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Abstract—During the lifespan of a Polymer Electrolyte
Membrane  Fuel Cell (PEMFC) system, some
heterogeneities between the cells constituting the stack
can appear. The voltage of one particular cell in a stack may
decrease because of specific aging or local malfunctioning
such as drying. As a result, more heat is generated in this
cell leading to an increase in its temperature and thus an
additional voltage loss. This snowball effect can result in
the failure of the cell. Therefore, the lifetime of a PEMFC
stack can be increased by applying energy management to
its cells. Notable that the output voltage of a cell is lower
than a stack. Hence, a high conversion ratio converter is
necessary to implement such energy management. An
efficient way to increase the output voltage is to connect
the output capacitors of the converters such as the boosts
in series. Ensuring the converters’ controllability is a key
point to implement energy management. In this paper, an
equalizer system is proposed to ensure the controllability
of the boost converters. The balancing speed and the low
number of switches are the main advantages of this system.
The validity of the proposed system is verified through
simulation and experiments.

Index  Terms—Controllability,  converter, energy
management, equalizer, Polymer Electrolyte Membrane
Fuel Cell (PEMFC).

I. INTRODUCTION

URABILITY enhancement of Polymer Electrolyte

Membrane Fuel Cells (PEMFCs) is one of the major

challenges to enable the diffusion of this technology in the
mass market. In a stack, different cells are electrically
connected in series to increase the output voltage, whereas they
are supplied with gas in parallel. The whole system lifetime
strongly depends on each cell in such a connection. Therefore,
energy management can have a key role to compensate for the
faults that occurred in each cell. As an example, if the current
production by one particular cell could be decreased to mitigate
local flooding or could be increased to mitigate a local drying,
the electrochemical stability of the stack would be improved. In
the same way, if a faulty cell could be short-circuited, the stack
may continue to operate in degraded mode and ensure the
network reliability. Based on the new patent [1], the current of
any number of cells in a single stack is accessible. As a result,
the behavior of the cells in a stack can be checked and their fault
can be compensated. However, a high voltage conversion ratio

DC-DC converter is required in this case, because the number
of cells in series is decreased. Isolated or high voltage ratio step-
up DC-DC converters can be used but the basic challenge is
efficiency improvement [2], [3].

An efficient way to solve these issues is the series connection
of the DC-DC converters’ output capacitors. This solution leads
to an increase the freedom degree in management and control
of the PEMFCs. The basic drawback of this structure is the
possibility of the controllability loss. For instance, if the input
power of one cell becomes lower than the required amount, the
voltage of the corresponding capacitor will decrease. In this
case and assuming that the DC-DC converter is a boost
converter, the controllability will be lost if the output voltage
becomes lower than the input voltage. In such conditions, a
voltage equalizer or a balancing system can ensure the
controllability.

The equalizer in the literature can be categorized into two
basic groups: with an auxiliary source and without auxiliary
source [4]. The equalizers with auxiliary source use another
source to compensate the lower voltage cells. These equalizers
are not efficient, especially for embedded applications. As seen
in Fig. 1, the equalizers without auxiliary sources, are
categorized into two basic groups: dissipative and non-
dissipative equalizers [4]. Dissipative equalizers use resistance
to decrease the voltage of the higher voltage cells. These
equalizers waste much energy. Therefore, the efficiency is very
low. However, the low cost, simple implementation, and small
size are their advantages [5], [6]. The non-dissipative equalizers
can be divided into three groups: capacitor based [6]-[12],
converter based [4], [13]-[26] and other type equalizers [27],
[28]. A control approach is usually adopted for switches of a
specific structure to balance the voltages in the third group of
equalizers.

A number of capacitors are connected to cells by a number of
switches in the capacitor-based topologies. The cells are
periodically connected to these capacitors, and this operation
continues to the point where all the cells and capacitors reach
the same voltage. These equalizers require a numerous amount
of switches and they are not cost-effective for a large number
of cells or high power applications. In addition, these equalizers
can balance the voltages through several repeated operations.
As a result, they need much time to balance the voltages. The
maximum of the balancing current can be controlled by sizing
the capacitor capacitances. Therefore, the high efficiency in
balancing can be obtained independently of imbalance states
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[6]-[11]. The capacitors of each level of a multi-level converter
were frequently connected to next or previous level capacitors
by using the numerous amount of switch in [11]. In this
topology, the switches and capacitors in the multi-level
converter were used to balance the voltage of capacitors in each
level without adding another device. To overcome the problem
of the balancing time, the resonance phenomenon can be used.
Using the resonance in such topologies, the balancing speed can
be increased simultaneously with achieving the benefits of soft
switching [12].

