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Abstract: To deal with the intermittency of renewable energy resources, hydrogen as an energy
carrier is a good solution. The Polymer Electrolyte Membrane Fuel Cell (PEMFC) as a device that
can directly convert hydrogen energy to electricity is an important part of this solution. However,
durability and cost are two hurdles that must be overcome to enable the mass deployment of the
technology. In this paper, a management system is proposed for the fuel cells that can cope with
the durability issue by a suitable distribution of electrical power between cell groups. The proposed
power electronics architecture is studied in this paper. A dynamical average model is developed for
the proposed system. The validation of the model is verified by simulation and experimental results.
Then, this model is used to prove the stability and robustness of the control method. Finally, the energy
management system is assessed experimentally in three different conditions. The experimental results
validate the effectiveness of the proposed topology for developing a management system with which
the instability of cells can be confronted. The experimental results verify that the system can supply
the load profile even during the degradation mode of one stack and while trying to cure it.

Keywords: multi-stack; Polymer Electrolyte Membrane Fuel Cell (PEMFC); energy management;
power electronics; stability analysis

1. Introduction

Based on the energy and environmental crisis in the world, the approach is toward using renewable
and clean energy [1]. The most important issue of renewable energies is the intermittency of the
resources [2–4]. Hydrogen as an energy carrier can cope with this problem [5]. This gas can be directly
converted to electricity by a Polymer Electrolyte Membrane Fuel Cell (PEMFC) [4,6]. The nominal
voltage of one cell is near 0.7 V. Therefore, a number of cells are connected in series inside of one stack
to increase the output voltage. The basic disadvantage of such connections is the lifetime dependency
of the stack on each cell lifetime. The other disadvantage of this connection is the probability of the
fault propagation from one cell to the adjacent ones because of thermal coupling. The cell management
can cope with these problems.

Currently, the performance of PEMFC, in terms of power density (3.1 kW/L) and electrical energy
efficiency, is sufficient to allow large-scale deployment of the technology [7,8]. On the other hand,
lifetime and cost are two points that need to be improved [9]. To improve the durability, it is possible
to develop new materials more resistant but also to better manage the operating conditions to avoid
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the electrochemical instabilities that lead to irreversible damages [10]. For instance, a novel converter
was proposed in [11] to reduce the current ripple for fuel cell applications. A specific management
system like the battery management systems can deal with the instabilities of the cells inside a stack.
For instance, if one cell is more degraded than other cells, its voltage decreases and it dissipates
more heat. The direct consequence of the higher temperature of the degraded cell is the drying of its
membrane and the subsequent increase of its ionic resistance that at the end amplifies the voltage
loss. This snowball effect can destroy the cell. If it was possible to separately change the current of
the damaged cells to produce more water or to reduce the heat production, it would deal with the
mentioned snowball effect.

Developing such a management system for a single stack needs a special stack, which allows
modifying the current of any number of cells inside the stack, and a power electronic structure that
allows controlling the power flow of different cells. A new patent obviates the first requirement and
allows access to the current of any cells [12]. Multi-stack can be considered as an attempt to increase the
lifetime and durability of the fuel cell system at the cost of compactness loss. The multi-stack can be used
for high power [13–15], vehicular and transportation [16–24], and stationary [16,25–27] applications
due to its higher reliability and efficiency and its optimized fuel consumption. This technology has been
already used by a Mercedes bus, power supplies of space exploration vehicles, and air-independent
propulsion for submarines [28]. In [21], the multi-stack was investigated in the fault mode and the
faulty stack could partially or totally be disconnected by a diode by-pass circuit while the other stacks
supply the load. A model was also developed for the proposed architecture. Two PEMFC stacks with
the rated power of 20 kW (total rated power of 40 kW) were used in [22] to totally supply a manned
aircraft. Ten PEMFC stacks with the rated power of 480 kW were used in [27] to develop a stationary
distributed generation system. In [23], a hybrid system of two PEMFC stacks with the rated power of
150 kW (total 300 kW) and a battery bank were used to supply a locomotive. The battery bank was
used to supply the load profile over transient conditions.

As seen in Figure 1., four basic topologies are used for the multi-stack or segmented FCs: series,
parallel, cascade, series-parallel [21,28]. The series topology (Figure 1a) requires a low voltage ratio
converter. In such a connection, the failure of a single cell means losing the whole system. Furthermore,
there is no freedom degree in controlling the cells separately. The second topology, which the cells
or stacks separately connect to the DC link by individual converters, provides the freedom degree in
controlling the cells [18]. However, the high conversion ratio converters, which are required to increase
the output voltage, provide higher stress on the semiconductor devices. This architecture is the most
expensive topology due to a great requirement of the passive energy storage components. The cascade
topology resolves the problem of the parallel topology. In this topology, the DC-link voltage is divided
between the cells. This leads to lower stress on semiconductor devices. The series-parallel topology
(Figure 1d) is identical to the parallel topology except that more cells are connected to the input of each
converter. This topology inherits the advantages and disadvantages of series and parallel topologies.
In such a topology, the converters with lower voltage ratio can be used.

Considering the ability of separately controlling the cells or stacks, the cascade topology (Figure 1c)
can be used to manage the cells. However, connecting the cells to the high voltage DC link while
maintaining the controllability of each converter is challenging. It should be noted that the proposed
structure can be used for a single stack that allows accessing the current of different cell groups or
a multi-stack. As a result, the word stack is used instead of cell groups for the sake of simplicity in the
rest of this paper.

