work clear and modular, the
expanding modeling capabilities are not embedded directly into the existing
mathematical core definitions. This means that e.g. the existing I" function
is not treated as an ever-expanding entity, as that would soon lead to an un-
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readable and unmaintainable formulation. Instead, and much like in soft-
ware architecture, new features are added in parallel with the existing math-
ematical structures. This does not create computationally the most efficient
math, but mathematics where unnecessary features can easily be excluded
when not required.

Following this architectural principle, the circulating currents are modeled
as an offset to voltage source I's functions, let’s call this offset I'c. When I'c
is incorporated to the Equation (3.3) we get,

Ics = (I's + I'c) Inoms: (3.18)

where the source current including the circulating current element is called

Ics.

The function I'c must be defined separately for two current types: (1) the
load-supplying currents affected by voltage measurement errors, denoted
as Ics,, Ics,, Ics,, - - -, Lcsy, and (2) the circulating currents induced between
voltage sources due to measurement discrepancies, such as Ics;s,, Ics;sss
Ics,s,, - - - - This separation is essential because voltage measurement errors
directly affect a source’s output both to the load and to other sources. For in-
stance, if a voltage source overestimates the bus voltage by 1V, it will supply
proportionally less current to a consuming load. Likewise, a 1V discrepancy
between two sources’ measured voltages will cause the one with the lower
reading to inject current into the other, resulting in unintended circulating
currents.

Equations (3.19) and (3.20) show how the I'¢ is calculated for the currents
supplying the load and currents circulating between the voltage sources, I'cs,
and I'cs,s,, respectively. Variable subscripts a and b denote indexes for the
voltage sources: S;,S,,S;...Sy. For example, I'css, is the multiplier for
the current flowing from source S, to source S,, while I'cgs,s, applies to the
current from source S, to source S;. The term Vs, refers to the sensed DC
voltage of voltage source S,, which includes its individual voltage measure-
ment error. Due to the proportional nature of the I' variables, the I'cs s,
must be scaled according to the voltage source’s normalized nominal cur-
rent. Codes 8 and 9 provide the MATLAB code implementations for the I'cg,
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and I'cs,s, equations respectively.

Voc — Ve
Tcs, = % (3-19)
a’ S,

Vs, — Vs, 1

. (3.20)
Rps, + Rps, Inoms, 3

Ics,s, =

P., Monica and M., Kowsalya and Guerrero, Josep M. (2021) employed an
equation similar to Equation (3.20) to evaluate the quality of load sharing
between voltage sources, using the resulting circulating current as a met-
ric for assessing current-sharing accuracy. In the present work, a similar
formulation is adopted, but with the explicit purpose of modeling the ac-
tual circulating current that arises between voltage sources sensing differ-
ent DC-link voltages. In Equation (3.20), the computed current is scaled by
the nominal current of the receiving source, to make it compatible with the
principles of the I'-based modeling framework. Droop resistances are used
in place of droop coefficients to ensure a compact and elegant mathematical
representation as using (s values would result in more complex equation.

The order of the voltage subtraction in the Equation (3.19) numerator differ
from that of the I's function in Equation (3.2) due to a different perspective of
the voltage difference. In the case of I'g, a lower actual voltage relative to the
reference indicates that the voltage source must increase its current injection
toward the DC-link. In contrast, under a voltage measurement error, if the
source perceives the voltage to be higher than it actually is, it reduces its

%% Gamma_Ca Function
function output = Gamma_Ca(DCVoltage, MeasurementError, DCVoltageReference, ...
DCDroopingCoefficient)

if DCDroopingCoefficient ==
error('Gamma_Ca:ZeroDroop', ...
'Zero droop not supported, leads to division by zero.');
elseif DCVoltageReference == 0
error ('Gamma_Ca:ZeroReference', ...
'Zero reference not supported, leads to division by zero.');
else
output = (DCVoltage - (DCVoltage + MeasurementError)) / ...
(DCDroopingCoefficient * DCVoltageReference) ;
end
end

Code 8. MATLAB function for calculating the measurement error’s effect
on the current supplying the load.
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%% Gamma_Cab Function
function output = Gamma_Cab(DCVoltage, MeasErra, RDroopa, Inomb, MeasErrb, RDroopb)

% Sensed voltages
V_a DCVoltage + MeasErra;
V_b DCVoltage + MeasErrb;

% Sensed voltage mismatch
deltaV = V_b - V_a;

% Equivalent resistance between source a and b
Reqab = RDroopa + RDroopb;

% Circulating current from a to b (amperes)
if Reqab ==
error ('Gamma_Cab:ZeroR_eq', ...
'Zero combined resistance not supported, leads to division by zero.');
else
I_ab = deltaV / Reqab;
end

% Return gamma coefficient such that I_ab = gamma * InomB
if Inomb ==

error ('Gamma_Cab:ZeroInom', ...

'Zero nominal current not supported, leads to division by zero.');

else

output = I_ab * (1/Inomb);
end

end

Code 9. MATLAB function for calculating the circulating current between
two voltage sources.

current injection toward the DC-link compared to the non-erroneous case.
In such situations, the resulting value of I'cs, becomes negative.

Using Equations (3.19) and (3.20), we can define the V x N offset matrix I'c
as,

I'cs, Tesis, - Tesisy
I'cs,s,  Tes, .. Tcs.s
FC _ .2 1 . 2 . .2 N ' (3.21)
Fesys: Tesys, --- Tesy

In the matrix above, the diagonal elements represent the measurement-error-
induced coefficient offsets to the load currents. These are computed us-
ing Equation (3.19). The off-diagonal elements provide the coefficients for
the circulating currents between the voltage sources, calculated using Equa-
tion (3.20).

To apply the I'c matrix within the current calculation framework, the nom-
inal current array must be expanded into a diagonal matrix, diag (Ihoms),
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to ensure dimensional compatibility. When source current limitations and
shutdown conditions are not considered, the load-bearing and circulating
currents in the system can be calculated as:

ICS = <dlag(FS) + FC) . dlag (Inoms)

Is, 0 ... 0 Ies, Tesis, - Tesisy Inoms, 0 ... 0
B 0 Is, ... 0 N Pes,se Tes, oo Tes,sy 0 Thoms, - -- 0
0 0 ... sy Pesys; Tesys, --- Tesy 0 0 o+ Tnomsy
-(Fs] + chl) Thoms, Tcs,s, Inoms. s 1—‘CS]SN IHOmSN
_ L'cs,s, Inoms, (I's, + I'cs,) Inoms, - - - Les.sy Tnomsy (3.22)
Ccsysy Inoms, T'csys, Inoms, .o (Psy +Tesy) Inomsy
Ics,  Icss, - lcsisy
I L [P [
[ lesysi desys, - losy

where Icg is an N x N matrix that includes all individual current contribu-
tions in the system, covering both load-supplying currents and circulating
currents between voltage sources. From this matrix, the total output cur-
rent array Iscs can be computed by summing each row:

Iycs = Ics - 1 € RVXL (3.23)

where Iy cs gives the total current provided by each voltage source. In a real
system, these values correspond to the actual measured output currents at
each source. Current limitation, as discussed later in Section 3.1.5.1, is based
on this quantity.

The currents that affect the DC-link voltage are the load supplying currents
Ics,, Ics, .- Ics, seenin Equation (3.22). This is due to the circulating currents
flowing between any two sources cancel each other out, so their combined
sum is zero, and so is their effect on the DC-link voltage. Thus the source
current array Is used for DC-voltage modeling, must be constructed as

L=, |=| .7 (3-24)
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To demonstrate this in a practical context, static DC voltage measurement
errors from Table 2 are applied to a system with four voltage sources and
a single load, similar to the configuration considered previously. The cor-
responding equivalent circuit is presented in Figure 25. For reference, the
figure highlights the total current Iscs, produced by source S;, the circulat-
ing currents from source S; to the other sources (Ics;s,, Ics,s,» and Ics;s,),
and the current supplied to the load (/cs,). The internal DC voltage mea-
surement associated with source S; is also indicated. The remaining voltage
sources (S, to S,) are structurally identical, each having the same internal
measurement mechanism and current contributions.

Figure 26 shows the modeled total currents with a similar load profile as
in Figure 18. In this model the the static voltage measurement errors are
introduced to the voltage sources. The measurement errors cause offset to
the system’s equivalent DC voltage reference and the total currents of the
sources. Code 10 presents the code to perform the modeling in MATLAB.

Verification of the modeling can be done with the system’s equivalent DC
voltage reference V,; and drooping coefficient (.4, following the same prin-
ciples as in Section 3.1.4.2. The Equation (3.15) defines the V3 to be cal-
culated using the sources’ voltage references V" and droop resistances Rps.
The measurement errors can be taken into account by assigning them as off-
sets to the DC voltage references.

Table 2. Static DC voltage measurement errors used.

Voltage Source Measurement Error

Source 1 Verrs, = +1.0V

Source 2 Verrs, = +0.5V

Source 3 Vens, = —1.0V

Source 4 Verrs, = +0.0V
3 Iscs, | 3 Ics,s, 3 3 Ics, s, 3 ! Ics,s, 3 ! Ics,
I | I I | I | I | :
| Rps, b Rps, | Rps, 1 Rps, | !
I | I I I I I |
I | I | I I I I I |
: CVD VSL : : : : : : : : ILl : VDC
ot Lt R A o |
l Vs, o Vs, Vs, Vi ;
: [nomsl : : InomSz : Inoqu : : InomS4 : : :
e S . —— —— ——— !

S] 52 Sg S4 L1

Figure 25. Modeled system with source S,’s currents and its sensed DC
voltage value Vs, = Vpc + Ve, -



Acta Wasaensia 67

Behavior of system with measurement errors in droop controlled DC Microgrid with pre-determined load

“ Vi =V = Vi = V& =T00V, G5, = s, = G, = G5, = 0.02, Ryg = 0.14 0
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Figure 26. Load distribution of four voltage sources with circulating
currents in DC microgrid with predetermined load.

Source’s measurement error however, must not affect the source’s droop re-
sistance calculation, even though Equation (3.7) defines it is based on DC
voltage reference. The droop resistance defines the slope of how steeply the
source’s drooped voltage reference 1[5 is changing under load, as defined in
Equation (1.1) and seen in Figure 2b. This slope is defined by the intended
voltage reference V5 only, not by measurement error.

In this scenario the system equivalent voltage reference is calculated as

S Vs — Vens
fivs (3.25)

where Vs represents the sources’ measurement errors as defined in Ta-
ble 2. With this equation the V; = 700.1 V, which corresponds with the
no-load DC-link voltage level at index 5000 in Figure 26.

As measurement error does not affect the droop resistance, it does not affect
the sources’ droop coefficients (s either. The equivalent droop coefficient (¢4
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%% Initialize variables
steps = 1:5000;

%% Initialize source modeling variables

% Order of the sources is as follows: [S1, S2, S3, S4]

InomS = [10; 20; 30; 40]; % Source nominal currents

DCRefs = [700; 700; 700; 700]; % Source DC voltage references

DCDroops = [0.02; 0.02; 0.02; 0.02]; % Source DC droop coefficients

SourceMeasErrors = [1; 0.5; -1; 0]; 7 Define equipment measurement errors

if ~isequal(length(InomS), length(DCRefs), length(DCDroops), length(SourceMeasErrors))
error ('C_ModelingSourceCircCurr:SourceParameterMismatch', 'The number of source parameters do not match each other.

end

numberOfSources = length(InomS);

GammaMatrix = zeros(numberOfSources,numberOfSources);

GammaCMatrix = zeros(numberOfSources,numberOfSources);

SourceCurrentMatrices = zeros(numberOfSources,numberOfSources,length(steps));

SourceTotalCurrentArrays = zeros(numberOfSources,length(steps));

SourceLoadSupplyingCurrentArrays = zeros(numberOfSources,length(steps));

);

%% Initialize DC voltage modeling variables
DCVolt = zeros(1,length(steps));

droopResis = zeros(numberOfSources, 1);
droopConduc = zeros(numberOfSources, 1);
R_MG = 0;

%% Create smootherstep-based load profile varying between -100 and 0 A
x = (2*x(steps)./max(steps))*1.2;

x(x > 1.2) = 2.4 - x(x > 1.2);

x(x > 1) =13

s = 6%x.75 - 15%x.74 + 10%x.73;

load = -100 * s;

%% Run through the calculations
for n=steps
%% DC voltage handling
% Calculate R_MG
for r=1:numberOfSources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = 1/droopResis(r);
end
R_MG = 1/sum(droopConduc) ;

% Calculate the DC voltage
if n==1 ), If first step use default DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCRefs(1), 0, load(n), R_MG);
else J, Else use previous step DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCVolt(n-1), sum(SourceLoadSupplyingCurrentArrays(:,n-1)), load(n), R_MG);
end

%% Source handling
% Populate the Gamma-matrix with new values according to
% the DC-link voltage and inverter parameters
for j=1:numberOfSources
GammaMatrix(j,j) = Gamma(DCVolt(n), DCRefs(j), DCDroops(j));
end

% Populate Gamma_C matrix
for a = 1:numberOfSources
for b = 1:numberOfSources
if a==l
% Diagonal
GammaCMatrix(a,a) = [Gamma_Ca(DCVolt(n), SourceMeasErrors(a), DCRefs(a), DCDroops(a))]l;
else
% 0ff-diagonal (circulating current from source a to b)
GammaCMatrix(a,b) = Gamma_Cab(DCVolt(n), SourceMeasErrors(a), droopResis(a),
InomS(b), SourceMeasErrors(b), droopResis(b));
end
end
end

% Calculate the source current matrix
SourceCurrentMatrices(:,:,n) = (GammaMatrix + GammaCMatrix) * diag(InomS);

% Calculate source total currents
SourceTotalCurrentArrays(:,n) = SourceCurrentMatrices(:,:,n)*ones(numberOfSources,1);

% Calculate load supplying currents
SourceLoadSupplyingCurrentArrays(:,n) = diag(SourceCurrentMatrices(:,:,n));
end

Code 10. MATLAB code for modeling system of four voltage sources with
measurement errors and predetermined load.
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can be calculated with Equation (3.16) and it is 0.02. Calculating the voltage
drop at sources’ nominal load is done by Vi, (1 — (eq) = 686.1 V. This corre-
sponds with the voltage drop at index 2500 in Figure 26.

To verify that circulating currents indeed cancel each other out, and that
the load-supplying currents accurately reflect the applied load, the compo-
nents of the total current matrix and the load-supplying current array are
summed at selected modeling steps. These sums are then compared against
the known load to confirm current balance and validate Kirchhoff’s Cur-
rent Law compliance. Code 11 shows the code snippet to calculate the men-
tioned verification values after Code 10 is executed. At both selected mod-
eling steps—modeling index 2500 corresponding to a 100 A load, and mod-
eling index 5000 corresponding to a 0 A load—the summed current values
matched the applied load in each case.

Each calculation point in this model of four voltage sources, returns a 4 x 4
size Ics matrix containing all of the currents in the system associated with
each of the voltage sources. From this matrix it is then possible deduct the
total and the load supplying currents for each source. Figure 26 presents
the total currents fed by the voltage sources, as well as the load and DC-link
voltage. Figure 27 presents all of the currents associated with each individ-
ual voltage source. The numerical calculation results from modeling indexes
2500 and 5000 are shown in Table 3.

Due to the modeled measurement errors specified in Table 2, voltage source
S; measures the highest DC voltage among all sources. Consequently, its
proportional droop-based contribution to DC-link voltage support is the low-
est. This behavior is also evident in the circulating current components pre-
sented in Table 3, where the entries Ics,s,, Ics,s;, and Ics,s, are all negative.

%% Calculation verification related variables

V_eq = sum((DCRefs-SourceMeasErrors) ./droopResis)/sum(1./droopResis)
zeta_eq = (R_MG * sum(diag(InomS)))/V_eq

V_nomLoad = V_eq*(1l-zeta_eq)

sum(sum(SourceCurrentMatrices(:,:,2500)))
sum (sum(SourceLoadSupplyingCurrentArrays(:,2500)))
sum (sum(SourceCurrentMatrices(:,:,5000)))

sum (sum (SourceLoadSupplyingCurrentArrays(:,5000)))

Code 11. MATLAB code snippet to calculate the source circulating current
modeling verification related values.
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Figure 27. Modeled currents including circulating currents, graphs (a),
(b), (c), and (d) show currents associated with voltage sources
1, 2, 3, and 4, respectively.

Table 3. The modeled source currents at modeling indexes 2500 and
5000 in Figure 26.

Currents at Index 2500 Currents at Index 5000

7.33A 9.21 A —2.67A —0.79A
Lo — |1762A] | [19.14A Lo — |~2:38A| [ _ |-0.86A
=C5 = |35.51A ST [31.93A ZCS = | 551A| ST | 1.93A
39.54 A 39.71 A —0.46 A —0.29A
9.21A —0.24A —1.07TA —0.57A —0.79A —0.24A —1.07TA —057A
Lo — [0:24A 19.14A —1.29A —048A| [ _ | 024A —086A -129A -—048A
G~ [1.07A  1.29A 31.93A  1.22A| ST | 1.01A 129A 1.93A 1.22A
0.57A  0.48A —1.22A 39.71A 0.57A  0.48A —1.22A —0.29A

These values indicate that current is flowing into S; from the direction of the
other sources. This current direction reflects the relative overestimation of
the DC voltage by S;, which results in reduced current injection toward the
DC-link in comparison to the other voltage sources.

The results in Table 3 illustrate, for example, that the load-supplying current
of Source 1, Ig,, is 9.21 A, while the total current at its terminal, including
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circulating currents, Ixcs,, is only 7.33 A at modeling index 2500. Since the
load-supplying current is the one that directly affects DC voltage, measure-
ment errors that induce circulating currents can significantly misrepresent
the true contribution of each source to the system.

These circulating currents also place disproportionate stress on the source
experiencing the lowest sensed voltage—here, Source 3. Although its nomi-
nal current is 30 A, it must deliver a peak current of 35.51 A, resulting in an
overload of more than 18%, despite the total load being 100 A, which exactly
matches the sum of all source nominal currents. Of the 35.51 A provided by
Source 3, only 31.93 A contributes to supplying the actual load; the remain-
der is lost to circulating currents.

Note that when modeling with circulating currents, in the exceptional sit-
uation of the voltage source suddenly stopping, it is not sufficient to just
write I's, to zero, as this would not eliminate the corresponding circulating
currents in I'c as their existence is not dependent on the loading of the volt-
age source. The source stopping simulation requires either defining also the
source’s measurement error to be zero, on-the-fly manipulation of the equa-
tions by removing the source in question from the matrices, or considering
it as a load with zero reference.

3.1.5.1 Circulating Currents With Current-Limited and Stopping

Voltage Sources

Taking into account current-limited and stopped sources requires managing
the corresponding values in the Ics matrix using the Boolean arrays B,uns
and Bvs.

When a voltage source becomes current-limited, it no longer behaves as a
droop-controlled voltage source that adjusts its output in response to the
measured DC voltage. Although the output current is originally derived from
the voltage measurement, once the current limitation is active, the source’s
output current becomes fixed—effectively clamped—and no longer responds
to voltage deviations. As a result, circulating currents involving that source
are eliminated, since it ceases to participate in the voltage regulation.
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A stopped source exhibits a similar decoupling from the DC voltage but dif-
fers operationally: its current output is forcibly set to zero, representing
seizure of operation. In contrast, a current-limited source still contributes a
fixed nonzero current. It is useful to distinguish these cases already at this
stage of the modeling paradigm, as future developments outside the scope of
this work—particularly those incorporating detailed inverter behavior such
as modulation—will require separate treatment of these two operating con-
ditions.

As discussed in Section 3.1.4.1, the Boolean array B,,,g is assigned based on
the modeled system behavior, for example, user commands or fault events.
The actual current limitation and consequently the values for Bys are now
determined using the total current of each source, as calculated from Equa-

tion (3.23).

Outside of the system resistance calculation for DC voltage modeling, there
are no mathematical interactions between sources in this modeling paradigm.
While the off-diagonal elements in Ics are computed based on the mutual
droop resistances between source pairs (Equation (3.22)), zeroing the cir-
culating currents for a limited or stopped source does not affect interactions
between any other sources. Therefore, the Boolean arrays B,,,s and Bys can
be used to directly zero the corresponding rows and columns of the affected
source in I¢g to nullify its circulating currents.

The procedure for incorporating limited and stopped sources in the pres-
ence of circulating currents closely follows the approach described in Sec-
tion 3.1.4.1, though some differences arise due to the handling of a current
matrix instead of a simple array. Initially, the complete current matrix which
includes the circulating currents is computed as per Equation (3.22) and
stored in the auxiliary variable I,izcs. From this, the total current array
Lorigscs is obtained by summing the rows of Iigcs according to Equation (3.23).

The Boolean array Bys is determined from the total current array Ioigvcs as:

(]origZC81 > ]minsl) A <]0rigZC51 < ]maxsl)

BVS _ (IorigZCSQ > IminSQ) /\ <]0rigECSQ < ]maxsz) (326)

([origECSN > IminSN) A (IorigZCSN < ImaxSN)
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Using the Boolean arrays B,,,s and Bys, the current matrix without the cir-
culating currents of limited or stopped sources can be derived as:

Liocircurrcs = (diag (Bruns A Bys)) Ioriges (diag (Bruns A Bys)) , (3.27)

where both rows and columns corresponding to limited or stopped sources
are zeroed.

Finally, the diagonal elements of the current matrix I¢s are assigned based
on whether the corresponding source is limited but still running:

I min (max ([origZCSww IminSi) ) [maxsl) ) ifi = ] A (_‘BVSi VAN BrunSi)
CS; ;
InoCirCurrCSw ) otherwise, (328)

wherei,j =1,...,N.

The droop resistances of limited and stopped sources are excluded from the
system resistance Ry calculation in Equation (3.12) and, by extension, from
the DCvoltage modeling in Equation (3.6). This approach ensures that these
sources remain included in the current matrix while appropriately affecting
the system resistance and voltage calculations.

To demonstrate the behavior of a limited and stopped source, MATLAB code
for a system with four voltage sources and one load is provided in Appendix 2.
In this model, Source 3 is limited to 60% of its nominal output (i.e., 18 A) and
is configured to stop entirely at modeling index n = 2500. Figure 28 shows
the total source currents, the load current, and the DC voltage. Figure 29
presents all current components per source, including individual circulat-
ing currents.

The modeling results reveal an unstable region, commonly referred to as
chattering, occurring when Source 3 is transitioning from a voltage source
to a current source around modeling index n» = 1000. This phenomenon is
expected; it arises from the interplay of voltage measurement errors and the
circulating currents they induce. Because the current limit constrains the
total current of Source 3, denoted Ixcs,, but not all of its total output con-
tributes to load feeding or DC voltage regulation. This discrepancy between
the total current and the amount of voltage regulating current causes distur-
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Behavior of system with measurement errors in droop controlled DC Microgrid with pre-determined load
and source 3 output limited to 60% and stopped at modeling index 2500

Vs, =Vs, =V, = V5, =700V, (s, = (s, = sy = (s, = 0.02, Ry = 0.14 — 0.20
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Figure 28. Load distribution of four voltage sources with circulating
currents in DC microgrid with predetermined load and Source
3 output limited to 60% and stopped at modeling index 2500.

bances in the system. This same phenomenon would happen also when the
source is transitioning back from a current source to a voltage source.

Table 4 presents the system currents at modeling index n = 949, which is
the first step where the current limiter for Source 3 activates. The table
compares the modeled case with the limiter, and a case what would hap-
pen if the limiter would not be activated. In the data, the total current /s,
is marked in blue, the load-feeding/voltage regulating current /g, in green,
and the fixed current output of the current-limited source in red.

Table 4. The modeled source currents at modeling index n = 949.

‘With limitation Without limitation
2.58 A 3.38 A 1.50 A 3.38A
Loe — | 7254 748 A Loe — | 5:96A | 748A
ZCS 7= 118.00A| ST |18.00A 2057 118.02A| ST [14.44A
17.44 A 16.40 A 16.22 A 16.40 A
3.38A —0.24A 0.00A —0.57A 3.38A —0.24A —1.07A —0.57TA

0.24A 7.48A  0.00A —0.48A _ |0.24A 748A —129A —0.48A

Ies=1000A 000A 18.00A 0.00A| 5= [107A 129A 1444A  1.22A
0.57A  0.48A 0.00A 16.40A 0.57A  0.48A —1.22A 16.40A
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Figure 29. Modeled currents including circulating currents, graphs (a),
(b), (c), and (d) show currents associated with voltage sources
1, 2, 3, and 4, respectively when Source 3 output is limited to
60% and stopped at modeling index 2500.

If Source 3 were still operating as a voltage source, it would contribute 14.44 A
to support the load and regulate the DC voltage. However, once its current
limiter activates, the source instead delivers a fixed 18.00 A, behaving as
a current source. This change effectively removes 14.44 A of droop-based
voltage regulation from the system, while simultaneously reducing the net
system load by 18.00 A. As a result, the DC voltage rises in the following
modeling step, as shown in Figure 30.

The increased voltage reduces the current required from the droop-controlled
sources, including Source 3, causing its calculated output to fall below the
18.00 A threshold. This deactivates the limiter, and the source resumes op-
eration as a voltage source. As a result, the system load increases by the
same 18.00 A, leading to a voltage drop. In the next modeling step, this
drop causes Source 3’s output to again reach its current limit, reactivating
the limiter.
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185 Detailed behavior of source 3 total current and DC voltage during the chatter
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Figure 30. Detailed figure of the chattering during source 3 transitioning
to a current source.

This alternating behavior results in chattering, which persists until the load
becomes sufficiently large for the limiter to remain active without inducing a
voltage rise that would otherwise deactivate it. In this idealized quasi-static
model, where no time-dependent components are included, the transitions
occur at every modeling step. Therefore, the chattering manifests as index-
by-index alternation, limited solely by the discrete resolution of the quasi-
static model—effectively instantaneous in the absence of time dependence.

3.1.6 Incorporating Loads in to the Modeling Paradigm

Earlier, the load was treated solely as an input argument I, in the DC-link
voltage calculation in Equation (3.6). This approach is sufficient for systems
comprising simple loads that do not actively participate in DC-link voltage
regulation—even when the total load includes multiple components or be-
haves as a current source, such as in the case of photovoltaic inverters. How-
ever, this modeling approach becomes inadequate when loads are capable
of altering their behavior and functioning as voltage sources to support the
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DC-link voltage under certain conditions. To accommodate such function-
ality, the load models must be integrated more explicitly into the system’s
mathematical framework.

In Equation (3.3), the current of each voltage source is computed using a
coefficient I, which reflects its proportional contribution to the load de-
mand based on its own parameters and the DC-link voltage. To apply a sim-
ilar modeling principle to the loads, a corresponding coefficient is required.
However, since load behavior is externally defined and not directly governed
by the system, the I"-equivalent for loads is modeled as a proportional cur-
rent reference, denoted by K:

[L = KL[nomL = IL = diag(KL)InomLa (329)

where I,,n1, is the nominal current array of the loads and Kj, array of the
load current references.

The behavior of K depends on the operational characteristics of the loads,
which may include, for example, motor drives operating under power con-
trol or batteries under voltage control. In real-world systems, K can also be
derived from empirical data, which may be further analyzed and incorpo-
rated into simulation models. This modeling approach is demonstrated in
Section 5.4.1 of this dissertation. Ultimately, K represents an application-
specific reference that is transformed into a current reference by the in-
verter’s control algorithms.

The previously presented mathematical modeling example, shown in Fig-
ure 18 with a predetermined load profile, is now extended by introducing a
parameterized load representation. In the earlier approach, the load profile
was directly inserted into the array Iy, and thus into Equation (3.6). In the
revised formulation, the load profile is encoded into the proportional current
reference K;, behavior, which is multiplied by the load’s nominal current,
here defined as I,,,;m1, = 100 A. Figure 31 presents a simplified single-line di-

Figure 31. Modeled system showing inverter-based adjustable load.
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agram of the modeled system, and Figure 32 shows the result of the system
modeling using the new load representation.

Code 12 presents the MATLAB code for the modeling presented in Figure 32.
In the code the modeling sequence shown in Figure 11 is clearly visible with
distinctive sections for load, DC voltage and source handling.

The DC-link voltage Vpc and the source current array Is are considered the
primary outputs of the DC microgrid model. The load currents Iy, are also
included as part of the model output, particularly when the load under- and
overvoltage regulators—tied to the operation of the variable voltage-based
DC microgrid control strategy—are implemented, as described later in Sec-
tion 3.1.7. In contrast, the array Ky, serves as the model’s input interface,
used to define externally modeled load scenarios and to analyze how differ-
ent load behaviors influence the DC microgrid.

Figure 33 presents the reference signal flow in the modeling paradigm with
two example input types: current references /; and power references F;.
Additional forms may be derived as needed. The references are first nor-

Load distribution in droop controlled DC Microgrid with adjustable load
Vs, =Vg, =Vg, =V5 =700V, (s, = (s, = (s, = (s, = 0.02, Ryg = 0.14
\ \ \ \ \

‘ ‘ Index n: 5000
DC Voltage: 700
20 -

0 &__

40
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Is,; Tnoms, =20 A

Is;; Tnows, = 30 A

Is,, Lioms, = 40 A

I, = Ky, Tnomw,» K, € [-1.0, 0.0], Loz, = 100A
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-40 H

-60 -

-80 -

Index n: 2500
DC Voltage: 686

-100 ! ! ! ! ! ! !
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Modeling index n

Figure 32. Load distribution of four voltage sources in DC microgrid with
varying load.
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%% Initialize general modeling variables
steps = 1:5000;

%% Initialize source modeling variables

% Order of the sources is as follows: [S1, S2, S3, S4]

InomS = [10; 20; 30; 40]; % Source nominal currents

DCRefs = [700; 700; 700; 700]; % Source DC voltage references

DCDroops = [0.02; 0.02; 0.02; 0.02]; % Source DC droop coefficients

if ~isequal(length(InomS), length(DCRefs), length(DCDroops))
error('D1_ModelingLoad:SourceParameterMismatch', 'The number of source parameters do not match each other.');

end

numberOfSources = length(InomS);

GammaMatrix = zeros(numberOfSources,numberOfSources);

sourceCurrentArrays = zeros(numberOfSources,length(steps));

%% Initialize load modeling variables

% Order of the loads is as follows: [L1, L2...]

InomL = [100]; % Load nominal currents

numberOfLoads = length(InomL);

KappaMatrix = zeros(numberOfLoads,numberOfLoads) ;
loadCurrentArrays = zeros(numberOfLoads,length(steps));
loadProfiles = zeros(numberOfLoads,length(steps));

%% Create smootherstep-based load current reference profile for L1 varying between -1.0 and 0.0 A
x = (2#(steps)./max(steps))*1.2;

x(x > 1.2) = 2.4 - x(x > 1.2);

x(x > 1) = 1;

KL1 = -(6*%x.75 - 15%x.74 + 10%x.73);

loadProfiles(1,:) = KL1;

%% Initialize DC voltage modeling variables
DCVolt = zeros(l,length(steps));

droopResis = zeros(numberOfSources, 1);
droopConduc = zeros (numberOfSources, 1);
R_MG = 0;

%% Run through the calculations
for n=steps
%% Load handling
% Populate the Kappa-matrix with new values according to
% the load profiles
for i=1:numberOfLoads
KappaMatrix(i,i) = loadProfiles(i,n);
end
% Calculate the load currents
loadCurrentArrays(:,n) = KappaMatrix * InomL;

%% DC voltage handling

% Calculate R_MG

for r=1:numberOfSources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = 1/droopResis(r);

end

R_MG = 1/sum(droopConduc) ;

% Calculate the DC voltage
if n==1 J, If first step use default DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCRefs(1), 0, sum(loadCurrentArrays(:,n)), R_MG)
else J Else use previous step DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCVolt(n-1), sum(sourceCurrentArrays(:,n-1)), sum(loadCurrentArrays(:,n)), R_MG);
end

%% Source handling
% Populate the Gamma-matrix with new values according to
% the DC-link voltage and inverter parameters
for j=1:numberOfSources
GammaMatrix(j,j) = Gamma(DCVolt(n), DCRefs(j), DCDroops(j));
end
% Calculate the source currents
sourceCurrentArrays(:,n) = GammaMatrix * InomS;

Code 12. MATLAB code for modeling DC microgrid behavior with a
parameterized load.

malized into a proportional current reference K;, which is not yet bounded
in any way. It represents the proportional current the load would need to
consume or produce in order to fulfill the given reference. The resulting K;
is then processed through the under- and overvoltage regulator logic to yield
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Figure 33. Signal flow of the reference chain, illustrating how the final
load reference K7, is derived from input quantities.

the final value K;,. The regulator functions will be detailed in Section 3.1.7.

For a load that supplies or absorbs a specified amount of current to or from
the DC microgrid, its current reference is denoted by I}, and the reference
chain—without considering voltage regulation—is defined as:

Iy,

Ky =K} = )
InomL

(3.30)

For aload instead defined by a DC power reference P}, the current reference

becomes: P
=L (3.31)
LT Voo 3-3
and the corresponding proportional reference is:
Iy =
K, =Kj = - = —=¢ (3.32)

I nomL VDC I nomL

This formulation serves as a foundation for incorporating more advanced
load models into the system framework. In particular, the next section dem-
onstrates how the final normalized load reference K;, can be constrained by
regulator-defined bounds I'f" and 'V, which depend on the droop-com-
pensated voltage thresholds and the actual DC-link voltage. These bounds
override the unconstrained normalized current reference K;, thereby imple-
menting the under- and overvoltage regulation behavior.
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3.1.7 Including Load Under- and Overvoltage Regulators

At this stage, the model supports DC microgrid voltage sources with circu-
lating currents and possible operational constraints, supplying adjustable
loads that may also have their own limitations. As previously discussed,
accurate modeling requires that loads be capable of switching to voltage-
support mode when needed. To enable this behavior, the load model must
include under- and overvoltage regulation. These regulators activate when
the DC-link voltage reaches defined thresholds, allowing the loads to func-
tion similarly to voltage sources to help stabilize the system.