The converter based equalizer can be categorized into three
groups: cell to stack equalizers [4], stack to cell equalizers [13],
[19]-[25], stack to stack equalizers[26], and cell to cell
equalizers [14]-[18].

A stack to cell equalizer with a flyback converter was used to
equalize the voltage of series lithium-lon batteries in [23]. A
stack to stack equalizer was used in this topology to realize the
modular approach.

A forward-flyback resonant inverter was used to send energy
from the series cell to cells in [13]. A voltage multiplier circuit
was connected to cells. This circuit is used two diodes for each
cell to automatically select the lower voltage cells and send
energy to them. The required amount of switches was
minimized in this topology at a cost of lower efficiency due to
the use of two diodes for each cell. In this topology, the number
of switches is independent of the number of cells. Similar
topology with a buck converter on the primary side of the
transformer was used in [20] for photovoltaic application. The
forward-flyback converter in [13] the proposed was divided by
a bidirectional converter in [21]. Therefore, the design became
more flexible and circuit implementation was simplified. In
[24], a half-bridge converter was used on the primary side of a
transformer to send energy from the series connected cell to
lower voltage cells. A multi-stacked current doubler was
connected to the secondary side of the transformer in
connecting with cells. The number of diodes and inductances
must be increased by increasing the number of cells. Since this
topology can be implemented with two switches independent of
cells number without a multi-winding transformer, the circuit
design and implementation can be simplified. In [19], [22], an
improved push-pull converter with clamping capacitor was
used to send energy from the series cells to lower voltage cells.
A multi-winding transformer was used in this topology and H-
bridge inverters were used in the secondary windings of the
transformer. This topology needs to measure the voltage to
drive the required H-bridge inverters. The balancing current can
be very high in this topology and as a result, the balancing time
can be reduced.

With auxiliary source
Dissipative

Without auxiliary
source
Non-dissipative

Capacitor based
[6]-{12]

Equalizers

Converter based
[4], [13]-[26]

Other
[27], [28]

Fig. 1. Different types of equalizers.

For the battery applications, it is not necessary to have a large
balancing current, because the voltage difference among cells
slowly increases. Therefore, there is much time to balance the
cells with the lower current to decrease the losses [6]. However,
in such application of which the voltage balancing between
output capacitors of DC-DC converters is required to ensure the
controllability of the converters, the balancing time is the most
important parameter. On the other hand, when the difference
between cell voltages is very high, using the resonance can be
dangerous for power electronic devices due to the high current
peak. Regarding the possible inability of a cell or a set of cells
in injecting the nominal power in a stack, a large difference
between the output capacitor voltages is possible in the fuel cell
applications. As a result, a new equalizer is proposed in this
paper. The proposed equalizer can send energy to the lower
voltage cells. This topology can quickly reach the steady-state
condition by using a small number of switches and ensure the
controllability in the worst conditions. The number of
controlled switches in some converter-based equalizers
depends on the cell numbers [4], [17]-[19], [22], [23], [26].
These equalizers are not effective in term of cost and volume.
In the proposed equalizer, the number of controlled switches is
independent of the cells number. In this paper, the performance
of this equalizer is validated by the simulation and experimental
results. A state space based model is also proposed that can be
used for design purposes.

The rest of this paper is organized as follows: The principals
of the proposed equalizer and the operation modes are described
in Section Il. The most important design considerations are also
summarized in this section. In Section 111, the simulation results
are presented and compared with the theoretical results. The
experimental results are provided in Section IV to validate the
simulation results. Finally, conclusions are listed in Section V.

Il. PROPOSED EQUALIZER

As Mentioned before, a power electronic structure is required
to manage the current of cells separately to increase the lifetime
of the stack. Since the voltage of one cell or a small number of
cells is very low, using a step-up converter is inevitable. In this
case, the conventional boost converter is used for the purpose
of simplicity. To further increase the output voltage, the output
capacitors of boost converters are connected in series. Loss of
controllability is possible in this case. To prevent this
possibility, an equalizer is proposed. The proposed power
electronic structure with the equalizer is shown in Fig. 2 where
the classic boost converters are used to connect the cells to the
DC bus. As seen in this figure, the energy can be transferred
from the series capacitors to the lower voltage capacitors. The
H-bridge inverter can send the energy to even or odd numbered
cells through the transformer. Cy is a film capacitor at the input
of the H-bridge inverter to stabilize the input voltage of this
converter. The DC link voltage (Vqc) is determined by the load
requirements. Regarding the embedded application, the
standard voltage of 48 v is adopted for DC link voltage. It is
assumed that the cells inside one stack are broken down into
some group of cells with an identical number of cells.
Furthermore, it is assumed that only one group of cells has a
problem in one moment. In the worst condition, one group of
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cells can inject no power. As a result, the output capacitor
voltage can be changed from zero to 16 v in serial connection
of four output capacitors. The DC link voltage is converted to
the AC voltage on the primary side of the high-frequency
transformer by the H-bridge inverter. This AC voltage is shown
by Vin.