Due to the low voltage of a cell or a small group of cells, a converter with a high voltage ratio
has to be used [29,30]. In this paper, the classical DC–DC boost converters are used while their
output capacitors are connected in series, inspired by the cascade topology. In such a connection,
the same load current passes through all output capacitors. Therefore, if the input power of one cell
becomes lower than the required amount, the voltage of the corresponding capacitor will decrease.
In this case, the controllability will be lost if the output voltage becomes lower than the input voltage.
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As mentioned before, the objective is to develop a management system that separately controls
the current of cells or stacks. Considering the cascade topology with N groups (Figure 2), if the
load power (Pload) is constant and the DC-link voltage is regulated at Vdc, then the load current has
a constant value of iload in steady-state and, as a result, the supplied power by cells can be calculated as
Pk = iloadVCk ∀ k ∈ {1, 2 . . . , N}. Assuming that the total supplied power by stacks is equal to the load
power, and the first group of cells should inject a part (x) of the nominal power (Pload/N), whereas the
other groups inject an identic value of power, the following equation can be obtained in steady-state
as follows:  P1 = x Pload

N = iloadVC1 → VC1 = x
N Vdc

Pk =
N−x

N(N−1)Pload = iloadVCk → VCk =
N−x

N(N−1)Vdc
(1)

where k in this equation can be ∈ {2, 3 . . . , N}. The voltage of the first capacitor must be greater than
the input voltage of the corresponding converter. Thus, considering the voltage ratio of the boost
converter (Rv) and (1), x > NVFC

Vdc
> 1

Rv
. Therefore, the supplied power of the first group cannot be

less than 1
RvN Pload. Otherwise, the controllability is lost. In such conditions, a voltage equalizer or

a balancing system has to be added to ensure the controllability of converters.

Figure 1. Multi stack topologies: (a) Series; (b) Parallel; (c) Cascade; (d) Series-parallel.

Figure 2. Cascade topology with different injected powers by stacks.

A new voltage equalizer, which was proposed in [31], is modified and used in this paper.
In [32], the equalizer was controlled according to the voltage difference and a hysteresis method.
The proportional gain controller, as used in [31], is improved in this paper to enhance the dynamical
behavior of the equalization. The improved method can cope with the overvoltage of the output
capacitors due to operating conditions of the fuel cell management system in some particular cases.
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Due to dynamic constraints, the hybridization of a fuel cell with an energy storage system
is required to supply a given load, especially for transport or stationary applications [23,33–36].
The battery has a high energy density and a higher power density than the FC. Therefore, the FC/Battery
hybridization has been used in some papers [34,37–39]. Contrary to the batteries, supercapacitors
(SCs) have a higher power density and a lower energy density than the batteries. As a result, the FC/SC
hybrid system has been widely used in the literature due to the ability of the SC in compensating for the
slow dynamic of the FC [34,40]. In [35,41,42], an FC/SC/Battery structure was proposed for vehicular
application and an energy management strategy was proposed to supply the load. The main objective
in [38,41,42] was to develop an energy management strategy to improve fuel consumption. In this paper,
the main objective is to develop a system in which energy management can be implemented while
curing the defective stacks.

The conventional hybridizing fuel cell with SC is used in this paper to respond to the high dynamic
load profile. To regulate the output DC bus voltage, the SC is connected to the DC link through
a bidirectional DC–DC boost converter.

The hybridized system with the equalizer system needs a control method that can be implemented
easily and ensure the stability of the system. In this paper, a control method is proposed for the
whole system.

An accurate model of the system has to be realized to perform the sizing of the passive elements
and control parameters or/and dynamical stability analysis. There are three basic approaches to
investigate the dynamic behavior of the system: Discrete-time model, Switching model, and Average
model. In [43], these three approaches were used to investigate the dynamic behavior of a boost
converter with a sliding mode current controller. In [44], the stability of a boost converter based on
the discrete-time model and the average model was investigated when a hysteresis current controller
was used. The dynamic behavior of a boost converter with an LC filter was investigated based on the
discrete-time model approach in [45]. In [45], the output voltage and current of the boost converter
were controlled based on the dynamic separation. The discrete-time model cannot be used especially
for some complicated systems. For such systems, the average model can be used to study the dynamic
behavior of the system. In [46], an interleaved-boost full-bridge converter was modeled by obtaining
the state-space average models of the system over different operation modes. This kind of modeling
approach can involve many equations for complex systems. Therefore, this model can be very complex.
In [47], an average model was proposed to perform the stability analysis for a hybrid photovoltaic
and wave power generation system. The average model of each system and control method were
used to obtain an overall dynamic average model for the hybrid system. Then, the stability analysis,
based on the eigenvalues of the proposed average state-space model, has been used to verify the
stable operation of the system under various operating conditions. An average model based on the
state-space equations of the system was introduced for a balancer in [48]. This balancer can equalize
the voltage between two SC banks. Indeed, the proposed balancer was a synchronous buck-boost
topology that can transfer the stored energy in the inductor of the converter to the banks and vice versa.
In such a connection, there is no intermediary AC power stage. For systems with AC power stage,
the average values of pure AC variables are equal to zero. This last property involves an order reduction
to establish the average model. To deal with this phenomenon, the DC terms and the first-order terms
of Fourier series of state variables were used in [49]. Since the transformer current of a dual active
bridge converter is purely AC, its DC component is equal to zero. Therefore, the switching frequency
terms in the Fourier series of state variables were used to capture the effect of the transformer current
on the system dynamics in [49]. In [50], a dynamical average model was proposed for an isolated boost
converter. In this converter, the average value of the transformer current over each period of switching
is equal to zero. Therefore, the energy cannot be transferred through the transformer by using this
average value in the average state-space model. The equation of the average value of the leakage
current was obtained over a half period. Since the leakage current of the isolated boost converter is
symmetric, this equation is valid for any half periods. As a result, the obtained average value is not
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equal to zero and the energy can be transferred through the transformer even in the average model.
The main disadvantage of this approach is the assumption in which the transformer current waveform
must be symmetrical.

In this paper, the proposed equalizer includes an AC power stage but the current waveforms can be
asymmetrical. Thus, a reduced-order average model is proposed in which the symmetrical waveform
of the transformer current is not mandatory. Moreover, the proposed average model takes into account
the cross-coupling effect due to the serial connection of output capacitors. Dynamic stability analysis
of the system is also performed based on the proposed model. This proposed approach is validated by
simulation and experimental results.

The rest of this paper is organized as follows: The proposed system configuration, the improved
control method, and the definition of the dynamical average model for any operating conditions
are detailed in Section 2. The SC and DC-link voltage control methods are described in Section 3.
The simulation and experimental results are presented in Section 4. The stability analysis and energy
management are performed in Section 5. Finally, conclusions are presented in Section 6.

