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Abstract- Modular-Multilevel Converter (M-MC) is an effective method of integrating non-conventional energy sources with
grid electricity. In the current scenario, fuel cells have been made the best choice by providing a constant voltage and current
density with constant load draw in the field of distributed energy sources. A power converter can be used to adjust the fuel cell
output voltage to compensate for expected power spikes or meet the load requirements. This paper provides the first attempt
to examine the impact of M-MC system behaviour on the Proton Exchange Membrane Fuel Cell (PEMFC). The proposed
PEMFC-based grid-connected M-MC control method is evaluated. A decoupling controller is used to ensure the interfaced
system's stability of M-MC. An analysis is carried out for the grid-connected M-MC for the PEMFC system to mitigate the
harmonics. The result shows that the capacitor voltages in the Sub Module (SM) are balanced, with a peak voltage ripple of
12.5% from the DC bus voltage regulation. The harmonics of the circulating current have a peak value of about 30% of the
peak arm current. As a result, a pure sinusoidal arm current waveform is obtained as the distortion is mitigated. To accomplish
independent active power distribution, an effective control system for active power extraction and voltage distribution is
designed. The performance of the proposed system for 6kW PEMFC at different operating temperatures is tested using the
hardware in the loop (HIL) simulation with the help of real-time simulator OP5700 to verify the feasibility.

Keywords Modular-Multilevel Converter (M-MC), Sub-Module (SM) capacitor voltage, arm current and circulating
current control, Proton Exchange Membrane Fuel Cell (PEMFC).

high-power (HP) switching devices have a significant impact
on Power Electronic (PE) technology in power networks [10].
Furthermore, dc collection and transmission systems
outperform ac systems in terms of performance, losses, and

1. Introduction

With the improvement of renewable energy sources
(RES), integration research of Grid energy and fuel cells have

accelerated drastically in research and feasible knowledge
due to growing electricity demand, reduced fossil fuel
consumption, and environmental concerns[1]. Fuel cells,
photovoltaics, and wind turbines are the most promising
renewable energy generation technologies[2][3]. The power
ratings of fuel cells used in renewable energy
implementations vary from 500 W to 1 MW, depending on
the application region [4]. PEMFCs are predominantly used
to offer electric energy in both grid-connected and stand-
alone modes to minimize application-fed electrical
consumption at nearby masses[5]. Consequently, those cells
are linked to the electric grid through an interfacing between
the power electronic converters [6][7]. In the grid
interconnection of fuel cells, these issues could result in
irregular switching, overheating, and hardware damage
[8][9]. The rapid advancements of high-voltage (HV) and

costs. As a result, PE converters are in high demand in this
industry.

Besides, for medium and high-power applications, the M-
MC is becoming a prominent multilevel-converter topology
[11]. Lesnicar and Marquardt [12] proposed their M-MC
concept in 2002, and they designed modular topologies. M-
MC power converters are characterized by high modularity,
low harmonic distortion, highly efficient, and scalable[13].
On the contrary, it has also encountered issues such as
circulating-current and imbalanced voltage between the SMs
[14]. In a smart home setting with fuel cells, photovoltaic
generating, energy storage, and electric car recharging, an M-
MC is used as the interface with the power grid [15]. To test
its viability for grid connection, PEMFC is analyzed with
varying air supply while maintaining constant fuel supply and
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varying fuel supply pressure while maintaining constant air
supply in [7].

The [10] has used a 5kW PEMFC for a direct current
constant load in a grid-connected arrangement, with a focus
on Low-Frequency (LF) 100 Hz noise (current ripple), which
has a substantial effect on fuel cell efficiency and lifetime.
Due to its inherent damping feature, the converter side current
feedback approach was utilised in [16] to interface the
PEMFC system into the weak power distribution network via
an LCL filter in effort to examine the quality of the injected
power. In [17], a complete evaluation and assessment of the
effects of LF current ripple and harmonics on PEMFC
performance and durability is carried out, as well as the
implementation and testing 300 W PEMFC stack of a
Horizon.