A. Operation Modes

In this section, the following assumptions are considered in
the operation analysis for the purpose of simplicity:
1. All the switches and diodes are considered as the ideal
devices.
2. Turn ratio for all secondary windings are the same and

equal ton = kN—; and k is the coupling coefficient.
1
3. The coupling coefficient between the secondary
windings is perfect.
4. The DC bus voltage is controlled to have a constant
voltage of Vgc.

PorP;
o 1Dy
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Fig. 2. Proposed equalizer topology

The theoretic waveforms of the proposed equalizer are shown
in Fig. 3 in steady state when C; and C; are the lower voltage
capacitors between the even and odd-numbered cells
respectively. Other cells have the same voltage. The switching
commands of the H-bridge inverter are generated in such a way
that a symmetrical square wave is imposed to the primary side
of the transformer with variable duty cycle. Due to the windings
polarity and the direction of the diodes in the circuit, the odd
and even-numbered diodes can be naturally turned on in the
positive and negative sections of the square wave, respectively.
All the even-numbered/odd-numbered diodes are biased
negatively when the input voltage of the transformer Vi, is
positive/negative. The diode corresponding to the capacitor,
which has the lower voltage between even/odd-numbered
capacitors, conducts the current when the negative/positive
voltage appears on the primary side of the transformer. All the
secondary windings will have the same voltage equal to the
lower voltage capacitor when one diode starts to conduct. As a
result, all the other diodes are reverse biased. The different
operation modes of the proposed equalizer are shown in Fig. 4

when C; and C; are the lower voltage capacitors. This
assumption is considered in order to investigate all the modes.
1) Mode 1 [to-t1: Fig. 4 (a)]: before to two switches S; and S;
were on. At to, S is turned off and Sa is turned on. Therefore,
the positive voltage is imposed on the primary side of the
transformer. This voltage is induced in the secondary
windings. This voltage leads to the reverse biased of the
even-numbered diodes. Based on the reason mentioned
above, only diode D1, which connects to the lower voltage
capacitor between odd-numbered capacitors, conducts
current. As a result, the energy through the leakage
inductance of the transformer is transferred to the capacitor

Ci. Therefore, the leakage current and voltage of C; is
increased. The derivative equations of different state

variables are shown in (1).
L dim _ Ve, tVa

moar n
dif Ve, tVa .
Lf; = Vin - - Tflf
.. Veatvg
C dVC1 _ (lf_tm_ nrm ) —i + FC1 (1)
174 n load
ave.  Ppc,
J i_ F_
(AT ch licaa J = 2,34

where L is the inductance, r is the resistance, i is the current,
m and f subscripts are used to indicate the magnetizing and
leakage inductance or resistance, Vq is the diode drop
voltages, Vin is the input voltage at the primary side of the
transformer, ch is the voltage of C;, PFCi is the injected

power of FCj, and iiead is the load current.

2) Mode 2 [ti-to: Fig. 4 (b)]: Sa is turned off and S; is turned
on as a synchronous rectifier in this mode. Therefore, the
primary side of the transformer is short-circuited. The diode
D; continues to conduct but the current passing through it,
which is proportional to the leakage current, is linearly
decreased. The derivative equations in this mode are as

follows:
dim _ Ve, 1Va
LTI n
di Ve, +Va .
L—L=_2""2_,
T ar n Y
.. Veatvg
C dVC1 _ (lf_l'm_ nrm ) —i + FCl (2)
1 dt N load
ave;  Prc; ]
C] _dt = _V —lioad J = 2,3,4

The switching frequency is chosen in such a way that the
diode D; turns off and the leakage current is reached to the
magnetizing current before the t,. The differential equations
are changed when the diode D; is turned off (after t;) as
follows

(Lm X rm(if —im)

4 s ar = 1l = Tm(iy = i) (3)
| . dVc;  Prg;

kcj 1 =__lload j=1234
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Fig. 3. Theoretical waveforms in steady-state operation of the
proposed equalizer.