2. Proposed System Configuration

The proposed power electronic architecture used to realize the fuel cell management system is
shown in Figure 3. As seen in this figure, the N fuel cell stacks are used and connected to the DC link
through the DC–DC boost converters. Inspired by the cascade topology, the output capacitors of the
boost converters are connected in series. These boost converters allow the separate management of
those stacks. To ensure the controllability of different boost converters, an equalizer architecture based
on the multi-winding transformer is used in this paper. Indeed, the input of the H-bridge inverter is
connected to the DC-link where a capacitor CH is used to stabilize the voltage. The H-bridge inverter
converts this DC voltage to an AC voltage at the input of the HF transformer. The diode structure at
the output of the HF transformer allows the transmission of energy from AC secondary windings
to the lower voltage capacitors. The equalizer architecture was deeply investigated and verified by
experimental results in [31] without hybridization. To regulate the DC bus voltage, the SC with the
conventional bidirectional boost converter is used. In order to realize the whole system, each part is
modeled separately.

Figure 3. Proposed power electronic architecture to realize fuel cell management system.
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2.1. Model of the Equalizer

As shown in Figure 3 H-bridge inverter is connected to the primary side of a High Frequency (HF)
transformer. To stabilize the input voltage of the H-bridge inverter, a capacitor (CH) is used. A special
diode structure is used on the secondary side of the transformer. This topology allows the energy to be
transferred from the DC-link to the lower voltage capacitors.

The following assumptions are considered for the purpose of simplicity:

(1) Turn ratio for all secondary windings are the same and equal to m = N2
k N1

and k is the
coupling coefficient.

(2) The coupling coefficient between the primary and secondary windings are identical and equal
to k.

(3) The coupling coefficient between the secondary windings is unitary.
(4) The DC bus voltage is controlled to a reference constant value.
(5) The switches are considered as the ideal devices. The diode voltage drops are taken into account

but their dynamical resistance is assumed zero.

The theoretical waveforms of the proposed equalizer in steady-state are shown in Figure 4a.
when C1 (and C2) are the lower voltage capacitors between odd and even-numbered capacitors
respectively. As seen in this figure, based on the proposed switching commands for the H-bridge
inverter, a symmetrical square waveform (Vin) is imposed on the primary side of the HF transformer
with a variable duty cycle (d). Therefore, the odd\even numbered diodes can be naturally turned on
during the positive\negative part of this square wave because of the diode structure and the polarity
of secondary windings. The diode corresponding to the lower voltage capacitor between odd\even
numbered diodes is automatically turned on during the positive\negative part of the input voltage
of the HF transformer. Due to the same polarity of the secondary windings, a voltage equal to the
lower voltage between the odd\even numbered capacitor voltages is induced to all windings when
an odd\even numbered diode starts to conduct. Therefore, other odd\even numbered diodes are
negatively biased during the conduction of one diode.

Figure 4. Theoretical waveforms in the steady-state of the proposed equalizer whereas: (a) Vc1 is
the lowest voltage between all capacitors; (b) Vc1\Vc2 is the lowest voltage between the odd\even
numbered capacitors.

Theoretical waveforms of the proposed equalizer are shown in Figure 4a when the first capacitor
has the lowest voltage and in Figure 4b when the first and second capacitors have the lower voltage
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between odd\even numbered capacitors and other capacitors have the same voltage. As seen in those
figures, the transformer current waveform can be symmetrical or not. To be more general, the second
case is presented as the operation modes as follows:

(1) Mode 1 [t0–t1: Figure 5a]: Based on the switching command of the H-bridge inverter, a positive
voltage is imposed on the primary side of the transformer. Regarding the assumption that the first
capacitor has the lower voltage between the odd-numbered capacitor, the first diode is turned on
and the derivative equation of the system is as follows:

Lm
dim
dt =

VC1+Vd
m

L f
di f
dt = Vin −

VC1+Vd
m − r f i f

C1
dVC1

dt =

(
i f−im−

VC1
+Vd

mrm

)
m − iload +

P1
VC1

C j
dVCj

dt =
Pj

VCj
− iload j = 2, 3, 4

(2)

where Lm and Lf are, respectively, the magnetic and leakage inductances, rm and rf are the magnetic
and leakage resistances, im is the magnetizing current, if is the leakage current, Vd is the diode
drop voltage, Vin is the input voltage at the primary side of the transformer, Vcj is the voltage of
Cj, Pj is the injected power by the boost converter corresponding to the jth fuel cell, and iload is the
load current.

Figure 5. Different operation modes of the proposed equalizer. (a) Mode 1: t0 < t < t1. (b) Mode 2:
t1 < t < t2. (c) Mode 3: t2 < t < t3. (d) Mode 4: t3 < t < t4.
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(2) Mode 2 [t1–t2: Figure 5b]: The input voltage of the HF transformer is equal to zero in this mode.
D1 can continue to conduct during the interval of [t1,tf] and, as a result, the derivative equations
of the system are as follows:

Lm
dim
dt =

VC1+Vd
m

L f
di f
dt = −

VC1+Vd
m − r f i f

C1
dVC1

dt =

(
i f−im−

VC1
+Vd

mrm

)
m − iload +

P1
VC1

C j
dVCj

dt =
Pj

VCj
− iload j = 2, 3, 4

(3)

The switching frequency of the H-bridge inverter is low enough that the diode can be turned
off before the end of this mode. As a result, the derivative equations of the system during the
interval of [tf,t2] are as following when the diode is off:

Lm
dim
dt = rm

(
i f − im

)
L f

di f
dt = −r f i f − rm

(
i f − im

)
C j

dVCj
dt =

Pj
VCj
− iload j = 1, 2, 3, 4

(4)

(3) Mode 3 [t2–t3: Figure 5c]: A negative voltage is imposed on the primary side of the HF transformer
in this mode. As a result, the second diode corresponding to the lower voltage capacitor among
even-numbered capacitors starts to conduct. The derivative equations of the system are as follows:

Lm
dim
dt = −

VC2+Vd
m

L f
di f
dt = Vin +

VC2+Vd
m − r f i f

C2
dVC2

dt = −

(
i f−im+

VC2
+Vd

mrm

)
m − iload +

P2
VC2

C j
dVCj

dt =
Pj

VCj
− iload j = 1, 3, 4

(5)

It can be noted that this mod does not exist for Figure 4a.
(4) Mode 4 [t3–t4: Figure 5d]: This mode is similar to mode 2 but due to negative voltage imposed

on the primary side of the HF transformer, the even-numbered diodes can be turned on. Since
the second capacitor is assumed to be the lower voltage capacitor between the even-numbered
capacitors, the second diode begins to conduct the current. The derivative equation of the system
before the diode stops to conduct is as following during the interval of [t3,tfe]:

Lm
dim
dt = −

VC2+Vd
m

L f
di f
dt =

VC2+Vd
m − r f i f

C2
dVC2

dt = −

(
i f−im+

VC2
+Vd

mrm

)
m − iload +

P2
VC2

C j
dVCj

dt =
Pj

VCj
− iload j = 1, 3, 4

(6)

Over the interval of [tfe,t4] the derivative equations of the system are changed as (4) when the
diode D2 is off in this mode. Moreover, this mod does not take place for Figure 4a.