In [18], the M-MC is integrated to RES & grid, and they
have proposed dynamic and steady-state analysis in order to
reduce the second harmonic content of the circulating
currents, and to decrease the capacitor voltage fluctuation.
The [19] proposes multi-hierarchy control for M-MC under
unbalanced grid conditions, as well as arm current control. In
[20], the comprehensive dynamic-phasor based state-space
model of M-MC is presented and a comparative analysis of
operational stability by using AC-voltage-control mode and
reactive-power-control mode of the M-MC-HVDC station is
performed. The M-MC converter topologies of Voltage-
Source Control (VSC) and Current-Source Control (VSC)
were studied in depth in [21]. Apart from that, HP uses of the
HVDC system are discussed. The CSC, on the other hand, has
several major flaws, including the filter's size, poor AC
networks, DC and AC side harmonic distortions, and the
inability to build a multi-terminal connection. In [22], M-MC
is integrated with PV and grid using level-shifted PWM to
find disturbance under solar irradiations, here the arm
inductors are switched by a transformer that contains the
complexity of the circuit. A selective virtual loop mapping
modulation method is used in M-MC for PV grid connection
[23] to achieve dynamic capacitor voltage balance.

According to the above-mentioned literature review,
grid-connected three-phase M-MC technology utilising
PEMFC is lacking in the literature. Hence, in this paper, a
three-phase M- MC control-based grid-connected PEMFC is
designed and controlled to investigate the system behaviour
in grid configuration by using decoupled current control
strategy. The M-MC control approaches have three
objectives, one PEMFC control using Maximum Power Point
Tracking (MPPT), second, relating to the application and
third, to the control of M-MC itself, which are subdivided as
(a) following the output current (or power), (b) mitigating the
circulating currents, and (c) controlling the SM capacitor
voltages. To have accurate results, the decoupling current
control strategy could be used to compute the inner M-MC
variables. This research article focuses on grid-connected
PEMFC for three-phase M-MC configuration under different
temperature variations. In M-MC the circulating current is

controlled by synchronous reference dq-frame and the
submodule capacitor voltage are controlled by average
voltage control. The performance under different operating
temperature for PEMFC is analyzed and integrated into M-
MC.

The system configuration of Grid-connected M-MC fed
PEMFC is specified in Section 2. Section 3 handles the M-
MC system overview and mathematical operations followed
by control of MMC in which the following are taken into
consideration (i) choosing the appropriate control variable for
DC bus voltage, (ii) SM capacitor voltage control and (iii)
circulating-current control. Section 4 depicts the real-time
simulation results and discussion. The conclusion is
formulated in section 5.

2. System Configurations: Grid-Connected M-MC Fed
PEMFC

Electrical power is provided by a fuel cell-built power
plant, which must be delivered to a distribution location.
While the generated dc power on the FC side will not be able
to be directly distributed to the electric system. Thus, the fuel
cells are linked to the grid interface through PE converters and
electrical components. Generally, the interfacing components
are 6kW PEMFC, dc-dc boost converters, three-phase M-MC
(dc-ac converters), inverter-side output filter, and grid.
Generally, a boost converter will be used to boost the
PEMFC's output voltage. This output voltage leans to
decrease as more current is needed from the cell. Thus, a
control system is required to control the output voltage by
controlling the boost converter using the MPPT algorithm to
extract maximum available power from PEMFC. LCL filters
are used in power converters with rectifier input stages to
reduce absorbed harmonics. The LCL filter is commonly used
in distribution system grid connections. Through the dc-dc
boost converter, the PEMFC's DC bus output voltage is
coupled to the three-phase M-MC. It's critical to be able to
adjust and step-up fuel cell voltage. The PEMFC and three-
phase M-MC to grid interface system modelling is detailed in
the next section. The grid-connected M-MC based PEMFC is
depicted in Figure 1.

