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Abstract—This work presents a non-linear digital PI controller
for DC-AC converters in shipboard microgrids (SMG) with
hybrid energy storage systems (HESS), including battery and
supercapacitor. The HESS power converters in SMG need fast
and well-tuned dynamic response to ensure reliable operation
in their distinctive load characteristics such as large variations
in line voltage, load changes, and high degree of non-linearity.
Conventional PI controllers prove their performance in most
cases, however, due to their linear behaviour, they may fail to
maintain all the control system parameters at desired ranges
over the large and fast transients. To address this issue, a case
study based on real mission profile of a hybrid ship is considered,
and a non-linear PI controller with variable gains for different
error values based on non-linear functions is introduced. Stability
analysis based on frequency-domain and bode diagrams provides
the improvement in dynamic response, and it is verified by
simulation and controller hardware-in-the-loop (CHIL) tests.

Index Terms—DC-AC Converters, Non-linear PI Controller,
Adaptive Control, Fast Dynamic Response, CHIL Test, Shipboard
Microgrids, Hybrid Energy Storage Systems

I. INTRODUCTION

Distinctive characteristics of shipboard microgrids (SMG) in
all-electric ships (AES) cause their architecture to be different
from terrestrial microgrids. One of the main characteristics of
SMG is their load profile, and consequently, requirement for
more advanced combinations of energy sources. In this regard,
Hybrid Energy Storage Systems (HESS) are utilized to tackle
complex load behaviors such as high share of non-linear loads,
pulsed loads, intermittent loads, and regenerative loads [1].

To respond to the mentioned load profile, there is a need
for a combination of energy storage systems with both high
power density and high energy density to provide a reliable
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generation. Today’s HESS mainly consists of battery energy
storage systems (BESS) and supercapacitors, to be able to
provide power for both short-term transients and long-term
energy requirements. Providing power for short-term transient
loads enables the need for more fast dynamic response energy
storage interface converters [2]. The required response time for
BESS is from few to 40ms, and 10-20ms for supercapacitors
[1].

To comply with the response time of supercapacitors, the
interface converters including DC-DC and DC-AC interface
converters need to have fast and well-tuned dynamic response
as well. Proper filter design alongside the conventional control
methods can achieve this goal in most cases. Among conven-
tional control methods, the linear proportional-integral (PI)
control system is the most famous one, due to their simple
implementation and zero steady-state error [3]. However, it
may fail to maintain all the control parameters at the desired
ranges for the fast dynamic response in all cases. To be more
specific, due to the linearization, PI controller may fail to
operate properly, especially in transients. This may lead to
large overshoots and undershoots that are not seen in the linear
model, or system instability [4].

Linear PI controller can be adjusted in the frequency-
domain to minimize the error of measured variable and refer-
ence value. But due to the limitations of the linear controllers,
such as low bandwidth and limited dynamic response espe-
cially for transient behaviour in large variations, non-linear
controllers can be used. Hysteresis and geometric control
methods are proposed to improve the transient response [6].
In addition to these well-known control systems, predictive
control is also a suitable strategy to control power electronics
converters. By using a discrete-time model and adjusting a
cost function, Model Predictive Control (MPC) can be used



to improve the dynamic response of power converters. MPC
includes the nonlinearities of the system and the switch states
of the converter are in their original form. Other desired
constraints can be introduced to the cost function, which can
guarantee the performance of the converter in all conditions.
The main drawbacks of these non-linear methods are com-
plexity, high computational demand, and model dependency

(71, [8].

In this regard, to keep the advantage of linear PI controller
while improving its poor transient response, non-linear PI
controllers are introduced. While conventional PI feedback
uses a linear combination of present and cumulative error
terms, a non-linear combination employs non-linear functions,
potentially offering better effectiveness [9]. This paper shows
that with linear feedback terms, the error approaches zero in
infinite time, whereas non-linear feedback terms in exponential
forms enable the error to reach zero faster, in finite time. A
non-linear digital proportional-integral-derivative (PID) con-
troller for DC-DC converters is proposed in [10] to enhance the
dynamic response of dual-phase synchronous buck converter
for large error values. Instead of constant PID gains for all
conditions, variable gains are designed for different error
values, which dynamic response improved significantly. A
self-tuning rule for PI gains design considering energy balance
is provided in [11] for DC-AC converters. This method re-
quires an additional energy balance algorithm. An adaptive PI
controller with online tuning of PI gains based on fuzzy logic
is proposed in [12] for three-phase voltage source inverters.
This work needs additional efforts for calculating membership
functions. A significant improvement in power quality and
dynamic response for grid-connected inverters is provided
in [13] utilizing an adaptive control. The improvement is
shown during fast transients and sudden loads. The variable
gains for the controller are optimized based on energy signal
optimization, which makes it more complex. Besides research
papers, non-linear PID controllers are of interest to industry.
Texas Instruments provides a specific library to implement this
technique in C2000 Digital Signal Processors (DSP) [14]. An
application of this method in a Vienna rectifier is proposed in
[15].