The under- and overvoltage regulators described here should not be con-
fused with the inverter’s under- and overvoltage protection functions. Pro-
tection functions are safety mechanisms that stop the inverter if the DC-link
voltage exceeds critical thresholds—either too high to risk damage or too
low for continued operation. These protections are always active and are
not subject to application-specific configuration.

In contrast, the under- and overvoltage regulators are process-oriented func-
tionalities that may be optionally enabled to allow the inverter to assist in
stabilizing the DC-link voltage. Their activation is not mandatory, and in
certain applications, their use may even be undesirable. For instance, in
motor drive applications such as ship propulsion, the overvoltage regulator
is typically disabled. If enabled, it would command the motor to increase
power and speed to absorb excess energy and limit the voltage rise—an effect
that could be inappropriate or unsafe in operational contexts like maritime
navigation.

The ability to limit propulsion power is common, as propulsion systems are
typically the largest consumers in shipboard power systems and have the
greatest impact on overall power demand. If a situation arises where, for
example, a power-generating unit is suddenly disconnected and the ship is
at risk of a blackout, it is acceptable—and often necessary—to reduce propul-
sion power, including that of the main propulsion, since preserving power
availability is more critical than maintaining full propulsion capability. The
specific prioritization of which equipment is unloaded first is part of black-
out prevention planning which is covered in Section 5.6 of this work.
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The exact activation thresholds, deactivation behavior, and control princi-
ples of under- and overvoltage regulators vary across inverter manufactur-
ers. This work presents a representative implementation of such regulators.
Similar to the DC-link modeling approach discussed in Section 3.1.3, the
regulators’ behavior could serve as a valuable topic for future research and
refinement.

The core operational principle of both under- and overvoltage regulators is
that when the DC-link voltage reaches a predefined activation limit, the cor-
responding regulator becomes active. Once activated, the load begins to as-
sist in stabilizing the DC-link voltage, treating the activation threshold as its
voltage reference.

In the case of the undervoltage regulator, the load inverter reduces its power
consumption and may even attempt to generate power, if its configuration
permits. Conversely, when the overvoltage regulator is activated, the in-
verter increases its power consumption. In motor drive applications, this
can result in an increase in motor speed, serving as a means to absorb ex-
cess energy from the DC-link.

A load running against its under- or overvoltage regulator maintaining the
DC-link voltage typically runs also in parallel with other voltage maintain-
ing equipment. To this end, the regulators presented here have drooping
functionality built in to enable the parallel operation. Just like with normal
voltage sources, which adjust their references according to their loading, the
loads adjust their regulator activation limits as they are loaded.

To follow the principles of the presented modeling paradigm—in which a
voltage source’s current contribution to DC voltage maintenance is repre-
sented using I" functions—the influence of the under- and overvoltage regu-
lators on the load inverter can be modeled by imposing I"-based bounds on
the load’s reference value K. This constraint is expressed as
rove ifKp > 1o
Kp=<{K;, ifI'?V <K;<T9 (3.33)

v, if Ky <1y

where K, is the final bounded load reference, and K is the unconstrained
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proportional current reference defined earlier in Figure 33. The regulators’
coefficients 'tV and I'?V define the allowable range for K;, based on the ac-
tivation limits of the under- and overvoltage regulation logic.

Analogous to how the I" coefficient governs a voltage source’s proportional
current injection based on the sensed voltage’s deviation from the voltage
reference, the regulator I's define the permitted range of the load inverter’s
behavior. When the DC-link voltage reaches one of the regulator activa-
tion thresholds, the load inverter’s reference K, is constrained by the cor-
responding I" limit, effectively “overriding” its normal operation.

The equations for 'YV and I'?V can be expressed as:

ViV — v
= @VTLUVDC (3-34)
and ov
VOV — Ve
rov — ngv—VLOVD (3-35)

where V;"V* and V°V* are the voltage references at which the respective reg-
ulators activate, and (I'V and ¢V are the corresponding droop coefficients.

A notable drawback of this droop-based regulation is that variation in the DC
voltage inherently modifies the regulator’s T" value. As a result, the bounds
defined in Equation (3.33) for the load reference K, are directly affected by
Vbc, narrowing or shifting the operational window. This behavior is illus-
trated in Figure 34a under a varying load scenario.

As illustrated in the example shown in Figure 34a, drooping behavior causes
the regulator activation limits to continuously shift according to the chang-
ing DC voltage. This effect introduces the drawback that the under- or over-
voltage regulators may activate even when the actual DC-link voltage is still
far from the originally defined threshold values.

In a single-load system, compensating for DC voltage deviations by adjust-
ing the inverter’s regulator activation limits during commissioning is rela-
tively straightforward, as the voltage deviation is directly attributable to the
behavior of that load. However, in systems with multiple loads, the DC-
link voltage deviation results from the combined behavior of all loads. As
a consequence, it is no longer feasible to embed compensation in the fixed
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Figure 34. Demonstration of non-droop compensated (a) and droop
compensated (b) load under- and overvoltage regulator
activation limit behavior under varying load conditions.

parameters of any individual inverter.

To mitigate this issue, a selective droop compensation mechanism is imple-
mented. This compensation ensures that any individual load’s regulators
activate only when the DC-link voltage genuinely reaches its intended acti-
vation limit, thereby restoring consistency in regulator behavior. The cor-
rected regulator response is illustrated in Figure 34b.
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Importantly, droop compensation is applied only when a regulator is not ac-
tive. If compensation were applied while a regulator is active, the regulator
would effectively suppress all DC-link voltage deviations, thereby eliminat-
ing the prioritization effect between loads with different activation thresh-
olds.

As defined in Equation (3.33), regulator activation is controlled by limiting
Ky, between I'YV and I'YV. To prevent these limits from deviating due to the
inverter’s own loading effect, droop compensation must cancel out the volt-
age deviation caused by the inverter itself in the I'VY and 'YV equations.

By introducing a multiplier to counter the droop-induced voltage deviation
observed in Equation (1.2) when the regulator is inactive, the conditionally
droop-compensated regulator activation limits, V;"V* and V;°V*', are defined

as follows:
Vv, if Vpe < VPV or Kj < TV
UV« _
. \VLUV* (1 + ﬁ EV) , otherwise (5.30)
(VOv+ if Vpe > VOV or K > 9V
ovs _
s \VLOV* (1 - ﬁ SV) , otherwise. (3:37)

After incorporating these conditionally droop-compensated limits into the
under- and overvoltage regulators’ I" functions, the updated regulator coef-
ficients can be expressed as

VoV — W
MY = L (338)
S
and v
VOV —
Y =~ omov (3-39)
L "L

In these I" equations, the DC-link voltage is compared to the conditionally
droop-compensated activation limit, which determines the actual point of
regulator activation. The resulting deviation is scaled by the product of the
regulator’s drooping coefficient and the originally specified activation limit—
both defined by the user to reflect the desired scaling behavior.



86 Acta Wasaensia

With the equations above, the operational principles for the under- and over-
voltage regulators are established. These regulators maintain stable DC-
voltage-based activation limits under changing load conditions when inac-
tive, and enable parallel operation with other voltage sources when active.
Since their operation is governed by the coefficients 'YV and I'®V, which act
as bounds for Ky, the activation and deactivation behavior is inherently em-
bedded in the algorithm, and the limits correspond to the specified DC volt-
age levels.

The load current matrix calculation shown in Equation (3.29) can now be
explicitly formulated to include the constraints imposed by the under- and
overvoltage regulators:

KL1 0 e 0 [nole

0 KL2 e 0 [nong

IL - . . . . . )
| 0 O e KLn ]noan
(3.40)
(TOV, ifK; >T9
where Ky, = { Kj , if I}V <Kj <TIPY

[TV, ifKp <TYV.

In this formulation, the normalized current reference K; must be defined
according to the operating principle of each individual load inverter. If, for
example, Load 2 operates under a power reference, then K is defined ac-
cording to Equation 3.32, and K, becomes:

Fg;], if Kfz > F&V
_ ) Py UV o ov
KL2 - KL2 = m, lf FL2 < KL2 < FL2 (3‘41)
o, ifK;, < TV,

To incorporate the load’s under- and overvoltage regulators into the previ-
ously presented system model of four voltage sources and a single current
load—excluding circulating current effects for the time being—the follow-
ing regulator parameters are applied: V}"V* = 688.8 V, V;2V* = 710V, and
¥ = ¥ = 0.02. Where for demonstration purposes V["V* = 688.8 V corre-
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sponds with 80% voltage drop from the 2% nominal defined by the source
droop coefficient, meaning the sources are loaded 80% when the load’s un-
der voltage regulator activates.

When loads operate against their under- or overvoltage regulators, they ef-
fectively act as voltage sources. In such cases, they also contribute to the
system resistance Ry used for DC-link voltage calculation. Accordingly,
Equation (3.12) must be generalized to include both sources and regulator-
engaged loads:

Y By, (1) A Brunes (1)
Ryg = (Z v T}iDmi(n) n ) (3.42)

i=1

where z; denotes each device in the system (e.g., “S,” or “L,”). Here By, (n)
indicates whether device x; operates in voltage-control mode at step n, and
Buns, () denotes its running status, defined analogously to the source-specific
terms in Equations (3.10) and (3.11). Load current limiting and stopping are
handled separately in Section 3.1.8.2.

Figure 35 presents the modeling results in which the load inverter adjusts its
current draw to prevent the DC-link voltage from falling below the under-
voltage regulator activation threshold. Figure 35a illustrates the behavior of
Ky, as it becomes limited by I'"Y. The output currents of the modeled invert-
ers are shown in Figure 35b, along with the load inverter’s external current
reference /7 . The behavior of the DC-link voltage is presented in more detail
in Figure 35c.

Figure 35c displays the behavior of the under- and overvoltage regulator ac-
tivation limits with the implemented conditional droop compensation. When
the undervoltage regulator is active, all devices in the system contribute to
maintaining the DC-link voltage, indicating a stable operating point. As the
current reference /{', lowers below the actual load current, the undervoltage
regulator deactivates.
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Figure 35. Results of system mathematical modeling with load
undervoltage regulator.
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3.1.7.1 \Voltage Regulation in Multi-Load Configurations

Shipboard power systems are rarely simple enough to be designed for a sin-
gle load. Therefore, regulator functionality must be evaluated in the context
of multiple loads operating in parallel, each equipped with its own voltage
regulation. To demonstrate the operation of the under- and overvoltage reg-
ulators in a system with a more complex load configuration, the modeling
scenarios in this section differ from the examples shown earlier in two prin-
cipal ways (see also Figure 36):

1. The voltage source setup has been simplified to a single source, with its
output limited to a maximum of 100 A, corresponding to its nominal
current rating.

« The focus in this section is on the behavior of the load-side reg-
ulators, rather than on power sharing among multiple voltage
sources.

 Depicting multiple loads and sources simultaneously would re-
duce figure readability.

 The limited output prevents the source from overloading itself
when supplying the loads. Without functioning voltage regula-
tors, the DC-link voltage would collapse. This phenomenon is ex-
amined more closely in Section 5.2.

2. The system under study includes two loads, each following its own load
profile and equipped with undervoltage regulator.

« For simplicity, only undervoltage regulation is examined more
deeply in this section. Overvoltage regulator functional demon-
stration is covered in Section 3.1.7.3

« The undervoltage activation threshold for load L, is set equal to
the source’s nominal drooped voltage: V' (1 — (s,) = 686 V.

» Forload L,, the undervoltage activation threshold is set 2 V lower
than that of load L, to enable clear differentiation between regu-
lator activation levels.

While the modeling results in Figure 35 confirm that the specified regulator
functions as intended in a single-load scenario, applying the same regulator
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Figure 36. Circuit diagram of the single source and multiple load system
for regulator development.

configuration in a system with two loads leads to unsatisfactory results, as
illustrated in Figure 37.

In addition to the undervoltage regulator of load L, remaining active even
when the DC-link voltage is well above any defined undervoltage activation
thresholds, Figure 37 also illustrates how load L, fails to operate smoothly
under these conditions. While L, is constrained by its undervoltage regula-

Demonstration of non-optimized regulator functionality with two load inverters
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Figure 37. Demonstration of non-optimized undervoltage regulator
operation with two load inverters.
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tor and its reference I} isrising towards zero, the reference’s eventual cross-
ing of the load’s output current triggers regulator deactivation (Kj < I'fV).
At the same time, load inverter L, remains locked under its own undervolt-
age regulator. The deactivation of L,’s regulator leads to an internal update
of its droop-compensated activation limit, which is accompanied by a sud-
den increase in the DC-link voltage. This rise is undesirable on its own, but
more critically, the resulting voltage remains below the newly updated acti-
vation threshold, causing the regulator to re-activate immediately — result-
ing in rapid toggling or chattering of the regulation logic.

To eliminate this instability, the regulator must account for the inverter’s
normalized reference K even while the regulator is active. This enables
smooth and stable deactivation of the regulator once system conditions nor-
malize.

As defined in Equations (3.36) and (3.37), the activation thresholds V;"V*
and V[°V* are droop-compensated to offset voltage deviations caused by the
load’s own current /1, when the regulator is inactive. Once the regulator ac-
tivates, these thresholds remain fixed. However, maintaining them strictly
constant can cause discontinuities when K} reaches the activation limit 'Y
or 'V, particularly if the background system dynamics change due to other
loads. To avoid this, the threshold must remain bounded by the normal-
ized current reference K; while the regulator is active, enabling smooth and
stable deactivation.

It is assumed that inverters follow their references perfectly under normal

conditions, such that
I,

I nomL

=Ky, =Kj (3.43)

when the regulators are inactive.

If the activation thresholds V;"V* and V;°V* are constrained to the normal-
ized reference-wise drooped values, the Equations 3.36 and 3.37 become:

ViV e [PV (1+ K @Y) o0 if Vpe < VPV or Kf < TPV,

v (1 ) 44

’
otherwise,

I nomL
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VOV € ]—o0, VO (1 + Ki¢PY)] if Ve > VOV or Ki > I'YY,
W = I (3.45)
VoV (1 + 8") otherwise.

nomL

These formulations eliminate the stepwise transitions at regulator deactiva-
tion points, as demonstrated in Figure 38.

This smooths the regulator deactivation, eliminating sudden voltage rises
and unwanted regulator toggling. However, the undervoltage regulator of
load L, still fails to deactivate when it should, remaining active even after
load L,’s regulator has turned off.

It is evident that a situation occurs where Kj < I'Y, keeping the regulator
active, even though the DC-link voltage has risen above the specified activa-
tion threshold, i.e., Vpc > VLSV*. This exposes a flaw in the current logic used
to determine whether droop compensation should be applied, as defined in

Equations (3.44) and (3.45).

Demonstration of smoothened regulator functionality with two load inverters
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Figure 38. Demonstration of smoothened undervoltage regulator
operation with two load inverters.
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The underlying problem arises because the clamped normalized current Ky,
is based on K}, constrained by either I'?Y or I'?V depending on which limit is
reached first, as defined in Equation 3.33. These 'YV and I'?V themselves are
based then on the 1[VV* and V;°V* respectively, which are in turn dependent
on Kj as seen in Equation 3.45, creating a circular logic.

To eliminate this feedback loop, the condition for applying droop compen-
sation must be decoupled from the regulator limits 'YV and I'?V and instead
rely directly on comparing the DC-link voltage V¢ to the desired regulator
activation thresholds V{VV* and V;°V*, as follows:

ViV e [PV (1+ K Y) oo if Ve < VPV,

VPV = I (3.46)
- A (1 + ) otherwise,
InomL
VOV € J—o0, VOV (1 4+ Ki(?Y)] if Voe > VOV,
v = I (3.47)
- 7 (1 + I?V> otherwise.
InomL

Now, with the modified equations, the voltage regulators smoothly respond
to decreasing current references, compensate for droop-induced voltage de-
viations in their activation thresholds, and operate correctly in parallel with
other loads under regulation. Figure 39 shows the improved regulator in the
same scenario as earlier examples. It can be observed that the regulators ac-
tivate and deactivate as expected at their respective voltage thresholds, with
smooth transitions driven by changes in their current references.

As shown in Figure 39, both loads operate against their undervoltage reg-
ulators in a coordinated manner, keeping the system loading at a level that
maintains the DC-link voltage at the regulator activation limits as needed.
When the reference of load L, decreases, reducing its power consumption,
load L, correspondingly increases its load toward its external reference. This
behavior occurs because the reduced loading by L, frees up capacity, al-
lowing L, to resume following its intended reference more closely. Conse-
quently, the DC-link voltage remains near the undervoltage threshold un-
til all load references have decreased sufficiently to allow normal operation
without regulator intervention.

Figures 40 and 41 present more accurately the internal operations of the
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Demonstration of optimized regulator functionality with two load inverters
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Figure 39. Demonstration of optimized undervoltage regulator operation
with two load inverters.

undervoltage regulators. The figures show the conditionally droop-com-
pensated regulator activation limits VLEIV*' and VLEV*’ calculated with Equa-
tion (3.46) and their limiting factors for when the regulator is active, i.e.,
ViV (1 + Ky, V) and V2V (1 + K, V).

After the normalized reference K of load L, has peaked and is changing to-
ward zero, the corresponding undervoltage regulator activation limit VLIIN*'
rises. This rise reflects reduced output demand from L, and, consequently
starting from modeling index n =~ 3700, reduces the pressure its operation
places on the DC-link voltage. As a result, load L, is allowed to lower its
own VLEV*’ threshold further while remaining active, enabling it to increase
its output current and follow its reference more closely. This interaction
illustrates how the variable voltage-based control allows multiple loads to
operate simultaneously under regulation, while gradually releasing the reg-
ulators in a coordinated and stable manner as load demands shift.
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Load L; undervoltage regulator variables
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Figure 40. Undervoltage regulator operation in load L.
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3.1.7.2 MATLAB Implementation of the Optimized Voltage Regu-

lators

As the under- and overvoltage regulators are inverter-specific functionali-
ties, the inverters were implemented as a reusable MATLAB class to stream-
line the modeling software architecture. The source code is presented in Ap-
pendix 3. This class-based implementation enables object-oriented model-
ing, allowing the same inverter class to be reused for as many inverter in-
stances as needed.

The inverter class in Appendix 3 also includes support for using a power ref-
erence, which is applied in Section 3.1.10 during nodal analysis, and multiple
other not yet covered features like current limiting and stopping. For com-
parative purposes, the class also provides the option to disable conditional
droop compensation and operate the voltage regulators in a basic mode.
These functionalities are configured via constructor parameters when cre-
ating the inverter objects; see Code 13 for details.

Appendix 4 presents the source code for modeling a system in which the
loads are instantiated from the inverter class. Similar to Section 3.1.4.1,
where a source is limited to 60% of its nominal output, this example lim-
its the source to 100% and treats its droop resistance as infinite when the
current limit is reached. Additionally, the loads’ droop resistances are con-
sidered non-zero when operating under their voltage regulators.

loads(1,1) = inverterAdvReg(InomL(1), ...
UVRefs(1), ...
UVDroop(1), ...
OVRefs(1), ...
0VDroop(1), ...
1, ... % 0 = normal drooping regulator
% 1 = drooping regulator with conditional droop compensation from the dissertation
0, ... % 0 = reference is considered current reference
% 1 = reference is considered power reference
700); % Nominal voltage for power calculations

Code 13. MATLAB code snippet from Appendix 4 demonstrating inverter
constructor.
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3.1.7.3 Demonstration of Overvoltage Regulator Operation

The previous sections have focused on the undervoltage regulator function-
ality for clarity, even though the mathematical formulation of the overvolt-
age regulator differs from that of the undervoltage regulator (see Equation
3.47), and therefore requires separate verification. Utilizing the code from
Appendix 4, it is straightforward to modify the system so that the load direc-
tion is reversed. In this configuration, the droop controlled source operates
in negative supply mode, which raises the DC voltage. Code 14 lists the lines
to add or modify in order to achieve this setup.

Figures 42 presents the modeled currents and DC voltage for the reversed
loading case, while Figures 43 and 44 show the regulators’ control variable

neglims(1) = -1.0; % Added code line

OVRefs = [700%*1.02; 716]; % Modified code line
loadProfiles(1,:) -KL1; % Modified code line
loadProfiles(2,:) -load2CurrentRef; ), Modified code line

Code 14. Code snippet showing the modifications needed to reverse the
system loading in Appendix 4 for overvoltage regulator testing.

Demonstration of optimized regulator functionality with two load inverters
Vs, =700V, (s, = ﬁv = CE)ZV = 0.02, Ryg = 0.140 — 0.143 — 0.071 — 0.143 — 0.140
\ \ \ \ \ \ \

100

Is,, Tnoms, = 100A = —Iyins,

Current [A]

DC-link Voltage Vpe
— ——L1 OVReg Active
— — —L2 OVReg Active

-100 |-

-150 ! ! ! ! ! !
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Modeling index n

Figure 42. Demonstration of overvoltage regulator operation.
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Load L; overvoltage regulator variables
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Figure 43. Overvoltage regulator operation in Load L.
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Figure 44. Overvoltage regulator operation in Load L,.

behaviors during the operation, as in Section 3.1.7.1. In this scenario, Source
S, is limited in the negative direction to its nominal current, and the activa-
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tion level of Load L,’s overvoltage regulator is set to be 2% higher than the
source’s reference voltage. This creates a situation analogous to the under-
voltage regulator case, where the activation level coincides with the drooped
DC voltage under nominal load. The activation level of Load L,’s regulator
is then set 2 V higher that of ;. As expected, the results are practically iden-
tical to those obtained for the undervoltage regulator, except that the power
directions are reversed.

3.1.8 Including Load DC Voltage Measurement Offset Induced Cir-

culating Currents and Exceptional Situations

During normal current-controlled operation, the loads do not depend on the
sensed DC voltage. Therefore, they do not introduce circulating currents
caused by DC voltage measurement errors. However, circulating currents
appear whenever a load regulates the DC voltage via its under- or overvoltage
regulator, since in that moment the load effectively operates as a voltage
source.

This behavior is analogous, but inverse, to that of actual voltage sources with
current limits. A voltage source normally maintains the DC voltage, but once
its output current reaches the specified limit, it switches to current-source
behavior, and reverts to voltage-source behavior when the load decreases.
Conversely, a load normally operates as a current source (or sink), but once
the DC voltage reaches its specified limit, it begins voltage regulation and
thus ceases to operate in current-controlled mode.

Consequently, when loads operate under their voltage regulators and effec-
tively behave as voltage sources their output then depends on the measured
DC voltage. This renders them susceptible to voltage measurement errors
and thus, the loads in this situation can both induce and be influenced by
circulating currents within the system.

Circulating currents affect all voltage-regulating devices in the system—both
sources and loads. For voltage sources, this is reflected by Ics in Equa-
tion (3.22), where currents circulate between sources. With loads now also
capable of regulating voltage, a more comprehensive current matrix I¢ is re-
quired. This matrix must represent the current contributions of all sources
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and loads, including all circulating currents between them:

Ies, ... Icsisy  lesity - esiiy
I — Icsys, Iesy  Iesyn, -+ lesyLy 3
c= (3.48)
Icrs, Ievsy  Icon, Ieriiy
| lcrys, -+ loysy loiyn oo Ieny |

Calculating the matrix can be done mathematically the same way as was with
sources only. Except that now all variables must be expanded to involve
loads as well.

From I it is then possible to derive other relevant current arrays similarly
to the case when only sources were considered: the array of equipment total
currents Isc as the sum of the rows (Equation (3.23)), and the array con-
taining the diagonal elements of I, which represent each equipment’s net
contribution to the DC-link I = [Ig Ip]'—i.e., the currents flowing directly
between each device and the DC-link (Equation (3.24)).

Consequently, Boolean arrays for load’s voltage source operation By, and
running statuses B,u,1., analogous to sources’ Bys and B,,,s, have to defined
and all of them be generalized under By and B,,,,, thereby unifying the mod-
eling framework for all equipment. To calculate the I matrix containing ev-
ery source and load, also the nominal current arrays must be combined as
Liom = [Thoms InomL]T, as well as their I and K arrays as x = [T's KL]T. All
these generalizations are listed in Table 5.

The mathematics remain unchanged; previously, circulating currents and
other exceptional behaviors (measurement imperfections, current limits, and
the possibility to stop) were modeled only for sources. Now that loads are
modeled with the same features, Ic must include all equipment:

IC = (dlag(X) + FC) In0m~ (349)

Assigning the By values and zeroing the circulating-current components of
Ic are performed exactly the same way as in Section 3.1.5.1. The calculation
of Ry remains as specified in Equation (3.42). The symbol I'c is retained: it
denotes circulating-current offsets specific to voltage-source operation (con-
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Table 5. Generalized equations for modeling sources and loads.

Equation Description
I — Ics Icst Individual current components
| Ias e between microgrid equipment

Sum of each Ic matrix row;

Isc = Io- 1 € RYVX! :
=C c 1€ Equipment total current array

I = diag (Ic) = Hj Voltage regulating or load feeding currents

1 . .
Lnom = | Equipment nominal currents
InomL
B. — [Bys Boolean array for equipment
v By voltage regulation status
B _ [Bruns Boolean array for
M B equipment running status
T . N _
X = KS} Equipment current contribution coefficients
KL

sistent with the use of I" in this work). Its contents are now extended to
cover the offsets arising from loads when they operate as voltage sources,
computed using Equations (3.19) and (3.20).

The challenge in modeling circulating currents and current limitation for
loads arises from the fact that, at the beginning of each modeling step, the
overall system state, is not yet known (see Figure 11). While the loads’ next
current reference and the voltage regulator activation status—based on the
DC voltage from the previous step—are known, the updated DC voltage level
and, in particular, the source-side contributions regulating voltage and in-
jecting circulating currents remain undetermined (sources’ I's array and the
whole I'c matrix).

This poses a problem because, when a load operates under its voltage reg-
ulation mode, the total output current /s, —which must be constrained by
the load’s current limit—includes not only the current used for regulating
voltage I, but also the circulating current components induced by all other
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voltage-regulating devices. If the load hits its current limit in this mode, it
transitions back into current-controlled operation, thereby altering the sys-
tem’s dynamics.

To model this behavior accurately, each load would require knowledge of
the circulating currents it exchanges with all other voltage-regulating equip-
ment at the start of the modeling step. These values would then be used
in current limitation and voltage regulation calculations. However, this in-
formation only becomes available after the updated DC voltage and source
currents have been calculated. Moreover, activating a current limit in one
device could cause another device to reach its limit in response, leading to a
cascade of interdependent mode transitions. Solving this accurately would
require iterative-style recalculations of the system state within a single mod-
eling step.

Although this quasi-static modeling paradigm omits time-based dynamics—
such as system capacitances and inductances—these control-based dynam-
ics remain present. From a control development standpoint, it would be
beneficial to address and validate these control dynamics within this elec-
trically simpler modeling environment before transitioning to time-variant
models, where additional physical dynamics are introduced.

Appendix 5 presents the MATLAB code for modeling a system consisting of
four voltage sources and a single load. The load is implemented using the
inverter class from Appendix 3 with the generalized variables presented in
Table 5, supporting voltage regulation, current limitation, operational stop-
ping, and circulating currents induced by voltage measurement errors. In
this implementation, the circulating currents of both sources and loads are
computed at the end of each modeling step and applied to the load calcula-
tions in the subsequent step. This approach allows the model to determine
whether the load’s current limit is exceeded based on the total output cur-
rent, including circulating currents from the previous modeling step.

For more accurate modeling, a more advanced approach would be required.
This would involve sequential steady-state recalculations of the DC voltage
and current matrix within a single modeling step, incrementally account-
ing for mode transitions, current limitations, and their consequences. Each
recalculation would be based on fully updated system states rather than it-
erative refinement of previous estimates.
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3.1.8.1 Modeling the Load’s Measurement Error Induced Circulat-

ing Currents

Each load’s DC voltage measurement error affects its regulator contribution
calculations both directly and indirectly: directly through Equations (3.38)
and (3.39), and indirectly via the droop-compensated regulator activation
limits in Equations (3.46) and (3.47). As with sources, the sensed DC voltage
for load L; is given by

VL, = Vbe + Ve, (3.50)

where V1, is the measurement error of load L;. Using V1, the updated
regulator contribution equations become:

Vv -
Y = “tomow (3:51)
L L

and v
VOV — 1
ov __ L
It = COVVOV* ) (352)

and the corresponding activation limits:

ViV e [V (1 + Kp¢Y) , o0 if V4 < VIV

v = I (3-53)
- VUV (1 + ¢V ) otherwise,

I nomL

VOV e oo, VOV (1 + Ku)] if Vi > VPOV,

VOV = (3-54)

I .
VoV (1 + ]?V) otherwise.
[nomL

Using these DC voltage measurement error included equations it is possi-
ble to derive now Kg,,

limitations, but not yet the actual current limitations:

.. value which includes the voltage regulator defined

V(). if Ky >T9(n)
Kiegr, (n) = Ki,, i TYV(n) <K, <TPV(n) (3-55)

IV (n), ifKj <TPV(n).

b

The complete reference chain with the Kg.,; and current limiter is presented
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in Figure 45.

To incorporate the effect of circulating currents into the load model, they
must be considered when deriving the final current contribution factor Kj,
from the Kg.,, value, as shown in Figure 45. However, only the circulat-
ing current components should be included—that is, the off-diagonal ele-
ments of Ic—while omitting the diagonal elements representing load feeding

or voltage-regulating currents:

IZCC = (IC — dlag (Ic>) -1 e RNXl (356)

Since the actual circulating currents are unknown at the beginning of the
modeling step—when these calculations must be performed—the implemen-
tation shown in Appendix 5 uses the circulating currents from the previous
modeling step. The equation for K;, becomes now:

ImaxL- . ]ECCL-<n_1> ]maxL-
q lf K* n _|_ q 2 q ,
I nom; Regl; ( ) I nomlL; I nomlL;
— ¢ ToinL . I (n—1 T minL,
Ky, (n) = ImlnLl if Kik(egLi (n) + EC§L1 (n—1) < minL, : (3.57)
nom; nomlL; nomlL;
Kgegt, (n) otherwise,

\

where Inax,, and Inpinp, are the load’s maximum and minimum allowed out-
puts current limits.

The code in Appendix 5 uses the DC voltage measurement errors from Ta-
ble 6. Figure 46 presents modeling results consisting the load feeding or DC
regulating currents, with the specified measurement errors but otherwise

Woc [V] Verrt. [V]
)
. | | |
.[V] hini[A]  axt[A] fcen[A]
— 7" [A] .
(Al Reference Normalization ¢ K'.—» Over-and ulnfervoltage —K*RegL—> Current limiters Ki—»
— P [W]p] regulators

Figure 45. Load reference chain with current limiter taking into account
the voltage measurement error and circulating currents.
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Table 6. Static DC voltage measurement errors for modeled load and

sources.
Voltage Source Measurement Error
Source 1 Verrs, = +1.0V
Source 2 Verrs, = +0.5V
Source 3 Verrs, = —1.0V
Source 4 Vens, = £0.0V
Load 1 Verrt, = —1.5V

Load distribution in droop controlled DC Microgrid with voltage regulating load and circulating currents
Ve = Vg, = Vg, =V, =700V, G, = Cs, = G, = G, = 0.02
10 VIV =688.8 V, OV =710 V, IV = (PV = 0.02
T T T T T

20 -

-20

-40

Current [A]
2

-80
AN - - 694

-100

Is,, Inoms, =10 A
Is,, Lioms, =20 A
Is,; Tuows, = 30 A
Is,, Inows, =40 A
T T ... e —-e—eel-——._—_—_—_siiiibha .- | II.” In()mL, =100 A
| /——DC-link Voltage Vpc
1 — — —L1 UVReg Active
1

-120

. : Index n: 2500 : ! 90
1500 2000 25 DC Voliage: 60031500 4000 4500 5000

Modeling

-160

Figure 46. System load feeding currents from modeling with a load
running against its undervoltage regulator with circulating
currents.

similar equipment operational parameters as in Figure 35.

Due to the —1.5V DC voltage measurement error specified in Table 6 for the
load, its control logic senses a DC voltage that is 1.5V lower than the actual
value. Consequently, the undervoltage regulator activates at an actual DC
voltage of 690.3V instead of the specified activation level of 688.8V, corre-
sponding to an upward shift of 1.5V. The inverters’ total currents shown
in Figure 47 and listed in Table 7 illustrate how this measurement error in-
fluences the load’s total output current. In the modeling step n = 2500, the
load provides a voltage-regulating current of —70.00 A, while the measurable
total current is only —62.06 A (negative values indicating current flowing to
the load from the DC link). This reduction in total current magnitude results
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Total current distribution in droop controlled DC Microgrid with voltage regulating load and circulating currents
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Figure 47. System total currents from modeling with a load running
against its undervoltage regulator with circulating currents.

Table 7. The modeled total currents at modeling index 2500 in Figure 47.

Currents at Index 2500

6.21A —0.24A —-1.07A —0.57A —1.63A 2.71A 6.21A
0.24A 13.14A —-129A —0.48A —2.39A 9.23A 13.14A
Ic = |1.07TA 1.29A 22.93A 1.22A —0.83A| Igc= 25.68A| I= 22.93A
0.57A 0.48A —1.22A 27.71A —3.09A 24.45A 27.71A
1.63A 2.39A 0.83A 3.09A —70.00A —62.06 A —70.00A

from the measurement error and requires the voltage sources to compen-
sate in order to maintain the DC voltage. This can be seen as the positive
circulating current values in the load’s Ic row, indicating the currents are
flowing towards the load. Because the load current is negative and its total
current magnitude is smaller than its voltage-regulating current magnitude,
it means that the voltage sources can subsequently reduce their total output
current compared to before the voltage regulator was active.
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3.1.8.2 Modeling Loads’ Exceptional Situations

107

When a load’s output reaches its current limiter or is stopped while oper-
ating in current-controlled mode, the behavior is straightforward. Only K,
is limited; the operation mode remains unchanged, the Ryg value is unaf-
fected, no circulating currents are present for the load, and the total current
consists purely of load-feeding or “DC regulating” current, i.e., Ircr, = I1,-
Figure 48 presents a case modeled using the code from Appendix 5, with

modifications where the load is first limited to 50% of its nominal current
and then stopped at modeling index n = 2500.