2.1 PEMFC And Dc-Dc Boost Converter Configuration

An electrochemical reaction in a fuel cell converts the
chemical energy of a fuel into electrical energy, resulting in
the generation of electricity. Fuel cells provide an alternate
efficient, non-polluting power source that produces no noise
and has no moving parts [24]. In an electrochemical reaction,
fuel cells utilize hydrogen as such fuel and oxygen (usually
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Fig 1. Structure of grid-connected M-MC fed PEMFC

from the air) as the oxidant [6]. As a result of the reaction,
electricity, water, and heat are produced as by-products.
When hydrogen gas is introduced into the system, the Protons
pass through the membrane and react with oxygen in the
surrounding environment (forming water). Because electrons
are unable to travel through the membrane, they must
circumvent it, resulting in a DC electrical source [25][26].
There are three types of losses in the FC: ohmic loss,
activation loss, and concentration loss. The terminal voltage
of the PEMFC stack is represented in [27] if n cells are
combined. The potential difference between the terminals and
PEMFC under the conditions of these losses can be defined
in [27],[28]. The detailed mathematical modelling of PEMFC
is discussed in[29],[30],[31].

DC-DC boost converter
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Fig 2. PEMFC and dc-dc boost converter

The provided output voltage to the load can be
regulated to the required voltage using a boost DC-DC
converter. The duty cycle (d) of the boost DC-DC converter
can be changed to control the output voltage. When the switch
is closed, the diode's bias is reversed. Kirchhoff's voltage law

is applied to the path that contains the Fuel Cell, inductor, and
closed switch.

VL = Vic )
When the switch is opened, the inductor current
cannot change instantly, therefore the diode becomes forward
biased to provide an inductor current path. Assuming a
constant output voltage V,, the voltage across the inductor is

Vo=V = Vo )

For periodic operation, the average inductor voltage
must be zero. The average inductor voltage over one
switching period is expressed as

Vi =DVin) =(A =D)(Vi =Vp) =0 @)
ooV

T (1-D)

The average duty cycle D is the time relationship

between when the switch is turned on and when it is turned

off in respect to the overall switching period. The gain ratio

between output and input voltage can be evaluated at steady
state using equation (4):

(4)

A 1
Ve (1-D)

When a fuel cell is directly linked to an external load,
its output power affects both the internal electrochemical
process and the external load impedance [6]. The PEMFC
output power is not constant and differs significantly about

partial pressures of cell temperature, hydrogen, membrane

()
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water content, and oxygen gas. The PEMFC dc-dc converter
with MPPT controller is as illustrated in Figure 2. The design
specifications of dc-dc boost converter are given in Table 1.
Perturb and Observe (P&O) is the most commonly used
MPPT algorithm due to its ease of implementation. This
algorithm is utilized to find the maximum power point and
calculates the PEMFC actual power and measure voltage and
current. The P&O algorithm can predict when the operating
voltage is approaching maximum power point voltage by
comparing the actual and the preceding state of power and
voltage [29][32]. If there is still an increase in power, the MPP
will remain the same, and vice versa.

Table 1. Design specifications of dc-dc boost converter

Parameter Description Rating
Switching frequency (Fs) 5000Hz
Inductor (L) 5mH
Capacitor (C;,,) 200uF
DC link capacitor (Cpy.) 3200pF

3. M-MC System Overview

3.1 Structure of M-MC

To achieve the desired device voltage while generating a
multilevel output voltage waveform of high-quality, it uses a
cascade connection of submodules [33]. Figure 3 depicts the
grid-connected mode of a three-phase M-MC dc-ac converter.
The SM is a component of the M-MC that can be designed in
a variety of ways using IGBT devices and DC capacitors.
During normal M-MC operation, SMs are regulated to
generate the necessary AC voltages[34]. SM can be
considered a controllable source of voltage. Of all possible
SM circuit topologies, the half-bridge circuit or a chopper cell
is the most prominent[35]. This is owing to the massive
energy expenditure as well as the low number of components
in the above-mentioned SM.

To minimize the current owing to the instantaneous
voltage differential between the arms, the arm inductor is
linked in series with each set of submodules [36]. Likewise,
during a DC-side short circuit fault, the arm inductor
suppresses the fault current by supplying low di/dt [37]. On
the contrary, to model the each arm of the M-MC endures
power losses, the arm resistor is used [38].