The literature proved that non-linear PI controllers can
improve dynamic response significantly, however, there is still
lack of proper design methodology, in-depth stability analysis,
and digital implementation especially for DC-AC converters.
Therefore, this paper focuses on proposing design process,
frequency domain analysis, and digital implementation in a
controller hardware-in-the-loop (CHIL) test for linear PI and
non-linear PI for DC-AC converters using shipboard microgrid
as a practical use case. Section II introduces shipboard micro-
grid design including power and conventional control stage as
well as issues observed in the simulation. Section III proposes
non-linear control system and frequency-domain analysis. Dig-
ital implementation and CHIL results are provided in section
IV. Section V concludes the paper.
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Fig. 1. Shipboard Microgrid with HESS.

II. SHIPBOARD MICROGRID DESIGN
A. Power System

There are several topologies for SMG based on their main
buses that can be DC, AC, or hybrid DC/AC [1]. Two
simplified shipboard microgrids for this study is provided in
Fig. 1. Diesel Generator (DG), Shaft Generator (SG), BESS,
supercapacitor, and power converters are their main elements.
It should be noted that the active front end (AFE) converters
that are connected to the SG are not shown for simplicity.
Figure 1(a) shows a SMG with main AC/DC buses that HESS
are connected to the main AC bus through DC-DC and DC-
AC converters. A SMG with main AC bus are provided in
Fig. 1(b), in which the BESS are connected to the main AC
bus with single-stage DC-AC converters. Due to the voltage
decrease at the supercapacitor’s terminals, A DC-DC converter
is utilized usually, however, new design suggests eliminating
this DC-DC converter to increase the efficiency of the system
[16]. Hence, a single-stage conversion can also be used in this
topology.

In the following, as the focus of the work is on controller
design for DC-AC converters, the case study will be a portion
of this SMG that includes supercapacitor, DC-DC and DC-AC
converters, and AC generation source. The DC-AC converter
is shown in Fig. 2. The AC bus voltage is 690 V - 50 Hz, and
the DC voltage is set to 1.2 kV. The maximum power of the
converter is set to 2 MW considering a real mission profile
for the supercapacitors in a roll-on/roll-off (RORO) ship.

This converter utilizes an LCL filter in the output, to filter
out the harmonics and ensure the controllability of the con-
verter. The LCL filter is designed to attenuate the harmonics
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Fig. 2. DC-AC converter with LCL filter with passive damping.



and achieve desired current ripple reduction while limiting
the AC voltage drop and maintaining high power factor [17].
The switching frequency is set to 4 kHz (2.5133e+04 rad/s),
and minimum power factor assumed to be 0.995. To ensure
stability, the resonance frequency is set to be around one-
fourth of the switching frequency (6.2832e+03 rad/s), and the
passive damping method is used in this case. This design is a
reciprocal process, so the initial values are re-calculated in a
few iterations to reach the proper values within the constraints.
The final values of LCL filter are as follows:

Ly = Ly = 26.045H,Cy = 2.1mF, Ry = 0.0174%

Where, Ly, Ly, C¢, and R, are inverter side inductor, AC side
inductor, filter capacitance, and damping resistor, respectively.
Considering filter parameters and switching frequency, the
resonance frequency will be 6.0470e+03 rad/s. Besides, the
required capacitance for DC bus is 50 mF.

B. Control System

The operational scenarios are an essential part for designing
the control system for every converter in SMG. Therefore, the
responsibility of converters vary across different ship opera-
tions including port-stay, manoeuvring, and navigation. Since
the supercapacitors module as a fast response energy source is
considered in this work, maoeveuring phase is studied, where
the power demand is at peak value. In this mode, the DC-
AC converter is responsible for injecting power to the AC
bus alongside the DG and SG. Based on the power/energy
management system, the DC-AC converter needs to operate
in reverse direction to charge the supercapacitors module.
This means that the converter needs to be able to control the
discharged/charged current and DC bus voltage. To keep the
generality of this work, a dual-loop control as shown in Fig.
3 is considered as the main control system. G;(s) is the inner
loop transfer function ((G pister(s))(Gdelay)) and Gyr(s) is
the outer loop plant (output current to DC voltage transfer
function). krp1 and krpo are measurement, conditioning, and
analog-to-digital converter (ADC) gains for inner and outer
loops, respectively.