Stopping a load while it is operating in voltage-control mode is equally un-
eventful, as shown in Figure 49. In this situation however the circulating
currents and Ry are affected at the moment of stopping. The circulating
currents between the now stopped load and other equipment must be ze-

roed in the current matrix and By, value updated accordingly in order for
the droop resistance to be excluded from Ry calculation.
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Load distribution in droop controlled DC Microgrid with voltage regulating load and circulating currents
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Figure 49. System behavior when voltage controlled load with
measurement error induced circulating currents is stopped.

When a load is limited during voltage-control operation, the limiter only en-
gages when the total current reaches the limit. Reaching the limit with only
the DC voltage-regulating current does not trigger the limiter. For example,
in the modeled case given in Table 7, the DC voltage-regulating current is
—70.00 A, while the total current is —62.06 A. If the current limit is set to
—65.00 A during voltage-control operation, the inverter continues operating
normally until the voltage regulator deactivates, as illustrated in Figure 50.
Conversely, if the limit is set before the undervoltage regulator activates, the
voltage regulator never engages, as shown in Figure 51.

3.1.9 Rigid Voltage Sources

In some DC microgrid applications, rigid voltage sources—i.e., voltage sources
without drooping—are advantageous. One such example is presented in
Alho and Laaksonen (2020), where one power source is loaded to its full ca-
pacity before a second source begins supplying power. If the load continues
to increase after the first source reaches 100% output, the second source sup-
plies the remaining demand without sharing it with the first source. In other
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words, the control strategy enforces prioritization rather than load sharing;:
the first source takes the load up to predetermined value, after which the
second source handles any excess.

In the cited example, the second power source uses its undervoltage regula-
tor to determine when to begin contributing. Because the regulator operates
without droop, the second source rigidly maintains the DC-link voltage at its
activation threshold. This arrangement has the benefit that no power or cur-
rent limiters are required on the first source to control current flow.

Rigid voltage sources can be modeled in various ways, ranging from imple-
menting PI controllers that replicate the equipment’s internal control, to a
simple direct assignment of the load current to the source in the mathemat-
ical model. For example, if the total load is 50 A, the rigid voltage source is
forcefully assigned to supply 50 A. In this work, where the focus is on DC mi-
crogrid control strategy rather than the detailed internal control of inverters,
the latter, simplified method is adopted.

3.1.10 DC Microgrid Nodal Analysis

In mechanically large systems, i.e., systems involving larger distances, the
cable resistances between the equipment become non-negligible and will
cause noticeable voltage drops between the devices. In this situation the
single scalar value for DC voltage is no longer sufficient and voltages at each
device DC terminals are needed. There are a number of different strategies
utilized to model these large systems, like graph theory which, was employed
by Abdolmaleki, Babak and Bergna-Diaz, Gilbert (2022). To continue with
the matrix-based modeling that the paradigm covered in this work has been
utilizing, DC microgrid voltages can be modeled by utilizing nodal analysis
method.

In nodal analysis, the circuit under study is first transformed into an equiva-
lent form containing only current sources, as illustrated earlier in Figure 15,
but here with non-negligible cable resistances between each source and load.
In the traditional formulation of nodal analysis, a reference node is selected
and assigned a potential of zero volts. The unknowns are then the node
potentials of all other nodes, expressed relative to this reference. These
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reference-based node potentials are commonly referred to as “node volt-
ages” in circuit analysis. If the voltage between two arbitrary nodes is re-
quired, it is obtained as the difference between their respective node volt-
ages.

In this work, the modeling approach follows the principles of real-world
shipboard power systems, which—except under special circumstances—op-
erate without grounding the DC potentials. Accordingly, the DC microgrid is
assumed to be floating, and all equipment terminal voltages are computed as
differences between the node potentials at their positive and negative termi-
nals. This avoids introducing an artificial reference potential not present in
the physical system. Future development may include configurations where,
for example, the negative DC bus is grounded at a specific location through
capacitors; in such cases, the corresponding ground potential can be explic-
itly incorporated into the model.

While the letter V' is traditionally used in electrical engineering to denote
potentials, in this work the node potentials are denoted by T and collected
into the potential array Y, in order to clearly distinguish them from voltages.
Here, T'; denotes the absolute (floating) potential of node i. Accordingly, the
voltage across equipment z connected between nodes i and j is given by

Ve=T; = Tj. (3.58)

The basic principle in the matrix-based calculation remains the same as in
Equation (3.6), just now the node potential array is calculated instead of a
scalar value for DC voltage:

YT(n)=Y(n-1)+ G;;des(n)lnodes(n). (3.59)

However, in order to keep the mathematical principle exactly the same as in
Equation (3.6), where the source currents are from the previous time step,
the I04es(n) needs to be rewritten to accommodate that. And due to no ref-
erence node being selected in the analysis, the conductance matrix is singu-
lar, thus instead of normal inverse the Moore—Penrose pseudoinverse of the

conductance matrix G, has to be calculated:

nodes

Y(n) = Y(n—1) + G, (n) (Iffoges(n)H(S) (n—l)). (3.60)

nodes nodes
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Above, Y is the 1 x N node potential array, containing the individual node

T
potentials of the system Y = [T o Yy Y. .. ] ,and I, qes iSa 1 x N current

T
array containing the nodes’ currents I,,qes = [Ia I, I. ...|.G{,.,isthe

N x N Moore—Penrose pseudoinverse of the conductance matrix containing
the equipment’s internal and cable conductances.

The use of G/ , . instead of G_ ;. is required because, in a floating DC mi-

crogrid without a defined reference node, the conductance matrix is rank-
deficient and does not have a unique inverse. In a floating DC microgrid
without a designated reference node, the conductance matrix Gyoges iS sin-

gular because its rows sum to zero, making it non-invertible in the usual

+
nodes

tain a unique least-squares solution for the node potentials. In MATLAB the

sense; thus, the Moore—Penrose pseudoinverse G must be used to ob-

Moore—Penrose pseudoinverse is calculated with the pinv(...) function.

The formulation in Equation (3.60) also makes it easier to replace, in the
MATLAB code, the DC voltage modeling based on Equation (3.6). Since the
basic building blocks used to calculate the DC voltages in Equation (3.60)
are the same as in the single-scalar case of Equation (3.6), the software-
architectural change from scalar to nodal analysis is straightforward: re-
place the scalar DC voltage calculation with the nodal-analysis-based imple-
mentation. Other required modifications are (i) to assign inverter-specific
voltage values instead of the single scalar value used previously, and (ii) cir-
culating currents cannot be handled the same way as with ideal cables and
the I'c mus be omitted.

In nodal analysis with non-negligible cable resistances, the handling of DC
voltage measurement error-induced circulating currents differs fundamen-
tally from the ideal-cable case. In the ideal-cable formulation, the I'c matrix
can be used because all voltage sources are connected to the same node po-
tential, allowing direct computation of source-to-source circulating current
contributions. When cable resistances are non-zero, each source terminal
has its own node potential, and I'c can no longer be constructed without
first solving the complete nodal system.

Mathematically, in the ideal case all source terminals share the same actual
potential, so the source-to-source circulating current between sources : and
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j can be expressed simply as

Ics;s; = sV (3.61)
™ Rps, + Rps,’ .
as was done by P., Monica and M., Kowsalya and Guerrero, Josep M. (2021),
allowing the entire set of circulating currents to be precomputed in matrix
form in Equation (3.22). With non-ideal cables, each V5, is naturally differ-
ent and depends on the solution of the nodal equations, so Ics,s; cannot be
determined a priori.

In this case, the measurement error Vs, is incorporated directly into the
per-source I'-function as

I's,

.= , (3.62)

and the I'c matrix is omitted. The source output current array Is with max-
imum and minimum current limits I,;,vs and I,;,s and running status B,y,s
then follows from Equation (3.4) as

Is = max (min (diag(T's)Tnoms, Imaxs) s Imins) © Bruns. (3.63)

The local inclusion of the DC voltage measurement error in Equation (3.62)
ensures that each source’s output is directly affected by its own measure-
ment deviation, and indirectly affects other sources through the coupling of
node potentials in the conductance matrix. Thus each element in I effec-
tively corresponds with the total current value from the models with ideal
cables. If exact source-to-source circulating currents are required, they must
be calculated separately from the nodal analysis solution.

3.1.10.1 Implementing Nodal Analysis to System Modeling

To implement nodal analysis for a system similar to the previous case of four
voltage sources and a single load, the cable resistances between the equip-
ment must be defined. Figure 52 presents the system circuit diagram with
Rc,, and Rc, for cable resistances on positive and negative potentials re-



114 Acta Wasaensia

Re,, Ro,, Re,, Re,,
L 1
I,
+ +
S3 S4
- RC‘57 - RC4,
]
L 1

Figure 52. Circuit diagram of the system with cable resistances in
between the equipment.

spectively. In this scenario all cables are assumed to have non-negligible
resistances.

Asnoted earlier, a system analyzed using nodal analysis must be represented
solely in terms of current sources. Therefore, the voltage sources are con-
verted to their Norton equivalents with the currents 7,, as their outputs, as
shown in Figure 53. As the circulating currents cannot be calculated now
with the T'c and measurement errors are taken into account locally in the
current calculation for each source, the 7, values effectively are the total
currents of the inverters, including also the circulating currents.

Also, since nodal analysis operates with conductances, the cable resistances
are converted to conductances. Furthermore, as the load is capable of oper-
ating as droop-controlled voltage source through its voltage regulators, the
load’s internal droop conductance is also depicted to clarify the construc-
tion of the conductance matrix. The individual nodes are also marked in

Figure 53.
GC]+ GC2+ GC3+ GCA+
— 1 E— 1 E— 1 R 1
| I | I | I | I
Gps, |::| Is, Gps, |::| Is, Gps, |::| Is, Gps, |::| Is, Gbpr, |::| I,
p 1 1 1 1
- 1 - 1 - 1 - 1
Ge, Ge, Ge,_ Ge,

Figure 53. Circuit diagram with modeled cables and nodes marked for
nodal analysis.
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Here, the equipment effective droop conductances can be calculated with
the same Boolean arrays By and B,,, used with Ry calculation in Equa-

tion (3.12):
GDxi _ BVrZé\ Brunaci '
D:I),L'

Where the Boolean values allow automatic enabling and disabling of the

(3.64)

droop conductances as required by the operating state, for example, when a
source is stopped or current-limited. For sources the droop resistances are
calculated as in Equation (3.7) and for loads as:

( (OVY OV
— = when overvoltage regulator is active,
I, nomlL;
Rpr, = ¢ ¢(VVIV* . . (3.65)
—t——_ when undervoltage regulator is active,
I nomlL;
[ *, otherwise.

As the load inverter is not voltage regulating device when the regulator is de-
activated, and thus its corresponding By value will be zero in Equation (3.64),
the non-voltage regulating value for Rp;, in Equation (3.65) is irrelevant.

To construct the conductance matrix and current array from the circuit dia-
gram in Figure 53, a consistent node labeling must first be defined. Figure 54
shows the node labeling scheme adopted in this work. This order of labels
must be followed exactly when assembling both the conductance matrix and
the current array; any mismatch would result in an incorrect node potential
array Y when applying Equation (3.60).

Node order

a Gc, b Gc, c Gy d G, e
7 L L L1 L1

Gusl|:
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2
Q
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1
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3

< | | 1 1
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J Ge,_ ? Ge,_ h Ge,_ 9 Ge,_ f
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< < <+

Figure 54. Circuit diagram with modeled cables and assigned nodes for
nodal analysis.
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The conductance matrix corresponding to the node numbering in Figure 54
is given in Appendix 6, and the node current array for modeling step n is:

Tnodes (1) = [Ia(n) L(n) L(n) L(n) L(n) Ijn) IL(n) I(n) Ln) Jj(n)]T

Is, (n—1) —&—GC1+ Tp(n—1) = To(n—1))

Is,(n—1) 4+ Gc,, (Te(n—1) — Tp(n—1)) + Ge,, (Ya(n—1) — Tp(n—1))
Is,(n—1) 4+ Gg,, (Ta(n—1) — Te(n—1)) + Ge,, (Tp(n—1) — Tc(n—1))
Is,(n—1) + G¢,, (Te(n—1) — YTq(n—1)) + GcH (Te(n—1) — Ty(n—1))

c

(
T
Te(
T

) I, (n) + G (Ya(n—1) — T.(n-1)) (3.66)
—IL,(n) + Ge,_ (Ty(n—1) = Ty(n—1)) '
—Is,(n—1) 4+ Gc,_ (Ty(n—1) = Ty(n—1)) + Ge,_ (Th(n—1) — Ty(n—1))
—Is,(n—1) + Ge,_ (Ty(n—1) — Tp(n—1)) + Ge,_ (Ti(n—1) — Tp(n—1))
—Is,(n—1) 4+ G¢,_ (Th(n—1) — Ti(n—1)) + G¢,_ (T;(n—1) — T;(n—1))
( (

—Is,(n—1) + G¢,_ (Ti(n—1) — T;(n—1))

As stated in Equation (3.60), the voltage source currents are taken from the
previous time step (n—1), whereas the load currents are taken from the cur-
rent time step n. This follows directly from the order of operations in the
modeling algorithm: the load outputs are calculated first, then the DC node
potentials are updated, and only after that are the source outputs computed.

The equipment droop conductances Gp,, influence the node potentials dur-
ing voltage-controlled operation and must therefore be included in the con-
ductance matrix. However, the corresponding branch currents through Gy,
are already represented in the 7, value of each device. Including them again
in the node current array would double-count the same physical contribu-
tion. Consequently, the node current array contains only the inverter cur-
rents and the contributions from the cable conductances.

The node potential array Y is then calculated using Equation (3.60), with
the conductance matrix from Appendix 6 and the current array from Equa-
tion (3.66). From Y, the individual DC voltages across each piece of equip-
ment can be obtained by taking the potential difference between its two con-
nection nodes as shown in Figure 54:
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T
Y = T, Y, Y. YT, T, Tf Tg Tn T TJ']

Vs, [Yo—1y]

Vs, Ty =1, (3.67)
= Vpc= |Vs,| = |Te—Th

Vs, Yo7,

_VLI_ _Te — Tf_

3.1.10.2 Modeling System of Four Sources and a Single Load

To ensure stable operation and avoid divergence at modeling startup, the
node potential array T must be assigned reasonable initial values. If all
node potentials were initialized to zero, the resulting equipment terminal
voltages would also be zero, causing droop-controlled voltage sources to at-
tempt injecting unrealistically large currents. This would lead to excessive
node-voltage excursions in the subsequent step and numerical instability.

A practical initialization is:

1. Set each source’s positive terminal to its voltage reference and its neg-
ative terminal to zero, so that the source initially sees its internal ref-
erence across its terminals

2. Set each load’s negative terminal to zero, with the positive terminal
initialized to a weighted average of the sources’ references, this corre-
sponds to a voltage level which would in ideal cable-case correspond
with systems voltage at zero load.

Using this principle, for the example with four voltage sources and one load,
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the initial values are

[T, | gz (700 V]

I I I

Tdo VS 700V

YO = "= Yhows | =] 4 | (3.68)
fo 0

Ty . 0

The . 0

T, . 0
_Tjo_ 0 | 0 i

The modeled circuit is based on Figure 52, with cable resistances defined in
Table 8. Figures 55a and 55b show the power distribution and DC voltages of
the equipment, respectively, when the same varying proportional load pro-
file as in the previous examples is applied. In this case, however, the load
operates under a power reference rather than a current reference, in order to
highlight the effects of cable resistance. In practice, loads are rarely purely
current-controlled, and with non-ideal cables present, the voltage at each
unit can be observed to drop more significantly as the load draws additional
current to maintain its power reference.

In Figures 55a and 55b, the dashed lines represent the powers and DC volt-
age in the ideal-cable case. The powers differ only slightly, and the load’s
power is exactly the same as in power-control mode.

The DC voltage level for the load is considerably lower than that of the sources

Table 8. Modeled cable resistances and conductances.

Cable Resistance Conductance

Cit 1 mQ 1000 S
Cay 1 mQ 1000 S
Cay 1 mQ 1000 S
Covt 10 mQ 100 S
Cr 1 mQ 1000 S
Co 1 mQ 1000 S
Cy 1 mQ 1000 S

C, 10 mQ 100 S




Acta Wasaensia 119

Power distribution in droop controlled DC Microgrid
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due to the much larger cable resistance, as evident from Table 8. Figure 55b
also shows that in the ideal-cable case the DC voltage closely follows the
sources’ voltage. This is expected: just as the load in power-control mode
dictates the ideal power, the voltage sources in voltage-control mode dictate
the ideal voltage.

Table 9 lists the powers and DC voltages at modeling index n = 2500, and
also the sum of the equipment powers which is 219.31 W. As described ear-
lier, positive device currents correspond to current flowing into the DC bus,
while negative values correspond to current flowing out of it. The same sign
convention applies to the powers: a positive device power denotes net ex-
port to the DC bus, and a negative value denotes net import. A positive sum
of all device powers therefore indicates that the sources collectively produce
more power than the load consumes. The surplus—219.31 W in this case—is
dissipated as resistive losses in the cables.

Appendix 7 presents the MATLAB code to perform the nodal analysis for the
system of four voltage sources and one load. The code supports the assign-
ment of current limits, voltage regulators, starting and stopping of equip-
ment and the load is parameterized to handle its proportional reference in-
put as power reference.

Table 9. Powers and voltages at modeling index n = 2500 in Figures 55a

and 55b.
Equipment Powers DC Voltages
S, 6,969.20 W 685.77V
S 13,957.90 W 685.75V
Ss 21,024.66 W 685.69V
S, 28,267.50 W 685.57V
L, —70,000.00 W 683.52V

STP=21931W

3.1.10.3 Including Load’s Voltage Regulator

The cable resistance in front of the load directly affects the stability of the
under- and overvoltage regulators, as well as the operation of the variable
voltage-based control strategy as a whole, because it acts as additional droop
resistance for the inverter. Nodal analysis with no regulators active in Fig-
ure 55b shows a considerable voltage drop at the terminals of load L; due
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to the cable resistance, indicating a strong influence on the load’s voltage
regulator behavior.

In such cases, the voltage drop from long feeder cables must be taken into
account when parameterizing the inverter to ensure the control strategy op-
erates correctly. The drop shifts the output current or power at which the
under- and overvoltage regulator activation limits, V"V* and V,°V*, are re-
ached. In effect, the cable resistance adds to the load inverter’s droop char-
acteristic, modifying also its effective droop coefficient. Without including
these effects in the inverter parameterization, the regulators may activate
at unintended times, causing instability because the inverter operates with
a substantially different droop characteristic than other voltage-supporting
devices.

The presented modeling approach is therefore beneficial for predicting and
preparing for such problems in systems with long cables, as it allows the
combined effects of voltage drops and additional droop to be quantified and
addressed already in the design phase.

Figures 56 and 57 show the power distribution and DC voltages for the case
where the load operates with the undervoltage regulator active. The regula-
tor parameters are identical to those in Figures 35 and 46, with an activation
limit of 1YV = 688.8V and a droop coefficient (¥ = 0.02. For comparison,
the figures also include dashed lines showing the corresponding results for
an ideal grid with negligible cable resistance.

The undervoltage reference V;"V* = 688.8 Vis set to correspond to the voltage
level at which, in the ideal case, the sources would be loaded to 80% of their
nominal capacity. The ideal case corresponding with the intended situation
is visible in the Figure 56 as dashed lines. However, due to cable-induced
voltage drops, the undervoltage regulator activates earlier than intended,
thereby reducing the loading of the sources below the intended level.

Two simple adjustments are possible: (i) raise the sources’ voltage refer-
ences, or (ii) lower the load’s activation limit. While these adjustments work
for a single-load system, in a multi-load system the situation becomes more
complex. Adjusting only the source references “calibrates” them to specific
loading patterns, making each load’s regulator activation dependent on the
others.
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Figure 56. Power distribution in the modeled system with non-ideal
cables and load undervoltage regulator.
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Figure 57. DC voltages per inverter in the modeled system with non-ideal
cables and load undervoltage regulator.
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A more robust approach is to calculate the cable voltage drops for each load
and subtract these as offsets from the ideal-case activation limits. Apply
corresponding offsets to both the source voltage references and the load ac-
tivation limits so that the most distant load receives sufficient voltage in all
scenarios. If the voltage difference between the sources and the most dis-
tant load remains too high, the load’s limit must be increased above the ideal
target, or the cable resistance must be reduced, for example by using thicker
conductors.

This scenario can be reproduced with the MATLAB script in Appendix 7
by adjusting the undervoltage regulator activation limit 1{V** to the desired
value. Code 15 shows the two lines to modify in Appendix 7 to set the new
activation limit.

UVRefs = [700%(1-0.02%0.8)];
% UVRefs = [100];

Code 15. MATLAB code snippet to change the load undervoltage
regulator activation limit.

3.1.10.4 Modeling a System with Multiple Loads and Voltage Reg-

ulators

To study the effect of unequal cable lengths between loads, consider a system
similar to that in Section 3.1.7.1: one source with a limited maximum output
and two power-controlled loads equipped with undervoltage regulators; see
Figure 58. The source output is explicitly limited to 100 A, and the load-side
regulator parameters are identical to those used in Section 3.1.7.1. In this
configuration the system is not at risk of blackout: cable-induced voltage
drops trigger the regulators earlier than strictly necessary, which primarily
reduces efficiency by curtailing source loading, rather than compromising
security of supply. If the feeder resistances become excessively large, how-
ever, the operating point can become infeasible because the load terminal
voltage remains too low.

To map the impact of cable length asymmetry, the same study as in Sec-
tion 3.1.7.1 is repeated with the three sets of cable resistances given in Ta-
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Figure 58. Circuit diagram with single source with limited output and
two loads.

ble 10. Case 1 models loads that are close to each other but farther from the
source. Case 2 places the source close to Load 1 while Load 2 is farther away.
Case 3 sets all equipment at comparable electrical distance. The resulting
powers and DC voltages are shown in Figures 59 and 60, where Py.s, cor-
responds with the source’s practical maximum output power with assigned
current limit and drooping:

Pmax& = nomSIVvst (1 - (SI)
= 100A-700V - (1 —0.02)
= 68.60 kW

(3.69)

Appendix 8 presents the MATLAB code for performing the modeling with
two loads and their undervoltage regulators active. The three cable resis-
tance cases defined in Table 10 can be activated or deactivated by comment-
ing or uncommenting the corresponding lines of code in the script. Code 16
shows these lines in more detail.

Table 10. Cable resistances and conductances used to study effects on
voltage-regulator operation.

Case 1 Case 2 Case 3
Cable R G R G R G
Cit 10mQ 100S 1mQ 1,000 10m 100S
Cot ImQ 1,000S 10m® 100 S 10mQ 1008
C._ 10mQ 1008 1mQ 1,000S 10mQ 1008
Co_ 1m 1,000S 10m$ 100S 10mQ 1008
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Figure 59. Power distribution in system of two loads with under voltage
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DC voltages at equipment terminals
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Figure 60. DC voltages in system of two loads with under voltage
regulators with different cable resistances.
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%% Initialize cable resistances
% Case 1

RC1lp = 0.010;

RC2p = 0.001;

RCin = 0.010;

RC2n = 0.001;

=
B
Q
o
17
®

2
RCip 0.001;
0.010;
0.001;
0.010;

B
Q
¥
e
TR

3
= 0.010;
RC2p = 0.010;
0.010;
0.010;

R I I I I R S

Code 16. MATLAB code snippet presenting the cable resistance cases in
Appendix 8.

In Case 1 (Figures 59a and 60a), the long shared feeder between the source
and the loads produces a significant voltage drop at Load L,, causing its un-
dervoltage regulator to activate at a considerably lower power level than in
the Case 2. As aresult, the source never reaches full loading before the regu-
lator activates, and the source and Load L, jointly droop the DC-link voltage
as Load L,’s demand increases.

In Case 2 (Figures 59b and 60b), Load L, is farther from the source and
Load L,. The voltage drop across the high-resistance feeder is smaller than
in Case 1, because it now carries only the current for Load L, rather than the
combined current of both loads. Load L,, being close to the source, has its
regulator activate almost simultaneously with the source reaching its current
limit, whereas Load L,’s regulator activates slightly higher source power.

In Case 3 (Figures 59c and 60c), all cables are long, so both loads experi-
ence substantial voltage drops. Here the source never reaches its maximum
output, as even Load L,’s regulator activates well before that point.

3.2 Unbalanced Sources vs. Circulating Currents

As introduced in Section 3.1.5, the term “circulating currents” refers to cur-
rents that do not reach the load and are instead induced between voltage
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sources due to imperfections in internal voltage measurement or regulation.
These circulating currents result from deviations between the actual DC-link
voltage and the sensed voltages, and they persist regardless of the load.

In contrast to that phenomenon, the following example demonstrates a dif-
ferent kind of current flow between sources. This example uses ideal condi-
tions without measurement errors and shows that source-to-source current
can still occur purely due to mismatches in internal voltage references. Such
current should not be classified as circulating current.

Consider a system consisting of two ideal droop-controlled voltage sources
and a current-based load connected to a common DC-link, as shown in Fig-
ure 61. Both sources are initially configured with a DC voltage reference of
700V and a drooping coefficient of 0.02 with no load applied in the sys-
tem. Under these symmetrical conditions, both sources maintain the DC-
link voltage with no current flowing between them. This balanced operation
is shown in Figure 62 between modeling indexes n = 0 and n = 1000.

Atn = 1000, the DC voltage reference of Source 2 is increased by 1V, creating
an intentional mismatch. At this modeling index, Source 2 sees a 1V devia-
tion between its reference and the DC-link voltage and responds by injecting
a large current to raise the voltage. Source 1 still operates with the original
voltage reference and outputs zero current during that step as the voltage
is at that step the same as its reference. This current spike from Source 2
causes the DC-link voltage to increase in the next modeling index (n = 1001).
After this adjustment, the system stabilizes into a state where both sources
output equal but opposite currents: Source 2 continuously sources current,
trying to raise the voltage, while Source 1 sinks the same amount to pull it
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Figure 61. Circuit with two voltage sources and a single
current-controlled load.
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15 Imbalance Current Demonstration
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Figure 62. Current and voltage behavior when voltage reference of
Source 2 is raised at n = 1000 and load applied at n = 2000.

back down. This imbalance between the sources is evident constantly.

At n = 2000, a current-controlled load begins to increase. As the load de-
mand grows, more of the source current is redirected toward the load, and
the current exchanged between the sources diminishes. Once the load cur-
rent magnitude exceeds the total source output magnitude, i.e., |Isource 1| +
| Isource 2|, the mutual current flow between the sources disappears entirely.
This occurs at modeling index n = 2534. Code 17 presents the MATLAB code
to perform the modeling.

If circulating current is defined strictly as current that does not reach the
load, the formulation in Equation (3.20) already satisfies this, since it con-
tains no load-current terms and therefore renders the loads irrelevant. This
suggests that such a load-based definition is too vague. In the example, the
inter-source currents observed after modeling index 1000 are not caused by
voltage measurement imperfections but by intentional differences in volt-
age references. From a control perspective, the sources in this situation ef-
fectively act as loads for one another: any voltage source operating with a
different reference or droop coefficient will appear as a power sink or source
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%% Initialize general modeling variables
steps = 1:5000;

%% Initialize source modeling variables

% Order of the sources is as follows: [S1, S2, S3, S4]

InomS = [50; 50]; % Source nominal currents

DCRefs = [700; 700]; % Source DC voltage references

DCDroops = [0.02; 0.02]; 7% Source DC droop coefficients

if ~isequal(length(InomS), length(DCRefs), length(DCDroops))
error ('H1_ImbalanceCurrent:SourceParameterMismatch', 'The number of source parameters do not match each other.');

end

numberOfSources = length(InomS);

GammaMatrix = zeros(numberOfSources,numberOfSources);

sourceCurrentArrays = zeros(numberOfSources,length(steps));

%% Initialize load modeling variables

% Order of the loads is as follows: [L1, L2...]

InomL = [100]; % Load nominal currents

numberOfLoads = length(InomL);

KappaMatrix = zeros(numberOfLoads,numberOfLoads) ;
loadCurrentArrays = zeros(numberOfLoads,length(steps));
loadProfiles = zeros(numberOfLoads,length(steps));

%% Initialize the load to zero
loadProfiles(1,:) = zeros(length(steps), 1);

%% Create static reference profile for L2
% loadProfiles(2,:) = loadProfiles(2,:) + -0.3;

%% Initialize DC voltage modeling variables
DCVolt = zeros(1,length(steps));

droopResis = zeros(numberOfSources, 1);
droopConduc = zeros (numberOfSources, 1);
R_MG = 0;

%% Run through the calculations
for n=steps
if n >= 1000
DCRefs = [700, 701];
end

if n >= 2000
loadProfiles(1,n) = loadProfiles(1,n-1) - (1/15000);
end

% Load handling
% Populate the Kappa-matrix with new values according to the load profiles
for i=1:numberOfLoads
KappaMatrix(i,i) = loadProfiles(i,n);
end

% Calculate the load currents
loadCurrentArrays(:,n) = KappaMatrix * InomL;

%% DC voltage handling

% Calculate R_MG

for r=1:numberOfSources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = 1/droopResis(r);

end

R_MG = 1/sum(droopConduc) ;

% Calculate the DC voltage
if n==1 ), If first step use default DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCRefs(1), O, sum(loadCurrentArrays(:,n)), R_MG);
else J, Else use previous step DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCVolt(n-1), sum(sourceCurrentArrays(:,n-1)), sum(loadCurrentArrays(:,n)), R_MG);
end

%% Source handling
% Populate the Gamma-matrix with new values according to the DC-link voltage and inverter parameters
for j=1:numberOfSources
GammaMatrix(j,j) = Gamma(DCVolt(n), DCRefs(j), DCDroops(j));
end

% Calculate the source currents
sourceCurrentArrays(:,n) = GammaMatrix * InomS;

if n>2 && sourceCurrentArrays(1,n) >= 0 && sourceCurrentArrays(i,n-1) < 0
sourcelCurrentZeroCrossing = n;
end
end

Code 17. MATLAB code for imbalance current demonstration.
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relative to its peers.

A more precise term for this type of current is imbalance current. It origi-
nates from differing internal control objectives, not from error. Such imbal-
ance may be used intentionally, for example, in battery state-of-charge bal-
ancing (see Section 4.3) or controlled generator startup (see Section 5.2.2).
In conclusion, while circulating currents are unwanted byproducts of im-
perfect measurement or operation and should be minimized, imbalance cur-
rents arise from differences in control settings and are often a necessary and
purposeful tool in system-level control strategies.
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4  STATE-OF-CHARGE BALANCING OF MULTIPLE
ENERGY STORAGE SYSTEMS IN DC MICROGRIDS

The use of multiple energy storage systems is becoming increasingly com-
mon in shipboard power systems, supported by the adoption of DC-based
power distribution architectures. However, they introduce new system op-
erational requirements related to energy management and system service-
ability. While service-related procedures—such as manufacturer-defined sta

te-of-health tests—are typically carried out during port operations or main-
tenance periods, energy management functions must operate continuously,
including during sailing.

Energy management in this context refers to supervisory functionalities that
monitor and control the operation of energy storage systems to maintain
overall system availability. Although power system blackouts are impossi-
ble to be entirely eliminated, maritime regulations aim to minimize their
likelihood DNV AS (2024). A central part of this effort is ensuring timely
responses to energy availability constraints, such as initiating auxiliary gen-
erator start-up if the system load becomes excessive or the state-of-charge
of the energy storage systems drops below critical thresholds. Balancing the
state-of-charge levels across multiple energy storage systems is a fundamen-
tal part of this supervisory logic.

Effective state-of-charge balancing improves not only the long-term load
distribution across individual energy storage systems—thus extending their
usable life—but also the system’s ability to sustain high-power operation for
as long as possible, both of which are also among the requirements set by
ship owners. State-of-charge balancing is considered standard functionality
for ship power systems involving multiple energy storage systems (P. Juppo,
Chief Technology Officer at WE Tech Solutions Oy, personal communica-
tion, August 19, 2025).

Each energy storage system exhibits nonlinear charging and discharging cur-
rent limits, determined by its local management system based on internal
factors such as temperature, aging, and state of charge. This current-limit
behavior is illustrated in Figure 63, which shows the curve of a real ma-
rine battery system as a function of state of charge. If one unit’s state of



Acta Wasaensia 133

~\

60% 70% 80% 90% 100%

SOC Current Limit, Beginning of Life and Aged

Alternate Current Sensor Option

e=mBeginning of Life Charge Limit e=wBeginning of Life Discharge Limit

e=m/Aged System Charge Limit e=mAged SystemDischarge Limit

Figure 63. Battery current limit behavior as a function of state of charge
(Battery system supplier, personal communication, August
2025).

charge falls sufficiently below that of the others, its discharging capability
is restricted more than the others, thereby reducing the total available dis-
charge current of the combined system. Figure 64a illustrates the principle
of this effect, showing how variations in state of charge across multiple stor-
age units constrain the overall discharging current limits.

A well-implemented state-of-charge balancing algorithm virtually combines
the multiple energy storage systems into a single, unified storage entity. The
composite parameters of this virtual energy storage system—such as total
energy capacity [kWh], nominal current [A], and current limits [A]—are cal-
culated as the sum of the corresponding quantities of the individual systems.
The state-of-charge is treated as a synchronized quantity across all systems,
such that the virtual energy storage system and each physical energy stor-
age system maintain the same state-of-charge level at all times. Figure 64b
presents the principle behind how the balanced state-of-charge values en-
able the full usage of the combined energy storage system, as full current is
still available, while the total stored energy is the same as in Figure 64a.

The same principle in Figure 64 holds regardless of the sizes of the energy
storage systems involved. Assuming the storages are of the same type but
of different sizes, their current limits will proportionally behave in the same
way, and balanced state-of-charge values ensure full utilization of the com-
bined capacity of the systems.

When different types of energy storage systems are used—for example, bat-
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Figure 64. Comparison of example energy storage systems with varying
level of state-of-charge balancing.

teries based on different chemistries—their corresponding depth-of-discharg-
es will differ. Depth-of-discharge represents the state-of-charge window
within which the energy storage system should be operated in order to help
ensure the manufacturer-specified lifetime. It can be viewed as specifying
the “practical maximum and minimum state-of-charge values” between which
normal operation should occur.