In this configuration, each converter phase is called a phase
leg. Each phase leg consists of one upper-arm ‘u’ (i.e.,
Positive-arm) and one lower-arm ‘I’ (i.e., Negative-arm)
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Fig 3. Three-phase M-MC structure

connected between the dc terminals with a voltage V%C as a

split-up DC source. Each arm has a group of submodules (i.e.,
‘N” series-connected, technically identical HB-SMs, an
inductor (1) and resistor(r).

3.2 Mathematical Modelling Of M-MC

Modelling of M-MC could become complex and, due
to many cells, Its simulation could take a long time. Several
approaches were suggested in the literature as a means of
simplifying its model to mitigate this issue. The easiest is to
consider as a single equal voltage source each arm's power
cells as shown in Figure 4(b).

An M-MC converter with N SMs per arm can generate
a phase to midpoint of the DC voltage with N+1 levels. The
number of AC output levels can be increased by increasing
the number of SMs.

The sum of the number of SMs in the ON state in the
upper n,, and lower n,,,, arms of each phase is equal to the
number of SMs per arm n. The SMs for each arm consist of
n=4.

Nyp + Niow = N (6)

During the activity of the M-MC, the arm current
moves through the SM capacitors, which charges and release
the capacitors. The DC transport voltage Vdc is similarly
dispersed between all the SMs. To ensure the proper process
of the converter, the SM capacitor voltages should be directed
to the below reference value.

. Vdc (7
“TN
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Pertaining the Kirchhoff’s voltage law to the loop
linking the points for both upper and lower arms (midpoint
voltage of dc bus (m)-positive arm (p)- midpoint of
converter phase leg- midpoint voltage of dc bus) and
(midpoint voltage of dc bus (m)-negative arm (n)- midpoint
of converter phase leg- midpoint voltage of dc bus). The
expression leads to:

Vdc dig,

Vu,abc = T - Vg,abc —L dt - Riaz (8)
Vdc dig, )
Vl,abc = T + Vg,abc - L W — Ri,,

Where, V,, gy i {Vau,Vbu,Vcu} represents the
upper-arm and lower-arm voltage respectively, V; qpc
is{Vga,Vgb,Vgc} are three-phase grid side terminal
voltages with respective to the neutral point Vy, i, is
(iqu, Iq) are the upper and lower-arm currents, L is the arm
inductance, R is the resistance of inductance, Vdc is the DC
link voltage. While Kirchhoff's current law is utilized to the
positive and negative connections of the M-MC arm, the
result is as follows:

. . . . 9
lde =gy +ipy +ic = lu,abc ( )
Ide =ig + iy + i = lapc

Each phase of the M-MC has a circulating current
that does not appear at the converter's output. A DC
component as well as AC components forms the circulating
current. The DC component is required for the converter's
operation. For each of the arms, a current (upper i,, and
lower i;) is circulated equally to half the phase current i,

] i, Idc

lau=5a+T+laz (10)
] i, Idc
lal=_E+T+laz

The three-phase side terminal currents are
represented by i, i, i.. The circulating currents in phase
units a,b, and c are i, iy, i, defined as:

i = iau + ial _ Id_C (ll)
az 2 3
Where the dc current is distributed proportionally
among the three converter legs, and ac current is distributed
equally among the two-leg sides. On both arms of the leg, the
circulating-current is the same since, this current flows inside
the converter, and is expressed as:
lag + ipy+ iy =0 (12)
The ac and dc voltage bus of M-MC can be achieved
by deducting and adding up the two equations which are
shown from equation (2) respectively. By ignoring the
voltage drop through the arm impedance given as:

1
Vg,abc = E (Vau—Val) (13)

Vdc = Vau—Val
The above equation shows that the arm voltages have
significant impact on the input ac-side and output dc-side
voltages of M-MC circuit.

3.3 M-MC Grid Interface Control

The control of M-MC as shown in Figure 4, consists of
AC side control, DC voltage control, SM capacitor voltage,
output currents, ac voltage control and circulating current
control. The DC link voltage is regulated with an outer control
loop of the converter, allowing the balance of active and
reactive power delivered to the electrical network. A voltage
balance control algorithm and a leg voltage control are part of
the SM capacitor voltage control. The voltage balance
approach ensures that the submodule capacitors receive the
same voltage from inside the arm. Power quality and current
harmonic correction are handled by the decoupled current
control technique. A Phase Locked Loop (PLL) device is also
used to generate a synchronised reference current for the
present control loop.

