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Abstract: In this paper, a novel control circuit that can connect fuel cell (FC) modules in parallel is
proposed, which is particularly useful when the employed FCs have different electrical characteristics.
Conventional methods (e.g., DC/DC converters) are not applicable in such situations because they
cannot regulate the power output of each source in a parallel-connected topology. Consequently,
the uniformity requirement of FCs increases and becomes costly. In contrast to existing methods,
the proposed method adopts a novel power-feedback method to control the power output of each
FC module under both rated conditions and load changes, which in turn determines the operating
point of each FC module. Therefore, the uniformity requirement can be relaxed. For proof of concept,
the experiments employed two FC-like sources with different I-V characteristics. The experimental
results indicated that the power assignment under the rated condition had a relative error of < 6.62%.
The distribution ratio error under the load change was < 7.43%. Therefore, the proposed method can
regulate the power output (operation point) of each parallel-connected FC-like power source.

Keywords: fuel cells; DC/DC converter; energy conversion; parallel architectures; power distribution

1. Introduction

Fuel cells (FCs) have been a focus of power generation system research because of their
environmentally friendly qualities and high energy-conversion efficiency [1]. In an FC system,
the output power of an FC module is approximately 3-10 kW. FC modules must be aggregated to
yield the necessary power to build a power generation system with megawatt capacity. Because of the
manufacturing process variance and aging issues [2], all FC modules cannot yield the same performance.
Aggregating power units of different characteristics together without any regulation measures may
lead to issues such as uneven power output of each unit, reliability, and thermal runaways [3,4].
Therefore, FC modules are often aggregated with the assistance of power electronics [5-7].

An FC produces electricity through electrochemical reactions. Unlike conventional voltage or
current sources, the output voltage of an FC varies greatly with its output current [8]. Figure la
shows that the output voltage of an FC decreases as the output current increases. On the other hand,
the corresponding output power may either increase or decrease as the output current increases,
depending on the output current. Figure 1b shows that the electrochemical reactions of the FC would
produce electricity and heat and the corresponding energy-conversion efficiency varies with the output
current. Therefore, each operation point of an FC represents not only different power outputs but
also different energy-conversion efficiency, hydrogen utilization, operating temperature, and heat
output [9-11]. For instance, a typical design would have the FC work at point C in Figure 1a [11].
Working to the right of point D would lead to excessive use of hydrogen. By contrast, operating near
point B would considerably reduce the energy-conversion efficiency. Therefore, in a parallel-connected
FC module system, if the aforementioned power electronics cannot control the power output of each
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FC module, the FC is likely to function at an undesirable operation point, which could lead to either
low electrical energy efficiency or permanent damage. The conventional power electronics for FC
systems, such as direct current (DC) link, high-frequency alternating current (AC) link, and multilevel
architectures [12], may be inadequate because they cannot control the power sharing. Consequently,
the FC module needs to have a strict uniformity requirement to secure an operation window. This
uniformity is associated with cost-intensive processes, such as module channel design, flow control,
and thermal management [13].
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Figure 1. (a) I-V and I-P curves of a FC [11]. The output voltage of the FC changes with the output
current; (b) Energy conversion efficiency of the FC changes with the output current. Normally,
the operating point of the FC is designed in between the maximum power and the optimal power

conversion efficiency.

Droop converters implement the output voltage as a function of the output current [14-16].
This has led the droop converter to be the most used power electronic device for achieving power
sharing in a parallel-operated power system. However, conventional droop methods have poor
load voltage regulation capability [17]. Therefore, many researchers have proposed combining the
droop method and DC/DC converter technique to achieve both power sharing and load voltage
regulation. These methods are now crucial to the DC microgrid technology [17-19]. Baritor et al. [17]
proposed using the duty ratio of a DC/DC converter to realize a virtual resistance for the droop
method. The advantage is that the control actions depend on local variables alone. Anand et al. [18]
proposed a control method that uses the local current, average current in a network, and load voltage to
determine the duty ratio of the DC/DC converter. One possible drawback is that the controller requires
information from other devices in the network, albeit only low-speed communication. Although the
aforementioned approaches have claimed power-sharing capability, they are in fact current-sharing
methods because they are all developed from the droop method.

The new technologies, such as DC microgrid methods, cannot be directly applied to FCs because
an FC is not a constant-voltage source [20,21]. Therefore, current sharing in FCs is not equivalent to
power sharing. A few researchers have proposed new power electronics exclusively for connecting FCs
in parallel. Choe et al. [20] proposed a master-slave controller with power-sharing capability for FCs.
Both the master and slave controllers are similar to conventional current-feedback DC/DC converters,
except they employ additional digital controllers to obtain the power information. Furthermore, the
slave controller obtains its reference current command by scaling the reference power command
provided by the master controller. Grover et al. [21] focused on the fuel starvation problem in FCs and
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proposed another master—slave controller to equally distribute the load current to parallel-operated
FCs. The master controller controls the load voltage, whereas the slave controller distributes the load
current equally to the FCs. Both methods require communication between parallel-operated FCs.
Besides, they only examined FC operation in a rated condition; neither the performance variation
between cells nor the operation when load changes was addressed.

This study designs a parallel control circuit suitable for FCs with different characteristics. Therefore,
it could help relax the uniformity requirement of FCs. In contrast to existing DC/DC converters and
droop controllers, a novel power-feedback control is proposed here to control the output power of each
FC. Although the architecture of the proposed method is frequently noted in linear control systems,
the proposed method uses a nonlinear pulse width modulation (PWM) regulator to achieve power
sharing under both rated conditions and load variations. In addition, the proposed method has features
including that the control action does not require communication between FCs, which is advantageous
for system scaling-up; this method can be implemented using commercial DC/DC converter chips
along with other analog IC components. This study verifies the feasibility of the proposed control
circuit through simulations and experiments. The design of the proposed method and analysis of its
feasibility are also discussed in detail.

2. Designing Parallel Operation of the Fuel Cell Modules

2.1. Conventional Parallel-Connected Fuel Cell Modules

Figure 2 illustrates a schematic of connecting two FC modules in parallel using conventional
current-feedback DC/DC converters. The inlet gases (hydrogen and oxygen) are split and fed into FC
#1 and #2 to generate electricity. The generated electricity goes through each DC/DC converter, and
then connects in parallel to supply the load.

DC/DC converter #1
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Figure 2. Conventional method utilizing a current-feedback DC/DC converter to connect two FC
modules in parallel.

A conventional current-feedback DC/DC converter primarily consists of a PWM regulator
integrated circuit (IC), capacitor, inductor, switch, diode, and resistor. In this configuration, an inner
loop feeds back the current of the FC and an outer loop feeds back the load voltage [22]. The current
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of the FC is converted into a voltage signal by the resistor Rgy. The PWM regulator IC uses this
current-feedback signal (vr ;) and voltage-feedback signal (vr o) to determine the duty ratio of the
switch. Most PWM regulator ICs protect the power sources by limiting the maximum current flowing
through the switch, which is accomplished by setting an upper limit on the current-feedback signal [23].
The controller design aims to regulate the load voltage under load variation. Therefore, without
additional design, the controller cannot handle the power sharing for two FCs nor the extra load
distribution when the system is subjected to load changes.

2.2. Proposed Power Sharing Control Configuration

Figure 3 presents the proposed method of connecting FC systems in parallel. Without loss of
generality, two FCs are used as an example. Different from the current-feedback approach, the inner
loop feeds back the power output of each FC, which is obtained by multiplying the FC’s voltage signal
and current signal using a multiplier IC. Furthermore, two additional command inputs (Pd; and Pd;)
are responsible for the power assignment in a rated condition. The aforementioned power signal and
command inputs are added together through an adder IC to determine the duty ratio of the PWM
regulator. The controller design is divided into three phases: Gc, Gcj1, and Gejp. The Gejy controller is
designed to equalize the performance of employed FCs. The Gcj, controller is designed to allocate
extra load to FC modules when the load changes. The Gc controller is designed to regulate the load
voltage for the whole system. If these controllers function properly, the power output of each FC
would be the same as Pd; and Pd, in the rated condition, and the extra load will be distributed to
the two FCs according to the ratio of Gcyp and Gcepp. This feedback control architecture is engineered
with the consideration of circuit implementation using commercial PWM regulator ICs. In addition,
the design and operation of those controllers do not need the communication between FCs. Therefore,
the complexity of the control circuit is less and the whole system is reliable.
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Figure 3. Proposed power sharing control circuits.
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3. Dynamics Modeling

Most modeling of DC/DC converters is for current-feedback, single, and voltage sources. Hence,
a mathematical model is developed for a power-feedback DC/DC converter with two FCs connected
in parallel.

3.1. Fuel Cell

3.1.1. Dynamic Characteristics Modeling

The pressure and mass of gas in the gas channel can be described using the ideal gas law and the
law of conservation of mass [24]:

@_ R n‘chell T @
at — Nov;\'' dt cell” gt

)

% = hi,in - hi,out - fli,react (2)
where N is the number of cell in a FC module; p; and n; are the partial pressure and mass of gas i in the
channel j; R is the gas constant; V; is the volume of channel j; T,y is the cell temperature; i ins Miputs
1 react are the inlet, outlet, and reactive mass flow rate of gas i, respectively; and 7; ,,;; is determined by
the partial pressure of gas 7 in the channel j.

The cell temperature can be described using the energy conservation law as follows:

AT cen _ 1
dt NOmcelle, cell

(Qin - Qout - Qreact - Pcell) (3)

where 1, and Cp, .. are the equivalent mass and specific heat of cell; Qin, Qout, and cht are the heat
carried by the inlet gas and outlet gas and chemical reaction, respectively; P is the electrical output
power of cell.

3.1.2. Electrochemical Reaction Modeling
The ideal output voltage of the FC (V;4,;) can be described using the Nernst Equation [24,25]:

-Ag  RTgy n{szp%E \”

Viieal = N,
ideal 0 F F PH,0

(4)

where —Ag is the Gibbs free energy; F is the Faraday constant; pp,, pn,0, and po, are the partial
pressures of hydrogen, steam, and oxygen, respectively. Due to various loss mechanisms, the output
voltage of the cell is modelled as follows:

Vcell = Videal — Vet — Vohm = Vieone (5)
Vaet =y + ﬁlog(lcell) (6)
Vonm = roexp|a 1.1 I )
ohm = Toexp To Tcell cell
RTcens ( Liimit )
\% _ cell 7, imi 8
cone 2F Ilimit - Icell ( )

where Vg is the output voltage of cell; V. the activation polarization; V,,, the ohmic polarization;
and Ve the concentration polarization; y and (3 are the Tafel constant and the Tafel slope constant,
respectively; rj is the internal resistance at temperature Ty; « is a constant of the ohmic polarization;
Ieenn and Ijjy; are the cell output current and its maximum value, respectively; The gases in the
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anode channel include hydrogen and steam; the gases in the cathode channel only include oxygen.
Using Equations (1)-(3) one can obtain the partial pressure of each gas in the channel, and the
temperature of the cell. These numbers are fed into Equations (5)—(8) to calculate the output voltage
of cell.
For the ease of the controller development, the static I-V characteristics of the FC are approximated
using the following equations:
Vet = a = k-leeit )

Pcell = (a - k'Icell)'Icell (10)

where a4 mimics the ideal voltage of FC; k models the slope of I-V curve due to the
aforementioned polarizations.

3.2. DC/DC Converters in Parallel

Assuming that the first set of the PWM regulator is working at a duty cycle D; and the second set
of the PWM regulator at a duty cycle D,, the unsynchronized switch of two PWM regulators results in
three different circuit states, as shown in Figure 4. Because the switching speed of the PWM regulator
is much faster than the overall system response, the time-averaging theorem is applied to model its
performance [26]. The response of two DC/DC converters in parallel is derived as follows:

dIcelll
Ve, = Ly + (1= D1)Vigaa (11)
Ve, = La— = + (1= D2) Vigad (12)
Vioad AV ioad
—— =(1-Dq)I 1-Dy)I -C——— 13
Rioug ( W eenr, + ( 2) eeit, I (13)

where V. and I are the averaged output voltage and current of a FC in a switch cycle, respectively;
and V4 the averaged voltage at the load terminal in a switch cycle.

(a) (b)
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|c:e||2 4% |c:e||2
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[ d
Veelly—- | Vi @) e
|l:E||1| Vcell1 —p |_1 Vload
C= 2 Ryaa leeny i
C+ = Rload
Veelly— L, - Veellp ,r:r? =
lcells |cell2

Figure 4. (a) Two sources are connected in parallel using DC/DC converters; (b) Equivalent circuit
diagram when both switches are on; (¢) Equivalent circuit diagram when one switch is on and one is
off; (d) Equivalent circuit diagram when both switches are off.
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3.3. PWM Regulator with Power Feedback

Inside the PWM chip (Figure 5a), there exists an internal oscillator that determines the clock
rate of the PWM signal. In addition, a comparator compares the output from the controller (vconT)
and the inner loop feedback signal (vr ), which in turn determines the duty ratio of the PWM signal.
The controller is realized using a transimpedance amplifier and external circuit components. Assuming
that the transimpedance gain is g and the impedance of the external components is Z¢, the control
signal (vconT) can be obtained as follows:

Ry-Zc
Ro + ZC

UCONT = gm(vref - UF,o) (14)
where R, is the output impedance of the transimpedance amplifier, and vr o is the outer loop feedback
signal. The comparator inside the PWM regulator can cause an unstable harmonic oscillation when the
duty cycle is greater than 50%. To overcome this problem, the PWM regulator employs an additional
slope compensation signal to suppress it [27,28]. A geometrical relationship between these signals is
shown in Figure 5b, and can be expressed as follows:

1
UF,1 = UcoNT — MeDTs — Emp‘DTs (15)
where T; is the period of a switch cycle, m, the slope of the signal vr;, and m, the slope of the
aforementioned internal compensation. In the proposed method, the input signal vr is from power
feedback, and its slope (11,,) can be derived as follows:

vr1 = (Peent — Pa)-Rsn (16)
dor Veell
My = —= = Ren (2 = 2k-Leen) f (17)
(a) PWM switching regulator IC (b) R
25 1
) 1
! Intemnal V. i CONT T oy T
Veour | ' internal siope | ! DT
CONT compensation | | H
e ] |
H 1 30 ) T S e
o i Oscillator : m, m, DT,
A | | PWM
A Hs a i signal R
gl |v Logic || > “—* —_—
as = - DT

Figure 5. (a) Schematic of a conventional PWM regulator; (b) Geometrical relationship between the
input signals and duty cycle.

3.4. Modeling of Two Fuel Cells and DC/DC Converters in Parallel

Because the circuit contains nonlinear components, the system model is derived for both the large-
and small-signal models. The large-signal model describes the operation point of the circuit, whereas
the small-signal model describes the dynamics of the circuit around that operation point. These signal
models are obtained as follows: (-) = (-) + 6/ where (-) denotes the time averaged signal in one
switch cycle, 6 the DC value of the signal, and 6 the AC value of the signal [29]. Applying this
method for Equations (9)-(17), the system model can be obtained as follows:

Large-signal model:

‘_/celli = (1 _Ei)‘_/loadr i=1,2 (18)
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Vear, = ai —ki-ley, i=1, 2 (19)
ﬁcelli = ‘_/cellijcelli/ i=12 (20)
_ Rgn - \= .
Myp; = T(“i _Zki'Icelli)Vcellir i=12 (21)
1
_ 1 _ - )
D; = T(UCONE + RsnPy, — RSNPcelli)/ i=1,2 (22)
(mCi + EmPi)TS
‘—/ 2
load - \7 .
—_— 1—D'Ill,,Z:1,2 (23)
Rload ;< l) cel
Small-signal model:
- —k (1-D1) 1 ~ Vi
Icelll L_ll 0 L Icelll # 70 5
- _ -(1-D = % 1
GPBC : Icellz = q L_kzj <L2 2)_ ,I.EEZIZ 70 % [ 52 ] (24)
— (]—D1) (1—D2) 1 Vload _Iuelll _Icellz
Vioad C C RyoniC C C
Vear, = ~ki-lean, 1 =1, 2 (25)
Py, = (ai _Zkijcelli)'lcellir i=1,2 (26)
_ —2ki— a; = 2kileey, Y\~
my, = RSN[TIVcelli - %ki Tee, i=1, 2 (27)
1 1
~ 1 — N 1=, — .
Di = ———=—|vcont; = RsnPeei;; = EDiTsmpi)r i=1,2 (28)
(mc + §mpi)Ts

4. Controller Design

According to the small-signal model shown in Equations (24)—(28), the dynamics of the two FCs
along with converters are coupled together, particularly at the plant Gppc shown in Equation (24).
For the ease of controller design, we define new state Vload,- which is the load voltage variation of the i-th
FC due to the current variation of the cell itself (Tcglll.). In this case, Vloud = %aadl + %MdZ. Furthermore,
Equation (24) can be rewritten as follows:

T [ K 0 -(1-Dy) -(1-Dy) _ Vioud 0
.Cﬂ’ll] Ly Llﬁ L]f ICEZZ] Ly _
7 0 —ky -(1-D,) -(1-D,) T 0 Vioad 5
G . CEllz _ Lz L2 L2 Cellz _ Lz 1 29
PBC - | - - _D 1 57 + -1 = ( )
(l Dl) -1 V cell
Vioad ~ 7 0 — 0 load, —1 0 2
] oady C ( o ) RZOMC "“/’l d C T
= 1-Dy _ oady —Leell
Vload2 0 C 0 ﬁ Tz

From the equation above, two subsystem Gppc 1 and Gppc are defined to describe the dynamics

of Gpgc.
Teen - 0D1) 1, 1l — V_im |= _(1 _Bl)~
G . 'ce 1 _ LL Lq _celly Ly .D: A ¥4 30
PBC,1 - (1—D1) 1 % Tt it L load, (30)
\% loadq 1 1
L lUtZdl i C R,DadC - L C
I, 1 2 ~(1-D2) 1, 1l » V_Ilfud |= _(1 _52)~
G . . cetlp — LL L2 ~C€ 2 Lo D —V 1
P2} (1-Dy) o Vioats || e |2 R load, (31)
L ¥ load, | C RioadC - L TC
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In order to obtain a graphical representation of the system dynamics, we define two function
blocks Gy, ;1 and Gy, j» for the PWM dynamics shown in Equations (27) and (28).

Di = Gu,n(0cont, + Gt Teerr), i =1, 2 (32)
- D;Tsk; — - ,
Gm,i1 = Rsn|—a;i + 2k;i-Leen, + %(Vcelli +0.5a; - ki'Icelli)]/ i=1,2 (33)
1
1 .
Gup=————,i=1,2 (34)

(mc + %mpi)Ts
Figure 6 shows the block diagram of the overall system when including the controller designs
mentioned previously. To further simplify the notation, we define the transfer function G,; which

has the input signal of vconT1 and the output signal Vload’l(t), when Vloud,Z is zero. Gy is defined
analogously. Therefore, G and Gy, are two decoupled subsystems.

1
! ]
I P "

| E Vload
P Ge11 P Ge1z t 1 ! :
' : |
| q - ]

1 4

0 ; + Vload |
] Ge I ég)_ !
+_4 . I L :
! ! |
| ] )
¥ Gea1 P Geaz : ; — )
1 3 Vload 2 :
| A___1,

R,
R +R,

Figure 6. Block diagram for the controller design.

The design of the Gc controller is to ensure that the outer loop has a large gain in the low-frequency
region and that the bandwidth of the outer loop is much smaller than the bandwidth of Gp; and
Gpz. The requirement of the “large gain” is to ensure that the Vload is small, so are the Vloudl and
Vloﬂdz' Therefore, the coupled dynamics can be approximated by two decoupled subsystems Gp; and
Gpz. The requirement of the “smaller bandwidth” is to set design guidelines for the G¢11 and Gy
controllers so that they can be implemented using low-order transfer functions. The reason for this
will be elaborated in Section 7.

The controllers Gcjp and Gepp are designed to compensate the transient response of two
independent subsystems Gp; and Gp; to ensure that both channels (G¢11-Gpr and Gea1-Gpz) have the
similar response in the low-frequency region, which region is defined by the Gc controller.

The controllers G¢ip and Gepp are two constants. Their values determine the response time of
each parallel-connected channel (Gc12-Ge11-Gpr and Gepo-Geo1-Gpz), which in turn determines the
distribution ratio of the extra load when the system is subjected to load changes. In a special case of
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the minimum-power-variation ratio (MPVR) for the extra load distribution, G¢1» and Gepp values can
be derived by solving the following Lagrange equation:

1 1
H= —EAP% - EAF% + A(AP toad — Peelty 8p1 = Peelt, APz) (35)
where Ap; and Ap; are the percentage of the power variation of each source; APj,,; the load variation;
and A the Lagrange multiplier. After applying the optimization method to solve Equation (35), Ap; and
Apy can be obtained as follows:

2
cell
Apr = (36)
P celly P celly
2
Peen
App = 5— 25— (37)

pcelll + pcelb

Gcy1 and Gepy are chosen to be the same as Ap; and Ap, to achieve the MPVR for the extra
load distribution.

5. Simulation Results

The parameters of the converter and load impedance are shown in Table 1. These component
values were used both in the simulations and experiments.

Table 1. Parameters of the boost converters and load impedance.

Symbol Value Symbol Value
Ll 50 LLH Rload 1250
L 50 uH Rsn 0150
C 150 uF Sm 8x107* 0!
Rrp1 70 kQ) R, 475k Q)
RFBZ 10 kQ) fsw 200 kHz

5.1. Parallel Performance of Fuel Cells with Different Cell Characteristics

In this simulation, two FCs were connected in parallel using the conventional methods shown
in Figure 2. Because the response of the power electronics is much faster than that of the FC, the
dynamics of the power electronics was ignored and the integrated system was modeled as shown
in Figure 7. In this simulation, the load power is 10 W, and the flow rates of hydrogen and oxygen
are 0.0017 and 0.0035 mole s~!, respectively. To illustrate the effect of employed FCs having different
characteristics, two FCs are assumed to have the same characteristics before 4 x 10% s, but differs in
their internal resistance (rp in Equation (7)) after 4 x 103 s. Table 2 lists all the parameters of FCs
used in this simulation. These parameters can be obtained from published articles [24,25], except the
internal resistance.

Table 2. Parameter values used at different FCs.

Symbol Value Symbol Value
Meely 165¢g N, 8 (each module)
Vasode 0.006 m3 Cp, cell 04Jg 1K™
V cathode 0.002 m? Ag —242,872.9 + 48.63 X Teyy
y 0.05 TH, in 0.0017 mole s~
B 0.11 1H,0,in O0moles™!
a —2870 10,in 0.0035 mole s~
To 1273.15K Tiimit 0.8 A cm?

o

time <4x10°: FC#1 =FC#2 =25Q
time > 4x10%: FC#1 =25, FC#2 = 150 Q
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Fuel cell | P oy

Con;r‘loller_b module
#1
+
VRet; 3‘ X PLoad Rioad b+ \/— VLuad

- +
Controller Fuel cell
L #2 —+ module

- #2 Pceiz

Figure 7. Simplified model of two parallel-connected FCs and DC/DC converters.

Figure 8 shows the output power (left plot) and temperature response (right plot) of each cell,
where the FC #1 is drawn in blue and FC #2 drawn in dashed green lines. According to the simulation
results, the temperature response and power sharing of two FCs before 4 x 10° s are exactly the same.
However, the power sharing of FC #1 and FC #2 at 4.1 x 103 s is 6.5 and 1.1 W, the corresponding
temperatures are respectively 908 and 956 K, and they diverge afterwards. This thermal runaway can
be accounted as: less power output leading to higher cell temperature, in turns larger voltage loss and
lower power output. As suggested by the results, the parallel-connected FC system can be notably
altered by FCs with different characteristics and the conventional method cannot solve this issue.

20 2200
—FC #1 —FC #1
- = FC#2 20001 |- — Fc#2 :
s < 1800 ,
[}
% 3 1600 '
o 10 o '
2 @ 1400 1
s 5W £
] 65w £ 1200 956 K
5 2 893 K
F.w ) : 1000 RS
1L1W—, |
0 800
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time (s) Time (s)

Figure 8. Power sharing (left plot) and operation temperature (right plot) vary when the employed

FCs having different characteristics. Two FCs have the same characteristics before 4 X 10% s, but differ
after 4 x 10% s.

5.2. Performance of Proposed Control Method

To focus on the controller design of the proposed method, the static I-V curves of above two
FCs (parameters listed in Table 2) were obtained and approximated for the following simulations.
Figure 9 shows the comparison of the fuel cell models from Equations (1)—(8) and the approximate
models (Equations (38) and (39)). The corresponding I-V curves are shown in the plot on the left, the

I-P curves are on the right. According to the plot, the approximate models are close to the electrical
characteristics of the fuel cell modules.

Vcelll =7- 0'5'Icelll (38)

Vcell2 =7- 1'Icellz (39)
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Figure 9. I-V and I-P curves of two simulated FCs. These two FCs have different electrical characteristics
and are employed in parallel operation.

5.2.1. Controller Design

In this case, the designated power outputs of FC #1 and #2 were 4.8 and 3.2 W, respectively.
The bode plot of the uncompensated FC and DC/DC converter (G,1 and Gy in Figure 6) were
drawn in blue dashed and green dashed lines in the right column of Figure 10. From the figure,
the uncompensated FCs had different response in the low frequency region, which difference was
approximately 0.8 dB. Controllers G¢11 and Gcp; were designed to be 1 and 1.096 to equalize this
difference. After the compensation, these two channels (G11-Gy1 in the blue line and GGy in the
green-dash line shown in the right column of Figure 10) had the same frequency response below
275 Hz. The G, controller was designed to largely attenuate the response of Ge11-Gp1 and Ge21-Gp2
above 275 Hz. The controller G, was designed as (0.02s + 8) /(s 4+ 10) where the pole of 10 rad/s was
for the high-frequency attenuation, the zero of the transfer function came from the output impedance
of the transimpedance amplifier (see Equation (14)). The distribution controllers G.1, and Gy were
0.6923 (= 4.82/(4.8% + 3.22)) and 0.3077 (= 3.22/(4.8% + 3.22)) for the MPVR distribution. The Bode
plot of the overall system (including the voltage gain set by the resistors in the feedback loop), drawn
in red, had a bandwidth of 1.6 Hz. More of the design considerations are explained in Section 7.

Frequency response Frequency response
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B e e e :.: z
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Figure 10. Bode plots of various subsystems.
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5.2.2. Power Assignment

By using the proposed controllers, the system response for different power assignments was
simulated. In case 1 (left column in Figure 11), the control parameters were (Py1, