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a b s t r a c t

Bioelectrochemical Energy Storage (BES) systems are able to convert electrical power into biomethane
and resemble the structure of fuel cells, as several low voltage modules are connected in series creating
stacks, which are in turn parallelized to reach the desired power. However, in this case, BES modules act
as gas energy storage/load that generate storable biomethane as a product. This paper proposes a multi-
output multilevel AC/DC power conversion system for BES stacks. The proposed topology has a structure
like a modular multi-level converter (MMC) wherein BES stacks are connected to submodules and only a
capacitor exists in the DC link. Therefore, it needs only a small filter on the AC side while voltages and
powers of all BES stacks are simultaneously under control. A mathematical model of the proposed power
conversion system is presented, and then a control scheme has been designed in order to achieve the
following goals: 1) simultaneous control of all output voltages; 2) independent control of the active and
reactive power interchanged with the grid; 3) control the quality of grid current; 4) suppression of
circulating current. For verification of the system performance, OPAL-RT real-time simulation results that
are obtained from a 10-kW BES system containing 18 stacks are presented.

© 2022 Published by Elsevier Ltd.
1. Introduction

To achieve the European plan in minimum 55% reduction of
greenhouse gas emissions by 2030, higher shares of renewable
energy and greater energy efficiency are demanded [1]. However,
these resources are variable and intermittent. As a consequence, in
order to keep the balance between generation and demand, pro-
ducers have to either shut down power stations or pay consumers
to take the extra electricity off the network. On the other hand,
adding long-term and large capacity electricity storage to the po-
wer system and also sector coupling of electricity and gas sectors
are promising solutions. Industrial electrochemical batteries are
limited capacity energy storage systems, and they are not big
enough to handle the huge level of extra power in the power sys-
tem [2e4]. Other solutions such as solid oxide fuel cells (SOFCs) [5],
reversible SOFC [6] and electrolyzes [7] in the range of kW to MW
are currently available in the market to produce Hydrogen from
electricity. However, these solutions need large tanks and
hahparasti).
infrastructures to store hydrogen. In parallel, the Power-to-Gas
(P2G), especially Power-to- Methane technology, has been intro-
duced to tackle this issue, and also to reduce system dependency on
fossil fuels [8,9]. The P2G process links the power grid with the gas
grid by converting a surplus of electrical power into a grid-
compatible gas and there is no need for tanks to store gas [4,10].

In the last years, some BES based Power-to-Methane technolo-
gies have been proposed to convert wastewater and electricity to
Methane and clean water [11,12]. A BES-based P2G can work as an
energy storage system in which the excess of renewable energy
production is used to feed a water depuration process for bio-
methane generation [13]. In this way, it is possible to accumulate
energy inm3 ofmethane, meanwhile, a regular industrial process of
water treatment plants is conducted. Moreover, this process con-
sumes CO2, which contributes to reducing greenhouse emissions of
this gas [14]. The use of CO2, polluted water rich in carbon, and
overproduction of renewables makes BES-based P2G a good
example of the circular economy application [15].

From an electrical point of view, the BES P2G system canwork as
a high capacity unidirectional energy storage or in other words as a
controllable AC load in microgrid and power systems [16,17].
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Although there is still a significant gap between the current tech-
nology readiness level and a prospective large-scale BES P2G plant,
chemical technology is evolving fast. It is expected that a high ca-
pacity BES P2G plant would arise shortly similar to the path of
previous technologies like PV or battery that became technically
and economically practical in the last decades [18]. Besides to
chemical part, developing high performance and efficient AC/DC
interlinking converters are vital for P2G plants grid integration.