Based on these modes, the power can be transferred from the series connection of capacitors to
the lower voltage capacitors. Further information and details about this equalizer can be found in [31].
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2.2. Improved Control Method for the Equalizer

As seen in Figure 6, the maximum voltage among the output capacitors connected to the boost
converters of different stacks is compared with the lowest voltage and this difference is multiplied
by the proportional gain to obtain the duty cycle. Compared to [31], this controller is also able to
decrease the maximum voltage on each output capacitor and can consequently reduce the stress on
the capacitors and semiconductor devices. A low-pass filter is used in this controller to optimize the
dynamical behavior of the equalizer. Due to the possibility of a large external perturbation during the
transient states, this controller can impose a high value of duty cycle that leads to conduct a high value
of current in semiconductors. Using a dynamic saturation can cope with this issue. To model such
a control system, the derivative equation of the filter is used as follows:

dy
dt

= ω f
(
VCmax −VCmin − y

)
(7)

where y is the output of the filter, ω f is the cut-off frequency of the filter, VCmin and VCmax are the
minimum and maximum voltages among the capacitor voltages, respectively. The difference between
the maximum and the minimum voltages is used as the input of the filter. As a result, the duty cycle of
the H-bridge inverter is calculated as follows:

d = Kpy (8)

Figure 6. Schematic diagram of the control method used to determine the duty cycle (d) of the
H-bridge inverter.

In this paper, a protection circuit is also proposed to dynamically control the maximum value of the
duty cycle and indirectly control the maximum value of the current. As seen in Figure 6, this protection
is implemented by considering the derivative equation of leakage inductance of the transformer. Based
on Figure 4, the leakage current of the transformer can be positively\negatively reached to its maximum
during the positive\negative part of the input voltage of the transformer. The time interval of [t0,t1] or
[t2,t3] is equal to dT/2 where T is 1/F and F is the switching frequency. Therefore, the maximum duty
cycle can be deduced from the model as following regardless of the losses:

L f
Imax

dT/2
= ∆V (9)
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2.3. Average Model

Considering the supplied power by the first stack is lower than the others, the first capacitor voltage
has the lowest voltage. The other stacks inject the nominal power and as a result, the output capacitors
of their boost converters have the same voltage. A dynamical average model can be considered for this
system by calculating the transmitted power through the transformer. To calculate this power, the
diode current equation can be used. Based on the approach in [31], an equation for the transmitting
power through the transformer can be obtained as follows:

Pe1 =
dVC1
8F2m2

(
dF(mVdc−B1)

L f
−

dFB1
Lm
−

16F3Lm(mrmVdc−2L f B1)
rm(−4FL f Lm+4FLCrm−dr f rm)

+
d2Fr f (−mrmVdc+2L f B1)

L f (4FL f Lm−4FLCrm+dr f rm)
−

d(−4FLC+2dr f ) A1

4L f LmB1(4FL f Lm−4FLCrm+dr f rm)
2

) (10)

This power is received by the first capacitor. A similar equation can be obtained for the transferred
power to one of the even-numbered capacitors. Considering the second capacitor as a lower voltage
capacitor among the even-numbered capacitors, the transferred power can be calculated as follows:

Pe2 =
dVC2
8F2m2

(
dF(mVdc−B2)

L f
−

dFB2
Lm
−

16F3Lm(mrmVdc−2L f B2)
rm(−4FL f Lm+4FLCrm−dr f rm)

+
d2Fr f (−mrmVdc+2L f B2)

L f (4FL f Lm−4FLCrm+dr f rm)
−

d(−4FLC+2dr f ) A2

4L f Lm(4FL f Lm−4FLCrm+dr f rm)
2
B2

) (11)

This power is received by the second capacitor. It can be noted that this power is negligible in the
case of Figure 4a.

To obtain a dynamical average model, the power that is consumed by the equalizer is also required.
To calculate this power, the losses inside the system should be added to Pe1 + Pe2. The injected power
to the equalizer can be calculated as follows:

Pin = Pe1 + Pe2 +
Vp1

2 + Vp2
2

rm
+ r f

(
I f 1

2 + I f 2
2
)

(12)

where I f 1 is the RMS value of the leakage current of the transformer due to the transmitting energy
to the first capacitor, and Vp1 is the RMS voltage on the primary side of the transformer due to the

transmitting energy to the first capacitor that is the RMS value of
Vd+VC1

m over the interval of tf-t0 in the
switching period as follows:

I f 1
2 = 1

T

∫ t f
t0

(
i f (t)

)2
dt = 1

T

(∫ t1
t0

(
i f (t)

)2
dt +

∫ t f
t1

(
i f (t)

)2
dt

)
Vp1

2 = 1
T

∫ t f
t0

(
Vd+VC1

m

)2
dt =

(t f−t0)
T

(
Vd+VC1

m

)2 (13)

where I f 2 and Vp2 are the RMS values of the leakage current of the transformer and the RMS voltage
on the primary side of the transformer due to the transmitting energy to the second capacitor that can
be calculated in a similar way in the interval of [t2,tfe]. It can be noted that this current is negligible in
the case of Figure 4a. The load current that is seen by the series connection of the capacitors can be
calculated regarding the injecting power to the equalizer as follows:

ich = iload +
Pin
Vdc
− ia (14)

where iload is the load current, and ia is the current that is injected by the SC.
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Calculating the received power by the capacitors, a dynamical average model based on the
derivative equations of the system can be obtained as follows:

C1
dVC1

dt = P1+Pe1
VC1

− ich

C2
dVC2

dt = P2+Pe2
VC2

− ich

C j
dVCj

dt =
P j

VCj
− ich ∀ j ∈ {3, 4, . . . , n}

(15)

To control the power delivered by each stack, the sliding mode controller is used. This control is
explained in the following section. The parameter of this controller is chosen in such a way that this
controller is only as fast as required. Therefore, the reference power is always followed by this controller.