3.3.1  Control of AC Side

The control of AC side is intended to accomplish the
total submodule capacitor voltage stable and unity power
factor. Cascade control with SM voltage control loop and
inner control loop is used to achieve this control. The inner
control is designed based on decoupling current control with
d-axis iz and g-axis i; as illustrated in figure 4(a). This
control loop relates the submodule voltage regulator V. and
the calculated mean value V. 4,4 to estimate the value of ij.
The dg-axis current sources with their calculated values id
and iq have been handled by current regulators. These output
values are given to the inverse dq transformation to produce
compensating voltage V.. These voltages help to stimulate
required three-phase leg input currents.

3.3.2  Control of DC Bus Voltage

The dc side control maintains a consistent dc link voltage
while also balancing capacitor voltages. Two outside voltage
loops and one interior dc current loop are employed in
cascaded control to achieve this performance. One outside
voltage loop is created by measured value Vdc and dc bus
voltage reference Vj.. A voltage regulator measures these
signals to calculate the dc link current reference idc, It is
utilised to calculate each phase leg's current reference. The dc
bus voltage control loop is as shown in figure 4 (c).
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3.3.3  Control of SM Capacitor Voltage

The operational voltage of M-MC could be enhanced by
linking more SMs in series in each arm. The voltages of these
SM must be kept constant because they have floating
capacitors. Controlling the voltage of SM capacitors is
essential for achieving high-efficiency current control,
improving output power quality, and ensuring stable and
controllable activity. To produce the appropriate voltage
level, the voltage balancing technique chooses a particular
number of SMs from an arm's N submodules. As a result, the
balancing technique is also known as the submodule selection
process. The leg voltage control controls the average of 2N
submodule capacitors voltage at a constant value of V ;.
The measured average voltage of each leg is given by:

N N
z Vuah + Z Vulh
h=1 h=1

Where V,qn, Voun are the SM capacitor voltages in
the upper-arm and lower-arm of the converter leg. The
average voltage control is as shown in figure 4(d).

1 14
Vc,avg = ﬁ (14)

An outer loop with a proportional-integral (PI)
controller is used to control the entire capacitor voltage in
every arm. The PI controller (k,,and k;,) controls the
number of capacitor voltages in each arm to be equal to the
DC-bus voltage. The overall capacitor voltage in each arm is

regulated through an outside loop with a proportional-integral
(PI) controller. The P1 controller iz, regulates the sum of all
capacitor voltages in an arm to be equal to the DC-link
voltage, resulting in:

ok * * 15

Laiff = kpv(Vc - Vc,avg) + kivj(% - Vc,avg)dt (15)
To study the behaviour of M-MC system, the gain values of
(Kp and Ki) are taken from [39].

3.3.4  Circulating Current Control

Circulating currents are internal currents that flow
between the converter's arms but not outside of them, and are
produced by M-MC. The voltage differential between the
upper and lower-arms of the converter legs is used to calculate
these currents. The capacitor voltage ripple is a single source
of circulating currents with twice the output frequency. The
circulating current has no effect on the AC output voltages
and currents. Inadequate circulating current control, on the
other hand, raises the arm current peak/RMS value, affecting
the submodule capacitor voltages ripple, device power losses,
and device rating. In the synchronous dq frame, the
circulating currents become DC signals. Simple Pl-regulators
can be used to control the DC signals.

From equation (2) and (5), the common-mode current
elements are given by,
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e Rigg = V=2 U V)~ R (19
The circulating currents mainly comprise harmonic
elements of even order. The second and fourth-order
harmonic components are dominant between them. Since
there is no steady-state error in these harmonic components,
those are difficult to detect with a PI controller. As a result,
Tabc and dq transformation matrices, time-varying signals
are converted to DC signals. The above equation can be used
to compute the three-phase circulating current pattern in the

stationary abc frame:

L

Vaz d iaz iaz
VbZ = L a ibz + R in (17)
‘/CZ iCZ iCZ

The synchronous dq frame control device is utilized
to reduce the second-order harmonic after the circulating-
currents. The following is a synchronous dq frame rotating at
—2w frequency is:

V], d idz] 0 2wl [idz]
qu] =1L dt [iqz + [20) L 0 ] iqz
+R [idz] (18)
qz

At This Point, 2w is double the system angular
frequency. both the dg-axis components are forced to zero in
the control to suppress the circulating currents completely and
is expressed as:

ity =0
i (19)

To control the dg-axis, the Pl controller will be used to
control and forced to follow their respective reference values.
At the reference value, iy, and iy, synchronizes the current
control which is denoted by i;, and iz, to adjust the output
reference voltage of the converter. The reference voltage V;,
and V;, are converted back to three-phase using inverse
transformation and gives V. respectively. To result in the
circulating suppression current, the total reference voltage is
required to generate the output voltage of M-MC. Figure 4(e)
depicts the control diagram for circulating current control.

4. Real-Time Simulation Results and Discussions

The definite structure is emulated in MATLAB /
SIMULINK and verified using the Real-Time simulation
domain for the operation of system operation and control of
M-MC in the power system. The HIL setup is as shown in
Figure 5. The overall system presented in Figure 1 is a built-
in RT lab simulation that has been dumped into the OP5700
real-time HIL simulator to verify system performance. The
M-MC system control and PEMFC model parameter values

are tabulated in Table 1. The active power distribution and
control of three-phase M-MC with PEMFC temperature
variation are analysed by using decoupled current control
strategy. PEMFCs operate at a low temperature of about 80
degrees Celsius (353.15K) low-temperature operation allows
them to start quicker (with shorter warm-up time) and
decreases stress on system components, resulting in higher
reliability.

Probes

Anolog |
Ouitput Pins
\ OP5700 Real Time

HIL simulator

Fig 5. Real-time HIL setup

Table 2. overall system parameter values

M-MC and control parameter values

System Parameters Values
DC bus voltage (Vdc) 500V
Line to line (RMS) voltage of ac side
Vi) 220V
Number of SM per phase (N) 8
Submodule capacitor voltage (V) 62.5V
Maximum output power (p) 6kW
Cell capacitance (C) 6mF
Arm inductance (L) 1.75mH
Arm resistance (R) 0.5Q
Fundamental frequency (f) 50Hz
Carrier frequency (fc) 5kHz
M-MC side filter inductance (Lc) 2.2mH
Grid side filter inductor (Lg) 1.5mH
Capacitor filter (Cf) 13uF
PEMFC model parameters
Rated power 6KW

Nominal operating voltage 45V
Nominal operating current 133.3A
Number of cells 65

Nominal airflow rate 300 Ipm
Hydrogen partial pressure 1.5 bar
Oxygen partial pressure 1 bar
Temperature 298K
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Case 1: PEMFC at different operating temperature.
The power produced in an FC-based system is dependent on
pressure control, water and heat management, hydrogen, and
oxygen flows. One of the basic process factors is reactant
utilisation, which is related to the fuel cell stack current.
Whenever a load is attached to a fuel cell system, the control
system must manage the hydrogen flow rate to prevent FC
voltage degradation. In this case, the power generated from
the PEMFC at three different operating temperatures is
considered which are 332K,200K and 289K. Figure 6
shows the PEMFC at different operating temperatures. At
temperature T = 332K, the power generated from PEMFC is
7kW, with the fuel cell voltage of 52V and the current is
133.07A at the period of t, to t,sec. From t, to t,sec, 30V
is generated, the current is 133.07A and the power generated
from PEMFC is 4kW at the temperature of T = 200K. then,
from the period of t, to t3sec, 45V and 133.3A of current is
generated, then 6kW of power is generated from the PEMFC
at the temperature of T = 298K. The fuel cell stack voltage,
current, power generated at different operating temperature is
as displayed in Figure 7.

332K

rd 200K / 289K

i
¥

Temperatyre: [150K/diy]

T Time: [D.3s/div

fy 1 5] 4

Fig 6. PEMFC at different operating temperature.
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Fig 7. Fuel cell voltage, current, power at different operating
temperature.