In such cases, the system should employ depth-of-discharge balancing, which
is practically implemented by applying an additional scaling factor on top of

the state-of-charge values. This work, however, concentrates only on state-

of-charge balancing, as depth-of-discharge balancing is a direct derivation

of it.

4.1 Operational Compatibility With Variable Voltage-based
Control Strategy

For the balancing operation not to interfere with the variable voltage-based
control strategy, it should not cause any extra deviations to the DC-link volt-
age. To this end, the balancing method and strategy must be selected care-
fully. Both the voltage sources’ output voltages and currents must be in bal-
ance in order to achieve that.

In the most trivial case, the energy storage systems are current-controlled
devices following an external reference, very much like the loads in Sec-
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tion 3.1.6. Then the state-of-charge balancing is achieved simply by assign-
ing references to the storages’ DC/DC converters such that their offsets bal-
ance each other out, i.e., the sum of the balancing reference offsets is zero.
But suppose the batteries are the voltage-supporting devices of the DC mi-
crogrid. In that case, the balancing must be performed while they actively
maintain the DC-link voltage.

In this situation, for the balancing to happen, an intentional imbalance in
the outputs of the DC/DC converters running the energy storage systems
is required—effectively manipulation of the I" functions. As shown in Equa-
tion (3.2), there are two variables that can be used to achieve this: DC voltage
reference V5 or DC drooping coefficient (s. Both of the variables have fun-
damentally different effects on the operation of the DC voltage-maintaining
DC/DC converter, thus both references are handled separately in Sections 4.3
and 4.4 respectively.

The operation of balancing the states-of-charge between multiple energy
storage systems requires knowledge of their charge states. This informa-
tion is not inherently shared between the equipment in the DC microgrid,
as it cannot be deduced from the DC-link voltage. Additionally, sharing that
information via communication lines between the inverters would create an
unnecessarily complicated system. This information, however, must be pre-
sented to the ship’s crew and is therefore available to the microgrid con-
troller, which can utilize it to perform the state-of-charge balancing.

4.2 Modeling the State-of-Charge Update

In the energy storage related mathematical models, the state-of-charge of
each energy storage system E; at modeling index n is calculated iteratively
from its previous value at index n—1 and the current /;(n) that its corre-
sponding DC/DC converter supplies to or draws from the DC-link. The stor-
age capacity is allowed to vary between modeling steps to account for condi-
tions such as battery string disconnections or reconnections. This variable
maximum energy capacity is denoted as Qmaxg, (n):
I;(n)

SOCEZ, (n) = SOCE7 (n—l) — m, (4.1)
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where the current 7;(n) follows the sign convention used throughout this
work: a positive current indicates power flow toward the DC-link (discharg-
ing the storage), and a negative current indicates charging. Accordingly,
the state-of-charge decreases when the converter current is positive and in-
creases when it is negative.

Although the quasi-static modeling approach omits time-dependent dynam-
ics such as those introduced by capacitances or inductances, the state-of-
charge update inherently involves energy transfer over time. Nevertheless,
the goal of the modeling in this work is not to predict time durations such as
how long energy storage charging takes. Instead, it aims to determine op-
timal control strategies and to understand how different parameterizations
and scenarios influence the system’s behavior. To approximate the charg-
ing and discharging behavior, the storage current 7;(n) above is interpreted
as an ampere-hour equivalent per modeling step. It should be emphasized
that this formulation does not introduce a time variable; the update is purely
algebraic, and each modeling step represents a discrete change in stored
charge rather than a time-integrated quantity. This enables tracking the
change in stored energy without defining the actual time interval between
steps.

While this approach does not allow for predicting how long an energy stor-
age system can sustain a load or how much time state-of-charge balancing
will require, it is entirely sufficient for modeling the control behavior of the
balancing itself. Once this method is combined with the inverter models in-
troduced in Section 3.1 and extended with proper modeling of energy stor-
age current limit behaviors, it enables accurate simulation of the system’s
behavior under various conditions. In the future, when time dynamics are
fully incorporated into the modeling paradigm, the charging and discharg-
ing can be modeled more accurately.

4.3 Utilizing Voltage Reference

The most straightforward way to implement state-of-charge balancing be-
tween multiple DC/DC converters operating as voltage sources is to induce
an imbalance in the outputs of the converters via different DC voltage refer-
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ences. The approach of balancing by utilizing the DC voltage reference has
been used in the literature by, e.g., Hu and Weaver (2016) and Li, Dragice-
vic, Diaz, Vasquez, and Guerrero (2014). The effect of this method was also
described in Section 3.2, where the voltage sources are forced to “fight” each
other, while the DC voltage drooping keeps the system stable and controls
the output currents of the voltage sources.

In the sources above, Hu and Weaver (2016) create an offset to the voltage
reference directly based on the state-of-charge of the energy storage systems,
multiplied by a selected coefficient. This creates balancing that is not depen-
dent on any communication line and allows the DC-link voltage to deviate
according to the states-of-charge of the storages. While this approach could
have interesting applications in the variable voltage-based control strategy,
this dissertation, however, concentrates on the principle that only the loads
in the microgrid induce voltage deviation through the sources’ drooping.

Li et al. (2014) propose an algorithm where, instead of directly basing the
voltage reference offset on the storage’s state-of-charge, as is done by Hu
and Weaver (2016), it is based on a coefficient derived by dividing each
storage’s state-of-charge by the average of the state-of-charge differences
between the storages, from which 1.0 is subtracted. This method requires
communication in order for the equipment—or a centralized controller—to
have knowledge of the state-of-charge levels of the different storages. The di-
vision, however, creates highly unstable coefficients that approach positive
or negative infinity as the states-of-charge converge and their differences ap-
proach zero. Thus, it is uncertain how the algorithm manages to function,
but according to the presented results, the state-of-charge balancing works
without causing deviations to the DC-link voltage.

Mathematically, in the proposed modeling paradigm of this work, the state-
of-charge balancing method in question adds an offset V§ to the source’s
droop-controlled DC voltage reference V35 defined in Equation (1.2),

I
Vis + Vg = Vg <1— 7 5 Cs) + Vi, (4.2)

and, by extension, also for the I'-function used to calculate the voltage source’s
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current as presented in Equations (3.1) and (3.2),
]E - (‘/é _ VDC + VB ) InomE

VS*CS VS*CS
= (FS + FB) ThomE (43)

= FEInomE-

The derivation of the above equation is presented, and the naming conven-
tion is explained, in Appendix 9.

This creates a balancing functionality whose operation is independent of the
system loading state, as the method simply adds an offset V' to the equip-
ment’s voltage reference, thereby forcing the equipment to adjust its output
current accordingly. It is not tied to the load-induced voltage deviation be-
tween the reference V5 and the DC-link voltage V¢, and thus constitutes
a separate mechanism from the normal droop-based operation. Addition-
ally, as the voltage source’s output current is directly proportional to the
DC voltage reference offset Vj, as shown in Equation (4.3). To prevent DC-
link voltage deviation, it is sufficient to keep the voltage reference offsets
balanced—the output currents will then naturally follow.

4.3.1 Calculating The Reference Offset

For the state-of-charge balancing operation, the microgrid controller must
calculate the offset variable V5 for each of the energy-storage-controlling
DC/DC converters separately. One implementation is to utilize the drooping
principle: as with DC voltage control, the output current is higher the greater
the difference between the reference and the actual voltage. The same prin-
ciple can be used here as well. In this context, the reference is the target
state-of-charge for the balancing, denoted by SoCr; the actual value is the
energy storage system’s current state-of-charge, denoted as SoCg,; and the
output is the voltage reference offset Vj :

o SOCEl — SOCT

Vs = : (4.4)
5 CBscalcVB*scale 4 4
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where (g, . is the drooping factor indicating how many percentage points

l
the state-of-charge must deviate in order for the offset 1} to be equal to
is 0.02.
In order for the balancing to work symmetrically between each energy stor-

age system, the values of (g

scale

Vs, . Inthis work, Vi is always considered to be 1V, and (s

and Vi must be the same for all of them.

scale

With Equation (4.4), it is now possible to calculate the balancing offset V5 for
the DC/DC converter operating as a voltage source. As it is based on droop,
it is self-regulating—producing a larger value the greater the difference be-
tween the actual state-of-charge and the target. To utilize this equation, the
target state-of-charge SoCr must be defined.

4.3.2 Defining the Balancing Strategy

Defining the balancing strategy involves selecting a target state-of-charge,
SoCr, which serves as the reference toward which each energy storage sys-
tem’s state-of-charge is regulated using its respective V} offset.

To ensure practical plausibility, SoCr must remain within the bounds de-
fined by the minimum and maximum state-of-charge values currently present
in the system. If SoCr falls outside this range, the balancing algorithm would
effectively attempt to inject or absorb energy from sources beyond the par-
ticipating energy storage systems. This would result in positive or negative
loading of the system and DC voltage deviation.

Even when SoCr is within valid limits but numerically fixed—for example,
at 70%—any converter that reaches this value would, by definition, attempt
to counteract further deviations. This behavior would prevent further dis-
charging of the storage unit to support load demands. Consequently, SoCr
must be dynamic and adapt to the actual state-of-charge values of the energy
storage systems.

Consider, for instance, a system consisting of four identical DC/DC con-
verters operating as voltage sources, as illustrated in Figure 65. Each is
connected to an energy storage unit of equal capacity, with initial state-of-
charge values assigned at random, as shown in Table 11, where energy stor-
ages’ states-of-charge associated with the individual sources are denoted as



140 Acta Wasaensia

Sl o Sz o Sg o Sq o L1 o
= = = = I~
il 1] [ il
E| — |E| —/—, | E| ——/— | E| ——D——
T T T T

Figure 65. Simplified single-line diagram of the modeled system with four
DC/DC converters working as the microgrid’s voltage sources.

Table 11. The randomly selected initial state-of-charge values for the
modeled energy storage units.

Initial Energy Storage States-of-Charge
SoCg, = 76%
SOCE2 =66%
SoCg, = 100%
SoCg, = 67%

SoCp,. Two intuitive options for selecting SoCr in such a system are the min-
imum or maximum state-of-charge values.

Selecting SoCr to follow the lowest state-of-charge among the storages in
the system and activating the balancing causes the DC/DC converters with
higher state-of-charge values to initially inject current into the DC-link in
order to reduce their own state-of-charge values, see Figure 66a. As a re-
sult, the DC voltage rises, and the DC/DC converter with the lowest state-
of-charge reactively draws current from the DC-link to compensate for the
voltage increase. This creates a state-of-charge balancing functionality that
results in a higher DC-link voltage during balancing compared to normal
operation.

The same current sign convention as before applies: currents flowing toward
the DC-link are positive, and those flowing away from the DC-link are neg-
ative. This means the state-of-charge decreases when the DC/DC converter
current is positive and increases when the current is negative.

Another strategy is to do the opposite and assign SoCr to follow the highest
state-of-charge value in the system, see Figure 66b. At the moment of bal-
ancing activation, this causes the DC/DC converters with lower-than-target
state-of-charge to actively charge their storage systems, thereby lowering the
DC-link voltage. The resulting voltage drop then forces the DC/DC converter
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Figure 66. Loads and DC-link voltage during energy storage
state-of-charge balancing, starting at modeling index n = 1000
utilizing the system’s (a) lowest and (b) highest
state-of-charge as the SoCr.

with the highest state-of-charge to inject current into the DC-link. This cre-
ates a state-of-charge balancing functionality that pulls the DC-link voltage
lower than during normal operation.

Table 12 presents the currents and DC voltages from modeling indexes 999
to 1001 in both cases shown in Figure 66. When SoCr is selected to follow
the system’s lowest state-of-charge, which in this case is Source 2, the source
never actually actively participates in the balancing. At modeling index n =
1000, its current remains zero, as it was in the previous index, and it reacts
only to the DC voltage rise at modeling index n = 1001. The same holds true
for Source 3 when SoCr follows the highest state-of-charge—Source 3 never
actively contributes to the balancing and merely reacts to the DC voltage
drop.

Table 12. Modeled currents and voltages during unoptimized energy
storage state-of-charge balancing at modeling indexes n = 999,
n = 1000 and n = 1001.

Lowest SoC as SoCy Highest SoC as SoCr
n=999 n=1000 n=1001 | n=999 n=1000 = = 1001
Is, 0.00A 8.93A —1.13A 0.00A —21.43A —1.08A

0.00A 0.00A —10.04A | 0.00A —30.36A —9.99A
Is 0.00A 30.36 A 20.26 A 0.00A 0.00A 20.31A
Is, 0.00A 0.89A —-9.15A 0.00A —2946A —9.10A
>'Is | 0.00A 40.18A —0.07A 0.00A  —81.25A 0.15A
Ve 700V 700V 706V 700V 700V 689V
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The selected balancing strategy—and the resulting SoCr—does not affect the
end result; the balancing proceeds at the same rate, and all energy storage
systems will reach the same state-of-charge in the end, see Figure 67. How-
ever, the presented non-optimal balancing strategies cause disturbances to
the DC-link voltage, as shown in Figure 66. In extreme cases, these distur-
bances can trigger unwanted undervoltage or overvoltage regulator activa-
tions. This effect was demonstrated earlier in this work using non-droop-
compensated regulators in Section 3.1.7, and it is also evident later in Sec-
tion 5.2.1. Therefore, the optimal approach would be to determine a value of
SoCr that produces V5 offsets in such a way that the balancing process has
no impact on the DC-link voltage.

To ensure that the balancing has no effect on the DC-link voltage, the sys-
tem’s center of energy, denoted as SoC¢, must be calculated. This represents
the state-of-charge around which the energies of the storage systems are bal-
anced. The concept is analogous to the center of mass of a rod being balanced
horizontally on a finger. When this point is used as the target SoCr the ac-
tions of the energy-storage-controlling DC/DC converters become balanced
and simultaneous. As a result, the DC-link voltage remains undisturbed, as
shown in Figure 68.

Table 13 presents the currents and DC voltage during the optimized balanc-
ing, specifically their values at modeling indexes 999 to 1001—i.e., before,
during, and after the balancing is activated. Unlike in the unoptimized case
shown in Table 12, all sources begin supplying balancing current already at

Energy storage system state-of-charge Energy storage system state-of-charge

development during balancing development during balancing

100% 100%
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Modeling index n Modeling index n
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Figure 67. Energy storage systems’ state-of-charge during balancing by
DC/DC converters with (a) the lowest and (b) the highest
states-of-charge used as SoCr.
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Figure 68. Energy storage systems’ (a) loading and (b) states-of-charge
during balancing by DC/DC converters utilizing SoC¢ as SoCr.

Table 13. Modeled currents and voltages during optimized energy storage
state-of-charge balancing at modeling indexes n = 999, n = 1000
and n = 1001.

SoC¢ used as SoCr
n=999 n=1000 n = 1001
Is 0.00A —-1.12A —-1.11A
Is 0.00A —10.04A —-10.03A
Is, 0.00A 20.31A 20.28 A
Is4 0.00A —-9.15A —9.14A
S I 0.00A 0.00A 0.00A
Vbe 700V 700V 700V

index 1000, the moment the balancing is activated.

From Figure 68b, it can be seen that only Source 3 has a state-of-charge
higher than the target SoCr. Therefore, it alone begins discharging its en-
ergy storage to the DC-link, while the others start charging their own sys-
tems. The overall behavior is nearly identical to the other cases presented
earlier—the key difference being that in the optimized case, all sources ac-
tively participate in the balancing process instead of passively reacting to DC
voltage changes.

If we make the incorrect assumption that the energy storage systems always
have the same and constant capacities, it would be sufficient to calculate the
average of their states-of-charge as the center of energy SoCc. However, it
is prudent to assume that larger power systems may include energy storage
systems of varying sizes. Additionally, in practice, the larger energy storage
systems typically consist of smaller separate units operating in parallel. The



144 Acta Wasaensia

naming of these smaller units varies by supplier—in battery systems, for ex-
ample, they have been referred to as strings or packs. These smaller units
can be individually disconnected, for instance due to fault trips, and later
reconnected on-the-fly, resulting in energy storage systems with effectively
changing maximum energy capacities; see Figure 69.

Due to the different and on-the-fly capable changing maximum energy stor-
age capacities, simply calculating an average is not sufficient to determine
the center of energy. For this reason, we need to take a weighted average of
the system as,

I
Z SOCEL Cgmain
SoCc = = , (4-5)
; QmaXEi

where SoCg, and Qmayg, are the state-of-charge and the maximum capacity
in ampere-hours, respectively, of the energy storage E,. An added benefit of
this approach is that, if needed, the state-of-health can be taken into account
in the QmaxE, calculation and thus all relevant variables would be included:

Qmain == SOHEZ' QratedEi ) (4 . 6)

where SoHg, and Q.eqr, are the state-of-health and rated energy of the en-
ergy storage system in question, respectively.
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Figure 69. An example simplified single-line diagram of a large energy
storage system comprised of multiple smaller units.
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We now have the mathematical foundation to perform state-of-charge bal-
ancing of energy storage systems without disturbing the DC microgrid volt-
age. This applies even when operating concurrently with systems of different
capacities and states of health. In this work, SoC¢ is consistently used as the
target SoCr. Appendix 10 presents the MATLAB code used to run the state-
of-charge balancing algorithm under zero external load, implementing the
strategies described earlier.

4.3.3 State-of-charge Balancing Under Varying Load With Equal

and Unequal Storage Sizes

Introducing a varying load to systems with both equal and unequal energy
storage sizes highlights the limitations of the current modeling approach. In
order to keep the scope of this work focused, the balancing algorithm does
not account for voltage sources transitioning into current-controlled opera-
tion upon reaching their current limits, nor for modeling how an energy stor-
age system’s discharging current limit varies with its state-of-charge. These
aspects are deferred to future research. In this section, the applied load pro-
file follows the same form as in the earlier modeling cases of Section 3.1,
but is parametrized to range from —50 to 0 A in order to keep the states-of-
charge within realistic bounds. Figure 70 presents the modeled results of
state-of-charge balancing for both equal and unequal energy storage sizes
under varying load.

In the system with equally sized energy storage systems, the converter cur-
rents converge during the modeling period, just as they do in the no-load
case shown in Figure 68a. However, in the system with unequal storage
sizes, the currents do not converge—even by modeling step n = 5000, when
the external load has dropped to zero. The lack of convergence during load-
ing is expected, as the different storage sizes influence the voltage references
Vg via the center-of-energy calculation SoC¢ in Equation (4.5). However,
once the load is zero, current convergence would be expected if the state-
of-charge balancing mechanism were effective. Figure 71 confirms this im-
balance in the states-of-charge, indicating that balancing is not achieved.
Therefore, additional correction is required to handle systems with unequally
sized energy storage systems.
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Figure 70. Energy storage systems’ loading while performing voltage
reference-based balancing with (a) equal and (b) unequal
energy storage sizes.
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Figure 71. Energy storage systems’ states-of-charge while performing
voltage reference-based balancing with (a) equal and (b)
unequal energy storage sizes.

As shown in the modelings, the balancing mechanism functions correctly
with equal-sized energy storage systems in both no-load and varying load
scenarios, but fails when the storage sizes are unequal. From this, we can
deduce that the issue is not offset-related and affecting all scenarios, but
rather one of scaling. Moreover, since the balancing works with and without
load in the case of equal storage sizes, the required scaling must reduce to
unity when all storages are of equal size. This implies that the scaling factor
should not involve a quantity representing a collective property, such as the
sum of capacities, but rather something singular for each storage.

Additionally, since larger energy storage systems store more energy per per-
centage point of state-of-charge, achieving convergence toward the center-
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of-energy SoC¢ requires that the DC/DC converters connected to storages
with higher capacities are loaded more aggressively than those with lower
capacities. Scaling the current contribution of each DC/DC converter ac-
cording to the ratio of its maximum capacity to the average capacity satisfies
this condition. The resulting adjustment to the droop-based current refer-
ence is given by:

4.7)

CZmaXE,L- _ (Vst - Vbc + VI; ) C2main

(Fsi + FBz) = . x| = )
QmaxE CSZ’ Vsl Csi VSZ QmaxE

where Q,..; is the average of the energy storage systems’ maximum energy
capacities. Figure 72 illustrates the improved current and state-of-charge
behavior resulting from this scaling.

Load distribution under varying load during DC voltage reference-based
energy storage state-of-charge balancing with unequally sized storages
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Figure 72. Energy storage systems’ (a) loads and (b) states-of-charge
while performing voltage reference-based balancing with
compensation for unequal energy storage sizes.

4.3.4 State-of-charge Balancing With Differently Sized DC/DC Con-

verters

The final variable to explore in this context is the nominal current ratings of
the DC/DC converters. A previous section covered the case where the con-
verters were of equal size, while the connected energy storage systems varied
in capacity. However, the converters themselves can also be intentionally di-
mensioned differently, or operate under temporary derated conditions due
to exceptions. Figure 73 presents an example where some energy storage
systems operate with partial capacity, potentially affecting the converter’s
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Figure 773. Simplified single-line diagram of a partial microgrid with
DC/DC converters and energy storage systems capable of
operating with only partial capacities..

nominal current rating.

Depending on the converter manufacturer, such partial-capacity situations
may lead either to a change in the converter’s nominal current rating or
merely to a modification of the enforced current limits. For modeling pur-
poses, we assume here that the nominal rating I,omg, is adjusted to reflect
the reduced capability.

To study this effect, we assign unequal nominal current ratings to the DC/DC
converters and rerun the balancing calculations using the previously defined
I'-function from Equation (4.7). This function was originally introduced to
compensate for unequal storage capacities, and here it is extended to ac-
count for differences in nominal converter current ratings.

Figure 74a shows that the resulting source currents behave asymmetrically,
much like in the case of unequal storage capacities (Figure 70b). This imbal-
ance is further reflected in the state-of-charge behavior shown in Figure 74b:
the state-of-charge values do not converge.

When compared to the center-of-energy SoC¢ used as the target value, it
becomes evident that the converter with the lowest nominal current rating
remains underloaded—its state-of-charge stays above the target—while the
most powerful converter is overloaded, indicated by its state-of-charge con-
sistently falling below the target. This behavior confirms that nominal cur-
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Figure 74. Energy storage systems’ (a) loads and (b) states-of-charge
while performing voltage reference-based balancing for a
system with different energy storage sizes and DC/DC
converter nominal current ratings.

rent imbalances must be accounted for in the balancing algorithm to achieve

equal participation from all units and maintain long-term fairness in energy
usage.

From the analysis of the modeling results in Figure 74, it can be deduced that
the compensation for different nominal current ratings can be implemented
with a similar, but inversed, algorithm as for the different storage sizes in
Equation (4.7). Thus, when we implement scaling where the average of the
nominal currents is divided by the inspected voltage source’s nominal cur-
rent, we get,

(FSi + FBZ-) Qmain TnomS _ (VS*Z — Vbc VB*Z ) Qmain TnomS ’ (4.8)

Q gsi Vst CSZ' VS* @maXE I noms;

7

QmaxE I noms;

where Ioms, is the average of the voltage sources’ nominal currents. It is,
however, possible to simplify the equation by expanding the averaging por-
tions, see Appendix 11. This gives a simpler presentation of the algorithm
with just a division of the inspected energy storage’s normalized energy ca-
pacity QY7 . by the inspected DC/DC converter’s normalized nominal cur-

rent >,
p.u V* o VDC V* p.u
Ig = (I's + I'p) 33 = ( St B*) . (4-9)
I rrl)olrlns CS ‘/S CS Vé I rll)olrlnS
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Modeling the system with the equation above, we have load distribution as
shown in Figure 75a and energy storage states-of-charge as shown in Fig-
ure 75b. All currents now behave symmetrically, and the states-of-charge
of the energy storages are converging to their center of energy used as the
balancing target.

Now, with the I'y formulation in Equation (4.9), utilizing V§ from Equa-
tion (4.4) calculated based on the center of energy from Equation (4.5), and
incorporating state-of-health into the maximum energy capacity in Equa-
tion (4.6), a comprehensive DC voltage reference-based state-of-charge bal-
ancing algorithm is achieved. This formulation adjusts the loading of the
DC/DC converters in response to variations in all relevant parameters: en-
ergy storage capacity, state-of-health, and the converters’ nominal current
ratings.

This balancing implementation does not address several aspects related to
the inverter and energy storage operation, and are left for future research:
(i) the handling of situations where DC/DC converters reach their current
limits or are stopped, and (ii) the adjustment of discharging and charging
current limits based on the energy storage state-of-charge. Furthermore,
configurations in which the nominal DC voltage references or droop coef-
ficients differ intentionally between converters are excluded, as such varia-
tions are incompatible with the principles of the variable voltage-based DC
microgrid control strategy.

Load distribution under varying load during DC voltage
reference-based energy storage state-of-charge balancing with
unequally sized storages and nominal source currents 100%
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Figure 775. Energy storage systems’ (a) loads and (b) states-of-charge
while performing voltage reference-based state-of-charge
balancing algorithm, compensated for different energy storage
capacities and DC/DC converter nominal current ratings.
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Appendix 12 presents the MATLAB code for performing the modelings from
this section. The different energy storage capacities and DC/DC converter
current ratings are available to be modified and the used settings are in-
cluded as comments. The code also includes the different 'y versions as
well for duplicating all modeling results.

4.4  Utilizing Drooping Coefficient

Another approach to performing state-of-charge balancing between energy
storage systems is to assign each DC/DC converter an offset (g to its base
droop coefficient (5. This results in differential current sharing between con-
verters under load, as their drooped DC voltage references begin to differ
only when the system is externally loaded.

In this droop coefficient offset-based method, the resulting I'y expression—
analogous to the one presented earlier for DC voltage reference offset-based
balancing in Equation (4.9)—takes the following form:

FE — FB Il:laXE — S - n:laXE’ (4.10)
Ioms (G +G) VS Rons

where (g is the additional droop coefficient applied to enable balancing. Un-
like the earlier method, where I's and I'g were treated separately, here the
balancing effect is embedded directly into the normal droop operation. This
is due to the fact that adjusting ¢ is mathematically equivalent to modifying
the source’s droop resistance Rp, ; see Appendix 13. As a result, no current
is inherently injected unless an external load shifts the DC voltage.

This means the balancing effect is entirely dependent on the system hav-
ing a non-zero external load. If no load is present to disturb the DC voltage
away from the references, no balancing occurs, regardless of the droop off-
set values. Such a no-load condition may occur, for example, when a ship
is connected to shore power and the onboard energy storages are idling in
blackout prevention mode.

State-of-charge balancing using droop coefficient manipulation has been ex-
plored in prior research. For example, Xu, Wei, Yu, Guerrero, and Vasquez
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(2021), Lu et al. (2012), and Ghanbari and Bhattacharya (2018) used similar
approaches, while Saim et al. (2022) introduced power participation factors
for more dynamic balancing, thereby adding non-linearities into the control.

The primary goal of state-of-charge balancing is to introduce controlled asym-
metry in the loading of DC/DC converters to gradually drive all storage states-
of-charges toward a common target SoCr. In this work, that target is defined
as the center of energy SoC¢ (Equation 4.5). In droop coefficient-based bal-
ancing, the offsets (g should be assigned around the base droop value (s, sim-
ilarly to how voltage reference offsets V; were applied in the earlier method.

There are two challenges and one inconvenience associated with this balanc-
ing method. The first challenge is that assigning an offset to the DC droop
coefficient changes the voltage source’s output voltage linearly, but not the
output current. The linear relationship in voltage becomes evident when
the equation for the drooped voltage reference is expressed with the offset
coefficient,

Vps = Vs (1 — (¢s+ CB)) : (4.11)

I nomsS

where the droop coefficients form a multiplier for the fraction. The deriva-
tion of the above from the equation with droop resistance (1.1) is presented
in Appendix 13.

When we derive from the above equation the output current using the same
principles as in Appendix 1, we get:

b=Tlarave

Inoms, (4.12)
where the droop coefficients now introduce non-linearity through the de-
nominator.

Equations (4.11) and (4.12) show that equal offsets (g, and (g, to already
offset (s, and (s, values induce equal voltage reference differences, A(g, =
Als, = AVps, = AVgs , see Figure 76a, but this does not imply equal output
current differences, ACBQ: = A(g, = Als, # Alg,, see Figure 76b. Since
DC-link voltage stability depends on balancing both the voltage reference
and the output current, the DC-link voltage will deviate from the desired
value. However, the effect on DC voltage diminishes as balancing progresses
and the current differences converge, and it only poses a more significant
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Voltage source’s output current vs. DC-link voltage with different (g values Voltage sotrce’s output current vs. total droop coefficient s + (p

Lnoms = 100 A, V& =700 V. G5 = 0.02, ¢p € [0.4, 0.4], Alg, = A, = 0.02

03F~Vpc=670V
—Vhe = 690 V
02f | Ybe=T10V

Vpe =750V
— Vb =686 V =Vg'¢s

0.1

DC Voltage [V]

Total droop coefficient, (g + (pg

-100 -50 50 100

Current [A] Current [A]

(a) (b)

Figure 76. Demonstration of droop coefficient induced (a) voltage
linearity and (b) current non-linearity.

problem when compensating for large differences in states-of-charge.

The non-linearity also presents the second challenge which is visible in Fig-
ure 76b. Assigning an offset (3 such that it moves (s + (g closer to zero in-
creases the instability of the voltage source. In other words, the (3 values
need to be defined so that the sum (s + (3 can never go too close to zero.
Calculating (g such that the minimum |(3| is, for example, limited to half or
one third of (s, however, creates a system where individual DC/DC convert-
ers will not reverse their current to counteract the system load. This only
affects the robustness of the balancing—that is, it slows it down—but does

not prevent convergence.

Figures 77 and 78 present the modeling results for droop coefficient-based
energy storage state-of-charge balancing. In order to keep the currents and
states-of-charge within physically meaningful values, and at the same time
give the modeling enough steps to converge the states-of-charges, the simu-
lation parameters were adjusted. The load profile still utilizes the smoother-
step function from Section 3.1, but now varies between —50 and 50 A, and
the modeling was extended to 15,000 steps instead of the previous 5,000.
The state-of-charge development during the balancing is presented in Fig-
ure 78a, and the droop coefficient variations in Figure 78b.

An operational inconvenience is that the system must continuously monitor
the DC voltage level Vpc, and if it crosses the DC voltage reference value V',
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Load distribution under varying load during droop coefficient-based energy storage
state-of-charge balancing with unequally sized storages and nominal source currents
Ve =Vs, =Vg =V5, =700V, (s, = (s, = (s, = (s, = 0.02
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Figure 77. Load distribution during DC droop coefficient-based energy
storage state-of-charge balancing.

loo}:.}lwrgy storage system state-of-charge development during balancing «10-3 (p variation during balancing
( T T 67
—S0Cg,, Qmaxe, = 80 kAh
——SoCk,, Qu 90 kAh n
i SoCr, 110 kAh
80% —SoCk, 120 kAh ol
——SoCrp
o 0
3 60%|
2
T s
S 40%
3} 61
20% | 8 —n,
— B,
-10+ oy
- — s,
0% L 1 -12 | | .
0 5000 10000 15000 0 5000 10000 15000
Modeling index n Modeling index n

(@ (b)

Figure 78. Energy storage systems’ (a) states-of-charge and (b) balancing
offsets (g, while performing DC droop coefficient-based
state-of-charge balancing algorithm, compensated for
different energy storage capacities and DC/DC converter
nominal current ratings, with (g, = 0.05.
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where (g is the scaling factor for the offset to control its magnitude in rela-
tion to the state-of-charge deviation. The sign reversal is required to invert
the slope of the offset droop—switching between increasing and decreasing
behavior—depending on whether the energy storage is charging or discharg-
ing.

Equations (4.10) and (4.13) now form the basis of a droop coefficient-based
state-of-charge balancing algorithm applicable to arbitrary storage capaci-
ties and converter sizes. The method is not fully optimal due to the non-
linear relationship between output current and voltage when droop coef-
ficients are adjusted. In cases of extreme state-of-charge differences, the
droop offset can become large, resulting in high output currents. Therefore,
practical limitations must be considered, such as anticipating system-level
voltage deviations and enforcing upper bounds on the droop offset. The al-
gorithm could be further optimized by replacing the linear relationship in
Equation (4.13) with a non-linear mapping of the offset as a function of state-
of-charge deviation.

4.5 Conclusions on the Energy Storage Balancing Algo-

rithms

The two presented state-of-charge balancing algorithms can be roughly cat-
egorized into active and passive balancing methods. The DC voltage ref-
erence offset V5 -based method actively induces current flow between the
energy storages in order to balance the charges regardless of the external
loading situation. Meanwhile, the DC voltage droop offset (g-based method
does not induce current flow between the storages, but rather passively aims
to distribute the external loading unevenly between the voltage sources to,
over time, balance the energy storages’ states-of-charge. See Table 14 for an
Al generated comparison of the two balancing methods.

Compared to the Vj-based algorithm, the (z-based balancing algorithm is
more complicated, slower, and presents additional challenges in maintain-
ing DC-link voltage stability. Moreover, the coefficient-based algorithm de-
pends on external load to induce current flow in the system, which leads to
a voltage difference between the voltage sources’ drooped DC voltage refer-
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Table 14. Comparison of the developed state-of-charge balancing
algorithms (OpenAl (2025b)).

Feature

Voltage-Reference Offset (V)

Droop-Coefficient Offset ((p)

Mechanism

Add a balancing offset V3 to each
source’s droop reference; V3" is com-
puted from the SoC deviation.

Modify the effective droop coefficient
by adding (g derived from SoC devia-
tion; sign depends on whether Vp is
above or below V.

Dependency on External Load

Low; operation independent of load-
induced deviations.

Moderate; redistribution  follows
droop law, effect depends on operating
point and load.

Control Simplicity

High; one scalar offset per unit.

Medium; requires computing ¢g with
correct sign logic and mapping.

Impact on DC-Link Voltage

None by design; no impact on Vpc.

Non-zero; droop modification shifts
DC voltage slightly, effect diminishes
as balance is reached.

Response Speed Fast; immediate effect at next control | Fast; immediate change in sharing, but
step. current response is non-linear.
Scalability High; p.u. scaling supports unequal | High with tuning; requires bounded
sizes and many units. ¢g for uniform behavior across many
units.
Stability High if offsets are bounded and |Medium - high; requires mapping of

clamped.

¢p for large imbalances to avoid exces-
sive current steps.

Practical Feasibility

Good; requires write-access to V* of
each unit.

Good; requires run-time adjustability
of droop coefficients, common in mod-
ern converters.

Advantages Independent of load; no DC-link im- | Works when V'* is fixed; leverages ex-
pact; simple and robust. isting droop; predictable voltage re-

sponse.
Disadvantages Needs accurate SoC and bounded off- | Non-linear current response; can per-

sets; poor bounds can push unrealistic
references.

turb Vpc; risks inter-converter cur-
rents if slope changes are excessive.

Best Use Case

Shipboard microgrids with variable
voltage-based control where DC-link
voltage must remain unaffected.

Systems with fixed V* but adjustable
droop, and moderate SoC deviations.

ences and the actual DC-link voltage. The algorithm then manipulates the
slope of each voltage source’s DC droop curve—either steepening or flatten-
ing it compared to the default—to create unequal voltage references among
the DC/DC converters, thereby inducing current flow between them.

This elaborate symbiosis of external load, droop coefficient offsets, and their
induced current flow between voltage sources is like a parasitic relationship,
where the balancing functionality needs external load to exist. This, and the
non-linear relationships presented earlier, are blatant disadvantages when
compared with the Vi -based balancing algorithm, which is not dependent
on any outside load, but inherently creates its own separately controlled cur-
rent flow without any external intervention.

While it is possible to create a stable (g-based balancing algorithm for multi-
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ple differently sized energy storage systems run by differently sized DC/DC
converters, it is, however, not likely worth the trouble in practice. If the sys-
tem is capable of assigning the (3, it is capable of assigning the 1} as well,
and implementing a simpler and more capable algorithm. Thus, barring
some special application area, (g-based, and by mathematical equivalence
Rps-based, balancing development seems to be more of an academic exer-
cise.
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5 VARIABLE VOLTAGE-BASED POWER
MANAGEMENT OF DC MICROGRIDS

The core principle of variable voltage-based power management is that load
inverters within the microgrid use the DC-link voltage to independently de-
termine their operating mode at any given time. Droop control forms the
basis of the voltage’s variable behavior, though it is not the only contributing
factor. Droop control distributes the load proportionally among the voltage-
supporting equipment, while variations in load demand or available gener-
ation capacity—which may change rapidly in exceptional situations, such as
the sudden disconnection of a large source or load—cause corresponding
changes in equipment loading. The DC voltage is directly influenced both
by the sources, through their voltage references and droop coefficients, and
by the loads, through their under- and overvoltage regulators. Additional
influences include current limits on power flow to and from the DC-link, as
well as the loads’ reference values and any external constraints.

Traditional power management systems operate by continuously supervis-
ing the number and loading of active voltage sources. If available power
becomes insufficient, new sources (e.g., generator sets) are started, or loads
are limited or disconnected. This approach requires continuous low-level
equipment control and depends entirely on the reliable operation of the cen-
tral control system. The same applies during exceptional events: equipment
relies on explicit control commands to limit power, shut down, or charge/dis-
charge batteries. This dependence introduces operational delays and repre-
sents a clear single point of failure. To mitigate this, developers of power
management and ship automation systems implement redundancies such
as ring networks and duplicated controllers for port and starboard sections,
in order to localize the consequences of failures.

In shipboard power systems, the variable voltage-based power management
strategy provides significant advantages in robustness and fault resilience.
Decision-making is distributed to the inverter level, eliminating the need
for the central automation system to handle low-level control tasks such as
starting additional sources or limiting loads when power becomes scarce.
Instead, inverters perform these actions autonomously. The central con-
trol system remains responsible only for higher-level tasks, such as defin-
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ing generator start-up priorities or disabling specific units, which lie outside
the scope of the microgrid control strategy. These functions form the “sand-
box” described earlier in Section 1.1.3, where the central system parame-
terizes rather than directly controls inverter operation. As a result, system
robustness and fault resilience are greatly improved: even if the central con-
trol system fails completely, the inverters continue to operate correctly, and
blackout is avoided.

5.1 System Control Hierarchy

While the variable voltage-based power management strategy is not hierar-
chical in nature, nor does it closely resemble the commonly used hierarchi-
cal control strategies, a control hierarchy nevertheless exists in all micro-
grid systems. This hierarchy is required to fulfill system-level operational
requirements specific to the use case. In shipboard power systems, these in-
clude tasks such as starting and stopping equipment, assigning references,
and setting other control parameters needed to operate the ship in differ-
ent modes, for example, emission-free or shore-power modes. The imple-
mented microgrid control strategy then defines the operational principles
that ensure stable system behavior within the selected operating mode.

To clarify the division of responsibilities under the variable voltage-based
power management strategy, a simplified control hierarchy is illustrated in
Figure 79. The figure shows the two lowest levels of control required to man-
age a DC microgrid. At the lowest level are the inverters, represented with
the widest combined base to indicate their primary role and overall respon-
sibility. Above them is the microgrid controller, which parameterizes and
supervises the inverter operation. In this context, parameterization refers
to non-time-critical actions affecting the inverters as a whole, as opposed to
continuous, time-critical low-level control of references and limits required
by some other control strategies.

Inverters can operate either as current-controlled devices A , governed by
their under- and overvoltage regulators, or as voltage-controlled devices A\ .
As their operating principles differ fundamentally, it is useful to distinguish
them explicitly, allowing clear identification of which device is primarily re-
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Level 2

Microgrid
Controller

Level 1

Voltage Controlled

Figure 79. Lowest two levels of the control hierarchy in the variable
voltage-based power management strategy.

sponsible for DC voltage control and which operates in a supporting role. All
systems must also include a supervisory controller /\ . In small systems, this
role can technically be performed by one of the inverters, or it can be han-
dled by an external system, such as a ship power management controller.
In all cases, a supervisory layer is required to coordinate inverter operation
and provide a user interface.

As described in Section 1.1.3, under the variable voltage-based power man-
agement strategy the fast control required for continuous microgrid oper-
ation is located at the inverter level. The supervisory control system de-
fines only the operating parameters and boundaries—the “sandbox”—within
which the inverters function. The operating principles of inverters and DC
microgrids are presented mathematically in Section 3.1. In practice, param-
eterization may include changing inverter modes between their internal op-
eration states (e.g., speed, torque, or power control for motor drives), or
assigning a new DC voltage reference due to a change in the system-level
operating mode. These aspects are further demonstrated in later sections
through real-life use cases.

Figure 80 shows an example DC microgrid in which the /\ , A , and A cor-
respond to the roles defined in Figure 79. In this example, the Grid Inverter
at the top left is assumed to be connected to the national grid and is there-
fore capable of operating as a DC voltage source if required. From the DC
microgrid’s perspective, the DC/DC converter can also serve in either role:
as a DC voltage supply or as a current source/sink.
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Figure 80. Example DC microgrid with inverters marked according to
their hierarchical roles.
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It should be noted that the system in Figure 80 is highly simplified in terms
of both electrical components and control systems, and is presented solely as
a conceptual reference. For example, it omits filters as well as a battery man-
agement system, which supervises the battery states, provides monitoring
values, fault information, and charging and discharging current limits for
the microgrid controller. A real system would also include an energy man-
agement system to estimate battery endurance, determine when charging is
required and possible, and issue start commands for additional generators.
Battery management is typically vendor-specific and integrated into the bat-
tery system itself, whereas energy management is system-level functional-
ity. Its natural place is within the microgrid controller or, in some cases, a
higher-level supervisory controller.

5.2  Ensuring Power Availability

Ensuring that power producers are not overloaded is one of the most cru-
cial tasks in shipboard power management. Traditionally, this is achieved
by a power management system that continuously calculates the producers’
available power. The result is then translated into current or power limits
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for the main consumers, or used as a trigger to disconnect non-critical loads
or start additional generator sets. If this available power is miscalculated
or temporarily exceeded—for example, due to the sudden disconnection of a
power producer following a fault—the system may remain overloaded for too
long because of communication delays. In such cases, the remaining power
producers may also trip, leading to a blackout.

Figure 81 presents a system consisting of two loads and a single voltage
source, whose output is limited to 100 A, similar to the configuration in Sec-
tion 3.1.7.1. In this case, however, the loads are not equipped with under-
voltage regulators. Once the source reaches its current limit, it switches to
current-control mode, Ry becomes infinite, and the DC voltage is no longer
regulated. The loads continue to follow their current references, causing the
DC voltage to collapse to zero and resulting in a blackout.

Figure 81 demonstrates the system behavior when a voltage source cannot
supply sufficient current to maintain the DC-link voltage. Asloads L, and L,

Demonstration of source overload in traditionally controlled microgrid
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\ \ \ \ \ \
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Figure 81. Demonstration of source overload and blackout in a
traditionally controlled microgrid, where the control system
failed to limit the loads in time.
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together draw more current than the source S,’s maximum specified output
of 100 A, the voltage collapses and the model stops the inverters. It should be
noted that the quasi-static model behavior considers only the current imbal-
ance between the loads and the source when calculating the DC-link voltage.
It does not capture the detailed dynamic behavior of the capacitances in the
inverters.

To place this in a broader context, it is useful to note that even in the far
more common AC shipboard power systems, similar power-limiting func-
tionalities are needed to prevent generator overloads. Modern inverter- or
frequency-converter-based full-electric propulsion systems, for example, can
independently monitor the ship’s AC grid frequency and limit their output
accordingly. This capability, however, requires additional measurement de-
vices and is not inherently supported by all inverters. Availability depends
on the specific supplier and product, and it is therefore uncertain whether
equivalent functionality can be assumed across all devices.

In contrast, with DC microgrids employing the variable voltage-based power

management strategy, neither continuous power-availability calculations nor
additional measurement hardware are required for overload protection of

voltage sources. All inverters are able to measure the DC voltage and thus

deduce directly from it when and how much they must reduce their demand

or support the voltage. With correct parameterization, the system becomes

highly reliable and robust against power shortages.

5.2.1 Loads' Automatic Support of the Voltage

With the variable voltage-based power management strategy, every inverter
in the DC microgrid can deduce the loading situation directly from the DC-
link voltage. Source overload situations are handled autonomously by the
loads via their undervoltage regulators, without intervention from the cen-
tral control system (see Figure 82). This functionality is inherent to the in-
verters themselves: aslong as an inverter is operating, it can support the grid
voltage. The supervisory control system is therefore not required to perform
continuous low-level control of the inverters at fast time scales. Instead, it
only defines the operational boundaries in the form of DC voltage references,
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Figure 82. Demonstration of inverters’ independent load adjustment by
voltage regulators, to ensure the voltage source is not
overloaded.

undervoltage and overvoltage regulator limits, and droop coefficients within
which the inverters operate.

In the example of Figure 82, the system’s only voltage source S; is limited
to its nominal current of 100 A, as in Figure 81. The modeled loads follow
predetermined current references: Load L, varies between 0 A and 100 A,
while Load L, varies between 0 and 40 A. L,’s undervoltage regulator acti-
vation threshold is set to 686 V with 2% droop, corresponding to the DC-link
voltage when S; is at full load with its 700 V reference and 2% droop. L.’s
undervoltage regulator is set slightly lower, at 684 V with the same droop.

As the combined load increases to 100 A, S; reaches its nominal current and
the DC-link voltage falls to 686 V, activating L,’s undervoltage regulator. As
L,’s demand continues to rise, L, reduces its own load, lowering the DC volt-
age further. At 684 V, L,’s regulator also activates, stabilizing the system.
When L,’s reference decreases, its regulator contribution becomes unnec-
essary and it disengages. As L,’s reference decreases further, the DC-link
voltage rises above its activation threshold and L, also disengages, return-
ing both loads to normal current-controlled operation.
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Because the source current was fixed at 100 A, S; effectively operated as a
current source. The loads then adjusted their operation automatically to
maintain DC-link stability and prevent blackout. The DC voltage remained
within safe limits, and the loads were utilized up to their maximum feasi-
ble contribution. Once the load references decreased sufficiently, the reg-
ulators disengaged simultaneously with the source leaving current-limited
operation, and the system returned to normal operation.

It should be emphasized that the system behavior in this scenario is critically
dependent on the undervoltage and overvoltage regulators. These regula-
tors are integral to the variable voltage-based power management strategy,
as they enable the loads to support the grid voltage when required. Their
implementation must therefore be predictable and consistent for correct
load sharing and voltage support. The regulator models used in this and
the following examples (unless otherwise specified) are those described in
Section 3.1.7.1, which incorporate conditional droop compensation.

For comparison, Figure 83 shows the same scenario with undervoltage reg-
ulators implemented without conditional droop compensation. In this case,

Demonstration of system behaviour with non-droop compensated regulators
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Figure 83. Demonstration of undervoltage regulator operation without
conditional droop compensation.
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L,’s regulator shifts its activation threshold upward to such an extent that it
activates already when S, is loaded to only about 50% of nominal capacity.
L.’s regulator never activates, and S, is never utilized near its full potential.

5.2.2 Automatic Stand-by Voltage Source Startup

Startup of a new power source, such as a generator set, can be directly linked
to the DC-link voltage. Because droop control distributes load proportion-
ally, a given DC-link voltage corresponds to a specific loading percentage of
the active voltage sources. This enables straightforward trigger conditions
for automatic startup of additional sources, provided that all voltage sources
share the same DC voltage reference and droop coefficient.

Figure 84 presents a modeled scenario of generator startup based on DC-
link voltage. Initially, up to n = 1000, Load L, consumes 50 A, supplied by
a 75 A voltage source. As the load begins to increase, the primary source

Load distribution in droop controlled DC Microgrid
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Figure 84. Modeled situation where load increases steadily from 50 to
100 A and a secondary voltage source is automatically started
when the primary source reaches 90% of capacity.
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reaches 90% of capacity at n ~ 2050.

The secondary 25 A voltage source, representing the standby generator set,
is programmed to start when the DC-link voltage falls to 90% of the drooped
value:

Ve (1-0.9-¢,) =700V (1-0.9-0.02) =687.4V. (5.1)

This voltage level corresponds to the situation where the operating source is
at 90% of nominal load, which occurs at n ~ 2050. Since all voltage sources
share load proportionally when they have identical voltage references V* and
droop coefficients ¢, the DC-link voltage provides a direct and unambiguous
indication of system loading, regardless of the number of active sources.

Between n =~ 2050 and n ~ 3300, the 25 A source is ramped up smoothly by
increasing its DC voltage reference from the actual DC-link level to the com-
mon reference of 700 V used by the 75 A source. Between n ~ 3300 and n =
4000, the load continues to rise, and the droop-controlled sources allow the
DC-link voltage to decrease until the system reaches 100 A at n = 4000. Be-
cause the standby source entered operation in a controlled and autonomous
manner, system operation remained uninterrupted and no external control
intervention was required.

5.3 Automatic Limitation of Excess Power Generation

Traditionally, backpower scenarios have most often resulted from excep-
tional situations, such as the sudden loss of a large consumer due to a fault
trip or emergency stop. Combustion engine — based generator sets are rel-
atively slow to respond in such cases because of their inertia, and may them-
selves enter backpower and trip. This makes management of backpower
events more challenging for the control system than overload situations,
where a coarse but effective solution is simply to shed loads. While this sec-
tion concentrates on excessive power generation from renewable sources,
the same principles can also be applied to conventional backpower events
through the use of DC/DC converters and energy storage systems.

Until now, only DC voltage drops caused by drooping have been considered.
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It is important to note that, depending on the relative mix of sources and
loads, drooping can equally result in a voltage rise. This becomes increas-
ingly relevant as renewable sources such as solar power are integrated into
shipboard systems. Renewables are typically operated to extract the max-
imum available power at all times, since it is effectively cost-free, by run-
ning their inverters in current-controlled mode with maximum power point
tracking. This may lead to situations where production exceeds consump-
tion, and without a corrective mechanism, the voltage sources onboard may
experience backpower and trip.

Within the principles of the variable voltage-based power management strat-
egy, there are two approaches to preventing backpower. One approach is to
assign the current source an overvoltage regulator threshold VOV* slightly
below the voltage source reference V*, ensuring that the voltage source out-
put remains marginally positive. Alternatively, V°V* can be set significantly
above V* while simultaneously imposing a minimum current limit on the
voltage source, forcing it into current-controlled operation rather than back-
power. This latter method deliberately allows a temporary condition of ex-
cess power generation, causing the DC-link voltage to rise and thereby ac-
tivating load-side overvoltage regulators. In this controlled manner, addi-
tional voltage margin is created and unstable interactions between sources
are avoided.

As with undervoltage regulators in Section 5.2.1, the correct operation of
this functionality depends critically on the implementation of the overvolt-
age regulator. The modeled scenarios presented in the following subsections
therefore employ the same regulator implementation described earlier in
this work.

5.3.1 Limiting by Overvoltage Regulator Only

The same principle used throughout the variable voltage-based power man-
agement strategy also applies here: inverters can deduce their required ac-
tion directly from the DC-link voltage. Current sources, such as renewable
power units, can be modeled as positive loads with their own under- and
overvoltage regulators. As noted earlier, motor loads are not directly con-
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trollable by the system, and the same applies to renewable sources: they are
designed to operate autonomously, for instance by following a maximum
power point tracker in the case of a solar inverter. Just as normal loads
trigger their undervoltage regulators when the DC-link voltage falls too low,
positive loads can trigger their overvoltage regulators when the DC voltage
rises too high, thereby limiting their output independently of the central con-
troller (see Figure 85).

In the example of Figure 85, the system consists of a single 100 A voltage
source, a 50 A constant base load, and a current source, modeled as a neg-
ative load, whose output varies between 20 and 60 A. The voltage source
reference is 700 V with 2% droop, while the current source overvoltage reg-
ulator is set to 699 V. For this approach to function, the regulator must be
set extremely close to the voltage source reference; otherwise, the source ei-
ther cannot reduce its output sufficiently, or it reduces its output excessively,
leading to backpower.

This requirement is problematic. In the example, the regulator must be set
just 1V (0.14%) below the source reference to achieve a practically reason-

Current source limitation by overvoltage regulator only
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Figure 85. Limiting voltage source unloading by utilizing only a current
source’s overvoltage regulator.
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able 7% minimum voltage source output. In reality, no voltage source can
operate reliably within such a narrow margin. The result would be strong
fluctuations of the source output around zero, as it attempts unsuccessfully
to share load with the current source, which is effectively operating as a volt-
age source. In practice, this would likely cause the load to switch repeatedly
between current-controlled and voltage-controlled operation, introducing
further disturbances into the system.

The underlying requirement is not about fine-tuning load sharing but about
preventing the voltage source from being driven into backpower. Using reg-
ulators alone to achieve this would necessitate unrealistically large droop
coefficients in order to create sufficient voltage margins. While voltage reg-
ulators are essential for enabling inverters to act on DC-link voltage devia-
tions, additional mechanisms are required to provide the necessary operat-
ing margin for stable backpower prevention.

5.3.2 Assigning Minimum Current for Voltage Source

Another option to control current source output and prevent the voltage
source from entering backpower is to impose a minimum output on the volt-
age source. For example, limiting the voltage source minimum output to 7%
of nominal, as in Figure 86, forces the voltage source to change to current-
controlled operation when output reaches that level, thereby preventing its
output from falling too low.

Since the voltage source cannot reduce its output below the minimum, while
the current source continues injecting current into the DC-link, the DC volt-
age rises steeply once generation exceeds consumption. At the point where
the voltage source reaches its current limit and transitions to current control,
there is momentarily no device actively regulating the DC-link voltage. This
deliberate rise in voltage allows the current source to be assigned a signifi-
cantly higher overvoltage regulator threshold than in the case of Figure 85,
thereby creating a larger operating margin and improving system stability.
Consequently, the voltage source does not oscillate around zero output in an
attempt to share load with the current source.

In the example of Figure 86, the current source’s overvoltage regulator is set
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Current source limitation by limiting voltage source minimum current
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Figure 86. Limiting voltage source unloading by imposing a minimum
current output and allowing the DC-link voltage to rise.

to 710 V. This makes the margin between the voltage reference and the regu-
lator limit ten times larger than in Figure 85, giving the system substantially
more flexibility. Furthermore, because the voltage source effectively oper-
ates as a current source, its output remains much more stable, as it is no
longer competing with the current source for load sharing.

Figure 86 also shows unstable regions around the moments when the volt-
age source and the load change their operation modes. These artifacts result
from the quasi-static modeling, since during the transitions Ry;g is momen-
tarily infinite and the DC voltage mathematically tends toward +o0o, depend-
ing on the loading situation. In the model, Code 3 limits the maximum DC
voltage to 1,000V to prevent numerical divergence in such situations, with
the overvoltage regulator subsequently constraining the otherwise uncon-
trolled voltage. In real systems, inverter capacitors introduce dynamics that
allow smoother transitions between operation modes.



172 Acta Wasaensia

5.4 Power Supply Prioritization

Power supply prioritization is a fundamental requirement of any practical
microgrid control strategy. From both ecological and economic perspec-
tives, it would be unacceptable to adopt a strategy that cannot prioritize the
use of more favorable power sources over less favorable ones. It has been
noted that droop control alone does not provide supply prioritization (Ko,
Lee, Choi, and Kim (2019)), as its purpose is to distribute load rather than
to rank sources. While this statement is correct, it is not the full picture.
Supply prioritization can in fact be achieved by exploiting the variable volt-
age behavior of the DC microgrid induced by droop control.

Two distinct scenarios may be described as supply prioritization. The first
is a planned condition, where one source is fully loaded before another be-
gins contributing. The second is an exceptional condition, where a backup
source must react immediately to a disturbance; this latter case is addressed
separately in Section 5.6.

This section focuses on the first case: intentional sequencing where the sec-
ondary source remains unloaded until the primary is fully utilized. This dif-
fers from the situation in Section 5.3, where a renewable source operates as
a current source while a generator set continuously maintains the DC-link
voltage. In that configuration, increased renewable output reduces the gen-
erator contribution but does not replace it entirely, and vice versa. Here, by
contrast, an increase in load raises the output of the primary source until its
limit is reached, at which point the secondary source begins supplying. As
load decreases, the secondary source reduces its output first, followed only
later by the primary.

5.4.1 Victorian Reliance |l: Real-life Use Case on Controlled Prior-

itization of Primary and Secondary Power Sources

A practical example of controlled source prioritization was presented by Alho
and Laaksonen (2020), implemented on the ships MV Tasmanian Achiever
IT and MV Victorian Reliance I1, as illustrated in Figure 87. The system con-
sisted of three inverters: one connected to a 1.7 MW shaft generator, one to



Acta Wasaensia 173

Main Switch Board Main Switch Board
415 VAC / 50 Hz 415 VAC / 50 Hz

ME 1

Variable Speed Variable Speed

sh
| ger as
Running Runnin .

Permanent Magnet Shaft Generator Bow Thruster Permanent Magnet Shaft Generator Bow Thruster

PTO power: 1700 kWe between 115 - 146 rpm 2000 kWe PTO power: 1700 kWe between 115 - 146 rpm 2000 kWe
1000 rpm 1000 rpm
500 VAC 500 VAC

Stopped Running
7

(a) Power flow during PTO operation (b) Power flow when thruster is
while sailing. running.

Figure 87. Principle-drawing of presented inverter system utilizing
voltage-based power supply prioritization.

a 2.0 MW bow thruster motor, and one to the AC grid. During normal sail-
ing operation, the shaft generator operates in Power-Take-Out (PTO) mode,
meant for supplying electrical power to the ship grid (Figure 87a). When
the bow thruster is started, however, the export of power to the AC grid is
ramped down, and the shaft generator output is redirected entirely to the
motor. Only when the generator output is insufficient to cover the motor
demand does the AC grid side inverter contribute (Figure 87b).

The single-line diagram in Figure 87 originates from the shaft generator sys-
tem supplier (WE Tech Solutions Oy). As the supplier was not involved in
the selection or design of the auxiliary generators, their power ratings were
not known at the time of diagram preparation. The purpose of the diagram
in this work is solely to illustrate the basic principles of the two operational
scenarios; therefore, exact details—for example, breaker closing statuses—
are omitted, as such information can be deduced from the depicted power
flows.

In this configuration, the generator-side inverter must actively maintain the
DC-link voltage, i.e., it serves as the system’s voltage source. The grid-side
inverter is allowed to contribute to the DC-link only if the motor demand
exceeds the generator’s nominal capacity; otherwise, it remains idle, neither
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supplying to nor absorbing from the DC-link. The generator inverter must
also be prevented from exceeding its nominal rating.

The generator inverter is the sole voltage source and operates with droop
control, meaning that the DC-link voltage directly reflects its loading. The
grid-side inverter is operated in current-control mode with zero reference,
effectively acting as a load, but equipped with an undervoltage regulator set
to activate at the DC-link voltage corresponding to the generator at nominal
load. No droop characteristic is applied to this regulator, since the inverter
is not intended to share load proportionally but only to supplement the gen-
erator once its limit is reached. If droop were applied, the generator load
would continue to increase with motor demand, which would contradict the
prioritization requirement.

5.4.2 Modeling the System From Motor Load

The mathematical model of the system is constructed from the motor load-
ing data recorded onboard and reported in Alho and Laaksonen (2020) (Fig-
ure 88), the known powers in Figure 87, and the modeling principles intro-
duced in Section 3.1. The thruster motor has a nominal power of 2,000 kW
and the generator inverter 1,700 kW, leaving the grid-side inverter to sup-
ply the remaining 300 kW. Its nominal power must therefore be at least this
value.

As demonstrated in Figure 55, the use of power references does not, with
the applied droop coefficients, significantly affect the inverter currents. The
modeling framework is, however, expressed in terms of nominal DC current
ratings. In practice, such ratings are not directly available, since inverter pa-
rameterization is typically specified for the AC side. To resolve this, a nom-
inal DC voltage is assigned for the sole purpose of converting the known
power ratings into nominal DC currents required by the model. The abso-
lute values of the resulting currents are not physically meaningful, as they
depend on the arbitrarily chosen nominal voltage. Nevertheless, by consis-
tently using the same nominal voltage when converting these currents back
into powers, the modeled powers correctly represent the behavior of the sys-
tem.
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Modeling DC Voltage Based Power Supply Prioritisation
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Figure 88. Motor load data used as the basis for mathematical modeling
of the prioritization system.

The motor load data is provided in kilowatts and is transformed into the nor-
malized load factor Ky, required for the calculations by dividing the power by
the negated nominal motor power of 2,000 kW, consistent with the adopted
load sign convention:

Ky (f) = k)

= Z2.000kW’ (5-2)

The grid-side inverter, acting as the auxiliary source when the thruster is
running, is modeled as a current-controlled device whose participation is
enabled only when the DC-link voltage falls below the activation level of its
undervoltage regulator. The behavior is represented according to the prin-
ciples in Section 3.1.9:

0, if Vbe > V(S"Xl* ,
Keria =4 [ + 1. (5.3)
LT 6 ¢ 10,00), otherwise,
InomGrid
where V3Yr is the grid-side inverter’s designated undervoltage regulator ac-
tivation limit, I;, is the modeled bow thruster inverter current, /g, is the

modeled generator inverter current and /,omgriq the modeled grid-side in-
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verter nominal current.

This representation makes the grid-side inverter a conditionally activated
current-controlled device that effectively behaves as a negative load, with-
out a detailed physical model. It simply compensates the current difference
between the bow-thruster inverter and the generator inverter. As shown
later, this produces an unnaturally stable DC voltage because the inverter’s
output is prescribed rather than derived from a control model. Since the in-
verter output is scaled algebraically, the exact nominal current rating is not
critical, provided the scaling is applied consistently. In this modeling, the
grid-side inverter nominal power is set to 1,000 kW.

The parameters used in the modeling are summarized in Table 15. Circu-
lating currents are neglected in order to isolate the prioritization behavior.
The generator inverter voltage reference V¢, of 787V was determined from
the original zero-load data, where droop is absent. From the same data, the
droop coefficient was calculated as 2%, based on the ratio of DC voltages
at zero load and at 1,700 kW load. Although Alho and Laaksonen (2020)
reports a droop of 3% according to the inverter parameterization, the mea-
sured voltage characteristics are consistent with a value of 2%. The reason
for this discrepancy has not been established and lies outside the scope of
this work. Since the objective here is to reproduce the physical behavior of
the system rather than the exact inverter parameter settings, a droop coeffi-
cient of 2% is adopted.

As seen in Figure 88, the real-life data naturally contains a time element,
since the data points were recorded at specific intervals and can be mapped

Table 15. Parameters used in the power supply prioritization model.

Parameter Value

Voltage Rating Vi eq 400V

PromGen 1,700kW

PromGrid 1,000 kw

PoomL 2,000 kW

ThomGen PnomGen/V;‘ated = 47250A
ThomGrid P nomGrid/ Viated = 2,500 A
TnomL PnomL/Vrated = 57000A
VGen 787V

(Gen 0.02

/A%4 Ve (1.0 — Coen) ~ 7713V

Rne V(?enCGen/ ThomGen == 0.004 €2
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across a time window. However, as mentioned in Section 3.1.3.1, the time
aspect is irrelevant for quasi-static modeling. In the figures presenting the
modeling results in later sections, time is shown on the z-axis only because
the corresponding real-life data is included as well. In the modeling itself,
each data point simply represents a step in the calculation, without any im-
plication of the elapsed time between steps.

The real-life inverters naturally include DC-link capacitors, which introduce
short-term dynamics into the system that quasi-static modeling cannot repli-
cate. As discussed in Section 1.1.1 and shown in Sections 3.1.4.1 and 5.2, the
absence of such dynamics in the modeling paradigm leads to instantaneous
steps in voltage and current without transients. The capacitors in the in-
verters serve to smooth rapid variations in the DC voltage, ensuring stable
operation of the power electronics, and to provide a limited energy buffer
against sudden large load steps. Apart from the special case where an in-
verter is disconnected while its capacitors are fully charged, in which case
they may discharge over several seconds, the influence of the capacitors dur-
ing normal operation is practically irrelevant at the time scales of seconds.
For example, with a bow thruster acceleration ramp lasting 15 s, the capaci-
tors have a negligible effect on the DC voltage behavior.

It should be also emphasized that the inclusion of DC-link capacitors would
not affect the steady-state results. For example, if the quasi-static model-
ing yields a DC-link voltage of x V in a condition where the system has re-
mained unchanged for several seconds, a time-domain model including ca-
pacitances will converge to exactly the same value. The capacitors influence
only the transient trajectories, not the equilibrium points.

5.4.3 Model Analysis and Comparison With Real-life

Figure 89a presents the modeling results, where the blue line is the mea-
sured bow thruster power and the rest of the signals are modeled based on
it and the defined modeling parameters. The load sign here is inverted com-
pared to the Section 3.1 as to match with the data from Alho and Laaksonen
(2020). Appendix 14 presents the MATLAB code for performing the model-
ing.
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Power supply prioritization modeling
Rye = 0.004
2500 - ¢ -850
2000 |- WW
,f \
1500 - f \ - 800
\
= / |
E N |
24 N },/
5 1000 N %
z | \
o f \
a9 / \
\
/ \
500 / \ — 750
/ \
0 Thruster Power —
Modeled Shaft Generator Power -
Modeled Grid Inverter Power
,,,,,,,,, Modeled DC-link Voltage S
| — — —Grid Inverter UVReg Active |
500 I Iy I T T T T I ! I 700
20 30 40 50 60 70 80 90 100 110 120 130
Time [s]

(a) Modeled DC voltage-based power supply prioritization using load data.
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(b) Real-life DC voltage-based power supply prioritization.

Figure 89. Comparison of (a) modeled DC voltage-based power supply
prioritization with (b) real-life data.

As the undervoltage regulator of the grid-side inverter is modeled as rigid
with zero drooping, as described in Section 3.1.9, it immediately supplies
all excess power not provided by the generator inverter once activated, see
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Figure 89a. This produces artificial zero watt difference in power consump-
tion and production and a somewhat unnatural generator inverter output
and DC voltage, which appear artificially flat when the grid-side inverter be-
gins contributing. On a fundamental level, however, this is consistent with
real-life operation, as seen in Figure 89b.

The measured traces are noisier, but the overlaid comparison in Figure 90
shows close agreement between modeled and measured behavior. During
undervoltage-regulator operation, the modeled and measured DC voltages
differ by approximately 3 V. This offset appears only when the grid-side in-
verter’s voltage regulator is active, suggesting that it originates within the
inverters (e.g., measurement calibration or regulator bias). The 3V devia-
tion is too small to account for the discrepancy between the modeled and
measured grid-side inverter powers. In the model, the grid-side inverter ex-
actly compensates the power difference between the generator- and motor-
side inverters so that the net power imbalance is zero. Because the mod-
eled generator-side inverter power aligns reasonably well with the measure-
ments, the remaining difference in grid-side inverter power is attributable
to unmodeled losses (converter and cabling), waveform/filter effects, and
measurement errors.
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Figure 90. Overlaid modeled and real data from power supply
prioritization.
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In the model, when the motor load increases, the generator inverter main-
tains the DC-link voltage. Due to droop control, the voltage decreases as gen-
erator loading increases. Only once the voltage reaches the activation limit
of the grid-side inverter’s undervoltage regulator does it begin contributing
to the DC-link. This process is shown in more detail in Figure 91a. When
the motor load decreases, the grid-side inverter is unloaded first, prior to
the generator inverter. Thus, the modeled functionality reproduces exactly
the intended prioritization behavior and closely matches the real-life mea-
surements.

In the real-life data, practically identical behavior is observed, with only the
earlier mentioned slight difference in power distribution (see Figure 91b).
Although some noise is present in the DC-link voltage, the undervoltage reg-
ulator activates cleanly and begins supporting the DC-link voltage. After a
brief overshoot, the generator inverter stabilizes at approximately 1,700 kW.