3. Hybridization

The diagram of the overall control structure is shown in Figure 7. As seen in this figure, each part
of the system is controlled by its own controller. In this section, the method of regulating the DC-link
and the SC voltages will be detailed. This method is based on an energy regulator (extern loop) and
an indirect sliding mode control. This simple method can ensure that the dynamic performances are
independent of the operating points.

Figure 7. Diagram of the overall control structure.

3.1. DC Bus Voltage Controller

To regulate the DC bus voltage, an SC is connected to the DC bus by a bidirectional boost converter.
The state-space model of the super-capacitor with a boost converter is as follows: LSC

diSC
dt = vsc − (1− dSC)Vdc − rSCiSC

CSC
dvSC

dt = −iSC
(16)
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where Lsc is the inductance connected to the boost converter of the SC and rsc is its resistance, vsc is the
SC voltage, and isc is its current. Therefore, the injected current to the DC bus by the SC can be calculated
as follows:

ia = (1− dSC)iSC (17)

To control the DC bus voltage, a controller based on the flatness theory is used in this paper.
This controller is deeply studied in [51,52]. The stored energy in the DC link is used as the output
variable of this controller. This energy can be calculated as follows:

ydc =
1
2

CeqV2
dc (18)

where Ceq is the equivalent capacitor of series-connected capacitors. The derivation of this energy is
as follows:

.
ydc =

n∑
j=1

P j + Pa − Pload (19)

where Pa is the power injected to DC bus by the SC. Hence:

Pa =
.
ydc + Pload −

n∑
j=1

P j (20)

Considering the losses of the boost converter in the resistance of its inductance, this power can be
calculated as follows:

Pa = PSC − rSC

(PSC
vsc

)2
− LSC

(PSC
vsc

)dSC
(PSC

vsc

)
dt

(21)

where Psc is the injected power by the SC. As seen in Figure 8, this control is realized by two loops.
The inner loop is the power loop and the energy loop is an outer loop. Based on the energy stored
in the DC bus, the energy loop can control the voltage of the DC bus. Assuming that the outer loop
(energy loop) is slower enough than the inner loop (power loop), the variation of the magnetic energy
can be neglected. Furthermore, the injected power by SC can be rewritten as follows:

PSC = 2Pmax

1−

√
1−

Pa

Pmax

 (22)

where Pmax is as follows:

Pmax =
vSC

2

4rSC
(23)

Figure 8. Schematic diagram of the voltage controller.

Using (19)–(23), the power that must be injected by the SC to regulate the DC link voltage is
obtained. This control can operate when the inner loop, which controls the power of SC, is fast enough.
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To ensure that the electrostatic energy follows its reference, a control method based on the second-order
system is used as follows [53]:

.
ydcre f −

.
ydc + K1

(
ydcre f − ydc

)
+ K2

∫ (
ydcre f − ydc

)
= 0 (24)

where K1 and K2 are the controlling parameters with K1 = 2ζωn, and K2 = ωn
2 (whereωn is the desired

cutoff radian frequency of the voltage control loop [53]).
.
ydc is obtained from (24). (20) and (24) allow

the SC power reference to be obtained. The inner loop goal is to control the power delivered by the SC
to track its reference.

Assuming that the dynamic of the SC voltage variations is slow in comparison to the DC bus
voltage variations, the SC voltage can be considered as a constant value for the design of the DC bus
control. As a result, the reference current of the SC can be obtained by dividing its reference power to
its voltage. The sliding mode control method is used in this study to control the current.

A sliding surface is defined as follows [54]:

s = iSC − iSCre f + ki

∫ (
iSC − iSCre f

)
(25)

To ensure the zero steady-state error, an integral term is used in this sliding surface [54].
The associated reaching condition is defined as follows:

.
s(x) = −λs(x) (26)

where λ is a positive constant that determines the speed of attraction to the sliding surface.
Using this approach, two poles of the system are −λ and −ki and independent of the operating
point. By differentiating (25) and using (26), the following equation is obtained:

diSC
dt

+ ki
(
iSC − iSCre f

)
= −λs(x) (27)

Using this equation and (16), the equivalent duty cycle of the SC converter can be calculated
as follows:

dSC =
LSC
Vdc

[
Vdc − vsc + rSCiSC

LSC
− ki

(
iSC − iSCre f

)
− λ

(
iSC − iSCre f + ki

∫ (
iSC − iSCre f

))]
(28)

3.2. SC Voltage Controller

A similar approach is used to control the voltage of SC. The stored energy in SC is used to controls
its voltage. This energy can be calculated as follows:

ySC =
1
2

CSCv2
sc (29)

where CSC is the capacitance of the SC. Considering that the dynamic of the DC bus voltage loop is
widely greater than the dynamic of the SC voltage, the derivation of this energy is as follows:

.
ySC = −PSC ≈

n∑
j=1

P j − Pload (30)

where
.
ySC is the power of the SC (PSC) that should be transferred to the SC (negative) or injected by

it (positive). The total power of stacks that must be injected in steady-state can be obtained by this
equation. A simple proportional gain controller is used to ensure that stored energy in the SC follows
its reference:
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.
ySCre f −

.
ysc + Ksc

(
ySCre f − ySC

)
= 0 (31)

The proportional gain KSC, which represents the cutoff radian frequency of the SC voltage loop,
should respect the low dynamic assumption of the SC voltage. Based on (30), the total power that
should be injected by the stacks can be calculated. As seen in Figure 9, a rate limiter is used to respect
the dynamical constraint imposed by the fuel cell auxiliaries. Vi and ii are the voltage and current of
the ith stack. di is the duty cycle of the boost converter connected to the ith stack.

Figure 9. Schematic diagram of the SC voltage controller.

4. Simulation and Experimental Results

4.1. Simulation Results

To evaluate the behavior of the dynamical average model, two simulations are performed when
four stacks are connected to four boost converters. The injected power by the first stack is changed
from 63 to 100 W at 0.05 s while the first simulation. The injected power of the other stacks is fixed to
nominal power (126 W) during this simulation.