The boost converter controls and adjusts the output power of
the fuel cell. he boost converter receives the uncontrolled
output voltage from the fuel cell. The PI controller adjusts the
MPPT duty ratio of the converter to supply the required
output voltage despite changes in hydrogen flow rate, load, or
fuel cell operational parameters. The maximum output
voltage is generated from the PEMFC boost converter to
provide the constant DC bus voltage of 500V. At T = 332K
the generated dc link power is 7kW and 14A of dc link current
at the period of t, to t;sec. At T = 200K the generated dc
link power is 4kW and 8A of dc link current at the period of
t; to tysec. AtT = 298K the generated dc link power is 6kW
and 12A of dc link current at the period of t, to t;sec. The
fuel cell DC-link output waveforms generated at different
operating temperature is as illustrated in Figure 8.

| ‘ ‘ 5@ % ‘ DC EFS volta?e: [250r//div]

DC link outplt currgnt: [SA{div]

| f A \ & y if A
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DC tink optput ppwer T [R350Widivi

T Tlime: [0j3s/div] T
to ty t [&]

Fig 8. Fuel cell dc bus voltage, dc-link current, dc link
power

Case2: Regulation of SM capacitor voltage. 9(a), (b),
(c) depicts the upper and lower-arm of the individual SM
capacitor voltage. By balancing the voltages of individual SM
capacitors, a sorting method has been developed to maintain
the voltages of individual SM capacitors in M-MC. These
sorting methods may result in an extremely irregular
switching frequency between the SMs, following in larger
converter losses in this situation. The average capacitor
voltage controller is responsible for ensuring that the M-MC
leg evenly distributes the incoming dc-current, and the
leftover voltage of each leg's SM capacitor equals the average
voltage value. The average SM capacitor voltage for each
phase is shown in Figure 9(d). When a load is introduced to
the grid, the voltages of SM capacitors fluctuate from their
stable values. The voltages are at a tolerable level, are
properly balanced, and the voltage fluctuation has been
significantly reduced. With a peak voltage ripple of 62.5V at
the base frequency, the SM capacitor voltages are balanced.
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Case 3: M-MCs Arm currents and circulating current. Figure
10 shows currents for each phase (i, iy, ic;) Of the upper-
arm and lower-arm which mainly contains the basic
component without harmonics. The circulating current has dc

capacitor voltage (Vea): [100V/div]

p and ac components in the same flow, which causes the arm
23V currents to be distorted. DC-side current divides equally
OGO 0 among the three phases and improves the power balance in

capacitors. The dc component of the arm current must be

included since it illustrates active power transmission
Time: 1035/div] between the ac and dc sides. Figure 14 depicts the output of
Iy 7 (2) L l; circulating current in the synchronous dq frame. The peak

value of the second-order harmonic of circulating current is
approximately 3A, which is almost half the peak arm current.
capacitor yoltage (Veb): [100V/div] As the distortion is reduced, a better (pure sinewave)

sinusoidal arm current waveform can be created using this
\ approach.
y \ 239V [ T |
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Fig 9 (a) individual SM capacitor voltage Vca for each phase,

(b) individual SM capacitor voltage Vcb for each phase, (c) F fime: (hasat] |
individual SM capacitor voltage Vcc for each phase, (d) 1 o t ,j
Average SM capacitor voltage V1, Vc2, Vc3 for each phase. (c)
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Fig 10: (@) M-MC arm currents i,, of each phase, (b) M-MC
arm currents i,, of each phase (¢) M-MC arm currents i., of
each phase, (d) M-MC circulating currents.

Case 4: The behaviour of a PEMFC system in a grid-
connected M-MC configuration. Figure 11(a),(b) represents
the three-phase output voltage and current of the M-MC. A
6kW PEMFC system was tested using a grid-connected setup.
The load on the dc side for both tests was kept constant at
5kW (grid-connected and dc constant load). The M-MC
converts the dc power, which was generated from the PEMFC
with a voltage rating of 45V, into ac power.
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Time:

Three phasg M-MC current:[2DA/div||

mli AT oy R
AL L L b

4 Time: [D.3s/diy| 4
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The power obtained from the LCL filter (getting the
input from M-MC) is well-filtered, the sizing of capacitor
values and designing of dq frame loops allow us to eliminate
harmonics that could interrupt the operation of the power
generation system. Voltage waveforms were made effectively

smooth by applying the correct current control technique.
Here, the PI controller is used to control the current flow by
taking the feedback current from the load. Figure 11(c), (d)
shows that the grid voltage and grid current are in phase,
resulting in the injected power having a unity power factor.