3) Mode 3 [to-t3: Fig. 4 (¢)]: S1 is turned off and S is turned
on in this mode. The negative voltage appears on the
primary side of the transformer. In other words, V;, has a
negative value. This mode like mode 1 has the same effect
on the even numbered capacitors. The voltage of C; is the
lowest voltage between the even-numbered capacitors.
Therefore, the diode D is turned on and the leakage current
and the voltage of C; starts to increase. The leakage current
negatively increases. The derivative equations in this mode
are as follows:

dim _ VetVa
moge n
di VCz d .
Lf at Vin + - T‘flf
. Ve, +Va
c Ve, _ (Lf—lm+ " )_ i + Prc, (4)
2 g n load Ve,
dve.  Ppc,
i_ i_ -
i 72 = v, lwoaa J =134

J
4) Mode 4 [ts-ts: Fig. 4 (d)]: This mode is similar to mode 2
with this difference that Ss is turned off and S is turned on.
Before the diode D is turned off, the differential equations
of the system are as follows:

dim _ Ve, tVa
LOPTE n
dif _ Ve, +tVa .
L ==l
. VetVa
c, Ye; (=imt=2) 4 Pres ()
G —i
2 g n load Ve,
dve;  Prc; .
i 2 = v, loaa J=134

J
Then, the diode D is turned off and the differential equations
of the system change as (4).

The power is transferred through the transformer to increase
the voltage of lower voltage capacitors. Any losses in the
transformer reduce the power that is received by lower voltage
cells. The transformer leakage inductance can also affect its
transmitting power by affecting its input current. Therefore, the
transformer design has a key role in this topology.

(b)

(© (@)

Fig. 4. Different operation modes of the proposed equalizer. (a)
Mode 1: tO<t<tl. (b) Mode 2: t1<t<t2. (c) Mode3: t2<t<t3. (d) Mode
4: t3<t<t4.

B. Design considerations

The magnetizing inductance of the transformer must be
maximized in order to reduce the magnetizing current. For
instance, Ln and L of a core with two windings can be
calculated by the following equation:

Ly = k2L 6
{Lf =1 -k3L, ©)
Where k is the coupling coefficient and L1 can be calculated

by:

L, = % (7)

N is the number of turns and R is the reluctance of the core.
As seen in this equation, increasing the number of turns and
decreasing the reluctance lead to increase the magnetizing
inductance. Increasing the number of turns increases the
volume of the transformer and, therefore, increase the
hysteresis losses. Furthermore, increasing the number of turns
also increases the wire length that leads to an increase of the
wire resistance and, consequently, the copper losses. The
reluctance is inversely proportional to the permeability. Hence,
selecting a core with high permeability can make it possible to
increase the magnetizing inductance with a lower volume. This
also increases the leakage inductance. However, the leakage
inductance affects the maximum transmitting power through
the transformer in each cycle. This power is also the most
important parameter in reducing the equalizing time. To obtain
this power in steady state by considering the first group of cells
as the faulty cells, the diode current can be used to calculate the
transferred energy. Therefore, the transferred energy can be
calculated as follows:
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i Vey+Va
W, = Ve, [} ip()dt = Ve, [ T——"mmdt )
Where W, is the energy that is received by the faulted cell,

Ve, is the voltage of the first capacitor, and ip is the

corresponding diode current that is on. Based on Fig. 3, this

equation can be solved by dividing its time interval into two
intervals:

W= ([ R - )@

Assuming that the time constant of Li/rs is much larger than
t--t1, the magnetizing and leakage current functions can be
obtained based on (1) in the interval [to,t1] as follows:

(

!if(t)=—imo 14 |+ 2

r

Va+V,

i _ C1
llm(t)— Imo + =t

Where -imo is the magnetizing current at to. The magnetizing
current value at tr is equal to imo. keeping the same assumption
like (10) for the time constant of L¢r, the magnetizing and
leakage current functions can be obtained based on (2) in the
interval of [ty,t] as follows:

Vatve,
L g t
! (10)

= nly
f

i (6) = o + 75 (£~ )

Thus, by solving (9), a function for the transferred energy is
obtained based on Ly, Lm, m, Vq, t-ty, ti-to, V,, and the sum of
the capacitor voltages. The interval t1-to is equal to dT/2 where
T=1/F and F is the switching frequency of the H-bridge
inverter, and d is its duty cycle. The value of t-t; can be
calculated by writing the diode current equation over this
interval [ti,t]. The diode current can be obtained from
integrating the following equation:

dip _ dif  dim VetV

i (12)

Integration of this equation in the interval of to-t; and using
(10), an equation is obtained for the maximum current value of
the diode. Another equation for the maximum current of the
diode can be obtained by integrating (12) in the interval of ti-t;
and using (11). The time ti-t1 can be calculated by solving these
two equations.