When analyzing the modeled behavior in the voltage domain, the linear ef-
fect of droop control is clearly visible as the DC-link voltage decreases with
increasing generator loading. Once the grid-side inverter’s undervoltage
regulator activates, its output increases vertically, since the DC-link volt-
age is no longer permitted to fall further. This ensures that the generator
inverter load remains stable. If the DC voltage were allowed to decrease fur-
ther, the generator inverter would continue to share more load, contrary to
the prioritization objective.
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Figure 91. More detailed comparison of (a) modeled DC voltage-based
power supply prioritization with (b) real-life data.
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The limitation of generator output is therefore achieved through the non-
drooped undervoltage regulator, rather than by imposing a strict maximum
power limit on the generator inverter. It is generally unwise to enforce a hard
output ceiling on power-generating units, since all such units can tolerate
moderate overloads for limited durations before for example the generator
windings start heating up. This operational flexibility is critical to avoid sit-
uations where even a minor, momentary overload could otherwise cause an
unnecessary blackout just like in Figure 81.

Due to the measurement noise in the powers and the DC-link voltage, the
analysis of the real-life data is less distinct than in the modeled case, see
Figures 92b and 92a, respectively. Nevertheless, a clear correspondence is
observed between the two data sets: the DC-link voltage decreases linearly
as the generator inverter power increases, and once the grid-side inverter’s
undervoltage regulator activates, the voltage drop halts. From the figures it
can be estimated that the total voltage drop from 0 to 100% load with 2%
droop is about three times larger than the amplitude of the noise in the DC-
link voltage measurement. This suggests that a 2% droop represents approx-
imately the minimum practical setting for the system while still providing a
sufficient control margin.
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Figure 92. Voltage domain comparison of (a) modeled DC voltage-based
power supply prioritization with (b) real-life data.
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5.4.4 Conclusions on the Modeling Paradigm Usability

The comparison between simulation results and real-life data demonstrates
that the proposed modeling paradigm provides an accurate representation
of system behavior. It can therefore be used by system integrators and in-
verter suppliers to predict performance under various scenarios prior to lab-
oratory-based control system development. In this way, the modeling can
verify that planned control solutions fulfill customer requirements before
committing to the potentially time-consuming development and testing of
control systems.

As mentioned in Section 3.1.3, the simplified approach of modeling the DC-
link voltage without accounting for voltage drops in cables or busbars in-
troduces only negligible error in a single-cabinet system such as the one
presented above. As discussed in Section 3.1.10, these voltage drops can
nevertheless be incorporated through nodal analysis, further extending the
paradigm’s applicability and accuracy for larger and more distributed sys-
tems.

5.5 Stopping Non-critical Loads

Stopping non-critical loads is a standard action in ship power management
to reduce the demand on power-generating equipment. Non-critical loads
are defined as those not essential for ship functionality or survivability, and
their temporary disconnection in exceptional situations is therefore consid-
ered acceptable. The practical distinction between loads that can be lim-
ited and those that must be stopped outright depends on the nature of the
equipment. For example, non-critical loads may include for example cabin
heating and cooling, which are not practical to control individually through
limits or references. In such cases, it is more effective to disconnect the en-
tire section of the ship’s grid supplying this equipment.

This action may be carried out manually by the crew, in which case it is en-
tirely separate from the ship’s automation system. However, the automa-
tion system can also be given the capability to disconnect non-critical loads
autonomously when certain conditions are met, provided that the crew is
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confident it will not do so inappropriately. In this case, automatic load dis-
connection becomes an integral part of the overall power management or
microgrid control strategy.

Within the variable voltage-based power management strategy, the discon-
nection of non-critical loads operates in a manner analogous to the auto-
matic startup of standby generators described in Section 5.2.2. Inverters
supplying non-critical loads are programmed to shut down when the DC-
link voltage falls below a defined threshold, as illustrated in Figure 93. This
reduces the demand on the voltage sources and causes the DC-link volt-
age to rise proportionally. For this reason, non-critical loads must not be
restarted automatically based solely on the DC-link voltage, unless a suf-
ficient hysteresis margin between the stopping and starting thresholds is
implemented. Otherwise, the system risks entering an oscillatory cycle of
repeated load connection and disconnection.

Figure 93 presents the modeled operation of a system with one voltage source
and one large load of 100 A, as well as two smaller non-critical loads of 5 A
and 7 A. Initially, the voltage source operates below its nominal rating while
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Figure 93. Stopping non-critical loads based on DC voltage level.
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the large load is gradually increased. At modeling index n = 3500 the volt-
age source becomes overloaded and the first non-critical load disconnects;
at n ~ 3800 the second non-critical load disconnects as well. With the two
auxiliary loads shed, the voltage source is relieved from overload as the large
load reaches 100 A. Disconnection is based on the DC-link voltage, with a
predefined priority order ensuring that the second load is disconnected only
if the first has already been shed, even though both have the same threshold
of 685.5V.

A key design consideration is that the non-critical loads selected for dis-
connection should not represent excessively large power steps. In systems
relying solely on combustion engine-based generator sets without battery
buffering, the sudden disconnection of a large load relative to the engine
capacity may cause engine rushing and even engine trip. Careful selection
and sizing of non-critical loads are therefore essential for safe and effective
implementation of this strategy.

5.6 Blackout Prevention

Blackout prevention refers to managing rapidly occurring situations that
create an immediate risk of a total power loss, the clearest example being
the sudden disconnection of the ship’s last active power source due to a fault.
In such cases, immediate actions are required to prevent a complete black-
out. Blackout prevention can be supported by equipment with sufficiently
fast response and adequate power production capacity, such as a shaft gen-
erator operating in boosting mode (providing additional torque to the main
engine), or an energy storage system. In most cases, however, load limita-
tions are also required to ensure that the backup source is not overloaded
during the transition.

Designing and testing blackout prevention involves addressing a range of
challenges. The time window between, for example, a generator disconnec-
tion and a total ship blackout is extremely short. Effective prevention there-
fore requires decision-making at the lowest level of system architecture. Im-
plementing such functionality with centralized microgrid control strategies
is difficult: by the time a central controller detects the condition, processes
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the measurements, and issues commands to adjust generation and loads,
the blackout may already have occurred.

The key challenges include, but are not limited to:

« Reaction time: the available window may be as little as a few tens of
milliseconds.

« Power sources:

— Is sufficient backup power available?

— Can the equipment tolerate the sudden increase in power output,
or even a reversal of power flow, required by blackout prevention?

— Can the source respond quickly enough?
 Power consumers:

— How can non-critical loads be disconnected rapidly?
— How should critical loads that cannot be disconnected respond?
— Is there a priority order among the critical loads?

— Is it acceptable that some propulsors or thrusters are completely
unloaded in this event?

5.6.1 Variable Voltage-based Blackout Prevention Principle

For the variable voltage-based control strategy, a blackout-inducing event
and the associated corrective actions loosely resemble the principle of lim-
iting excess power generation discussed in Section 5.3.2. In the latter case,
the DC voltage is allowed to rise uncontrollably until it is stabilized by the
overvoltage regulator of a current source. In blackout prevention, by con-
trast, the DC voltage decreases uncontrollably and is stabilized by one or
more loads or other current sources, such as a battery-connected DC/DC
converter, through their undervoltage regulators.

As mentioned earlier, one of the key design challenges is the definition of
power consumer types and their “priority order,” i.e., the sequence in which
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consumers begin to unload and by how much. In a purely centralized con-
trol strategy, this would require the central controller to calculate in real
time how much each consumer must be unloaded and then transmit the
new limits, a process for which there is no time. In a distributed control
strategy, such as the variable voltage-based approach, this priority order is
defined through parameterization of the equipment. Parameterization can
be carried out in advance, for example when the ship’s operating mode is
changed, or even during commissioning for simple systems. Each piece of
equipment then reacts independently based on the DC-link voltage.

In practice, the implementation of a priority order is straightforward. One
illustrative example is shown below, where voltage thresholds are assigned
such that Va> Vg > Ve > Ve

1. The standby generator receives a start command when the DC voltage
falls to Vj, as in Section 5.2.2.

2. Non-critical loads are disconnected at voltage V%3, as described in Sec-
tion 5.5.

3. A battery-connected DC/DC converter activates its undervoltage reg-
ulator at V.

4. Finally, if still required, propulsion and thruster inverters activate their
undervoltage regulators at p.

Figure 94 presents an example system depicting the priority order assign-
ments in the above listing. In Figure 94, the nominal operating voltage is
denoted by Viomop, and the energy storage voltage, serving as the practical
lower bound, is denoted by Vgss. With the DC/DC converter hardware topol-
ogy described in Alho et al. (2024), Vgss represents a critical threshold to
which the voltage must never fall. If the DC-link voltage were to drop to this
level, the converter’s IGBTs would effectively operate as a diode bridge, caus-
ing the loss of control over the energy storage and leading to uncontrolled
discharging.

In this example, the standby generator receives the start command when
the DC voltage first falls below V. Although the generator may not connect
quickly enough to support the system, the command is issued immediately.
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Figure 94. Single-line diagram with voltage scale used for
blackout-prevention priority order example.

If the DC voltage continues to fall, the non-critical loads disconnect them-
selves according to their predefined priority logic. Should further support be
required, batteries or other suitable sources provide current via undervolt-
age regulators. If the voltage still declines, for example because the battery
DC/DC converter reaches its discharge current limit, load reduction is ex-
tended to the propulsion and thruster inverters. While the goal is to main-
tain propulsion, it is preferable to partially reduce propulsion power until
the standby generator comes online than to risk a total blackout.

This example illustrates only one possible implementation of equipment pri-
ority ordering. In practice, numerous other ship-specific design factors and
end-user requirements may apply, which fall outside the scope of this work.
A real-life blackout prevention system is described in Section 5.6.2.

5.6.2 Aurora Botnia: Real-life Use Case on Variable Voltage-based

Blackout Prevention

Aurora Botnia, see Figure 95, sailing between Vaasa, Finland, and Ume3,
Sweden, features electric propulsion supported by battery energy storage
systems within an AC/DC hybrid power distribution grid (Figure 96). The
four main generators are located in the propulsion switchboards on the 690V
AC grid, while the batteries and the principal consumers—namely the main
propulsion and thruster inverters—are located in separate DC microgrids.
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Figure 95. Aurora Botnia, picture used with permission from Wasaline.
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Figure 96. Simplified single-line diagram of Aurora Botnia’s AC/DC
hybrid power distribution system, used with permission from
Wasaline and WE Tech Solutions Oy.
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The DC microgrids apply the variable voltage-based control strategy and are
capable of performing ship-level blackout prevention using the battery sys-
tems.

The electric main propulsion motors are rated at 6.0 MW each, and the bow
thrusters at 1.5 MW each. The four battery systems each have a capacity
exceeding 500 kWh, with a 3C, or 300% of nominal current, discharge ca-
pability—equivalent to approximately 1.5 MW of power output per system,
subject to state-of-charge.

In normal operation, the batteries are employed for emission-free maneu-
vering near shore and for hybrid operation with the main generators in peak-
shaving and load-scheduling modes. They are also capable for blackout pre-
vention during sea operation (e.g., in traditional maneuvering mode when
power for the propulsors is provided only by the main generators), and in
port in the event of a shore connection failure. The DC microgrid manage-
ment principles follow those presented in this work, with differences in the
practical implementation of the inverter under- and overvoltage regulators
and the considerations specific to an AC/DC hybrid system.

Official blackout-prevention sea trials were conducted during the night of
20 — 21January 2022. All tests were successful and no blackouts occurred.
Figures 97 and 98 show the inverter system behavior (currents, limits, and
regulator statuses) and the AC grid behavior during one such test.

The test was conducted with the bus tie closed (propulsion switchboards in-
terconnected) and only a single main generator in operation. The vessel was
operating in traditional maneuvering mode, where the sole generator served
as the only active voltage source maintaining the 690 V AC grid. The grid-
side inverters acted as voltage sources for the DC microgrids, while all four
battery DC/DC converters were in standby mode—running in current con-
trol with zero reference, effectively monitoring the DC-link voltage and re-
acting only via their under- and overvoltage regulators.

Prior to the test, propulsion load was gradually increased, as shown in Fig-
ure 97 (port-side DC microgrid perspective). The ramp rate was deliberate-
ly slow, consistent with operation on a single generator; propulsion power
ramps are adjusted automatically based on the number of active generators
to avoid excessive transients (Alho et al. (2024)). At time point A, the only
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Inverter loading during blackout prevention test
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Figure 97. Aurora Botnia’s system behavior during a blackout-prevention
test, where GC denotes Grid Converter, data used with
permission from Wasaline and WE Tech Solutions Oy.

running main generator was emergency-stopped via the e-stop button in the
control room, resulting in its instantaneous disconnection.

At the moment of disconnection, no power sources remained online and
the DC-link voltage fell rapidly from approximately 1,158 V to 1,121 V. The
DC/DC converters immediately responded: their undervoltage regulators
activated and their output increased from zero to approximately 150% of
rated discharge. Simultaneously, the grid-side inverters (labeled Grid Con-
verters in this system) shifted from supplying power to the DC grid (about
+20%) to absorbing power from it (about — 8%), reflecting reversal of cur-
rent flow from DC to AC. Between time points B and C, propulsion load was
manually reduced to zero by the ship’s captain, which correspondingly low-
ered the DC/DC converter output and restored the DC-link voltage.

The ship’s design principles also imposed an automatic propulsion power
limitation at the moment of generator disconnection. Consequently, the
propulsion inverters ran momentarily against their undervoltage regulators
but quickly received new power limits from the control system. This pre-
vented the batteries from being discharged at their maximum allowable cur-
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AC grid frequency and voltage response during blackout prevention test
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Figure 98. Aurora Botnia’s AC grid frequency and voltage during
blackout-prevention test, data used with permission from
Wasaline and WE Tech Solutions Oy.

rent, ensuring that they could continue supporting the vessel for longer if
required.

Figure 98 shows the AC grid response. As the vessel operates with an AC/DC
hybrid topology, where main generators are connected on the AC side, the
test was performed from control’s perspective in the worst case scenario
where the grid-side inverters operated as DC voltage sources. In blackout
prevention scenarios, they must be able to switch to AC voltage source op-
eration in accordance with grid frequency. To avoid false triggering, the fre-
quency threshold was set relatively low, allowing the frequency to dip sig-
nificantly before operation mode switching, yet no blackout occurred. In a
pure DC distribution system, with all sources located on the DC link, the
grid-side inverters would consistently operate as AC voltage sources, and
such frequency dips would not occur.

This real-life test demonstrates the effectiveness of the variable voltage-based
DC microgrid control strategy in handling extremely fast, blackout-inducing
exception situations. Without active communication or central commands,
and relying solely on the DC-link voltage as the indicator of system state, the
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DC/DC converters successfully prevented a blackout when the last generator
tripped offline.
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6 DISCUSSION

As noted at the outset of this dissertation, while DC microgrids are increas-
ingly adopted in various fields, their control strategies remain largely tied
to AC-oriented paradigms. This is evident from the literature review, which
showed that DC voltage is often treated analogously to AC frequency: both
are assumed to require strict, continuous stabilization. While stability is im-
portant, the DC voltage level in a DC microgrid has significantly more per-
missible variation compared to AC frequency. This flexibility enables the
use of DC voltage as an information-carrying medium.

Although some researchers have implemented DC microgrids that allow the
DC voltage to vary, their approaches have remained bound to traditional
centralized control concepts. In the literature, so-called DC-bus signaling
typically refers to a centralized controller adjusting system-level operation
according to the DC-link voltage. In practice, this offers limited capability
for handling exceptional situations or ensuring system flexibility. The DC
voltage is merely used as a trigger to change operating modes via the cen-
tral controller, similar to a manual system. Communication delays persist,
all actions must be pre-programmed, and the controller itself constitutes a
single point of failure.

This dissertation introduces a novel DC microgrid control strategy, referred
to as the variable voltage-based power management strategy. The ap-
proach combines two key features: (i) the ability of inverters to deduce the
loading state of the voltage-supporting equipment directly from the DC mi-
crogrid voltage level, and (ii) the capability of load inverters to support the
DC-link voltage via under- and overvoltage regulators. This combination
distributes fast decision-making, traditionally requiring system-level con-
trol, down to the inverters themselves—i.e., the lowest and most robust level
of system architecture. The DC-link voltage thereby functions as a com-
munication medium: droop-controlled voltage sources adjust their output
proportionally to the deviation between the DC-link voltage and their ref-
erence, while loads use their under- and overvoltage regulators to provide
support when thresholds are reached. Together, these mechanisms enable
both planned and exceptional responses without external commands.

The variable voltage-based power management strategy is built upon this
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information-carrying characteristic of the DC-link voltage. Because droop
control makes the voltage vary linearly with the proportional output currents
of voltage-supporting equipment, any given voltage corresponds directly to
a proportional loading state—provided that all devices use identical voltage
references and droop coefficients. Consequently, every device connected to
the DC-link inherently knows the loading condition of the sources and can
react independently, without central coordination, to support system stabil-

ity.

This distributes decision-making to the lowest system architecture level, al-
lowing system-level actions during exceptional events to be executed within
milliseconds by the equipment itself. This approach avoids the need to pre-
program all possible scenarios in advance: instead, equipment can deduce
the appropriate response autonomously, based on its parameterization and
the observed DC-link voltage.

The variable voltage-based power management strategy was validated by
first establishing a mathematical foundation and a modeling paradigm. This
platform enabled the development of the required under- and overvoltage
regulators for load inverters, which are core elements of the strategy. Next,
real-life data were compared with the results of the modeling paradigm to
verify the operation of the strategy in representative shipboard scenarios.
The comparison confirmed both the accuracy of the modeling approach and
the operational capabilities of the strategy in practice.

6.1 Modeling Paradigm

The modeling paradigm developed in this work encompasses the three main
components of a DC microgrid: voltage sources, loads, and the DC-link, see
Figure 99. Beyond their base operation, the paradigm also incorporates cir-
culating currents and advanced features such as energy storage balancing
and under- and overvoltage regulators, whose behavior is directly tied to
the proposed control strategy.

A central principle of the paradigm is the use of proportional values for all
currents. This allows droop parameters to be expressed proportionally as
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Figure 99. Principle single-line diagram of an inverter system, depicting
the main modeled components.

well. Instead of calculating individual parameters for each device supporting
the DC-link voltage, it is possible to apply a uniform droop coefficient, for
example, of 2.0% to all voltage sources.

The paradigm also extends to include cable and busbar resistances, enabling
nodal analysis of the system. In practical installations, such resistances are
non-negligible and introduce additional effective droop, particularly in large
systems with long distribution distances. These resistances influence in-
verter undervoltage and overvoltage activation thresholds and may intro-
duce nonlinearities when effective droop coefficients are no longer equal
across equipment.

6.2 Energy Storage State-of-Charge Balancing

As energy storage systems gain increasing prominence in shipboard power
systems, compatibility of the microgrid control strategy with their opera-
tion becomes essential. For the variable voltage-based power management
strategy, the main risk of incompatibility lies in state-of-charge management
methods that introduce excessive DC voltage deviations during normal oper-
ation, which could cause unwanted activation of under- or overvoltage reg-
ulators.

One aspect that can cause such deviations is state-of-charge balancing be-
tween multiple energy storages of different sizes and nominal currents, con-
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nected via DC/DC converters of different ratings. If the converters are not
controlled in a coordinated manner, balancing can be achieved but at the
expense of significant DC-link voltage fluctuations.

This dissertation develops state-of-charge balancing algorithms based on
offsetting either the DC voltage reference or the droop coefficient. Both
methods are integrated into the DC microgrid modeling paradigm and are
designed to balance state-of-charge across any number of heterogeneous
storage systems. Particular attention is given to ensuring compatibility be-
tween these balancing mechanisms and the variable voltage-based strategy.

6.3 Real-life and Modeled Scenarios Incorporating the Vari-
able Voltage-based Strategy

To verify feasibility, a series of scenarios were modeled that reflect real-
world shipboard power system challenges. These scenarios include over-
load prevention, automatic voltage source startup, and non-critical load dis-
connection. In overload prevention, loads autonomously support voltage
sources to prevent cascading failure of the voltage sources. In renewable
generation scenarios, current-source inverters (e.g., solar) are limited by
overvoltage regulators to avoid backpowering voltage sources while still max-
imizing renewable output.

In addition, real-life data from ships already applying different principles of
the variable voltage-based strategy are presented. Data from MV Tasma-
nian Achiever II and MV Victorian Reliance IT Alho and Laaksonen (2020)
illustrate controlled power source prioritization, while additional data from
Aurora Botnia demonstrate how the strategy enables blackout prevention.
In the latter case, when the last voltage source onboard was suddenly discon-
nected, the distributed inverter-based response prevented blackout without
requiring central commands.
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7 CONCLUSIONS

7.1 Research Outcomes

Section 1.2 listed the dissertation’s research questions, which cover the core
aspects required to verify the validity of the variable voltage-based power
management strategy for DC microgrids in shipboard applications. While
the questions were designed to be general enough to support the evaluation
of any control strategy, their emphasis reflects the unique features of the
proposed approach. These include, in particular, the ability of load inverters
to operate temporarily as voltage sources via their under- and overvoltage
regulators, thereby actively supporting the DC-link voltage.

7.1.1 RQ1: Modeling Paradigm for the Variable Voltage-based
Strategy

The principal challenge in modeling the variable voltage-based strategy lies
in representing both the loads and the DC-link voltage accurately. Although
numerous modeling tools exist, ranging from Simulink to PSCAD, they do
not natively incorporate the under- and overvoltage regulator functionalities
of load inverters. These regulators are central to the proposed strategy, as
they enable loads to participate in maintaining the DC-link voltage. Without
the ability to model these behaviors explicitly, the operation of the control
strategy cannot be evaluated.

In addition, accurate modeling of the DC-link voltage itself is critical, as it
dictates the overall system behavior. A fully detailed representation would
require the inclusion of inverter capacitances and other time-variant dynam-
ics. In this work, however, the paradigm applies a quasi-static approach,
representing the DC-link through virtual droop resistances of the inverters
and, where relevant, cable and busbar resistances. While the omission of ca-
pacitances means that fast transients are not captured, this limitation does
not undermine the objectives of this study, which are concerned with the
operational principles of the control strategy rather than detailed transient
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phenomena.

Nevertheless, incorporating cable and busbar resistances, together with in-
verter capacitances, is an important direction for further academic and in-
dustrial research. In practical systems with long distribution distances, volt-
age drops directly affect equipment parameterization and performance. Sim-
ilarly, modeling transient dynamics is essential for analyzing system selec-
tivity and the design of protective devices such as fuses.

The mathematical foundations of the developed modeling paradigm are pre-
sented in Section 3.1. The source codes of the utilized MATLAB scripts are
presented throughout the work.

7.1.2 RQ2: Inverter Under- and Overvoltage Regulators

The variable voltage-based power management strategy relies on allowing
the DC-link voltage to deviate according to the droop characteristics of the
voltage sources. These deviations communicate the loading state of the sourc-
es, enabling the loads to support them when required. Such support is pro-
vided independently through the loads’ under- and overvoltage regulators,
whose function is to temporarily change a load into a voltage-supporting de-
vice at predefined DC-link voltage levels.

For this principle to function correctly, the regulator algorithms must be de-
signed to activate and deactivate at the appropriate voltage thresholds and
to behave consistently and predictably. Section 3.1.7 presented the devel-
opment of regulators with two essential features: built-in drooping func-
tionality, which enables stable parallel operation with other voltage sources,
and conditional droop compensation, which ensures activation precisely at
the desired voltage level. The regulators’ performance was demonstrated
through modeling in a system where two loads provided voltage support to
a source with a limited maximum output.
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7.1.3 RQ3: Energy Storage State-of-Charge Balancing Compatible
with the Control Strategy

Energy storage systems are expected to be a central element of future ship-
board power systems, and their effective utilization requires reliable state-
of-charge balancing. The purpose of state-of-charge balancing is to control
the DC/DC converters linking the storages to the DC microgrid in such a way
that their states-of-charge converge over time. For converters operating in
current-control mode this task is relatively straightforward, but the situa-
tion becomes considerably more complex when multiple converters operate
in parallel as voltage sources with different rated currents and storage ca-
pacities.

As noted in RQ2, the variable voltage-based power management strategy
relies on loads assisting the voltage sources via under- and overvoltage reg-
ulators when the DC-link voltage deviates from its reference. These voltage
deviations are the natural result of droop-controlled voltage source opera-
tion and are both expected and desired. However, they should only reflect
genuine load changes. Voltage fluctuations caused by poorly designed state-
of-charge balancing can inadvertently trigger the regulators of other devices,
leading to unintended interventions. Therefore, state-of-charge balancing
must be implemented in a manner that avoids introducing spurious devia-
tions in the DC-link voltage.

Chapter 4 presented two state-of-charge balancing algorithms: a DC voltage
reference offset method (Section 4.3) and a droop coefficient offset method
(Section 4.4). Modeling results showed that both approaches achieve bal-
ancing, but with differing characteristics. The reference-offset method is
simpler to implement and can operate without inducing any deviation in the
DC-link voltage. In contrast, the droop-offset method is more cumbersome:
it depends on external load changes to induce current flow, which it then
manipulates via droop adjustments, making it less effective in preventing
voltage deviations.
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7.1.4 RQA4: Modeling of Shipboard Power System Scenarios

To validate the usability and performance of the variable voltage-based power
management strategy in shipboard applications, it was necessary to test the
approach against a range of scenarios representative of real operating con-
ditions. These included both everyday and exceptional situations, in order
to demonstrate the breadth of the strategy’s capabilities.

As discussed in RQ1 and RQ2, the proposed approach is a distributed control
strategy: the loads and sources operate independently, while the microgrid
controller provides only the operational boundaries, references, and limits.
Fast decision-making is executed locally by the inverters themselves.

Chapter 5 addressed the following scenarios:

1. Section 5.2.1: Loads’ automatic support of voltage sources against over-
load

2. Section 5.2.2: Automatic startup of a standby voltage source

3. Section 5.3: Two implementations for current sources (e.g., renew-
ables) supporting voltage sources against backpower

4. Section 5.4: Voltage source prioritization, first introduced by Alho and
Laaksonen (2020)

5. Section 5.5: Disconnection of non-critical loads

6. Section 5.6: Blackout prevention

The control strategy performed as intended in all of the above scenarios. Its
strengths were most evident in the exceptional cases (1, 3, and 6), where
failure to act would otherwise result in blackout. In scenario 1, the loads’
undervoltage regulators protected the voltage source against overload; in
scenario 3, the current source’s overvoltage regulator prevented the volt-
age source from backpowering; and in scenario 6, the battery-connected
DC/DC converters sustained system operation when the last running gen-
erator tripped, thereby avoiding blackout.
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7.1.5 RQ5: Modeling Comparison Against Real-life Data

To verify that the mathematical model reflects real system behavior, a direct
comparison was carried out between modeled results and real-life measure-
ments. Scenario 4 in RQ4 provided such an opportunity: in a real ship, a
shaft-generator system was operated in a way that enabled voltage source
prioritization. Since measurement data from this case were available, the
same situation was modeled using only the bow thruster load profile taken
from the vessel, with all other system components represented through the
mathematical model.

Section 5.4.3 presented the comparison between real-life data and the mod-
eled results. By basing the model solely on the recorded load profile, the
comparison ensured that similarities or deviations directly reflected the ac-
curacy and limitations of the modeling paradigm. The analysis demonstrated
that the model captured the system’s operational principles with sufficient
fidelity to support both validation of the proposed control strategy and its
use in predicting system behavior under similar scenarios.

7.1.6 RQ6: Control Strategy Operation in Real-life Systems

This dissertation also examined two real-life vessels that illustrate partial
application of the variable voltage-based power management strategy. Sec-
tion 5.4.1 presented power supply prioritization, first introduced in Alho and
Laaksonen (2020), while Section 5.6.2 detailed a blackout prevention case
study onboard Aurora Botnia. Both cases were supported with measured
operational data.

The power supply prioritization example builds on previously published re-
search, whereas the blackout prevention case study provides new, previously
unpublished evidence of the strategy’s applicability. Together, these cases
demonstrate that the principles validated through mathematical modeling
are not only theoretically sound but also practically effective in demanding
shipboard environments.
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7.2 Scientific Contributions

This dissertation presented a novel DC microgrid control strategy, based on
utilizing the DC-link voltage as an information-carrying medium and on the
capability of inverters to act independently according to that voltage through
their regulators. By combining the droop characteristics of voltage sources
with the under- and overvoltage regulator functionalities of loads, it is pos-
sible to build a distributedly controlled DC microgrid that is both robust and
fault-tolerant, with reaction times in the millisecond range.

The feasibility of the strategy was demonstrated through the development of
a new quasi-static mathematical modeling paradigm for DC microgrids, ca-
pable of explicitly representing the operation of load inverters with under-
and overvoltage regulators. This paradigm was numerically validated and
then used to model a range of scenarios, from everyday operating conditions
to blackout-inducing exceptions, thereby showing how the strategy handles
both normal and extreme situations. Real-life data from two ships were also
incorporated: one demonstrating power supply prioritization and another
blackout prevention. In the prioritization case, the scenario was additionally
modeled mathematically, allowing direct comparison of real-life and mod-
eled behaviors, which confirmed that the paradigm accurately captures real-
world operation.

A critical requirement of the strategy is that all DC-link voltage deviations
should originate from actual changes in system loading, not from unrelated
processes. One such process is energy storage state-of-charge balancing.
Since state-of-charge balancing does not inherently reflect the ship’s over-
all loading condition, it must not introduce spurious voltage deviations that
could trigger incorrect responses from other devices. To address this, two
balancing algorithms were developed that can handle multiple storage units
and DC/DC converters of arbitrary size, while keeping the DC-link voltage—
and thus the strategy’s operation—undisturbed.

Thanks to its distributed nature, the strategy enables shipboard power sys-
tems to remain resilient even in severe conditions. Because loads can in-
dependently support the voltage sources via their undervoltage regulators,
the system inherently prevents source overloads and avoids blackout. As
demonstrated in the case of Aurora Botnia, properly designed systems ap-
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plying the variable voltage-based strategy are capable of blackout prevention
even when the last remaining generator trips.

With the variable voltage-based DC microgrid control strategy, shipboard
power management reduces fundamentally to DC voltage management. Al-
lowing droop-induced deviations in the DC voltage provides a direct mea-
sure of current imbalance between production and consumption. A stable
DC-link voltage indicates balanced power and the absolute voltage level re-
flects the loading state of the voltage-maintaining equipment.

Traditional shipboard power management depends on continuously calcu-
lating the so-called “power available” to determine remaining generation
capacity. In contrast, the proposed strategy reduces this dependency by
enabling equipment to manage power distribution autonomously, since all
necessary information is already embedded in the DC-link voltage. With
properly designed and parameterized regulators, even loads—which con-
ventionally remain indifferent to source loading—can contribute to voltage
stability. This shifts the role of ship automation and power management sys-
tems away from low-level, instantaneous power control, and toward higher-
level operational and supervisory tasks.

7.3 Next Possible Steps and Future Research

Clear next steps and development opportunities have been identified during
this work. These fall into two broad categories: the control strategy itself
and the modeling paradigm. Both are relevant from academic and indus-
trial perspectives: academically, as avenues for developing algorithms and
methods for the wider research community; and industrially, as opportuni-
ties to create solutions that provide competitive advantages in the marine
sector.

7.3.1 The Control Strategy

As some of the principles of the variable voltage-based power management
strategy have already been demonstrated in real-life shipboard systems, the



204 Acta Wasaensia

next logical step is a full-scale implementation in the longer term. For ship-
board power systems, this would require the main power distribution to be
entirely DC, with all producers, major consumers, and energy storage units
connected directly to the DC microgrid. The hotel and service-related AC
grids would remain as separate AC microgrids, appearing as loads from the
DC perspective. From a development point of view, this transition would re-
quire a virtual environment capable of accurately modeling the ship power
system, together with model-based design tools that enable flexible develop-
ment of multiple controllers operating in tandem. Furthermore, implement-
ing multiple safeguards against blackouts introduces challenges related to
fault tolerance in power flow and control, as well as efficient utilization of
energy storage.

If the physical distances between equipment are short enough that cable
and busbar voltage drops can be neglected, the simplified single-DC-voltage
model of the paradigm would suffice for operational studies. Where dis-
tances are longer and resistances non-negligible, the nodal analysis intro-
duced in this work becomes essential. For more realistic preparation of ship
operation, additional load profiles should be incorporated into the modeling
to study concurrent use cases—for instance, the simultaneous operation of
bow thrusters and main propulsion during port maneuvers.

Expanding the set of real-life scenarios to be modeled will help verify the ro-
bustness of the strategy and support the development of inverter functional-
ities and microgrid controllers optimized for these use cases. The strategy is
not only applicable to the marine sector but also to other domains, includ-
ing space systems and isolated land-based microgrids. These applications
similarly demand systems that are robust, reliable, and highly autonomous.

7.3.2 The Modeling Paradigm

Several avenues for further development of the modeling paradigm were
identified. A major limitation of the present implementation is its quasi-
static nature, which omits time-dependent dynamics. The inclusion of in-
verter capacitances enables time-variant modeling of transients, allowing
the paradigm to address phenomena such as instabilities induced by con-
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stant power loads.

The nodal analysis approach implemented here extends the model to include
cable and busbar resistances. These resistances cause additional voltage
drops that, from the DC-link perspective, appear as added droop and al-
ter the effective sharing between sources and loads. The situation becomes
more complex when inverter voltage regulators are considered, since the
voltage drops observed by the loads are no longer proportional solely to the
combined source loading, but also depend on which particular load is draw-
ing current. In the presence of constant-power loads, such interactions can
introduce nonlinear behavior into the system response.

A further extension of the paradigm —beyond the present quasi-static scope
—would be to incorporate dynamic elements such as capacitances and in-
ductances, enabling the modeling of transients. This capability is essential
for analyzing protection behavior, particularly fuse coordination and selec-
tivity, which remain unresolved challenges in DC microgrid design.

The following development directions have been identified for the modeling
paradigm:

« DC-link voltage modeling: Extend the current quasi-static approach
by including inverter capacitances to capture dynamic, load-induced
phenomena.

— The most obvious shortcoming of the current modeling paradigm
is its quasi-static nature, which limits its usage to relatively long-
term phenomena. While this is sufficient for power management

— related studies, it is not sufficient for sub-second time-level
modeling.