Many BES stacks must be connected in series and parallel to
make a multi-kW BES storage. They must be supplied with a
controllable and consistent DC voltage. In this system, voltage
balancing and equal current sharing between BES stacks are
becoming more challenging to achieve [19e21]. Although the use
of a diode rectifier and a DC/DC converter per stack is an easy and
efficient solution to supply BES [22,23], it suffers from poor power
quality on the AC side due to the nonlinearity of the diode rectifier,
as well as the inability to manage reactive power and to perform
grid ancillary services. In Refs. [18,24,25], a three-phase two-level
voltage source converter was proposed as a solution for BES ap-
plications wheremany stacks were assembled in series and parallel
to build a massive BES system. This solution exchanges a sinusoidal
current with the grid, however, it does not guarantee a balanced
distribution of voltage and consequently power among stacks.
Ref. [23,26] demonstrated a galvanic isolated multi-output AC/DC
topology for this application in which three-stage voltage conver-
sions are used to build a proper interconnection between BES
stacks and the grid. Although the [26]'s topology has many ad-
vantages, such as the ability to perform simultaneous control of all
stacks and to draw a sinusoidal current with the desired power
factor from the grid, it requires too many passive and switching
components.

The MMC is an appealing and promising topology for AC/DC
conversion due to its high efficiency, good harmonic performance,
and modularity [27]. This topology, as an interlinking converter
between the AC side with three wires and the DC side with two
wires, has been utilized for various applications such as High
Voltage DC transmission systems (HVDC) [28,29], Flexible AC
Transmission Systems (FACTS) [30], energy storage systems [31,32]
and medium voltage variable speed drives [33,34]. Widespread
research has been done to address the technical challenges such as
new switching methods, voltage balancing of submodules and
circulating current suppression of MMC [35].

In this paper, an MMC is modified to serve as a modular multi-
level multi-output (MMLMO) AC/DC converter for BES stacks, as
shown in Fig. 1. In MMLMO, the BES stacks are connected to the DC
Fig. 1. Schematic of a BES system with the proposed interlinking converter.

2

side of submodules, a capacitor is mounted in the DC connection,
and three grid AC grids are connected to the AC side (midpoint of
each leg). With this wiring, MMLMO can control all BES stacks
simultaneously. As a result, the inherent benefits of MMC have been
applied to the proposed topology as follows: 1) Full controllability
of BES stacks under all conditions, 2) small AC-filters, 3) Low
Switching Frequency, 4) High reliability and performance, and 5)
Improved scalability by the use of standardized subcomponents.

In terms of the control scheme, the controller of the converter is
responsible for 1) absorbing active power reference with desired
power factor from the grid, 2) feeding all stacks with equal voltage
and power. For the first goal, a three-loop power/voltage/current
control scheme is developed where the DC-link voltage reference
generates by the outer power loop considering the converter re-
strictions and grid status. Then, the middle DC-link and inner cur-
rent loops are employed to determine and track the current
reference, respectively. The commands of MMLMO switches are
then produced using a phase-shifted pulse width modulator and a
suitable sorting algorithm to provide equal and controllable voltage
to all of the BES stacks.

In the following, the modelling of BES based on real data will be
presented in section II. In section III, the topology of MMLMO is
introduced and its equivalent circuit and mathematical model are
obtained in section IV. In section V, a control scheme is suggested to
accomplish the following aims: 1) simultaneous control of all
outputs voltages; 2) independent exchange of active and reactive
powerwith the grid; 3) control of the grid current power quality; 4)
suppression of circulating currents between converter legs. Finally,
for verification of system performance hardware in the loop system
based on the OPAL-RT platform is used to validate the performance
of a 10-kW BES energy storage including 18 stacks.
2. Bioelectrochemical energy storage system

BES technology is a promising solution for converting electrical
power into methane [36], which is of interest at a time when the
majority of energy storage systems rely on electrochemical batte-
ries. Methane can be produced by the cathode of a BES, but its
output is limited [37]. Methane production can be increased by
applying a voltage to the BES cell [38].

BES cells generate methane electrochemically by reducing car-
bon dioxide, as shown in the chemical reaction below:

CO2 þ8Hþ þ 8e�/CH4 þ 2H2O: (1)

Current and voltagewaveforms of the cyclic voltammetry test of
a BES cell are shown in Fig. 2 [19,20]. As can be seen from these
curves, the current is almost zero for voltages below E01, then in-
creases after E01. Likewise, if the applied voltage exceeds the value
E02, the current will increase dramatically. The applied voltage
should remain between E01 and E03, otherwise, the chemical
behaviour of the cell would change becoming even more unpre-
dictable. In practice, the input voltage of BES should remain lower
than1 p.u. due to isolation issues. To protect the cell, a diode can be
installed in parallel [20].

So far, several electrical models have been proposed based on a
resistor, a capacitor and a DC source for emulating BES and systems
[41,42]. This paper aims to present a simple model to emulate the
BES system in linear and nonlinear operation areas. Based on the
current profile of the BES cell in Fig. 2, two lines can be used to
model cell behaviour. Following this idea, the proposed model is
made by two parallel R-E branches in Fig. 3, in which each line can
be emulated by an electrical branch. It is worth mentioning that the
diode in branch 2 is used to prevent the flow of current between
branches.



Fig. 2. The current-voltage curve for a BES cell.

Fig. 3. A static model of the BES cell.

Fig. 4. Methane-Voltage and Current-Voltage curves for the proposed static model of
the BES cell.
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The equivalent resistances in the BES model can be found
operating the following equations:

R1 ¼
E02 � E01

I1
; (2)

R2 ¼
E03 � E02

I2 � E03�E01
E02�E01

I1
; (3)

where values of I1, I2, E01, E02, and E03 can be found from the real
Current-Voltage curve of the BES cell according to Fig. 2.

In order to validate this simplified model, its response is
comparedwith the real BES response. The obtained results from the
proposedmodel are shown in Fig. 4 which are similar to real data in
Fig. 2.

Lots of BES cells have to be installed in series and parallel inside
of one BES stack. Then, several BES stacks build the BES plant. For a
stack, the parameters of the model can be considered as:

E01 stack ¼NsE01; (4)
3

E02 stack ¼NsE02; (5)

R1 stack ¼
Ns

Np
R1; (6)

R2 stack ¼
Ns

Np
R2; (7)

where Ns and Np refer to the number of BES cells in series in one
branch and the number of BES branches in parallel in the stack,
respectively.

Modelling of chemical part especially methane is not possible
since the measurable methane production rate is slow and variable
in time, and any significant difference can be seen only with long
sampling times like a week.

3. Modular multi-level multi-output AC/DC

3.1. Topology

Fig. 5 shows the electrical circuit diagram of the proposed to-
pology (MMLMO), where six arms with a series connection of



Fig. 5. Proposed Modular Multi-level Multi-output AC/DC Converter for BES stacks.
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submodules are utilized to build a three-phase multi-output AC-DC
converter. This converter resembles the conventional MMC with a
few modifications: (1) the AC side of the converter is connected to
the grid through an inductor as a low pass filter; (2) there is only
one capacitor in the DC side of the converter and nothing connects
to terminal Aþ and A-, as shown in Fig. 5; (3) the output of each
submodule connects to one BES stack. Therefore, the power
absorbed from the grid transfers to BES stacks by MMLMO sub-
modules, which produce methane and clean water.

Similar to other multilevel converters, the MMLMO can make a
semi-sinusoidal AC voltage because of the series connection of
several modules in each ram. Furthermore, the power factor of the
grid current is simply under control.
3.2. Equivalent circuit and mathematical model

As shown in the electrical circuit diagram in Fig. 5, the proposed
topology consists of six arms, and each arm has N submodules in
series with one inductor “L”. This inductor, L, is used to limit
circulating and fault currents. The MMLMO consists of two arms
per phase-leg, i.e., an upper arm (represented by the superscript
“u”) and a lower arm (represented by superscript “l”). The output
terminal/midpoint of each phase leg is connected to the grid via a
first-order low pass filter Lf.

Each submodule consists of a half-bridge cell that connects to
one BES stack on its DC side. The output voltage of each submodule
in the DC side is either equal to VDC/N or open circuit depending on
the switching states of the submodules switches Smþ and Sm-.

To explore the operation of the MMLMO, only one leg of the
MMLMO is considered. In Fig. 5, the point “o”, the fictitious DC-side
mid-point, is used as a reference point. In the mathematical anal-
ysis, the point “o” is considered as the DC mid-point between the
upper and lower arm which is connected to the grid.
4

In Fig. 5, exactly N modules are in the on mode and N modules
are in the off mode in each leg at any moment. The on mode means
switches Sjþ ¼ on, Sj- ¼ off, also the off mode means inverse.

In general, the electrical behaviour of each leg can be expressed
in terms of voltages and currents of upper and lower arms by the
following expressions:

vuj þ vlj þ L
�
diuj
dt

þdilj
dt

�
¼Vdc; j¼ a; b; c (8)

iuj¼ icirj þ
ij
2
; (9)

ilj ¼ icirj �
ij
2
; (10)

where vuj and vlj are the equivalent voltages of submodules in on
mode in the upper and lower arms, respectively, iuj and ilj are the
upper and lower arm currents and icirj is the circulating current in
the phase-leg j. The circulating current flows within three legs of
the converter and thus, icira þ icirb þ icirc ¼ 0 if all legs are properly
balanced. The waveform (the value) of icir does not have any effect
on the DC-or/AC-side current, but it has a significant impact on the
switches and the capacitors inside of each submodule. According to
previous investigations, the circulating current consists of a DC
component “IDC” and even harmonics “Ik” [43]:

icirj¼ IDC þ
X

k¼2;4;6…

Ik sinðkutþ4kÞ; (11)

CicirjD¼ IDC ¼ iDC

=3; (12)

where k is a positive even integer, and IDC is DC-link current. Since
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nothing connects between the Aþ and A-terminals of the DC bus,
the value of the DC-link current is zero. Thus, the DC component of
the circulating current must ideally be around zero.

By writing KVL for one leg, the following relationships can be
found:

Vpccj ¼
�
Lþ Lf

� dij
dt

þ vuj � vlj
2|fflfflfflffl{zfflfflfflffl}

Ecomj

; (13)

�
Lþ Lf

� dicirj
dt

¼Vdc

2
� vuj þ vlj

2|fflfflfflffl{zfflfflfflffl}
Edifj

; (14)

where Edif represents the voltage difference between the equivalent
upper and lower voltage arms, and Ecom denotes the inner elec-
tromotive force (EMF) voltage that is controlled for exchanging
power with the grid.

The AC side of MMLMO is modelled in Fig. 6 based on (13) and
(14). The DC bus voltage is equal to the total voltages of the ca-
pacitors of the modules that are in the on state. Therefore, 0.5Nvc is
used as VDC/2 in Fig. 6. To model the DC side of submodules, a
dependent current source “iSMj” is proposed as follows:

iSMj ¼ icirj þ
Pac � Ploss

6N
; (15)

Pac ¼ vpcca:ia þ vpccb:ib þ vpccc:ic; (16)

where Ploss and Pac refer to the loss of converter and instantaneous
power exchanged between the converter and the grid, respectively.
4. Proposed control scheme

In this section, a control scheme will be developed for a BES
system controlled by MMLMO. The controller of the converter
consists of three main sections: power, circulating current sup-
pression and the BES stack voltage controllers. The power control is
developed based on the cascade power/voltage/current loops
concept and produces the voltage references for the BES stack
voltage control section. These references are sent to the Pulse-
width modulation (PWM) modulator to generate the pulses for
the switches within the submodules. The modulation technique is
established on the carrier disposition strategy that uses N trian-
gular carriers with the same frequency and amplitude but with a
phase shift of 360�/N. This control scheme is designed such that
Fig. 6. Mathematical representation of the proposed converter, j ¼ a, b, c.
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firstly the DC bus voltage distributes equally between BES stacks in
steady-state and transient situations. Secondly, a sinusoidal current
is exchanged with the grid.