To eliminate im0 from the equations, the equation of
magnetizing current over the whole interval [to,t7] can be used
as follows:

(
. . t—t; Va+ Ve, Va+Ve,
i) = lm0<1— 7 >+ (tf—tl)—n—Lf(t—tl) (11)

imo = — Lo (ty — to) = 2imo = V:i:_L:]CI(H -t  (13)

A function for the transferred energy is obtained by replacing
(10) and (11) in (9) and using (12) and (13). The transmitting
power through the transformer can be calculated with respect to
this energy using the following equation:

P = ave, dF(anc—(Vc1+Vd))_dF(VCl+Vd)_
€™ gr2n2 Ly Lm

16F3Lm(nrdeC—2Lf(Vcl+Vd))
Tim(=4FL Ly +4F (Lp+Lyy )T —dT )
d(—4F(Lf+Lm)+drp+dry)
4LfLm(4FLfLm—4F(Lf+Lm)rm+deTm)Z(Vcl +Va)

2
Va)) + drprin(Ve, +Va) = 4F Ly (L + 1) (Ve, + Vd)) )

a?Frp(-nrmVac+2Ls(Ve, +Va))
Lf(4FLfLiyn—4F (Lf+Lyn)Tm+dT )

(4FLmrm (Ve = (Ve, +

(14)

As seen in this equation, the transferred power in steady state
depends on the leakage and magnetizing inductances, capacitor
voltages, frequency, duty cycle, iron losses, copper losses, and
transformer turn ratio.

With the hypothesis that only one diode between odd-
numbered cells/ even-numbered cells can be turned on at the
positive/negative part of the input voltage of the transformer,
the voltage difference can be calculated. In this case, just the
first cell is supposed to have a problem. For this purpose, the
Kirchhoff current law in steady state for each capacitor is

written as follows:
Pi+P,
VC1

%_iload =0vj€e{23,..,n}
€j

— lipaa = 0

(15)

where chis the voltage of capacitor number j, P; is the supplied

power by the cell number j, and iiaq is the load current. The
equation of load current is as follows:
M_i_ Vac—Vbpat

(16)

Vac That
where Vg is the DC bus voltage that is controlled to have a
constant value, Vpa: and rpa is the voltage and the resistance of
the power supply respectively that controls the DC bus voltage,
and Pin is the power injected to the equalizer system as follows:

7’ —\2
Pin:Pe+i+rf(1f) (17)
where Iy is the RMS value of leakage current that can be calculated
using (10) and (11), and ¥, is the RMS voltage on the primary side of

the transformer that is the RMS value of % over the interval of t;-

to in the switching period as follows:
I =2 L @) de = 2 (00 (@) de + [ (i) de)
sz _ lftf (Vd+ Vcl)z dt = (tf—to) (Vd+ VC1)2

T 7ty n T n

lioad =

18)

W)

e

30

:520 30 40 50 60 70
L (uH)
@

Fig. 5. The amount of transferred power through the transformer
of the proposed equalizer in steady state based on: (a) Changes in
the amount of leakage inductance when the duty cycle of H-bridge
inverter is equal to 0.4. (b) Changes in the amount of supplied power
by the faulted cell and changes in the duty cycle.

P1 W) 0 .

duty cycle

By substituting (16) and (14) in (15), the resulting equations
form a system of equations. Ve, can be determined by solving

this system numerically. Then, P can be calculated by (14).
The results of these theoretical equations are shown in Fig. 5 by
assuming the four capacitors in series, and that all PEMFCs can
inject the rated power of 126 W except FC; that injects no
power. Other information is summarized in TABLE I.
Therefore, the corresponding capacitor voltage (V) is
decreased. To investigate the impact of the leakage inductance
on the transferred power to the lower voltage capacitor, the duty
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cycle of the H-bridge inverter is assumed to be 0.6 and the
leakage inductance is changed. Using (14)-(16), the transferred
power is calculated for different value of the leakage
inductance. The amount of transferred power as a function of
the leakage inductance is shown in Fig. 5 (a). As seen in this
figure, the amount of power is decreased by increasing the
leakage inductance. Thus, the leakage inductance should be
minimized in one hand. A large leakage inductance is required
to limit the overshoot of the current in another hand. Therefore,
there must be a trade-off between the peak of current and
maximum transferred power through the transformer.