« Fast transient and fuse modeling: Integrate short-term transient
dynamics and fuse behavior to enable selectivity and protection system
modeling.

— One of the largest challenges for DC distribution grids is selectiv-
ity, i.e., how to select and parameterize protection devices so that
they open the circuit only when required to isolate faults down-
stream, but allow even high short-circuit currents to pass when a
fault is being isolated elsewhere in the grid. Isolation refers to
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short-circuit currents from multiple sources converging on the
fault and tripping the protection device (e.g., fuse) in front of it.

« Load and source diversity: Incorporate more accurate models and
operating profiles for a broader range of devices, including batteries,
fuel cells, and motor drives.

— For example, modeling how a combustion engine — based gen-
erator set could be overloaded by a large load step, creating more
dynamics in the model, or how an energy storage system’s cur-
rent limits behave in terms of its internal variables and state of
charge.

« Energy storage charging and discharging: The quasi-static mod-
eling is incapable of accurately modeling energy storage charging over
time. Adding time dynamics will help to address this aspect.

— The quasi-static modeling is completely incapable of predicting
the accumulation or depletion of energy in an energy storage sys-
tem over specific time period. In order to model systems includ-
ing energy storage, this basic capability is essential.

« Directly connected sources: Model the operation of directly DC-
connected devices (e.g., batteries, fuel cells) in a DC microgrid.

— Connecting batteries, fuel cells, or other energy storage directly to
the DC-link is not uncommon, but changes the system control dy-
namics considerably. In order to model these systems, the inter-
nal electrical aspects of the energy storage must be represented,
as they directly affect DC voltage behavior.

 State-of-charge balancing optimization: The current implemen-
tation cannot handle current-limited or stopped DC/DC converters dur-
ing balancing and requires further development.

— An obvious shortcoming of the current implementation of state-
of-charge balancing is the missing handling of current-limited or
stopped DC/DC converters. Hitting current limits is not uncom-
mon, so this issue must be addressed.

« Dynamic topologies: Apply nodal analysis to large-scale dynamic
distribution grids capable of changing their topology.
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— Especially in the marine sector, electrical grid topologies are of-
ten changed via breakers—for example, to electrically separate
the port and starboard sides of the ship in preparation for faults.
Ring topologies are also becoming more common, as they pro-
vide alternate current paths. Handling such topology changes is
required for the modeling paradigm.

« Optimization and AI: Investigate algorithms, potentially Al-based,
to optimize the operation of sources and energy storage controlling
DC/DC converters in large-scale, non-ideal DC microgrids with dy-
namic topologies.

— Even with resistance-based models only, changing grid topolo-
gies affect the current paths and thus the resistances between sources,
energy storages, and loads. The operation of the equipment must
be dynamically adjusted according to the grid topology in order
to maintain desired capabilities, such as blackout prevention.

« Iterative modeling steps: To accurately model the phenomena hap-
pening within a single step involving different types of equipment, an
iterative approach should be implemented to handle possible interde-
pendent mode transitions.

— During the modeling of load exceptional situations, it was identi-
fied that inverter current limits and voltage regulators may cause
complex interdependent control dynamics within a single mod-
eling step. As the calculations inside a step are currently done
only once, such interdependencies are only addressed in subse-
quent steps, by which time the situation may already have devel-
oped away from the actual physical behavior. As this quasi-static
paradigm is intended as a stepping stone toward a time-variant
modeling paradigm, these control dynamics must be handled al-
ready at this stage, otherwise they will lead to inaccuracies and
unwanted behaviors later.
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APPENDICES

Appendix 1

Deriving inverter current with drooping coefficient

If we assume that a voltage source is perfectly capable of controlling the DC-
link voltage, V¢, to its internal voltage reference, V35, we can rewrite equa-
tion 1.2 as

Vbc = Vps

Is
=Vg(1- .
VS ( InomSCS>

And then solve for Ig:

1
VDC == Vg (1 - 5 CS)

]nomS
Is(sV™

I nomsS

ThomsVpe = InOmSVg - ICS‘/S*

Vbec = Vg —

I S CS ‘/é* = Inom$S Vsjk — 1 noms$S VDC
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Appendix 2

MATLAB source code for modeling source circulating currents with

output limitation and possibility to stop

%% Initialize variables
steps = 1:5000;

%% Initialize source modeling variables
% Order of the sources is as follows: [S1, S2, S3, S4]
InomS = [10; 20; 30; 40]; % Source nominal currents
DCRefs = [700; 700; 700; 700]; % Source DC voltage references
DCDroops = [0.02; 0.02; 0.02; 0.02]; % Source DC droop coefficients
SourceMeasErrors = [1; 0.5; -1; 0]; 7% Define equipment measurement errors
if ~isequal(length(InomS), length(DCRefs), length(DCDroops), length(SourceMeasErrors))
error('C3_ModelingSourceCircCurrBoolArrays:SourceParameterMismatch',
'The number of source parameters do not match each other.');
end
numberOfSources = length(InomS);
GammaMatrix = zeros(numberQfSources,number0OfSources);
GammaCMatrix = zeros(numberOfSources,numberOfSources) ;
SourceCurrentMatrices = zeros(numberOfSources,numberOfSources,length(steps));
SourceTotalCurrentArrays = zeros(numberOfSources,length(steps));
SourceLoadSupplyingCurrentArrays = zeros(numberOfSources,length(steps));
B_VS = ones(numberOfSources, 1);
B_runS = ones(numberOfSources, 1);
posLims = ones(numberOfSources, 1) * inf;
neglims = ones(numberOfSources, 1) * -inf;

%% Initialize DC voltage modeling variables
DCVolt = zeros(l,length(steps));

droopResis = zeros(numberOfSources, 1);
droopConduc = zeros (numberOfSources, 1);
R_MG = 0;

%% Create smootherstep-based load profile varying between -100 and 0 A
x = (2+(steps)./max(steps))*1.2;

x(x > 1.2) =2.4 - x(x > 1.2);

x(x > 1) = 1;

s = 6*%x.75 - 15%x.74 + 10%*x.73;

load = -100 * s;

%% Run through the calculations
for n=steps
%% DC voltage handling
% Calculate R_MG
for r=1:numberOfSources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = (B_VS(r) &% B_runS(r))/droopResis(r);
end
R_MG = 1/sum(droopConduc) ;

% Calculate the DC voltage
if n==1 ), If first step use default DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCRefs(1), 0, load(n), R_MG);
else 7’ Else use previous step DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCVolt(n-1), sum(SourceLoadSupplyingCurrentArrays(:,n-1)), load(n), R_MG);
end

%% Source handling
B_runS(2) = n < 2500; %<- Stop source 2 at modeling index 2500
posLims(3) = 0.6; %<- Limit source 3 positive output to 60%

% Populate the Gamma-matrix with new values according to
% the DC-link voltage and inverter parameters
for j=1:numberOfSources
GammaMatrix(j,j) = Gamma(DCVolt(n), DCRefs(j), DCDroops(j));
end

% Populate Gamma_C matrix
for a = 1:numberOfSources
for b = 1:numberOfSources
if a==b
% Diagonal
GammaCMatrix(a,a) = Gamma_Ca(DCVolt(n), SourceMeasErrors(a), DCRefs(a), DCDroops(a));
else
% 0ff-diagonal (circulating current from source a to b)
GammaCMatrix(a,b) = Gamma_Cab(DCVolt(n), SourceMeasErrors(a), droopResis(a),
InomS(b), SourceMeasErrors(b), droopResis(b));
end
end
end

% Calculate the source current matrix
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SourceCurrentMatrices(:,:,n) = (GammaMatrix + GammaCMatrix) * diag(InomS);

% Check for limited and shutdown sources

for

end

k = 1:numberOfSources
I_k = sum(SourceCurrentMatrices(k,:,n));
B_VS(k) = I_k < posLims(k)*InomS(k) && I_k > negLims(k)*InomS(k);

% If source is limited or stopped, zero its corresponding column

% and line

if ~(B_VS(k) && B_runS(k))
SourceCurrentMatrices(k,:,n) =
SourceCurrentMatrices(:,k,n) =

end

% If source is limited but running, set its corresponding diagonal
% value to the limited one
if ~B_VS(k) && B_runS(k)
SourceCurrentMatrices(k,k,n) = min(max(I_k, negLims(k)*InomS(k)), posLims(k)*InomS(k));
end

% Calculate source total currents
SourceTotalCurrentArrays(:,n) = SourceCurrentMatrices(:,:,n)*ones (numberOfSources,1);

% Calculate load supplying currents
SourceLoadSupplyingCurrentArrays(:,n) = diag(SourceCurrentMatrices(:,:,n));
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Appendix 3

MATLAB source code for inverter class

%% Author Info

% Made by Timo M. R. Alho

% email: timo.alhoQuwasa.fi

% timo.alho@alhoengineering.fi

classdef inverterAdvReg

%% Private variables for object operation

properties (Access = private)
IL_nom = 0
V_nom = 0
VUVRef L =
ZetaUV_L =
VOVRef_L =
ZetaOV_L =
Ref = 0
IL_percent
ILA=0
PL_percent = 0
PLW=0
vV_DC =0
UVRegActive = 0O
OVRegActive = 0
usedkK = 0
VUVRef _L_internal
VOVRef_L_internal
useAdvancedRegulator = 0
usePowerReference = 0
GammaUV_L
GammaOV_L
VUVRef_L_used
VOVRef_L_used
notLimitedk
running = 1
DCMeasError = 0;
posLim = Inf
neglim = -Inf
posLimActive
negLimActive
circulatingCurrents = 0
voltageRegulatorEnabled = 1

oo oo

1
o

end

methods

%% Constructor for creating the inverter object

function obj = inverterAdvReg(nominalCurrent_A,
uvRegulatorActivationLimit_V,
uvRegulatorDroop_percent,
ovRegulatorActivationLimit_V,
ovRegulatorDroop_percent,
useAdvancedRegulator,
usePowerReference,
V_nom)

obj.IL_nom = nominalCurrent_A;

if uvRegulatorActivationLimit_V ==
obj.VUVRef L = 0;
obj.ZetalUV_L = 2.0;
else
obj.VUVRef_L = uvRegulatorActivationLimit_V;
obj.ZetaUV_L = uvRegulatorDroop_percent;
end

if ovRegulatorActivationLimit_V == 0
obj.VOVRef_L = 0;
obj.ZetaOV_L = 2.0;

else
obj.VOVRef _L = ovRegulatorActivationLimit_V;
obj.ZetaOV_L = ovRegulatorDroop_percent;

end

obj.VUVRef_L_internal = obj.VUVRef_L;
obj.VOVRef_L_internal = obj.VOVRef_L;
obj.useAdvancedRegulator = useAdvancedRegulator;
obj.usePowerReference = usePowerReference;

if V_nom ==

obj.V_nom = 700;
else

obj.V_nom = V_nom;
end
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end

%% Setting Functions

function objWithNewRef = setRef (obj,Ref)
obj.Ref = Ref;
objWithNewRef = obj;

end

function objWithVoltage = setV_DC(obj, V_DC, DCMeasError)
obj.DCMeasError = DCMeasError;
obj.V_DC = V_DC + DCMeasError;
objWithVoltage = obj;

end

function objWithLimits = setLimits(obj, posLim, negLim)
obj.posLim = posLim;
obj.neglim = negLim;
objWithLimits = obj;

end

function objWithRunning = setRun(obj, runStatus)
obj.running = runStatus;
objWithRunning = obj;

end

function objWithCircCurr = setCirCurr(obj, circCurr)
obj.circulatingCurrents = circCurr;
objWithCircCurr = obj;

end

function objWithRegActive = setRegulatorActive(obj, voltageRegulatorEnabled)
obj.voltageRegulatorEnabled = voltageRegulatorEnabled;
objWithRegActive = obj;

end

%% Execute functions
function objWithCalculatedCurrents = calculateActualK(obj)
if obj.usePowerReference
KToUse = ((obj.Ref * obj.V_nom) / obj.V_DC);
else
KToUse = obj.Ref;
end

if obj.useAdvancedRegulator == 0O

VUVRef_L_internalFinal = obj.VUVRef_L;
elseif obj.V_DC <= obj.VUVRef_L

VUVRef_L_internalFinal = max(obj.VUVRef_L_internal, obj.VUVRef_L * (1 + (KToUse * obj.ZetaUV_L)));
else

obj.VUVRef_L_internal = ...

obj.VUVRef L * (1 + ((obj.IL_A/obj.IL_nom) * obj.ZetaUV_L));

VUVRef_L_internalFinal = obj.VUVRef_L_internal;

end

if obj.useAdvancedRegulator == 0

VOVRef_L_internalFinal = obj.VOVRef_L;
elseif obj.V_DC >= obj.VOVRef_L

VOVRef_L_internalFinal = min(obj.VOVRef_L_internal, obj.VOVRef_L * (1 + (KToUse * obj.ZetaOV_L)));
else

obj.VOVRef_L_internal = ...

obj.VOVRef_L * (1 + ((obj.IL_A/obj.IL_nom) * obj.ZetaOV_L));

VOVRef_L_internalFinal = obj.VOVRef_L_internal;

end

obj.GammaUV_L = ((VUVRef_L_internalFinal - obj.V_DC)/(obj.ZetaUV_L*obj.VUVRef_L));
obj.GammaOV_L = ((VOVRef_L_internalFinal - obj.V_DC)/(obj.ZetaOV_L*obj.VOVRef_L));

obj.VUVRef_L_used = VUVRef_L_internalFinal;
obj.VOVRef_L_used = VOVRef_L_internalFinal;

if obj.voltageRegulatorEnabled ==
finalKWithRegs = max(min(KToUse, obj.GammaOV_L), obj.GammaUV_L) * obj.running;

if finalKWithRegs == obj.GammaUV_L && obj.running
obj.UVRegActive = 1;

else
obj.UVRegActive = 0;

end

if finalKWithRegs == obj.GammaOV_L && obj.running
obj.0VRegActive = 1;
else
obj.0VRegActive = 0;
end
else
obj.UVRegActive = 0;
obj.0VRegActive = 0;
finalKWithRegs = KToUse * obj.running;
end

if finalKWithRegs + obj.circulatingCurrents/obj.IL_nom >= obj.posLim && obj.running
obj.posLimActive = 1;
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obj.negLimActive = 0;
obj.UVRegActive = 0;
obj.0VRegActive = 0;

finalK = obj.posLim;

elseif finalKWithRegs + obj.circulatingCurrents/obj.IL_nom <= obj.negLim &% obj.running
obj.posLimActive = 0;
obj.negLimActive = 1
obj.UVRegActive = 0;
obj.0VRegActive = 0;

finalK = obj.negLim;
else

obj.posLimActive = 0;

obj.negLimActive = 0;

finalK = finalKWithRegs;
end

obj.usedK = finalK;
obj.notLimitedK = KToUse;

obj.PL_percent = finalK * (obj.V_DC/obj.V_nom);
obj.PL_W = obj.IL_nom * finalK * (obj.V_DC/obj.V_nom);
obj.IL_percent = finalK;

obj.IL_A = obj.IL_nom * finalK;

objWithCalculatedCurrents = obj;
end

%% Getting functions

function outputCurrentPercent = getIL_percent(obj)
outputCurrentPercent = obj.IL_percent;

end

function outputCurrentA = getIL_A(obj)
outputCurrentA = obj.IL_A;
end

function outputPowerPercent = getPL_percent(obj)
outputPowerPercent = obj.PL_percent;
end

function outputPowerW = getPL_W(obj)
outputPowerW = obj.PL_W;
end

function [uvRegulatoActive, ovRegulatoActive] = getRegulatorActivations(obj)
uvRegulatoActive = obj.UVRegActive;
ovRegulatoActive = obj.0VRegActive;

end

function usedK = getUsedK(obj)
usedK = obj.usedK;
end

function notlimitedK = getnotLimitedK(obj)
notlimitedK = obj.notLimitedK;
end

function [uvRegulatorGamma, ovRegulatorGamma] = getRegGammas(obj)
% if obj.voltageRegulatorEnabled ==
uvRegulatorGamma = obj.GammaUV_L;
ovRegulatorGamma = obj.GammaOV_L;

% else
% uvRegulatorGamma = 0;
% ovRegulatorGamma = 0;
% end

end

function [VUVRef, VOVRef] = getRegVRefs(obj)
% if obj.voltageRegulatorEnabled ==
VUVRef = obj.VUVRef_L_used;
VOVRef = obj.VOVRef_L_used;

% else
% VUVRef = 0;
% VOVRef = 0;
% end

end

function DCRef = getActiveDCRef (obj)
if ~(obj.UVRegActive || obj.0VRegActive)
DCRef = obj.VUVRef_L;
else
DCRef = obj.UVRegActive * obj.VUVRef_L_used + ...
obj.0VRegActive * obj.VOVRef_L_used;
end
end

function DCDroop = getActiveDCDroop(obj)
if ~(obj.UVRegActive || obj.0VRegActive)
DCDroop = obj.ZetaUV_L;
else
DCDroop = obj.UVRegActive * obj.ZetaUV_L + ...
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obj.0VRegActive * obj.ZetaOV_L;
end
end

function DroopConduc = getDroopConduc(obj)
DroopConduc = (obj.running && (obj.UVRegActive || obj.OVRegActive)) / ...
((getActiveDCRef (obj) * getActiveDCDroop(obj)) / obj.IL_nom);
end

function [posLimActive, negLimActive] = getActiveLims(obj)
posLimActive = obj.posLimActive;
neglLimActive = obj.negLimActive;

end

function running = getRun(obj)
running = obj.running;
end

219




220 Acta Wasaensia

Appendix 4

MATLAB source code for modeling a system of two loads with their

undervoltage regulators

%% Initialize general modeling variables
steps = 1:5000;

%% Initialize source modeling variables
% Order of the sources is as follows: [S1, S2, S3, S4]
InomS = [100]; % Source nominal currents
DCRefs = [700]; % Source DC voltage references
DCDroops = [0.02]; 7% Source DC droop coefficients
if ~isequal(length(InomS), length(DCRefs), length(DCDroops))
error ('E2_ModelingLoadVoltRegsOptReg:SourceParameterMismatch',
'The number of source parameters do not match each other.');
end
numberOfSources = length(InomS);
GammaMatrix = zeros(numberQfSources,number0OfSources);
sourceCurrentArrays = zeros(numberGfSources,length(steps));
B_VS = ones(numberOfSources, 1);
B_runS = ones(numberOfSources, 1);
posLims = ones(numberOfSources, 1) * inf;
neglims = ones(numberOfSources, 1) * -inf;

%% Initialize load modeling variables

% Order of the loads is as follows: [L1, L2...]

InomL = [100; 100]; % Load nominal currents

% UVRefs = [DCRefs(1) * (1 - DCDroops(1)*0.8)];

UVRefs = [700%0.98; 684];

UVDroop = [0.02; 0.02];

% OVRefs = [710];

OVRefs = [710; 710];

0VDroop = [0.02; 0.02];

if ~isequal(length(InomL), length(UVRefs), length(UVDroop), length(OVRefs), length(OVDroop))

error ('E3_ModelingLoadVoltRegsOptRegBoolArrays_twoloads:SourceParameterMismatch',
'The number of load parameters do not match each other.');

end

numberOfLoads = length(InomL);

KappaMatrix = zeros(numberOfLoads,numberOfLoads) ;

loadCurrentArrays = zeros(numberOfLoads,length(steps));

loads(1,1) = inverterAdvReg(InomL(1),
UVRefs(1),
UVDroop(1),
OVRefs (1),
0VDroop(1),

1, ... % 0 = normal drooping regulator
.. % 1 = drooping regulator with conditional droop compensation from the dissertation
0, ... % 0 = reference is considered current reference

% 1 = reference is considered power reference

700); % Nominal voltage for power calculations

loads(1,2) = inverterAdvReg(InomL(2),
UVRefs(2),
UVDroop(2),
OVRefs(2),
0VDroop(2),

1, ... % 0 = normal drooping regulator
. % 1 = drooping regulator with conditional droop compensation from the dissertation
0, ... % 0 = reference is considered current reference

ces % 1 = reference is considered power reference
700); % Nominal voltage for power calculations

%% Create smootherstep-based load current reference profile for L1 varying between -1.0 and 0.0
x = (2*(steps)./max(steps))*1.2;

x(x >1.2) = 2.4 - x(x>1.2);

x(x > 1) = 1;

KL1 = -(6*x.756 - 16%x.74 + 10%x.73);

loadProfiles(1,:) = KL1;

%% Create reference profile for L2
load2CurrentRef = min((-40+40 * sin(steps/5000 * 2%pi+pi/13)) / 100, -0.3);
loadProfiles(2,:) = load2CurrentRef;

%% Initialize DC voltage modeling variables

DCVolt = zeros(1,length(steps));

droopResis = zeros(numberOfSources+numberOfLoads, 1);
droopConduc = zeros(numberOfSources+numberOfLoads, 1);
R_MG = 0;

%% Run through the calculations
for n=steps

% Load handling

for 1=1:numberOfLoads
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if n==

loads(1) = setV_DC(loads(1l), DCRefs(1), 0);
else

loads (1) = setV_DC(loads(1l), DCVolt(n-1), 0);
end

loads(1) = setRef(loads(1), loadProfiles(1l,n));
loads(1) = calculateActualK(loads(1));
KappaMatrix(1,1) = getUsedK(loads(1));

end

% Calculate the load currents
loadCurrentArrays(:,n) = KappaMatrix * InomL;

%% DC voltage handling

% Calculate R_MG

droopConduc = droopConduc * 0;

for r=1:numberOfSources ’ Go though the sources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = (B_VS(r) & B_runS(r))/droopResis(r);

end

for 1=1:numberOfLoads % Go though the loads
[UVRegHit, OVRegHit] = getRegulatorActivations(loads(1));
if UVRegHit ==
droopConduc (number0fSources+1) = 1/((UVRefs(1) * UVDroop(1l)) / InomL(1));
end

if OVRegHit ==
droopConduc (number0fSources+1) = 1/((0VRefs(1) * OVDroop(1l)) / InomL(1));
end
end
R_MG = 1/sum(droopConduc);

% Calculate the DC voltage
if n==1 ) If first step use default DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCRefs(1), O, sum(loadCurrentArrays(:,n)), R_MG)
else J, Else use previous step DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCVolt(n-1), sum(sourceCurrentArrays(:,n-1)), sum(loadCurrentArrays(:,n)), R_MG);
end

%% Source handling

% Populate the Gamma-matrix with new values according to

% the DC-link voltage and inverter parameters

for j=1:numberOfSources
GammaMatrix(j,j) = min(max(Gamma(DCVolt(n), DCRefs(j), DCDroops(j)), negLims(j)), posLims(j));
B_VS(j) = GammaMatrix(j,j) > negLims(j) & GammaMatrix(j,j) < posLims(j);

end

% Calculate the source currents
sourceCurrentArrays(:,n) = GammaMatrix * InomS;
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Appendix 5

MATLAB source code for modeling a system with load inverter class
incorporating load circulating currents and capability for current lim-

itation and stopping

%% Initialize general modeling variables
steps = 1:5000;

%% Initialize source modeling variables

% Order of the sources is as follows: [S1, S2, S3, S4]

InomS = [10; 20; 30; 40]; % Source nominal currents

DCRefs = [700; 700; 700; 700]; % Source DC voltage references

DCDroops = [0.02; 0.02; 0.02; 0.02]; % Source DC droop coefficients

if ~isequal(length(InomS), length(DCRefs), length(DCDroops))
error('F1_ModelingWholeSystemWithCircCurr:SourceParameterMismatch',

'The number of source parameters do not match each other.');
end
numberOfSources = length(InomS);

%% Initialize load modeling variables
% Order of the loads is as follows: [L1, L2...]
InomL = [100]; % Load nominal currents
UVRefs = [700%(1-0.02%0.8)];
UVDroop = [0.02];
OVRefs = [710];
0VDroop = [0.02];
if ~isequal(length(InomL), length(UVRefs), length(UVDroop), length(OVRefs), length(OVDroop))
error ('E3_ModelingLoadVoltRegsOptRegBoolArrays_twoloads:SourceParameterMismatch',
'The number of load parameters do not match each other.');
end
numberOfLoads = length(InomL);
loads(1,1) = inverterAdvReg(InomL(1),
UVRefs (1),
UVDroop(1),
OVRefs (1),
0VDroop(1),
1, ... % 0 = normal drooping regulator
% 1 = drooping regulator with conditional droop compensation from the dissertation
% 0 = reference is considered current reference
cee % 1 = reference is considered power reference
700) ;5 % Nominal voltage for power calculations

%% Create smootherstep-based load current reference profile for L1 varying between -1.0 and 0.0
x = (2*(steps)./max(steps))*1.2;

x(x > 1.2) = 2.4 - x(x > 1.2);

x(x > 1) =1;

KL1 = -(6%x.75 - 15%x.74 + 10%x.73);

loadProfiles(1,:) = KL1;

%% Initialize DC voltage modeling variables

DCVolt = zeros(l,length(steps));

droopResis = zeros(numberOfSources+numberOfLoads, 1);
droopConduc = zeros (number0fSources+numberOfLoads, 1);
R_MG = 0;

C = zeros(numberOfSources+numberOfLoads) ;

nomAll = [InomS; InomL];

= zeros (numberOfSources+number0fLoads, 1);

V = ones(numberOfSources+numberOfLoads, 1);

run = ones (numberOfSources+numberOfLoads, 1);
measErrors = [1; 0.5; -1; 0; -1.5];

activeDCRefs = [DCRefs; UVRefs];

activeDroops = [DCDroops; UVDroop];

GammaCMatrix = zeros(numberOfSources+numberOfLoads);

I
I
X

B
B

ICSumArrays = zeros(numberOfSources+numberOfLoads,length(steps));
IArrays = zeros(numberOfSources+numberOfLoads,length(steps));

posLims = ones(numberOfSources+numberOfLoads, 1) * inf;
neglims = ones(numberOfSources+numberOfLoads, 1) * -inf;

%% Run through the calculations
for n=steps
% Use this to set load limit to 50% at index 2250
% if n==2250
% negLims(5) = -0.5;

% end
% Use this to stop the load at index 2750
% if n==2750

% B_run(5) = 0;
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% end

%% Load handling

for

end

1=1:numberOfLoads
% Set load's DC voltage measurement

if n==

loads(1l) = setV_DC(loads(1l), DCRefs(1), measErrors(numberOfSources+1));
else

loads(1l) = setV_DC(loads(l), DCVolt(n-1), measErrors(numberOfSources+1l));
end

% Assign load its limits...

loads(l) = setLimits(loads(l), posLims(numberOfSources+l), negLims(numberOfSources+l));
% its run status...

loads(l) = setRun(loads(l), B_run(numberOfSources+l));

% and load

loads(1) = setRef(loads(l), loadProfiles(1l,n));

% Tell load to calculate its K value

loads(1l) = calculateActualK(loads(1));

% Assign the K value to the Xi array

X (numberOfSources+1) = getUsedK(loads(1));

% Check the voltage regulator statuses

[UVRegHit, OVRegHit] = getRegulatorActivations(loads(1));

% If voltage regulator is active, set the load as voltage regulating device
B_V(numberOfSources+1) = UVRegHit || OVRegHit;

% Update arrays for system's active DC references and droops
activeDCRefs (numberOfSources+l) = getActiveDCRef (loads(1));
activeDroops (numberOfSources+l) = getActiveDCDroop(loads(1));

% Calculate the new load currents
IArrays ((numberOfSources+1:number0fSources+numberOfLoads) ,n) = ...

diag (X (numberOfSources+1 :numberOfSources+number0OfLoads)) * ...
I_nomAll (numberOfSources+1:number0fSources+number0fLoads) ;

%% DC voltage handling
% Calculate R_MG
droopConduc = droopConduc * 0

for

end

r=1:number0fSources+number0fLoads ’ Go though the sources
if r <= numberOfSources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = (B_V(r) & B_run(r))/droopResis(r);
else
[UVRegHit, OVRegHit] = getRegulatorActivations(loads(r-numberOfSources));
if UVRegHit == 1
L1UVRegActive(n) = 1;
end

droopResis(r) = 1/getDroopConduc(loads(r-number0OfSources));
droopConduc(r) = getDroopConduc(loads(r-numberOfSources)) ;
end

R_MG = 1/sum(droopConduc) ;
R_MGArray(n) = R_MG;

% Calculate the DC voltage
if n==1 ), If first step use default DC voltage and source currents

DCVolt(n) = calculateDCVoltage(DCRefs(1), O,
sum(IArrays ((numberOfSources+1:numberOfSources+numberOfLoads),n)), R_MG);

else J, Else use previous step DC voltage and source currents

end

DCVolt(n) = calculateDCVoltage(
DCVolt(n-1),
sum(IArrays(1:numberOfSources,n-1)),
sum(IArrays ((numberOfSources+1:numberOfSources+numberOfLoads) ,n)),
R_MG);

%% Source handling
% Populate the Gamma-matrix with new values according to
% the DC-link voltage and inverter parameters

for

end

j=1:numberOfSources
X(j) = min(max(Gamma(DCVolt(n), activeDCRefs(j), activeDroops(j)), negLims(j)), posLims(j));
B_V(j) = X(j) > negLims(j) & X(j) < posLims(j);

% Populate Gamma_C matrix

for

a = 1:numberOfSources+numberOfLoads
for b = 1:numberOfSources+numberOfLoads
if B_V(a) && B_V(b)
if a==
% Diagonal
if a <= numberOfSources 7, Only sources, loads are handled in the class
GammaCMatrix(a,a) = [Gamma_Ca(DCVolt(n), measErrors(a), activeDCRefs(a), activeDroops(a))];
end
else
% 0ff-diagonal (circulating current from source a to b)
GammaCMatrix(a,b) = Gamma_Cab(DCVolt(n), measErrors(a), droopResis(a),
I_nomAl1l(b), measErrors(b), droopResis(b));
end
else
GammaCMatrix(a,b) = 0;
end
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end

end
end

% Calculate the currents
I_C = (diag(X) + GammaCMatrix) * diag(I_nomAll);

% Check for limited and shutdown devices
for k = 1:numberOfSources+numberOfLoads
I_k = sum(I_C(k,:));

if k <= numberOfSources ), Check sources

B_V(k) = I_k < posLims(k)*I_nomAll(k) && I_k > negLims(k)*I_nomAll(k);
else

% For loads assign them the circulating current value

% B_V for loads is assigned when K is calculated

loads (k-numberOfSources) = setCirCurr (loads(k-numberOfSources), (I_k - I_C(k,k)));
end

% If device is limited or stopped, zero its corresponding column and line
if ~(B_V(k) && B_run(k))

I_C(k,:) = 0;

I_C(:,k) =0;
end

% If device is limited but running, set its corresponding diagonal
% value to the limited one
if ~B_V(k) && B_run(k)
I_C(k,k) = min(max(I_k, negLims(k)*I_nomAll(k)), posLims(k)*I_nomAll(k));
end
end

% Calculate source total currents
ICSumArrays(:,n) = I_C*ones(numberOfSources+numberOfLoads,1);

% Calculate load supplying currents
IArrays(:,n) = diag(I_C);
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Appendix 6

Conductance matrix of a system with four voltage sources and a
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Appendix 7

MATLAB source code for performing nodal analysis on a system

four voltage sources and one load

of

%% Initialize general modeling variables
steps = 1:5000;

%% Initialize source modeling variables
% Order of the sources is as follows: [S1, S2, S3, S4]
InomS = [10; 20; 30; 40]; % Source nominal currents
DCRefs = [700; 700; 700; 700]; % Source DC voltage references
DCDroops = [0.02; 0.02; 0.02; 0.02]; % Source DC droop coefficients
if ~isequal(length(InomS), length(DCRefs), length(DCDroops))

error('G1l_NodalAnalysis:SourceParameterMismatch',

'The number of source parameters do not match each other.');

end
numberOfSources = length(InomS);

%% Initialize load modeling variables
% Order of the loads is as follows: [L1, L2...]
InomL = [100]; % Load nominal currents
% UVRefs = [700%(1-0.02%0.8)];
UVRefs = [100];
UVDroop = [0.02];
% OVRefs = [710];
OVRefs = [710];
0VDroop = [0.02];
if ~isequal(length(InomL), length(UVRefs), length(UVDroop), length(OVRefs), length(OVDroop))
error('G1l_NodalAnalysis:SourceParameterMismatch',
'The number of load parameters do not match each other.');
end
numberOfLoads = length(InomL);
loads(1,1) = inverterAdvReg(InomL(1),

UVRefs (1),

UVDroop(1),

OVRefs (1),

0VDroop(1),

1, ... % 0 = normal drooping regulator

. % 1 = drooping regulator with conditional droop compensation from the dissertation
0, ... % 0 = reference is considered current reference

cee % 1 = reference is considered power reference

700) ;5 % Nominal voltage for power calculations

%% Create smootherstep-based load reference profile for L1 varying between -1.0 and 0.0
x = (2*%(steps)./max(steps))*1.2;

x(x > 1.2) = 2.4 - x(x>1.2);

x(x > 1) = 1;

KL1 = -(6xx.756 - 16%x.74 + 10%x.73);

loadProfiles(1,:) = KL1;

%% Initialize DC voltage modeling variables
DCVoltages = zeros(numberOfSources+numberOfLoads, length(steps));
droopResis = zeros(numberOfSources+numberOfLoads, 1);
droopConduc = zeros(numberOfSources+numberOfLoads, 1);
conductanceMatrix = zeros(10);
UpsilonArray = [DCRefs(1);

DCRefs(2);

DCRefs(3);

DCRefs(4);

sum(DCRefs . *InomS) /sum(InomS) ;

o

0];
UpsilonArray_pre = UpsilonArray;
dcNodeCurrentMatrix = [0; 0; 0; O; O; 0; 0; 0; 0; 01;

%% Initialize cable resistances

RC1p = 0.001;

RC2p = 0.001;

RC3p = 0.001;

RC4p = 0.01;

RCin = 0.001;

RC2n = 0.001;

RC3n = 0.001;

RC4n = 0.01;

I = zeros(numberOfSources+numberOfLoads, 1);
I_nomAll = [InomS; InomL];