The parameters used to obtain simulation results are shown in Table 1. To study the dynamical
behavior of the average model, the state-space model of the system based on (1)–(5) is also simulated
with the same parameters. The results of the first simulation are shown in Figure 10. As seen in these
figures, the average model results are consistent with the results of the state space model. The voltage
change of the output capacitor of the boost converters connected to the different stacks is shown in
Figure 10. The difference between the two models is due to the linearizing method which was used to
calculate (10). Indeed, the transformer current has an exponential form which has been approximated
by the first-order polynomial based on the Taylor series. For the proposed average model, the power
of the balancing system defined by (10) is a bit overestimated; consequently, the obtained voltage is
a bit higher than the switching model. The voltage of the DC bus (

∑
j

VC j ) is shown in Figure 1b during

this simulation. As seen in this figure, the DC voltage is regulated at the reference voltage (48 V). It is
notable that the power of the fuel cell is reduced slowly and this undershoot is eliminated when the
real low dynamic of the fuel cell is taken into account. Therefore, this simulation was accomplished in
the worst condition.

The condition for the second simulation is similar to the first simulation except for the injected
power by the second cell. This power is set to 100 W in the second simulation. The voltage changes of
different capacitors are shown in Figure 11a. The DC bus voltage is shown in Figure 11b during this
simulation. As seen in these figures, the average model is in agreement with the state-space model of
the system.
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Table 1. Parameters of the proposed equalizer.

Symbol Unit Value Description

C µF 4700 Electrochemical
AL nH/turns2 12,500 Planar transformer core
N1 turns 1 Primary winding turns
N2 turns 4 Secondary winding turns
k - 0.98 Coupling coefficient
F kHz 40 Switching frequency of the H-bridge

Vbat V 48 Nominal voltage of the battery
VC V 12 Nominal output voltages of boosts
Vd V 0 Drop voltage of diodes
PFC W 126 Nominal injected power of different stacks
η - 1 Efficiency of the equalizer system
ω f Rad/s 2π103 Cut-off radian frequency of the filter
Kp - 0.1 Proportional gain of the controller
λ Rad/s 7500
ki Rad/s 7500
Fs kHz 29 Switching frequency of the boost converters

KSC - 0.08

Figure 10. Simulation results in closed-loop when P1 is increased from 63 to 100 W and the other stacks
inject the nominal power: (a) Voltage changes of the boost converters output capacitors connected to
the stacks; (b) DC bus voltage.

4.2. Experimental Results

To verify the validity of the proposed dynamical average model, two experiments are accomplished
on a laboratory test bench as seen in Figure 12. Four different power supplies are used to emulate the
four stacks of PEMFCs. dSPACE 1005 with the FPGA board is used to receive the information and
send the commands. The part number of all the components is summarized in Table 2.



Mathematics 2020, 8, 739 16 of 28

Figure 11. Simulation results in closed-loop when P1 is changed from 63 to 100 W, P2 is set to 100
W, and the other stacks inject the nominal power: (a) Voltage changes of the boost converters output
capacitors connected to the stacks; (b) DC bus voltage.

Figure 12. Test bench of the proposed system.

Table 2. Parameters of the used devices in the test bench.

Unit Value

FC Power supply TDK GENH 750 W

Boost converter
Inductance (1 mH)

Switches IGBT
Capacitor Electrochemical (4700 µF)

Equalizer

Diodes DSS2x121-0045B
Magnetic core B66295G Material N87

H-bridge switches SiCMOSFET CCS050M12CM2
Capacitor film (220 µF)

The same assumption of the first simulation is used to accomplish the first experiment.
The experimental results of the output capacitors voltage changes are shown in Figure 13a when the
first cell power is increased from 63 to 100 W. As seen in this figure, the voltage of the first capacitor is
increased because of the increasing the corresponding stack injected power. The voltage of the other
capacitors changed in such a way that the sum of voltage is fixed to 48 V. The average model results
are also shown in Figure 13b in the same conditions for a better view. These results are verified by
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the experimental results. There is always an error between the simulation and experiment results in
steady-state. The error between voltages of the capacitors is in a reasonable range and less than 3%.
This error is caused by not considering all losses.

Figure 13. Voltage changes of the boost converters output capacitors connected to the stacks in
closed-loop when P1 is increased from 63 to 100 W, and P2 is set to the nominal power: (a) Experimental
results; (b) Simulation results of the average model.

The second experiment is accomplished in the same conditions as the second simulation.
The experimental results of the voltage changes of output capacitors are shown in Figure 14a.
To provide a better view, the average model results are also shown in Figure 14b in the same conditions.
As seen in this figure, the experimental results are in agreement with the simulation results. Based on
the experimental and simulation results, the proposed model for the management system is valid and
it can be used to study and analyze the stability of the system.

Figure 14. Voltage changes of the boost converters output capacitors in closed-loop when P1 is changed
from 63 to 100 W, and P2 is set to 100 W: (a) Experimental results; (b) Simulation results of the
average model.
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5. Stability Analysis and Energy Management

In this section, the stability of the proposed control method will be investigated.
Then, the effectiveness of the proposed system in supplying the load profiles even while curing
one of the stacks in two different conditions. Finally, the robustness of the proposed control method
will be studied. Since the average model is valid and it can estimate the behavior of the system in
closed-loop, this model can be used to analyze the stability of the system. By obtaining the eigenvalues
of the Jacobian matrix of the proposed dynamical average model, the local stability around the
equilibrium point can be analyzed. Furthermore, this model can be used to size the parameters of
the different controllers in such a way that the stability of the system is ensured. The poles of the
sliding mode controller (current controller) should be at least less than one-tenth of the switching
radian frequency of the boost converters or bidirectional converter connected to the SC. The switching
frequency of these converters is equal to 30 kHz. Therefore, the λ and ki of the sliding mode controller
are fixed to 7500 rad/s. As mentioned before, the power loop of the DC bus voltage controller should
be faster than the energy loop. As a result, the radian frequency of the energy loop should be slower
than one-tenth of the current control loop. Therefore, ωn equal to 500 rad/s is used to obtain K1 and K2.
The damping ratio of 0.7 is used to obtain the best behavior. The control of the SC voltage should respect
the slow dynamic of the fuel cell. A rate limiter of 4 A/s limits the dynamic of current change to respect
the dynamic of the fuel cell. The equalizer system controller should be faster than the DC link voltage
controller to ensure the controllability of boost converters even in transient conditions. However, the
cut-off frequency of the equalizer controller should be lower than one-tenth of its switching radian
frequency. The switching frequency of the H-bridge inverter is equal to 40 kHz. There is a tradeoff

between the dynamic of the equalizer controller and the time that the duty cycle of the H-bridge
inverter is stuck in the maximum value due to the dynamic saturation. As a result, the cut-off frequency
of 2π 103 rad/s is used for the equalizer controller. The dynamic variations of the SC voltage will be
neglected in the stability study due to the slow dynamic of the SC voltage and the powers delivered by
the fuel cells are supposed to be constant.