To check the effectiveness of the proposed equalizer, it is
assumed that the first group of cells cannot inject the nominal
power. The injected power by the first cell is changed from zero
to nominal power. The other groups of cells inject the nominal
power. In this condition, the transferred power is calculated by
changing the duty cycle of the H-bridge inverter based on (14)-
(16). The transferred power by changing the duty cycle of the
H-bridge inverter for different value of first cells injected power
is shown in Fig. 5 (b). As seen in this figure, the further
reduction in injected power by the first group of cells can be
compensated by increasing the duty cycle of the H-bridge
inverter. In other words, the transferred power through the
transformer is increased by increasing the duty cycle of the H-
bridge inverter when the injected power of faulted cell was
decreased.

To select a magnetic core based on the constraints mentioned
above, the worst condition is taken into account. In this
condition, one group of cells should be short-circuited. Thus,
one group can inject no power while the other groups inject the
nominal power. In this condition, the output voltage of the boost
converter connected to the faulted cell decreased and the
controllability is lost. The equalizer should send the power to
this capacitor to ensure the controllability. The Leakage
inductance of the transformer has an impact on the primary and
secondary transformer side currents. Considering the first group
of cells as the faulted cells, the first capacitor voltage is equal
to zero in this condition. As a result and based on (10) and (13),
the leakage current in transient conditions can be calculated as
follows:

lf _ Z]LVC] (19)

The DC link voltage is controlled to have a constant value of
48 V and based on Fig. 3, the maximum of the leakage current
can be calculated as follows:

48 dT

Ymax 1, 2 (20)

Using (10), (12), and (13), the maximum current of the diode
can be calculated as follows:

. 48 dT

leax = ;E (21)

In the worst case, the duty cycle is equal to the maximum
value of one. The maximum of the leakage current in the
transient conditions for different value of the leakage
inductance is shown in Fig. 6. As seen in this figure, the peak
of the leakage current is very high. Indeed, a low-pass filter can
cope with this problem and control the rate of duty-cycle
change.

60
4 5 7 8 9

6 7

L (uH)
Fig. 6. Impact of the leakage inductance on the maximum of

leakage current in transient conditions.

The leakage current in steady-state can be used to make a
decision about the rating of the semiconductor devices.
Considering a proportional gain to control the duty cycle of the
H-bridge inverter in closed-loop, the maximum of the leakage
and diode currents can be calculated by (10) and (12)-(16).
These currents are shown in Fig. 7 by changing the leakage
inductance of the transformer when the first group of cells can
inject no power and other groups can inject the nominal power.
As seen in this figure, if the leakage inductance is equal to 5 pF,
the current rating of the H-bridge inverter switches should be
very higher than 15 A and the current rating of the diodes should
be higher than 60 A. Therefore, there is a trade-off between the
current rating of the semiconductor devices and the maximum
power that can be transferred through the transformer.

155 62

15 60

8
56
4

Aty )

6 7 6 7
L, (uH) L, (uH)

(@) ®)
Fig. 7. Impact of the leakage inductance on a) the maximum of
leakage current b) the maximum of the diode current in steady state.

The coupling coefficient of 0.99 is assumed based on previous
experiences. Replacing (6) in (14) and using (15) and (16), the
value of L can be calculated to send the nominal power by the
equalizer. Equation (7) can be used to select the magnetic core
by knowing L. It is essential to minimize the volume of the
transformer to reduce its losses. Therefore, the desired core can
be chosen among the magnetic core in the market by using (7)
and the classical equation of the minimum number of turns with
the aim of minimizing the transformer volume. Considering
these design constraints, the devices used to make simulation
and obtain experimental results are shown in TABLE .

Ill.  SIMULATION RESULTS

A simulation is made by four capacitors in series in Matlab
Simulink to preliminary verify the validity of the proposed
equalizer theories. For a precise study of the balancing system,
the H-bridge inverter is controlled in the open-loop mode and
duty cycle is set to 0.4. It is assumed that the PEMFCs
connected to the first and second capacitors can inject the half
of nominal power and the other cells inject the nominal power
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(126 W). The voltage and current waveforms on the primary
side of the transformer for d=0.4 are shown in Fig. 8. As seen
in this figure, the current is linear and the power can be
transmitted through the transformer. These results are also in
agreement with the theoretical waveforms.

50

Voltage (V)
)

.
0 10 20 30 40 50 60 70 80 90 100
time (pus)

Current (A)
h = w

0 10 20 30 40 50 60 70 80 90 100
time (us)

Fig. 8. Simulation results of voltage and current waveforms on
the primary side of the transformer for d=0.4.