The voltage and current controller design are based on
[18], [19]. First, the inner current loop is designed to set
the Band-Width (BW) of the current loop to be half of the
resonance frequency (1.2566e+04 rad/s). The single update
mode is selected for sampling method, so the sampling time
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Fig. 3. Dual-loop control system for the DC-AC converter.

(Ts) is 250 ps. According to [19], the PI current controller
coefficients are obtained by the following equations.

0.33(Ly + L)
e (M

Ticurrentloop = 10<Ts) (2)

To design the voltage loop and ensure stability, the required
BW for the voltage loop is set to be around one-tenth of the
inner-loop, to get enough decoupling with inner-loop while
having a fast enough response. By using equations in [18], the
voltage loop transfer controller coefficients are derived based
on the following equations.

Kpcurrentloop =

0.02(Cye)
vaoltageloop = T (3)
Tivoltageloop = 17(TS) (4)

C. Analysis of Observed Problem

A simulation study with the design parameters is performed
to validate the effectiveness of the controller design. In the first
case, the input reference current is changed as shown in Fig.
4(a). The DC-link voltage and output current for phase A are
stable and following the reference properly, in the specified
response time. In the second case, a large variation is applied
to the input current reference from 500 A to 2000 A, which
frequently happens in the mission profile of the selected study.
The corresponding results are shown in Fig. 4(b). It is observed
that in large variation, the PI controller fail to work properly,
and overshoot and undershoots are no longer in the specified
range. The overshoot for small to large step changes varies
from 4 % to 18 %. The settling time is also increased from 200
ms to 300 ms. In the next section, a non-linear PI controller
is designed to address this issue.
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Fig. 4. Simulation results for conventional PI controller.

III. NON-LINEAR CONTROL SYSTEM

In this section, a non-linear digital PI controller is designed
to replace the conventional controller presented in the previous
section. The control system is depicted in Fig. 5. The controller
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Fig. 5. Non-linear PI controller for dual-loop control system.

update function consists of three main parts. The first part
is a read function that receives the voltage error value. The
second part is a calculation function that computes the PI gains
based on the error value using predefined non-linear functions.
Finally, the third part updates the controller coefficients to set
the controller output to a desired value.

A. Controller Design

The general form of the PI controller in time-domain is
provided in Eq. (5). Conventional PI uses constant gains for
the feedback terms (K, K;), whereas non-linear PI uses non-
linear functions (K, (e), K;(e)).

u(t) = K (e) - e(t) + Kie) - /0 e dr ()

With constant K, (e) = K, the proportional term (K, - e(t))
is directly proportional to the error signal, which means it
provides an immediate control response proportional to the
magnitude of the error. Hence, increasing K, makes the
system to respond faster because the control action becomes
larger for a given error. However, a too high proportional term
pushes the system to higher overshoots and instability.

Considering the effects of proportional term in the PI
controller, a non-linear function, K, (e), is designed to change
the proportional gain based on the error values. The achieved
function is proposed by Eq. (6), and plotted in Fig. 6(a) for
o = 1.5. Parameter « sets the degree of non-linearity of
the function, in which @ = 0 means a constant gain for all
errors. aj p, and by, are lower and upper per unit errors,
that defines which part of the function should be selected for
the proportional gain.

K,,
m.e+f6a
K,-e

0<e<arpm
a1 pu <e< bl,pu (6)

bl,pu Segl

Ky(e) =

Where

K, b2 — K,

m = 1,pu
bipu — a1 pu

fc:Kp_m'al,pu

The integral term (K fot e(7) dr) accounts for the accumula-
tion of past error values. So, it changes control output con-
sidering duration and magnitude of the error, and it increases
over time to reduce the error to zero in steady-state. Too high
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Fig. 6. PI coefficients for different error values.

integral gain leads to oscillations and instability in transient.
Hence, a lower value for larger errors are considered for
transient period to reduce oscillations. The function of integral
gain can be obtained by Eq. 7. This function is plotted in Fig.
6(b) for Ki,min = 0.5Ki.

K; 0<e<aip
Ki(e)=qm-e+ fe, aipn<e<bip @)
K mins bipu <e<1
Where
K min — K;
m = —bmin e

bl,pu — G1,pu
foe=K; — m - a1.pu

For the proposed system, the calculated functions are de-
rived based on a few iterations to ensure stable condition for all
the operating point at all error values. The non-linear functions
that are selected are depicted in Fig. 6. Stability analysis of
these functions are provided in the next subsection.