4.1. Power controller

For power controller development, it is assumed that the upper-
level operator sends active and reactive power setpoints to the BES
system (P* and Q*). Then, P* and Q* are tracked using a multi-loop
control scheme as shown in Fig. 7. Park transformations are not
required since the controller is implemented in the stationary
reference frame. As a consequence, it is simpler and more effective
from the computational burden point of view.

The reference of DC bus voltage V*
DC is compared with its real

value VDC, and then the voltage error will pass through a Propor-
tional Integral (PI) controller. The output of the PI controller equals

the required active power reference by the converter (bP) to fix the
DC link voltage. In order to exchange a current with unity power
factor with the grid, the reference of reactive power Q* is consid-
ered zero in this paper; however, it can be set to any desired value
within the converter power rating. The reference of converter
current in the stationary reference frame i*

ab
is generated by the

following expression based on bP and Q*:"
i*aþ
i*bþ

#
¼ 1:5
v2a1þþv2

b1þ

�
va1þ vb1þ
vb1þ �va1þ

�� bP
Q*

�
¼ Tþ

� bP
Q*

�
; (17)

where vab1 are the fundamental components of the grid voltage and
the subscript þ shows the positive sequence. The Dual Second
Order Generalized Integrator Frequency Locked Loop (DSOGI-FLL)
is used for estimating the magnitude of the symmetrical compo-
nents of the voltage at the PCC [44]. To track current reference with
zero steady-state error and fast dynamic response, the proportional
resonant (PR) controller is utilized, which can be expressed as:

PR¼Kp þ
X

i¼1;5;7

2ucKis
s2 þ 2ucsþ i2u2

o
; (18)

where Kp, Ki, uo, and uc are the proportional gain, the resonant gain,
the resonant frequency, and the resonant bandwidth, respectively.
The tuning procedure of the PR controller parameters of a grid-
connected converter was already described in Ref. [45]. The
output of the power loop is Ecom which leads to the exchanging of
active and reactive powers with the grid according to (13).

4.2. Circulating current suppression controller

Following the analysis in section II, the circulation circuit in the
steady-state has to be zero without any DC and AC components.
Therefore, a control scheme based on PR controller at even har-
monics is proposed to suppress icir as shown in Fig. 7. This controller
can be described as follows:

PRcir ¼Kpcir þ
X

i¼2;4;6;8

2ucciriKicirs
s2 þ 2uccirisþ i2u2

o
; (19)

where Kpcir, Kicir, and ucciri are the proportional gain, the resonant
gain, and the resonant bandwidth, respectively. Opposite of
controller suggested in Refs. [43,46,47] where the only resonant
controller was employed, here proportional controller is added to
the resonant controller because the DC-link current must be zero in
this application. Also, the bandwidth of the resonant controller is
selected wide enough to reduce its sensitivity and to improve



Fig. 7. The proposed control scheme to manage the output DC voltage and the input AC current.

Fig. 8. The HIL setup for performing the real-time simulation.

Table 1
Proposed AC/DC converter parameters.

Parameter Value

Grid voltage 380 V-50 Hz
Grid short circuit capacity (SCC) 15 kA
Number of submodules per Arm 3
Interface filter inductor (Lf) 3 mH
Carrier frequency 2 kHz
DC link capacitor 2200 mF
Submodules capacitors (C) 2200 mF
Arm inductor (L) 200 mH
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robustness to frequency variations. The output of this part can be
considered Edif in (14).

4.3. BES stacks voltages controller

Finally, the outputs of power and circulating current controllers
(Ecom and Edif) are sent to the PWM and BES stacks voltages con-
trolling stage as shown in Fig. 7. In this paper, phase-shifted PWM is
used for the switching of the converter.