To control the duty cycle of the H-bridge inverter in closed-
loop, a simple proportional control is used. This closed-loop
proportional control is implemented by comparing the average
voltage of capacitors and their minimum voltage. As seen in
Fig. 9, a low-pass filter is used in this control to limit the
maximum current in transient conditions. The low pass filter is
designed by considering the worst condition (short circuit of
one group of cells) to ensure that the leakage current has no
overshoot during transient conditions. The cut-off frequency of
this filter is equal to 10 rad/s. The proportional gain (P) of this
controller is set to 0.1 for the purpose of simulation and
experimental results. The voltage changes of different
capacitors with this closed-loop controller are shown in Fig. 10
when the cells inject nominal power except the first cell. The
first cell is turned off and it can inject no power in this
simulation.

IV. EXPERIMENTAL RESULTS

For further verify the proposed balancing system and
validation of the theoretical analysis and simulation, the
experiments are conducted on a laboratory prototype as
demonstrated in Fig. 11. dSPACE 1005 with FPGA board is
used to receive the information and send the commands. Four
programmable power supplies are used to emulate the
PEMFCs. These power supplies are connected to four boost
converters, the output capacitors of the boosts are connected in
series. The component part number used in this prototype are
listed in Table 11. The proposed balancing system connects to
these capacitors. It is notable that a planar transformer is built
for this paper. Each winding turn of this transformer means a
printed circuit board. On each printed circuit board, a copper
line with the width of 21.5 mm and the thickness of 35 pm is
rotated in such a way that the circuits can be placed in the
window of the magnetic core. This design is used to minimize
the leakage inductance. The turn number of primary and
secondary windings are shown in Table I.

To check the validity of the theoretical analysis and
simulation, several experiments have been accomplished. First

experiment conditions are similar to the first simulation. The
cells inject nominal power except first and second cells. These
cells inject the half of nominal power. The voltage and current
waveforms on the primary side of the transformer for d=0.4 are
shown in Fig. 12. As seen in this figure, the results are in
agreement with the simulation results and the power can be
transferred to the first and second capacitors during the positive
and negative part of the input voltage respectively.

The second experiment conditions are similar to the second
simulation. The first power supply is turned off and as a result,
it can inject no power. The other cells inject the nominal power.
The voltage changes of different capacitors are shown in Fig.
13 when the duty-cycle of H-bridge inverter is controlled in

closed-loop with the same parameter of simulation
TABLE |
THE PARAMETER OF THE PROPOSED EQUALIZER

Symbol Unit Value Description
C uF 4700 Electrochemical
AL nH/turns? 12500 Planar transformer core
N: turns 4 Primary winding turns
N2 turns 1 Secondary winding turns
k - 0.99 Coupling coefficient
F kHz 40 Switching frequency of the H-bridge
Rioad Q 7.5 Resistive load
Vec vV 6.3 Nominal voltage of FCs
Ve \V/ 12 Nominal output voltages of boosts
Ch uF 220 Film capacitor
Vg vV 0.8 Drop voltage of diodes
Va
Ve
B Add
Ves ‘
Ve
) Min

Fig. 9. Schematic diagram of the control method used to
determine the duty cycle (d) of the H-bridge inverter.

To validate the proposed model for the design purpose, the
capacitor voltages are measured when the first cell can inject
the half of nominal power. In this experiment, the duty cycle is
changed in the open-loop from 0.3 to 0.9. These voltages are
also numerically calculated by (14)-(16). The output power of
each boost converter is measured. These powers are used in
these theoretical equations. The results of the experiment and
theoretical equations are shown in Table IIl. In this table, the
error Ve, is the relative error of the first capacitor voltage. In
this table, the error is the root mean square of the relative errors
as follows:

2
Ve, —Vc,
Jth Jexp
Error = |Y4 | ———=F
Jj=1 Ve,
Jth

where VC].h and Ve, are respectively the theoretical and
ti exp

(22)

experimental voltage of the j™ capacitor.
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Fig. 10. Simulation results of the Output capacitor voltages in closed-

loop when the first group of cells injects no power.
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Fig. 11. Proposed equalizer test bench.

TABLE Il
COMPONENT PART NUMBER FOR PROTOTYPE.