B. Stability Analysis

To ensure proper tracking and stability of the system with
variable PI gains, a frequency-domain analysis is provided
based on the bode diagram of the loop function and closed
loop transfer function of the outer loop. The bode diagrams
are derived by varying o from 0 to 2, and per unit error from
0 to 1. The PI gains are calculated for each error value for
151 points, and the corresponding bode diagram is achieved,
accordingly. To analyze the system, BW is obtained based
on the closed-loop transfer function, and gain margin (GM)
and phase margin (PM) are calculated by using loop-function.
Results are provided in Fig. 7.

Figure 7(a) shows BW of closed-loop transfer function that
indicates higher BW for higher « values in the defined range
of errors (a1 < € < bypu). This is because of increasing
proportional term in those error values. This increase is more
effective with higher values of « that are correlated to higher
non-linearity in the system. According to this figure, it is
expected that transient response time become faster. However,
based on Figs. 7(b) and (c) that shows GM and PM of the
loop function, the system will be close to instability for higher
a. Considering frequency-domain analysis, proper value for
a can be selected to have desired BW while having stable
operation in all conditions.
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C. Simulation Results

To validate the effectiveness of the proposed non-linear
controller, the controller code is rewritten considering the
controller update function that is shown in Fig. 5. The con-
troller update function is inserted after the phase-locked loop,
and before applying the PI controller function to the error.
First, new gains for both proportional and integral gains are
calculated based on the predefined non-linear functions, and
then the controller gains are updated and applied to the error
at that instant.

Simulation results in the same case that is observed in
Fig. 4(b) is provided in Fig. 8 for non-linear PI controller. A
significant improvement in dynamic response can be observed.
As shown in Fig. 8(a), the reference current is increased from
500 A to 2000 A that indicates the large variation in the

system. The maximum overshoot for the DC in this case is
6 %, which shows 12 % reduction in the overshoot value
compared to the results with conventional PI controller. The
settling time also decreased from 300 ms to 200 ms. For a
detailed comparison, DC voltage dynamic response for both
non-linear PI and conventional PI is depicted in Fig 8(b).
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Fig. 8. Simulation results with non-linear PI controller in large step changes.

By comparing phase A output current waveforms in Figs.
4(b) and 8(a), a notable improvement in the inner loop can
be observed. Since the reference current is produced by the
voltage loop controller, output control of the non-linear PI
controller leads to an improved dynamic response in the
inner loop and current reference as well. Maximum current
overshoot is decreased from 50 % to 10 %, and it stabilizes
in less cycles, compared to conventional PI controller.

IV. HARDWARE VALIDATION

A CHIL test is performed to test the functionality of the
digital non-linear PI controller in a more realistic case. A
Typhoon HIL real-time simulator is used to emulate the power
stage with 1 us time step. A TMS320F28379D DSP is utilized
to implement the non-linear PI controller code. Two ePWM
modules and 7 ADC channels are programmed to setup the
control system. ePWM1 is for triggering the ADC conversion,
and ePWM?2 is generating three-phase SPWM pulses. An
interrupt is enabled in the Peripheral Interrupt Expansion (PIE)
to call Interrupt Service Routine (ISR) function at the end of
conversion of ADC channels.

The predefined non-linear functions are initialized in the
DSP, and called at each ISR function. The ePWMI1 clock is
set to 250 s, and the PI transfer function is discretized using
Tustin’s method and same sampling time (250 ps).

The results for conventional PI and non-linear PI are pro-
vided in Fig. 9, in which Figs 9(a) and (b) show the DC
input current step change and DC voltage dynamic response.
A comparison for DC voltage with conventional and non-
linear PI controller is provided in Fig. 9(c) that verifies its
enhanced dynamic response. The overshoot and settling time
are decreased by 12 % and 33 %, respectively. The CHIL result



matches with the simulation results, and verifies the operation
of embedded non-linear controller in DSP.

(a) Conventional PI controller

(b) Non-linear PI controller
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Fig. 9. CHIL results: DC voltage at large step changes.

V. CONCLUSION

This paper proposes a non-linear PI controller for improving
dynamic response of DC-AC converters in the application of
SMG with HESS, where fast and precise dynamic response for
very large step changes is critical. The non-linear PI controller
adjusts the PI gains at each step based on the error value and
predefined non-linear functions. This adaptive control system
shows significant improvement in dynamic response of DC
voltage and output current, especially in large variations of
the SMG operation in manoeuvring phase. Compared to a
benchmark case with conventional PI controller, overshoots
and settling time decreased by 12 % and 33 %, respectively.
A frequency-domain analysis is done to design non-linear
functions, and ensure stable operation in all states. Simulations
and CHIL tests are performed to evaluate and verify the
controller performance.
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