For a converter with N submodules in each arm, the reference
voltages are compared with N triangular carriers in which the
phase angle between adjacent carrier signals is 360�/N. Then, the
required number of submodules in upper/lower arms Nu/Nl are
determined based on these comparisons. As it is shown in Fig. 7, the
value of Nu/Nl, the voltages of BES stacks (capacitors of submodules)
and arms currents enter to voltage balancing block, then the
switching state of each arm goes out from this block.

5. Real-time HIL simulation results

5.1. Results

In order to test the performance of the proposed multi-output
AC/DC topology for power to biomethane application, an OPAL-RT
OP4510 real-time simulator (see Fig. 8) has been used for real-
time emulation of the system including the proposed converter,
18 BES stacks and the three-phase grid. A loopback between inputs
and outputs in analogue and digital ports is utilized to realize the
real system. Because of OPAL-RT limitation, MMLMO with three
submodules in each arm is built inside its FPGA and the controller
part is implemented in its CPU. With this structure, 18 BES stacks
are fed individually and simultaneously with MMLMO.

The hardware parameters and control scheme parameters are
listed also in Table 1 and Table 2. The switching frequency of the
converter is set to 2 kHz because of the limited sample time of the
CPU in OPAL. Also, the values of R1, R2, E1, and E2 are set at 1.2756 kU,
51.9333U, 0 V and 295.2 V, respectively in the BES stack model. The
current controller parameters (Kp, Ki, and kf) is tuned according to
the procedure described in Ref. [48].

In the first simulation, the reference of active power changes
from 0 to 10 kW and inverse. The obtained results are shown in
Fig. 9, in which the voltage at the PCC does not change during
6

transient and is almost fixed. The injected current to the grid varies
based on its reference with a suitable performance in steady and
transient states. The instantaneous value of the DC link voltage
matches its reference in all moments and changes from 700 V to
1085 V. It is evident from the measured active and reactive power
with the grid in Fig. 9 that the reactive power is always zero and the
active power alters between zero and 10 kW. The voltages of BES
stacks follow equally the reference and they remain at the same
value during all the tests.

The reference andmeasured currents in the stationary reference
frame are compared in Fig. 10 wherein the current tracking errors



Table 2
Controllers parameters.

Controller Parameters

Dc link Voltage Controller Kp ¼ 0.3, Ki ¼ 1
Current Controller Kp ¼ 0.8, Ki ¼ 100, uc ¼ 2
Circulation Current Controller Kpcir ¼ 0.05,

Kicir2 ¼ Kicir4 ¼ 1.5, Kicir6 ¼ Kicir8 ¼ 1, uccir ¼ 2 rad/s

Fig. 9. Active power reference step change from 0 to 10 kWand inverse. From top: grid
voltage (Vpcc), grid current (i, 50A/div), DC link voltage (VDC), active power (P), reactive
power (Q), submodules voltages (vc).

Fig. 10. Proof of current reference tracking: actual and reference currents (in p.u.).
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are around zero for both axes. In turn, Fig. 11 depicts the applied
voltages to the BES stacks in the steady-state. The voltage ripple
shown is around 5% which is an acceptable percentage for BES
stacks as they have a very slow dynamic response.

In the second scenario, as shown in Fig. 12, the active power
reference changes from 0 kW to 2 kW first, then changes from 2 kW
to 10 kW. The achieved results reveal that the active power
absorbed from the network is not proportional to the DC voltage
due to the nonlinear characteristic of BES. Changing the DC voltage
from 700 V to 910 V (200 V), for example, results in an active power
change of about 2 kW. However, 175 V is needed for an 8 kW active
power step change when the DC voltage is 910 V.