Three phase grid yoltager|60V/¢ |)}/ VA VAVAVE

v e

il ;]u
i

T
HATIRTAN

Thiree phase grid current:[20A/div

T Time: [0.3s/div] ?
[ t (d) i 13

Fig 11 (a) Three-phase M-MC output voltage, (b) Three-
phase M-MC output current, (c) Three-phase grid output
voltage (d) Three-phase grid output voltage grid current.

Figure 12 depicts the output of M-MC side active
power, grid side power and load side power of the PEMFC
system. At the period of t, to t;sec, 6.6kW of active power
is fed as input from PEMFC to M-MC side from which,
1.6kW of power is injected into the grid side, then 5kW of
power is consumed by the load. At the period of ¢, to t,sec,
3.65kW of active power is fed as input from PEMFC to M-
MC side from which 1.35kW of power is fed in the grid side,
then 5kW of power is consumed by the load. At the period of
t, to tysec, 5.4kW of active power is fed as input from
PEMFC to M-MC side from which 400W of power is injected
into the grid side, and then 5kW of power will be consumed
by the load. The comparison of the overall system output
parameter is analysed and tabulated in Table 2. The control
system of the PEMFC based grid-connected M-MC
configuration with the designed parameters under different
operating temperature is successfully analysed.
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Fig 12. M-MC side, grid side and the load output of active
power

Table 3. comparison of overall system output parameters

PEMFC system behaviour in
Indices grid-connected  configuration
output parameter values
totot; | tito t, | t,toty
Time duration (sec) 0 (1 (2
— 1sec) | —2sec) | — 3sec)
PEMFC Temperature 339K 200K 298K
(K)
Input
voltage 52V 30V 45V
\Y
PEMFC V)
stack Input
inputs current 133.07A | 133.07A | 133.3A
(A)
Input
kW 4kW kW
power (W)
output
voltage 500V 500V 500V
\Y
PEMFC (()uzput
([))u(ipultlsnk current 14A 8A 12A
(A)
output
kW 4kW kW
power (W)
Average SM capacitor
voltage
Vel,Ve2,Ve3 for each 64V 61.5V 62.5V
phase
M-MC - side —active | ¢ e | 3.65kw | 5.4 kw
power output
Grid side active power 1.6kW 135kW | 400w
output
Load side active power KW KW SKW
output

5. Conclusion

The feasibility of an M-MC topology as an interface between
the grid and PEMFC with an efficient control algorithm has
been simulated (with real-time simulation using OP-5700
simulator) and the performance has been analysed in this
paper. The boost converter controls and conditions the fuel
cell's output power. In the case of changes in hydrogen flow
rate, load, or fuel cell operating conditions, the PI controller
adjusts the converter's MPPT duty ratio to deliver the best
possible output voltage. The SM capacitor voltages are
balanced, with a peak voltage ripple of 12.5% from the DC
bus voltage regulation, which is the same as at the base
frequency. There is a substantial reduction in voltage
fluctuation, and the voltages are in a reasonable profile and
well balanced. The harmonics of the circulating current have
a peak value of about 30% of the peak arm current. Asa result
of the reduction in distortion, a pure sinusoidal arm current
waveform is obtained. Using the analytical solution for a M-
MC configuration, it has been identified that the THD value
for M-MC phase voltage is 1.89%, the grid current is 2.67%
and the M-MC arm current is 4.01%. The THD is observed to
be the almost same and is lower than 5% which is under IEEE
standards. For the sudden changes in PEMFC temperature at
different operating conditions, ac & dc voltage, current and
active power variations are obtained and validated. The
control system of the 6kW PEMFC based grid-connected M-
MC configuration with the designed parameters under
different operating temperature is successfully analysed.
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