X = zeros(numberOfSources+numberOfLoads, 1);
B_V = ones(numberOfSources+numberOfLoads, 1);
B_run = ones(number0fSources+numberOfLoads, 1);
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% measErrors = [1; 0.5; -1; 0; -1.5];

measErrors = [0; 0; O;

01;

activeDCRefs = [DCRefs; UVRefs];
activeDroops = [DCDroops; UVDroop];

ICSumArrays = zeros(numberOfSources+numberOfLoads,length(steps));

IArrays

posLims
negLims

= zeros (numberOfSources+numberOfLoads,length(steps));

= ones (numberOfSources+numberOfLoads, 1) * inf;
= ones (numberOfSources+numberOfLoads, 1) * -inf;

%% Run through the calculations
for n=steps
%% Load handling

for

end

1=1:numberOfLoads
% Set load's DC voltage measurement

if n==

loads(1l) = setV_DC(loads(l), DCRefs(1), measErrors(numberOfSources+1l));
else

loads (1) = setV_DC(loads(l), DCVoltages(5,n-1), measErrors(numberOfSources+l));
end

% Assign load its limits...

loads (1) = setLimits(loads(1l), posLims(numberOfSources+1l), negLims(numberOfSources+l));
% its run status...

loads(1l) = setRun(loads(l), B_run(numberOfSources+1));

% and load

loads (1) = setRef(loads(1), loadProfiles(1l,n));

% Tell load to calculate its K value

loads(1l) = calculateActualK(loads(1));

% Assign the K value to the Xi array

X (numberOfSources+l) = getUsedK(loads(1l));

% Check the voltage regulator statuses

[UVRegHit, OVRegHit] = getRegulatorActivations(loads(1));

% If voltage regulator is active, set the load as voltage regulating device
B_V(numberOfSources+l) = UVRegHit || OVRegHit;

% Update arrays for system's active DC references and droops
activeDCRefs (numberOfSources+l) = getActiveDCRef (loads(1));
activeDroops (numberOfSources+l) = getActiveDCDroop(loads(1));

I (numberOfSources+l) = X(numberOfSources+1l) * I_nomAll(numberOfSources+l);

%% DC voltage handling
% Calculate droop resistances and conductances

for

end

r=1:numberOfSources+number0fLoads 7/, Go though the sources
if r <= numberOfSources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = (B_V(r) & B_run(r))/droopResis(r);
else
droopResis(r) = 1/getDroopConduc(loads(r-numberOfSources)) ;
droopConduc(r) = getDroopConduc(loads(r-numberOfSources)) ;
end

conductanceMatrix = [

droopConduc(1)+1/RC1p, -1/RCip, 0, 0, 0, O, 0, 0, O, -droopConduc(1);
-1/RC1p, droopConduc(2)+1/RC1p+1/RC2p, -1/RC2p, 0, 0, O, 0, 0, -droopConduc(2), 0;
, -1/RC2p, droopConduc(3)+1/RC2p+1/RC3p, -1/RC3p, 0, 0, 0, -droopConduc(3), 0, 0;

0, -1/RC3p, droopConduc(4)+1/RC3p+1/RC4p, -1/RC4p, 0, -droopConduc(4), 0, O,
0, 0, -1/RC4p, droopConduc(5)+1/RC4p, -droopConduc(5), 0, 0, 0, 0;

0, 0, 0, -droopConduc(5), droopConduc(5)+1/RC4n, -1/RC4n, 0, 0, 0;
0
0

, 0, -droopConduc(4), 0, -1/RC4n, droopConduc(4)+1/RC3n+1/RC4n, -1/RC3n, O,

, —droopConduc(3), 0, 0, 0, -1/RC3n, droopConduc(3)+1/RC2n+1/RC3n, -1/RC2n,
, —droopConduc(2), 0, 0, 0, 0, 0, -1/RC2n, droopConduc(2)+1/RCin+1/RC2n, -1/RCin;
-droopConduc(1), 0, 0, 0, 0, 0, 0, 0, -1/RCin, droopConduc(1)+1/RCin;

H

OO0 o000 O0Oo

dcNodeCurrentMatrix = [

1;

I(1) + (1/RCilp) * (UpsilonArray(2,1) - UpsilonArray(1,1));

I(2) + (1/RCip) * (UpsilonArray(1,1) - UpsilonArray(2,1)) + (1/RC2p) * (UpsilonArray(3,1) - UpsilonArray(2,1));
I(3) + (1/RC2p) * (UpsilonArray(2,1) - UpsilonArray(3,1)) + (1/RC3p) * (UpsilonArray(4,1) - UpsilonArray(3,1));
I(4) + (1/RC3p) * (UpsilonArray(3,1) - UpsilonArray(4,1)) + (1/RC4p) * (UpsilonArray(5,1) - UpsilonArray(4,1));
I(5) + (1/RC4p) * (UpsilonArray(4,1) - UpsilonArray(5,1));

-I(5) + (1/RC4n) * (UpsilonArray(7,1) - UpsilonArray(6,1));

-I(4) + (1/RC3n) * (UpsilonArray(8,1) - UpsilonArray(7,1)) + (1/RC4n) * (UpsilonArray(6,1) - UpsilonArray(7,1));
-I(3) + (1/RC2n) * (UpsilonArray(9,1) - UpsilonArray(8,1)) + (1/RC3n) * (UpsilonArray(7,1) - UpsilonArray(8,1));
-I(2) + (1/RCin) * (UpsilonArray(10,1) - UpsilonArray(9,1)) + (1/RC2n) * (UpsilonArray(8,1) - UpsilonArray(9,1));
-I(1) + (1/RCin) * (UpsilonArray(9,1) - UpsilonArray(10,1));

UpsilonArray = UpsilonArray_pre + pinv(conductanceMatrix) * dcNodeCurrentMatrix;

DCVoltages(1,n) = UpsilonArray(1,1) - UpsilonArray(10,1);
DCVoltages(2,n) = UpsilonArray(2,1) - UpsilonArray(9,1);
DCVoltages(3,n) = UpsilonArray(3,1) - UpsilonArray(8,1);
DCVoltages(4,n) = UpsilonArray(4,1) - UpsilonArray(7,1);
DCVoltages(5,n) = UpsilonArray(5,1) - UpsilonArray(6,1);

UpsilonArray_pre = UpsilonArray;

%% Source handling
% Populate the Gamma-matrix with new values according to
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end

% the DC-link voltage and inverter parameters
for j=1:numberOfSources

X(j) = min(max(Gamma(DCVoltages(j,n)+measErrors(j), activeDCRefs(j),...

activeDroops(j)), negLims(j)), posLims(j)) * B_run(j);
B_V(j) = X(j) > negLims(j) & X(j) < posLims(j);
end

% Calculate the currents
I = diag(X) * I_nomAll;
IArrays(:,n) = I;
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Appendix 8

MATLAB source code for performing nodal analysis on a system with

two loads

%% Initialize general modeling variables
steps = 1:5000;

%% Initialize source modeling variables
% Order of the sources is as follows: [S1, S2, S3, S4]
InomS = [100]; % Source nominal currents
DCRefs = [700]; % Source DC voltage references
DCDroops = [0.02]; 7% Source DC droop coefficients
if ~isequal(length(InomS), length(DCRefs), length(DCDroops))
error('G3_NodalAnalysisTwoLoads:SourceParameterMismatch',
'The number of source parameters do not match each other.');
end
numberOfSources = length(InomS);

%% Initialize load modeling variables
% Order of the loads is as follows: [L1, L2...]
InomL = [100; 100]; % Load nominal currents
UVRefs = [700%0.98; 684];
UVDroop = [0.02; 0.02];
OVRefs = [710; 710];
OVDroop = [0.02; 0.02];
if ~isequal(length(InomL), length(UVRefs), length(UVDroop), length(OVRefs), length(OVDroop))
error('G3,NodalAnalysisTwoLoads:SourceParameterMismatch',
'The number of load parameters do not match each other.');
end
numberOfLoads = length(InomL);
loads(1,1) = inverterAdvReg(InomL(1),

UVRefs (1),
UVDroop(1),
OVRefs (1),
0VDroop(1),
1, ... % 0 = normal drooping regulator
% 1 = drooping regulator with conditional droop compensation from the dissertation
1, ... % 0 = reference is considered current reference
e % 1 = reference is considered power reference
700) ; % Nominal voltage for power calculations

loads(1,2) = inverterAdvReg(InomL(2),
UVRefs(2),
UVDroop(2),
OVRefs(2),
0VDroop(2), ...
1, ... % 0 = normal drooping regulator

. %1 drooping regulator with conditional droop compensation from the dissertation

1, ... % 0 = reference is considered current reference

e % 1 = reference is considered power reference

700); % Nominal voltage for power calculations

%% Create smootherstep-based load reference profile for L1 varying between -1.0 and 0.0
x = (2+(steps)./max(steps))*1.2;
=2.4 - x(x >1.2);

KL1 = -(6*x.75 - 15%x.74 + 10%*x.73);
loadProfiles(1,:) = KL1;

%% Create static reference profile for L2
load2CurrentRef = min((-40+40 * sin(steps/5000 * 2%pi+pi/13)) / 100, -0.3);
loadProfiles(2,:) = load2CurrentRef;

%% Initialize DC voltage modeling variables
DCVoltages = zeros(numberOfSources+numberOfLoads, length(steps));
droopResis = zeros(numberOfSources+numberOfLoads, 1);
droopConduc = zeros(numberOfSources+numberOfLoads, 1);
conductanceMatrix = zeros(10);
UpsilonArray = [DCRefs(1);
sum(DCRefs.*InomS) /sum(InomS) ;
sum(DCRefs.*InomS)/sum(InomS) ;
0;
0;
0];
UpsilonArray_pre = UpsilonArray;
dcNodeCurrentMatrix = [0; 0; 0; 0; 0; 0];

%% Initialize cable resistances

% Case 1

RCip = 0.010;
RC2p = 0.001;
RCin = 0.010;

RC2n = 0.001;
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% % Case 2

% RCip = 0.001;

% RC2p = 0.010;

% RCin = 0.001;

% RC2n = 0.010;

%

% % Case 3

% RC1lp = 0.010;

% RC2p = 0.010;

% RCin = 0.010;

% RC2n = 0.010;

I = zeros(numberOfSources+numberOfLoads, 1);
I_nomAll = [InomS; InomL];

X = zeros(numberOfSources+number0fLoads, 1);
B_V = ones(numberOfSources+numberOfLoads, 1);
B_run = ones(number0fSources+numberOfLoads, 1);

% measErrors = [1; 0.5; -1; 0; -1.5];
measErrors = [0; 0; 0; 0; 0];
activeDCRefs = [DCRefs; UVRefs];
activeDroops = [DCDroops; UVDroop];

ICSumArrays = zeros(numberOfSources+numberOfLoads,length(steps));
IArrays = zeros(numberOfSources+numberOfLoads,length(steps));

posLims = ones(numberOfSources+numberOfLoads, 1) * inf;
neglims = ones(numberOfSources+numberOfLoads, 1) * -inf;

posLims(1) = 1.0;

%% Run through the calculations
for n=steps
%% Load handling
for 1=1:numberOfLoads
% Set load's DC voltage measurement

if n==1

loads(1l) = setV_DC(loads(1l), DCRefs(1), measErrors(numberOfSources+1));
else

loads (1) = setV_DC(loads(l), DCVoltages(numberOfSources+l,n-1), measErrors(numberOfSources+l));
end

% Assign load its limits...

loads (1) = setLimits(loads(l), posLims(numberOfSources+l), negLims(numberOfSources+l));
% its run status...

loads (1) = setRun(loads(l), B_run(numberOfSources+l));

% and load

loads (1) = setRef(loads(l), loadProfiles(l,n));

% Tell load to calculate its K value

loads(l) = calculateActualK(loads(1));

% Assign the K value to the Xi array

X(numberOfSources+l) = getUsedK(loads(1));

% Check the voltage regulator statuses

[UVRegHit, OVRegHit] = getRegulatorActivations(loads(1l));

% If voltage regulator is active, set the load as voltage regulating device
B_V(numberOfSources+1) = UVRegHit || OVRegHit;

% Update arrays for system's active DC references and droops
activeDCRefs (numberOfSources+1) = getActiveDCRef (loads(1));
activeDroops (numberOfSources+1l) = getActiveDCDroop(loads(1l));

I (numberOfSources+l) = X(numberOfSources+l) * I_nomAll(numberOfSources+l);
end

%% DC voltage handling
% Calculate droop resistances and conductances
for r=1:numberOfSources+numberOfLoads 7 Go though the sources
if r <= numberOfSources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = (B_V(r) & B_run(r))/droopResis(r);
else
droopResis(r) = 1/getDroopConduc(loads(r-numberOfSources)) ;
droopConduc(r) = getDroopConduc(loads (r-numberOfSources)) ;
end
end

conductanceMatrix = [
droopConduc(1)+1/RC1p, -1/RClp, 0, 0, 0, -droopConduc(1l);
-1/RC1p, droopConduc(2)+1/RC1p+1/RC2p, -1/RC2p, 0, -droopConduc(2), 0;
0, -1/RC2p, droopConduc(3)+1/RC2p, -droopConduc(3), 0, 0;
0, 0, -droopConduc(3), droopConduc(3)+1/RC2n, -1/RC2n, 0;
0, -droopConduc(2), 0, -1/RC2n, droopConduc(2)+1/RCin, -1/RCin;
-droopConduc(1), 0, 0, 0, -1/RCin, droopConduc(1)+1/RCin

H

dcNodeCurrentMatrix = [
I(1) + (1/RCip) * (UpsilonArray(2,1) - UpsilonArray(1,1));
I(2) + (1/RCip) * (UpsilonArray(1,1) - UpsilonArray(2,1)) + (1/RC2p) * (UpsilonArray(3,1) - UpsilonArray(2,1));
I(3) + (1/RC2p) * (UpsilonArray(2,1) - UpsilonArray(3,1));
-I(3) + (1/RC2n) * (UpsilonArray(5,1) - UpsilonArray(4,1));
-I(2) + (1/RCin) * (UpsilonArray(6,1) - UpsilonArray(5,1)) + (1/RC2n) * (UpsilonArray(4,1) - UpsilonArray(5,1));
-I(1) + (1/RCin) * (UpsilonArray(5,1) - UpsilonArray(6,1));
1;
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UpsilonArray = UpsilonArray_pre + pinv(conductanceMatrix) * dcNodeCurrentMatrix;

DCVoltages(1,n) = UpsilonArray(1,1) - UpsilonArray(6,1);
DCVoltages(2,n) = UpsilonArray(2,1) - UpsilonArray(5,1);
DCVoltages(3,n) = UpsilonArray(3,1) - UpsilonArray(4,1);

UpsilonArray_pre = UpsilonArray;

%% Source handling
% Populate the Gamma-matrix with new values according to
% the DC-link voltage and inverter parameters
for j=1:numberOfSources
X(j) = min(max(Gamma(DCVoltages(j,n)+measErrors(j), activeDCRefs(j),...
activeDroops(j)), negLims(j)), posLims(j)) * B_run(j);
B_V(j) = X(j) > neglLims(j) & X(j) < posLims(j);
end

% Calculate the currents
I = diag(X) * I_nomAll;
IArrays(:,n) = I;

231
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Appendix 9

Deriving DC voltage source current with DC voltage reference-based

state-of-charge balancing functionality

Following the same principles as in Appendix 1, let’s assume the V¢ follows
exactly V3 + V5. Thus the DC voltage equation is as follows:

VDC — VI;S + V];
Is

I nom$S

Vbe = Vs (1 - Cs) + Vg

To distinguish between normal voltage source and energy storage related
currents, let’s rename here the currents /s and I,,ois as Ig and Iong respec-
tively. Let’s keep the Vg and (s names as they are, as they point to the oper-
ation as a voltage source, not to is the device connected to energy storage or
not. Now, let’s solve for Ig:

I
Voe = Vg (1—1 - cs) + Vg
nomE
VST
Voo = Vg — VS TESs |y
InomE
VeI
VDC_‘/S*_VB*:_ ]S ECS
nomE
Vg IeGs

= VS* — Vbe + Vg

]nomE
VS*IECS = (VS* - VDC + VB*) [nomE

VS* — Vbe + VB* I
VTS* CS nomE

Vs — Vne Vi
Ip= (-5 B )1
E ( VS*<S + V;CS) nomE

= (FS + FB) [nomE

Iz =
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Appendix 10

MATLAB code for modeling energy storage state-of-charge balancing
with identically dimensioned DC/DC converters and storages at zero

load

%% Initialize general modeling variables
steps = 1:5000;

%% Initialize source modeling variables
% Order of the sources is as follows: [S1, S2, S3, S4]
InomS = [25; 25; 25; 25]; % Source nominal currents
DCRefs = [700; 700; 700; 700]; % Source DC voltage references
DCDroops = [0.02; 0.02; 0.02; 0.02]; % Source DC droop coefficients
if ~isequal(length(InomS), length(DCRefs), length(DCDroops))

error('I1_ModelingESS:SourceParameterMismatch',

'The number of source parameters do not match each other.');

end
numberOfSources = length(InomS);
GammaMatrix = zeros(numberOfSources,numberOfSources);
sourceCurrentArrays = zeros(numberOfSources,length(steps));
B_VS = ones(numberOfSources, 1);
B_runS = ones(numberOfSources, 1);
posLims = ones(numberOfSources, 1) * inf;
neglims = ones(numberOfSources, 1) * -inf;

%% Initialize energy storage variables

initSoCs = [ 0.76; 0.66; 1.00; 0.67];

SoCArray = ones(numberOfSources,length(steps)) .* initSoCs;
ESSMaxCaps = [60000; 50000; 50000; 500007 ;

%% Initialize ESS Balancing Variables

V_BSArray = zeros(numberOfSources,length(steps));

GammaEMatrix = zeros(numberOfSources,numberOfSources);

droop_scale = 0.02;

V_scale = 1;

SoC_TArray = ones(1,length(steps)) * sum(SoCArray(:,1) .* ESSMaxCaps(:)) / sum(ESSMaxCaps) ;

%% Initialize DC voltage modeling variables
DCVolt = zeros(1,length(steps));

droopResis = zeros(numberOfSources, 1);
droopConduc = zeros (numberOfSources, 1);
R_MG = 0;

%% Force load to zero
load = zeros(1,length(steps));

%% Run through the calculations
for n=steps
%% DC voltage handling
% Calculate R_MG
for r=1:numberOfSources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = (B_VS(r) & B_runS(r))/droopResis(r);
end
R_MG = 1/sum(droopConduc) ;

% Calculate the DC voltage
if n==1 J, If first step use default values
DCVolt(n) = calculateDCVoltage(DCRefs(1), 0, load(n), R_MG);
else J, Else use previous step DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCVolt(n-1),
sum(sourceCurrentArrays(:,n-1)), load(n), R_MG);
end

%% Source handling
if n>1

SoC_TArray(n) = min(SoCArray(:,n-1));

% SoC_TArray(n) = max(SoCArray(:,n-1));

% SoC_TArray(n) = sum(SoCArray(:,n-1) .* ESSMaxCaps(:)) / sum(ESSMaxCaps);
end

% Populate the Gamma-matrix with new values according to
% the DC-link voltage and inverter parameters
for j=1:numberOfSources
if n>=1000
V_BSArray(j,n) = ((SoCArray(j,n-1) - SoC_TArray(n)) / (droop_scale * V_scale));
end

GammaMatrix(j,j) = min(max(Gamma(DCVolt(n), DCRefs(j), DCDroops(j)) ...
+ (V_BSArray(j,n)/(DCDroops(1) * DCRefs(j))), negLims(j)), posLims(j));
B_VS(j) = GammaMatrix(j,j) > negLims(j) & GammaMatrix(j,j) < posLims(j);
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end

end

% Calculate the source currents
sourceCurrentArrays(:,n) = (GammaMatrix * InomS);

% Update the soc values
for j=1:numberOfSources
if n>1
SoCArray(j,n) = SoCArray(j,n-1) + -sourceCurrentArrays(j,n) / ESSMaxCaps(j);
end
end
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Appendix 11

Simplifying the DC voltage reference-based state-of-charge balancing

['g-equation

m Tn m
FE = (FS + FB) 9 aE omSy,

maxE,, I noms$S

N
% Z InomSn
n=1

I nomsS

QmaxE

N
%} QmaxEn
n=1
N
5 [nomSn
n=1

I nomsS

=(Ts + ')

An array X’s element X, divided by the sum of the array’s elements X re-
sults by definition in normalized value of said element X?", such that sum
of the normalized elements equals one, XXP" = 1. Thus we can replace the

N
g I nomsS,,

fractions NQmaXE and ”:} ; with QP . and p#u respectively, and
S O,
we will ha:lemore simplified form of the equation:
pu
I'g = (Is + I'p) [pm—gE

nomsS
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Appendix 12

MATLAB code for modeling energy storage state-of-charge balancing

with possibility for different capacities and nominal currents

%% Initialize general modeling variables
steps = 1:5000;

%% Initialize source modeling variables
% Order of the sources is as follows: [S1, S2, S3, S4]

% InomS = [25; 25; 25; 25]; % Source nominal currents
InomS = [10; 20; 30; 40]; % Source nominal currents
DCRefs = [700; 700; 700; 700]; % Source DC voltage references

DCDroops = [0.02; 0.02; 0.02; 0.02]; % Source DC droop coefficients
if ~isequal(length(InomS), length(DCRefs), length(DCDroops))
error('I2_ModelingESSVarLoad:SourceParameterMismatch',
'The number of source parameters do not match each other.');
end
numberOfSources = length(InomS);
GammaMatrix = zeros(numberQfSources,number0OfSources);
sourceCurrentArrays = zeros(numberOfSources,length(steps));
B_VS = ones(numberOfSources, 1);
B_runS = ones(numberOfSources, 1);
posLims = ones(numberOfSources, 1) * inf;
neglims = ones(numberOfSources, 1) * -inf;
InomSAve = sum(InomS)/length(InomS);

% posLims(3) = 0.5;

%% Initialize energy storage variables

initSoCs = [ 0.76; 0.66; 1.00; 0.67];

SoCArray = ones(numberOfSources,length(steps)) .* initSoCs;
% ESSMaxCaps = [50000; 50000; 50000; 50000];

ESSMaxCaps = [30000; 40000; 60000; 70000] ;

ESSMaxCapsAve = sum(ESSMaxCaps)/length(InomS);

%% Initialize ESS Balancing Variables

V_BSArray = zeros(numberOfSources,length(steps));

GammaEMatrix = zeros(numberOfSources,numberOfSources) ;

droop_scale = 0.02;

V_scale = 1;

SoC_TArray = ones(1,length(steps)) * sum(SoCArray(:,1) .* ESSMaxCaps(:)) / sum(ESSMaxCaps);

%% Initialize DC voltage modeling variables
DCVolt = zeros(1,length(steps));

droopResis = zeros(numberOfSources, 1);
droopConduc = zeros (numberOfSources, 1);
R_MG = 0;

%% Create smootherstep-based load profile varying between -50 and 0 A
x = (2*(steps)./max(steps))*1.2;

x(x > 1.2) = 2.4 - x(x > 1.2);

x(x > 1) =13

s = 6xx.75 - 15*x.74 + 10*x.73;

load = -50 * s;

%% Run through the calculations
for n=steps
%% DC voltage handling
% Calculate R_MG
for r=1:numberOfSources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = (B_VS(r) & B_runS(r))/droopResis(r);
end
R_MG = 1/sum(droopConduc) ;

% Calculate the DC voltage
if n==1 ), If first step use default values
DCVolt(n) = calculateDCVoltage(DCRefs(1), 0, load(n), R_MG);
else J, Else use previous step DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCVolt(n-1),
sum(sourceCurrentArrays(:,n-1)), load(n), R_MG);
end

%% Source handling
if n>1

SoC_TArray(n) = sum(SoCArray(:,n-1) .* ESSMaxCaps(:)) / sum(ESSMaxCaps);
end

% Calculate the normalized nominal currents and maximum energy capacities
InomSNorm = InomS ./ sum(InomS);

ESSMaxCapsNorm = ESSMaxCaps./ sum(ESSMaxCaps);

% Populate the Gamma-matrix with new values according to
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% the DC-link voltage and inverter parameters
for j=1:numberQOfSources
if n>=1000
V_BSArray(j,n) = ((SoCArray(j,n-1) - SoC_TArray(n)) / (droop_scale * V_scale));
end

No scaling
GammaMatrix(j,j) = min(max(Gamma(DCVolt(n), DCRefs(j), DCDroops(j))
% + (V_BSArray(j,n)/(DCDroops(1) * DCRefs(j))), negLims(j)), posLims(j));

% Scaling for different energy storage sizes

% GammaMatrix(j,j) = min(max((Gamma(DCVolt(n), DCRefs(j), DCDroops(j))

% + (V_BSArray(j,n)/(DCDroops(1) * DCRefs(j))))

% * (ESSMaxCaps (j)/ESSMaxCapsAve), negLims(j)), posLims(j));

% Scaling for different energy storage sizes and nominal currents
% GammaMatrix(j,j) = min(max((Gamma(DCVolt(n), DCRefs(j), DCDroops(j)) ...
% + (V_BSArray(j,n)/(DCDroops(1) * DCRefs(j)))) * (ESSMaxCaps(j)/ESSMaxCapsAve)
% * (InomSAve/InomS(j)), negLims(j)), posLims(j));
GammaMatrix(j,j) = min(max((Gamma(DCVolt(n), DCRefs(j), DCDroops(j))
+ (V_BSArray(j,n)/(DCDroops(1) * DCRefs(j))))
* (ESSMaxCapsNorm(j)/InomSNorm(j)), negLims(j)), posLims(j));

B_VS(j) = GammaMatrix(j,j) > negLims(j) & GammaMatrix(j,j) < posLims(j);
end

% Calculate the source currents
sourceCurrentArrays(:,n) = (GammaMatrix * InomS);

% Update the soc values
for j=1:numberOfSources
if n>1
SoCArray(j,n) = SoCArray(j,n-1) + -sourceCurrentArrays(j,n) / ESSMaxCaps(j);
end
end
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Appendix 13

Proof that change in droop resistance Rpg is change in droop coef-
ficient (g

Let’s take the drooped voltage’s equation 1.1, add Ry as the balancing offset
resistance, and rewrite the resistance values as specified in equation 3.7:

V];S = VS* — (RDS + RB)IS

Alg Alg

As resistance value is mathematically the slope of a curve in current/voltage-
plane, we can calculate the slope by selecting two points on the curve and us-
ing them as the As. The easiest points are the zero and nominal load points,
remembering that at nominal load the voltage has dropped according to V*(.

Vsiés | Ve(s
I
InomS N IB >

Vi =15 - (

In the balancing offset resistance calculation, as the base droop resistance
Rps and its offset Ry are being modeled for the same voltage source, from
this follows Iy = Ioms. Also Vi = V{, as an offset to a resistance does not
change voltage reference, which would generate current.

Vi'Gs | V(s
V* _ V* . S + S ) T
DS S (InomS InomS S
(Cs + CB)VS*)
— Vg — (2B )
S ( [nomS S
ISV
=Vs - ]s . (Cs + (B)
nomS
. I
= Vs (1— T SS(Cs+CB>>
nom;

This is completely analogous with the V35 equation 1.2, only with (g portion
added. Thus showing that an offset to the droop resistance Rpg only creates
an offset to the droop coefficient (s.
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Appendix 14

MATLAB code for modeling power supply prioritization based on

real-life data

%% Initialize general modeling variables
steps = 1:3000;

voltageRating = 400;

equipmentPowerArray = zeros(3,length(steps));

%% Initialize source modeling variables

% Order of the sources is as follows: [S1, S2, S3, S4]

InomS = [1700000/voltageRating]; % Source nominal currents

DCRefs = [787]; % Source DC voltage references

DCDroops = [0.02]; 7% Source DC droop coefficients

if ~isequal(length(InomS), length(DCRefs), length(DCDroops))

error('M1_powerSupplyPrioritization:SourceParameterMismatch',

'The number of source parameters do not match each other.');

end

numberOfSources = length(InomS);

GammaMatrix = zeros(numberQfSources,number0OfSources);

sourceCurrentArrays = zeros(numberOfSources,length(steps));

B_VS = ones(numberOfSources, 1);

B_runS = ones(numberOfSources, 1);

posLims = ones(numberOfSources, 1) * inf;

neglims = ones(numberOfSources, 1) * -inf;

%% Initialize load modeling variables
% Order of the loads is as follows: [L1, L2...]
InomL = [2000000/voltageRating; 1000000/voltageRating]; % Load nominal currents
% UVRefs = [DCRefs(1) * (1 - DCDroops(1)*0.8)];
UVRefs = [300; DCRefs(1)*(1-DCDroops(1))];
UVDroop = [0.02; 0.02];
% OVRefs = [710];
OVRefs = [900; 900];
0VDroop = [0.02; 0.02];
if ~isequal(length(InomL), length(UVRefs), length(UVDroop), length(OVRefs), length(QVDroop))
error ('Mi_powerSupplyPrioritization:SourceParameterMismatch',
'The number of load parameters do not match each other.');
end
numberOfLoads = length(InomL);
KappaMatrix = zeros(numberOfLoads,numberOfLoads) ;
loadCurrentArrays = zeros(numberOfLoads,length(steps));
loads(1,1) = inverterAdvReg(InomL(1),
UVRefs(1),
UVDroop(1),
OVRefs (1),
0VDroop (1),
1, ... % 0 = normal drooping regulator
% 1 = drooping regulator with conditional droop compensation from the dissertation
0, ... % 0 = reference is considered current reference
e % 1 = reference is considered power reference
700); % Nominal voltage for power calculations

loads(1,2) = inverterAdvReg(InomL(2),
UVRefs(2),
UVDroop(2),
OVRefs(2),
0VDroop(2),
1, ... % 0 = normal drooping regulator
NN % 1 = drooping regulator with conditional droop compensation from the dissertation
0, ... %40 reference is considered current reference
. %1 reference is considered power reference
700); % Nominal voltage for power calculations

%% Use the prioritization data as the load reference for L1
prioritizationData = readmatrix("prioritizationData.csv");
load_kW = -prioritizationData(:,3);

loadProfiles(1,:) = load_kW / 2000;

%Synchronize timestamps with the original data
csvTimeThruster = (steps * 0.05) + 2.65;

%% Use L2 as the grid side inverter
loadProfiles(2,:) = zeros(length(steps), 1);

%% Initialize DC voltage modeling variables

DCVolt = zeros(1,length(steps));

droopResis = zeros(numberOfSources+numberOfLoads, 1);
droopConduc = zeros (number0fSources+numberOfLoads, 1);
R_MG = 0;

R_MGArray = zeros(1,length(steps));
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L1UVRegActive = zeros(1,length(steps));
L2UVRegActive = zeros(1,length(steps));

%% Run through the calculations

for

end

n=steps
% Load handling
for 1=1:numberOfLoads

if n==

loads(1) = setV_DC(loads(1), DCRefs(1), 0);
else

loads (1) = setV_DC(loads(l), DCVolt(n-1), 0);
end

%% L1 is handled normally but L2 is rigid voltage source
if 1==
loads(1l) = setRef(loads(l), loadProfiles(l,n));
loads(l) = calculateActualK(loads(1));
KappaMatrix(1,1) = getUsedK(loads(1));
else
loads (1) = setRef(loads(l), loadProfiles(l,n));
loads(1) = calculateActualK(loads(l));

[UVRegHit, OVRegHit] = getRegulatorActivations(loads(1));
% If L2 hits its UV regulator limit, for its output to the
% difference between the generator and load, i.e. rigid voltage source
if UVRegHit
KappaMatrix(1,1) = max(-((KappaMatrix(1,1) * (InomL(1)/InomL(2)))
+ (GammaMatrix(1,1) * (InomS(1)/InomL(2)))),0);
else
KappaMatrix(1,1) = getUsedK(loads(1));
end
end
end

% Calculate the load currents
loadCurrentArrays(:,n) = KappaMatrix * InomL;

%% DC voltage handling

% Calculate R_MG

droopConduc = droopConduc * 0;

for r=1:numberOfSources % Go though the sources
droopResis(r) = (DCRefs(r) * DCDroops(r) / InomS(r));
droopConduc(r) = (B_VS(r) & B_runS(r))/droopResis(r);

end

for 1=1:numberOfLoads 7 Go though the loads
[UVRegHit, OVRegHit] = getRegulatorActivations(loads(1));
if UVRegHit == 1
if 1==1
L1UVRegActive(n) = 1;
droopConduc (numberOfSources+1) = 1/((UVRefs(1) * UVDroop(l)) / InomL(1));
elseif 1==2
% Load L2's UV regulator is not droop-based, so it must not influence the R_MG
L2UVRegActive(n) = 1;
end
end

if OVRegHit ==
droopConduc (number0fSources+1) = 1/((0VRefs(1) * OVDroop(1l)) / InomL(1));
end
end
R_MG = 1/sum(droopConduc) ;
R_MGArray(n) = R_MG;

% Calculate the DC voltage
if n==1 ), If first step use default DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCRefs(1), O, sum(loadCurrentArrays(:,n)), R_MG);
else 7/, Else use previous step DC voltage and source currents
DCVolt(n) = calculateDCVoltage(DCVolt(n-1), sum(sourceCurrentArrays(:,n-1)), sum(loadCurrentArrays(
R_MG);
end

%% Source handling

% Populate the Gamma-matrix with new values according to

% the DC-link voltage and inverter parameters

for j=1:numberOfSources
GammaMatrix(j,j) = min(max(Gamma(DCVolt(n), DCRefs(j), DCDroops(j)), negLims(j)), posLims(j));
B_VS(j) = GammaMatrix(j,j) > negLims(j) & GammaMatrix(j,j) < posLims(j);

end

% Calculate the source currents
sourceCurrentArrays(:,n) = GammaMatrix * InomS;

% Calculate the equipment powers

equipmentPowerArray(i,n) = sourceCurrentArrays(i,n) * voltageRating; ’ Generator inverter
equipmentPowerArray(2,n) = loadCurrentArrays(i,n) * voltageRating; 7/ Thruster inverter
equipmentPowerArray(3,n) = loadCurrentArrays(2,n) * voltageRating; 7% Grid Inverter

:,n)),
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