The performance of the proposed circulating current controller
is also evaluated in this section. This controller has proportional
and resonant parts. The obtained results in Fig.13 show the effect of
activating each part of this controller. In the first part of the test, the
arms currents have even harmonics and the peak value is around
40 A. In the next part, the current peaks are reduced due to the
activation of the proportional part of the controller. Then, the shape
of the currents become almost sinusoidal with adding resonant
controller in even harmonics in the last part of the test. In the end,
the value of the circulating current (0.5iua þ 0.5ila) is reduced to
zero.

The AC components of the voltages applied to BES stacks (sub-
modules voltages) without and with the circulating current
controller are shown in Fig. 14 and Fig. 15, respectively. It is clear
that the even harmonics are removed from the voltages of the ca-
pacitors with the proposed controller, but the peak to peaks of
voltages ripples do not change a lot and they are almost the same.
5.2. Discussion and comparison

1. The principle operation ofMMLMO can be quickly deduced from
the results presented above. MMLMO allows feeding each BES
module individually while exchanging active and reactive po-
wer independently with the grid. A balanced and sinusoidal
current flow at the AC side of the MMLMO side while desired
power factor is maintained.

2. The above simulation results show the MMLMO behaviour seen
from both AC- and DC-side terminals for the step-up and step-
down of power reference. Figs. 9 and 12 show the waveforms
of grid voltage, grid current, DC link voltage, active and reactive
powers, as well voltages of upper arm SM capacitors. There is a
common pattern to all of these responses:
� Active and reactive powers are fully under control, and other
variables are changed accordingly. The powers were changed
with a smooth and controlled transient response and their
steady-state errors are around zero. In the simulations, the
reactive power setpoint is set to zero, but it can be set to any
desired value.

� DC link and output DC voltages are changed depending on the
reference of active and reactive power. They exhibit accept-
able transient and steady-state responses.

� Voltage ripples of the output DC voltages are also very small
and they are within a 5% margin in all cases. Moreover, the



Fig. 11. Applied voltages to BES stacks in steady-state, submodules voltages, (vc).

Fig. 12. Active power reference step change from 0 to 2 kW and then 10 kW. From top: grid voltage (Vabc), grid current (iabc), DC link voltage (VDC), active power (P), reactive power
(Q), submodules voltages (vc).
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difference among output voltages even different MMLMO
phases are also very slight and they are less than 1% margin.

� Grid current is AC and sinusoidal and does not have any DC
offset. The overshoot phenomenon is not observed in the
current response.

3. Another important aspect to be considered is the circulating
current in MMLMO. In MMLMO, as shown in Figs. 13e15, the
circulating current is fully under control thanks to the proposed
control scheme which has a positive impact on waveforms of
arm current. Simulation results confirm that the arms currents
become sinusoidal without any distortion with this controller.
8

4. As a default assumption, a low harmonic distortion can be
gained at the AC side of MMLMO due to having inherent ad-
vantages of modular multi-level converters. By combining this
configurationwith a phase-shifted PWMmodulation technique,
a quasi-sinusoidal voltage waveform with a low harmonic
distortion can be produced. Therefore, instead of using high
order low phase filters such as LCL filter at AC side, a small size
first order L filter is used in this paper. This simple L filter is
adequate to reach current waveforms with low harmonic
distortion. Each output DC stage is only included a capacitor



Fig. 13. Proof of the efficiency of the proposed circulating controller: Current of upper and lower arms in phase a (iua,ila,).

Fig. 14. Proof of the efficiency of the proposed circulating controller: AC component of BES stacks voltages without circulating current controller (vc).
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which must be selected big enough to reduce the DC voltage
ripple.

5. Last but not least, the MMLMO design involves both AC and DC
sides filters. There is a close connection between the power
rating, the number of submodules, switching methods in
MMLMO. Future work should furthermore be addressed to an
optimum design of filters in terms of order and sizing to be
installed at both AC and DC sides of the MMLMO. It can be
predicted that adding a dc/dc converter at the output of each
9

submodule is possible to reduce the submodule capacitor size
and reduce the output DC voltage ripple.

A comparison between the proposed MMLMO power conver-
sion system and other BES power converters is done in Table 3. It
can be seen that MMLMO is the best in terms of the numbers of
semiconductors and passive components and also electrical be-
haviours in AC and DC sides. No galvanic isolation can be
mentioned as a weakness for MMLMO, however, it is not manda-
tory in many cases.



Fig. 15. Proof of the efficiency of the proposed circulating controller: AC component of BES stacks voltages with circulating current controller (vc).

Table 3
Comparison of power converters for BES systems.

Ref AC side DC side Number of
switches

Number
of diodes

Passive components Advantages Disadvantages

[18,25] Two-level
pulsed voltage

No
individual
supply

6 in total 6 in total LCL filter on AC side, and C on
DC side

- Cheap
- No need for many passive
components and semiconductors

- Unable to feed BES
steaks individually

- Low reliability
- Unequal voltage
sharing

- No Galvanic isolation.
[23]-Topology

1 in Fig. 1
Two-level
pulsed voltage

Individual
supply

6 in AC side and 4
per output

4 per
output

Transformer þ LC filters in AC
and DC sides

- Galvanic isolation - This needs many
semiconductors.

- Complexity of control
scheme.

[23]-Topology
2 in Fig. 2

Two-level
pulsed voltage

Individual
supply

6 in AC side and 4
per output

4 per
output

- Only an LC filter in AC and a C
filter on the DC side

- There is a possibility to add a
battery to the system

- This needs many
semiconductors.

- Complexity of control
scheme.

- No galvanic isolation
[26] Two-level

pulsed voltage
Individual
supply

6 in AC side and 1
per output

5 per
output

Transformer þ LC filters in AC
and DC sides

- Galvanic isolation.
- Unified and sample control scheme

- This needs many
semiconductors.

Proposed Semi-
sinusoidal

Individual
supply

2 per output 2 per
output

Only an L filter in AC and a C
filter on the DC side

- Minimum number of passive
components and semiconductors

- Unified control scheme

- No galvanic isolation
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6. Conclusion

A single-stage/multi-output AC/DC topology was established on
the modular multilevel converter concept, which is suitable to be
employed as an interface for power to biomethane application. This
topology only requires two switches and one capacitor per output
DC voltage. Up to the knowledge of authors, this is the lowest
number of elements compared to available BES power converters.
First, the mathematical models and equivalent circuit diagrams of
BES cell and the proposed topology were developed; next, a
comprehensive control scheme was designed by considering the
following constraints 1) feeding the output loads, 2) the internal
limitations of the converter, 3) the suppression of circulating cur-
rent, and 4) the control of the power and current exchanged with
the grid. OPAL-RT OP4510 Real-time simulator was used for vali-
dation. The FPGA and CPU of OP4510 were programmed to model
10
the hardware and to implement the controller, respectively. The
real-time results of a 10 kW BES system with 18 BES stacks
confirmed that this topology is a high potential solution to feed BES
stacks individually, to control active and reactive power, and to
mitigate the AC circulating current simultaneously. Results
demonstrated that the active and reactive powers are indepen-
dently tracked the references without over/undershoots, and the
steady-state error is negligible. Although a simple L filter is used on
the AC side, the current is sinusoidal because of its multilevel
feature. Voltages across BES stacks deduced that they are fed
individually with equal voltage simultaneously in all cases wherein
their voltage ripples are within a 5% margin, as well as the differ-
ence among output voltages are less than 1% margin.

Futurework can be done to obtain amore practical realization of
MMLMO based on available semiconductors in the market, opti-
mum operating point and efficiency. A more precise representation
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of semiconductor losses will produce more realistic results of the
MMLMO efficiency and will provide hints for new control methods
to upgrade the efficiency. This improved representation can
furthermore provide some tips on the switching frequencies and
strategies that are applicable to control MMLMO.
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