Component Part number
FC Power supply TDK GENH 750W
Boost
converter Inductance (ImH)
Switches IGBT
Capacitor Electrochemical (4700uF)
Equalizer Diodes DSS2x121-0045B
Magnetic core B66295G Material N87
H-bridge SiC MOSFET
switches CCS050M12CM2
Capacitor film (220 uF)
TABLE Il
CAPACITOR VOLTAGES (V) COMPARISON BETWEEN THE THEORY AND
EXPERIMENT.
Duty cycle 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Vclth 10.05 10.58 10.92 11.13 11.28 11.38 11.46
Vsz 12,72 1254 1243 1235 1231 1227 1225
VCm 12,32 1214 12.04 1197 1192 11.89 11.86
Vc‘m1 12,92 1274 12.63 1255 1251 1247 1244
Vciex 10 105 109 111 113 113 114
Ve, 127 125 123 122 122 121 121
Ve, 124 121 12 12 12 12 12
Ve, 13 128 126 125 125 124 124
Error (%) 104 100 114 133 113 189 181
Error Ve, (%) 050 076 018 027 018 070 052
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Fig. 12. Experimental waveforms of the current and voltage on the
primary side of the transformer when first and second fuel cells inject
the half of nominal power and duty cycle of H-bridge inverter is
equal to 0.4.
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Fig. 13. Experimental results of the Output capacitor voltages
when the first group of cells injects no power.

The main objective of the proposed equalizer system is to
guarantee the controllability of DC-DC converters connected to
fuel cells for applying energy management (Fig. 2). The drying
and flooding conditions are the most critical conditions for the
membrane of the PEMFC. In these conditions, the energy
management system must function properly to compensate the
faults. If one cell suffers from drying, it should be short-
circuited to produce more water by keeping constant gas flow
rates. This leads to a decrease in gas stoichiometry for this
particular cell and a consequent membrane humidification. On
the contrary, no current should be generated by a cell in
flooding conditions in order to let it dry. In other words, the
power generated by the cell should be controlled near zero. In
the following, it is assumed that the first cell experiences these
conditions among four other healthy cells.

The capacitor voltages are shown in Fig. 14 (a) and the
transformer voltage and current on the primary side are shown
in Fig. 14 (b) in the flooding condition of the first PEMFC. As
seen in these figures, the current of the first PEMFC cannot be
set to zero before running the equalizer system. As seen in Fig.
14, when the square wave voltage is supplied on the primary
side of the transformer by the H-bridge inverter, the current of
the first PEMFC reaches to zero after about 40 ms with the used
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parameters for the controller. Indeed, the boost converter
connected to the first PEMFC will be controllable after this
time. Furthermore, the capacitor voltage connected to the first
PEMFC is increaseg and other capacitor voltages are decreased.

Vea (5 V/div)

Ve (5 VAdiv)

Ve (5 V/div)

Ves (5 V/div)
=
34
i+
Chi SOV chz SOV M200ms 125KkS  B.0psAt
Ch3 SO cha SOV A Chl s BOV
(@)

Irc1 (10 A/div)

iy SA/div

M 200me SOMSR 200mei
Achi s 130V

thi 500V tz s 0
@3 1004 @

b
Fig. 14. Experimental results o(f t)he proposed equalizer during the
flooding condition of the first cell. (a) Output capacitor voltages. (b)
Voltage and current on the primary side of the transformer and
current of the first cell.

The output capacitor voltages of the boost converters in the
drying condition of the first PEMFC are shown in Fig. 15 (a).
In this condition, the voltage and current on the primary side of
the transformer are also shown in Fig. 15 (b). As seen in this
figure, the first capacitor voltage is increased from zero to 8
volts but the short-circuit conditions are maintained for the first
PEMFC. For this experiment, the maximum current of the
power supply is limited to 20A.

V. CONCLUSION

In this paper, an equalizer based on the multi-winding
transformer was proposed to ensure the controllability of boost
converters in a series connection of their output capacitors.

This equalizer can be used to implement the PEMFC energy
management system. The validation of the proposed system
was investigated through the simulation and experimental
results. The validity of the theoretical model was confirmed
using the experimental results. Therefore, this model can be
used to predict the behavior of the equalizer system. In other
words, the theoretical equations can be used for sizing the
system. The experimental results confirm the effectiveness of
the equalizer system in maintaining the control ability of the
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boost converters when a cell is not able to supply the nominal
power. The performance of the system was also evaluated in
two critical conditions of the fuel cell operation. In both
operation conditions (emulation of drying and flooding
conditions), the controllability of the converter connected to the
faulty cell is ensured by increasing its capacitor voltage.

Ve F Vidiv) Ve (5 VAdiv)
Vs (5 Vidiv) Vei (5 Vidiv)
5
.Fh‘\ Sov Ch2 S50 R .M 20.0rns 250KS/s 4 0psipt
Ch3 Sov Chd s5ov A Chl ~ 87V
(@)
Tgcy (10 A/div) Pl

iy SAAMiv

(b)
Fig. 15. Experimental results of the proposed equalizer during the

drying condition of the first cell. (a) Output capacitor voltages. (b)
Voltage and current on the primary side of the transformer.
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