To evaluate the stability of the system, the power of the first cell is changed from 0 to 100 W
with steps of 10 W. The other cell powers are fixed to 126 W. The other parameters that are used for
this simulation is shown in Table 1. Using the proposed dynamical average model, the steady-state
voltages of the boost output capacitors are shown in Figure 15. for this simulation. As seen in this figure,
the voltage of the first cell is increased by increasing the injected power of the first cell. The voltage of
other stacks is decreased to fix the DC bus voltage to 48 V. The eigenvalues of the closed-loop system
are depicted in Figure 16. This figure shows the eigenvalues of the Jacobian matrix of the proposed
dynamical average model when the stacks inject the nominal power except the first stack. As mentioned
above, the injected power of the first stack is changed from zero to 100 W. These eigenvalues with
negative real parts prove the stability of the system. As seen in this figure, the different groups of
eigenvalues are shown in different circles with different colors and numbers. The purple circles
show the eigenvalues that strongly depend on the parameters of the voltage and current controllers.
The place of eigenvalues inside the purple circle numbered 1 and 2 can be changed by changing
the parameters of the current sliding mode controllers. The multiple eigenvalues in the same place
are shown by a circle around the multiplication sign as shown in circle number one. The place of
eigenvalues inside purple circle number three and two can be changed by changing the natural radian
frequency of the second-order system used to find K1 and K2 in (24). The blue circles specify the
place of eigenvalues that depend on the parameters of the equalizer system controller. The place of
eigenvalues inside blue circle number four can be changed by the operating point and all parameters
of equalizer controller consist of the proportional gain and the cut-off frequency used for finding the
duty cycle of the H-bridge inverter. The place of eigenvalues inside blue circle number five strongly
depends on the operating point and the proportional gain (Kp) of the equalizer system controller.
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Figure 15. Voltage changes of the boost converters’ output capacitor connected to fuel cell stacks in
closed-loop by changing the injected power of the first stack while the other stacks inject the nominal
power of 126 W.

Figure 16. Eigenvalues of the closed-loop system by changing the injected power of the first stack
while the other stacks inject the nominal power of 126 W.

To prove the stability of the system when two stacks are in the fault conditions, the power of the
second stack is fixed to 50 W that is a little bit lower than the half of nominal power. The injected
power of the first stack is increased from 0 to 40W while the injected power by the other stacks is set to
126 W. Using the proposed dynamical average model, the steady-state value of the output capacitor
voltages by changing the injected power of the first stack is shown in Figure 17. As seen in this figure,
the voltage of the first cell is increased by increasing the injected power of the first cell. The voltage of
other stacks is decreased to fix the DC link voltage near 48 V. The eigenvalues of the closed-loop system
are shown in Figure 18. This figure shows the eigenvalues of the Jacobian matrix of the proposed
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dynamical average model when the second stack injects 50 W and the other stacks inject the nominal
power except the first stack. As mentioned above, the supplied power by the first stack is changed
from zero to 50 W. These eigenvalues with negative real parts prove the stability of the system.

Figure 17. Voltage changes of the boost converters’ output capacitor connected to fuel cell stacks in
closed-loop by changing the injected power of the first stack while the second stack injects 50 W and
the other stacks inject the nominal power of 126 W.

Figure 18. Dominant eigenvalues of the closed-loop system by changing the injected power of the first
stack while the second stack injects 50 W and the other stacks inject the nominal power of 126 W.

Regarding the stability of the system, this topology can be used to manage the cells of a stack.
To evaluate the effectiveness of the proposed topology in terms of energy management and dynamic
performance, three different experiments are performed. Using the test bench shown in Figure 12,
these three experiments are performed in the following condition. A step of 400 W for eight seconds is
applied to the baseload power in these three experiments. The four stacks are in the normal condition
for the first experiment. The load power and the injected power by the first and second stack are



Mathematics 2020, 8, 739 21 of 28

shown in Figure 19a,b. The behavior and magnitude of the injected power by two other stacks is very
close to the second stack. As seen in this figure, the injected power by the SC is increased rapidly to
control the DC link voltage. The injected power by the stacks gradually increased to control the voltage
of the SC. Since the load step power is very high, the injected power increased to their maximum
power. The difference between the load power and injected power by the stacks is compensated by
the SC. Because of the low dynamic of the fuel cells, the injected power by the stacks is gradually
decreased and the SC attracts the excess amount of power injected by the stacks whereas the load
power decreased to its nominal value. As seen in Figure 19a, the injected power by the SC is equal to
zero in steady-state. To provide a better view during the transient conditions of the first experiment,
the load power and injected power by the stacks and SC are shown in Figure 19b with the time scale
of 4 s/div. The DC link and SC voltages are shown in Figure 19c during this experiment. As seen in
this figure, the DC link voltage is well controlled and has a constant value of 48 V. The SC voltage is
gradually decreased due to its injected power but then it increased gradually due to the increase of the
injected power by the stacks and decrease of load power to its nominal value. To assess the behavior of
the DC link voltage controller in transient condition, the SC injected power and the DC link and SC
voltages are shown in Figure 19d with the time scale of 4 ms/div. As seen in this figure, the DC link
voltage decreases due to the step of load power but the fast increase in the injected power by the SC can
compensate the required load power and regulate the DC link voltage. Furthermore, the SC voltage in
this figure is in agreement with the SC constant voltage assumption over the transient conditions.

Figure 19. Experimental result of the energy management system when the stacks are in the normal
condition and an overload occurs: (a) Injected power and load power variations; (b) Zoom on powers;
(c) DC link and SC voltage changes; (d) zoom on the part c.

In the second experiment, it is assumed that the first stack is in the drying condition whereas
the other stacks are in the normal condition. To produce more water in the first stack, its current
should be controlled close to its maximum in the worst condition. As seen in Figure 20a, the injected
power by the first stack is controlled close to its maximum (240 W) during this experiment. A zoom
is realized on the transient condition of the injected power by the SC and stacks in Figure 20b. As
seen in Figure 20c, the DC link voltage is well controlled and it has a constant value of 48 V. The
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SC voltage is reduced due to its injected power to supply the overload. The SC voltage gradually
increased and approaches to its nominal value of 24 V by increasing the injected power of stacks and
decreasing the load power to its nominal value. The voltage of the output capacitors of the boost
converters is shown in Figure 20d. Since the step load leads to an increase in the injected power by the
stacks, the output capacitor voltages increase. The first stack injects the maximum power during this
experiment. Therefore, the first capacitor voltage decreases because of the DC link voltage stabilization
by the SC. The output capacitors have an identical voltage when the injected power by the stacks reach
to their maximum power. The difference between the voltages at this point is originated from the
losses difference in the boost converters. The injected power by the different stacks except the first
stack is gradually decreased when the load power decreases to its nominal value. As a result, the
difference between the first output capacitor and the other output capacitors increases. Notable that
the voltage of the first stack in the drying condition is kept in an acceptable range due to the improved
equalizer controller.

Figure 20. Experimental result of the energy management system when the stacks are in the normal
condition except the first stack (drying condition) and an overload occurs: (a) Injected power and load
power variations; (b) Zoom on the power; (c) DC link and SC voltage changes; (d) Output capacitor
voltage changes.

It is assumed that the first stack is in the flooding condition during the third experiment. The other
stacks are in normal condition. In this case, the water production inside the cells of the first stack
should be reduced. Therefore, the current or power injected by the first stack should be controlled
close to zero in the worst condition. The equalizer ensures the controllability of the boost converters in
such conditions. As seen in Figure 21a, the injected power by the first stack is controlled at zero Watt
during this experiment. More details of the injected power by the SC and stacks are demonstrated in
Figure 21b. Most of the overload is supplied by the SC due to the no injected power of the first stack
and limits in the maximum injected power by the stacks. As a result, the SC voltage reduces more than
the two previous experiments as shown in Figure 21c. The DC link voltage is also shown in this figure
and it is controlled at 48 V. The voltage of the output capacitors is shown in Figure 21d during this
experiment. Due to the use of the equalizer system, despite the lack of power injection by the first
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stack in this experiment, the first capacitor has a voltage of 10 V. This experiment confirms the function
of the used equalizer system to ensure the controllability of the boost converters.

Figure 21. Experimental result of the energy management system when the stacks are in the normal
condition except the first stack (flooding condition) and an overload occurs: (a) Injected power and load
power variations; (b) Zoom on the powers; (c) DC link and SC voltage changes; (d) Output capacitor
voltage changes.

The other issue that needs to be addressed is the robustness of the control method. Robustness is
the ability of the closed-loop system in being insensitive to perturbations and tolerating the component
variation. To assess the robustness of the controller, the eigenvalues of the system are studied under
changing some parameters of the system. If the real part of eigenvalues remains negative, it can
be proved that it is a robust controller. In this system, the capacitor change can have an important
effect on the stability of the system. The capacitance can be changed by aging and temperature effect.
The optimum value of the capacitance is also a key factor in reducing the size of the system. In [51],
a method was proposed to calculate the minimum value of the equivalent DC-link capacitance. Based
on this method and assuming that the maximum permitted voltage drop in DC link is 7 V, the minimum
value of each four capacitors in series connection should be 4.7 mF to tolerate a variation of the load
power from −400 to 400 W.

To check the robustness of the control method, the capacitance of the first capacitor is changed
from 2.35 mF to 9.4 mF. The injected power of the first cell is fixed to zero Watt and the other stacks
inject the nominal power. The same parameters as Table 1 are used for the controller. The evolution of
the eigenvalues of the system is depicted in Figure 22. This figure shows the eigenvalues of the Jacobian
matrix of the proposed dynamical average model when the stacks inject the nominal power except the
first stack. The first stack injects no power and the first capacitor value is changed as mentioned earlier.
The dominant eigenvalue of the system becomes less negative by further decreasing the capacitance
value from 4 mF. The place of multiple eigenvalues that are seen in this figure strongly depends on the
control parameters and operating point or other parameters such as the coupling coefficient.
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Figure 22. Dominant eigenvalues of the closed-loop system by changing the capacitance value of
the first capacitor when the power of the first stack is equal to zero W and the other stacks inject the
nominal power of 126 W.

Another parameter that its value can have an impact on stability is the coupling coefficient between
the windings of the transformer. To evaluate the impact of this parameter, the power of the first stack is
fixed to zero Watt while the other stacks inject the nominal power. The coupling coefficient is changed
from 0.7 to 0.97. The parameters of the controller are as same as before. The dominant eigenvalue of
the system is depicted in Figure 23. This figure shows the eigenvalues of the Jacobian matrix of the
proposed dynamical average model when the stacks inject the nominal power except the first stack.
The first stack injects no power and the coupling coefficient value is changed as mentioned earlier.

Figure 23. Dominant eigenvalues of the closed-loop system by changing the coupling coefficient when
the power of the first stack is equal to zero W and the other stacks inject the nominal power of 126 W.

As seen in the previous results, the real part of the eigenvalues of the system has always a negative
value of less than −50. Therefore, the system is stable for a wide range of parameters change. This value
depends strongly on the equalizer controller parameters.
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6. Conclusions

In this paper, a power electronic system is proposed to enhance the durability of the fuel cells
in multi stack architecture. Using this architecture, energy management can be performed even in
the fault mode of stack and while the system is trying to cure a stack. To investigate the dynamical
properties of the system and to prove its stability, a dynamical average model is proposed taking into
account the order reduction induced by the presence of the HF transformer and cross-coupling effects
due to the serial connection of output capacitors. The validity of the reduced model is verified through
the simulation and experimental results. The stability analysis based on the proposed model proved the
asymptotic stability of the system in different conditions. The robustness of this control method was also
investigated based on the stability analysis by changing system parameters. The experimental results,
which show the behavior of the system in different operating conditions, validated the effectiveness
of the proposed topology and its associated energy management functionalities. These results also
confirmed that the controllability and the DC-link voltage regulation are always ensured even during
drying or flooding conditions concerning one of the stacks in which the power injected by each stack is
modified to improve durability.
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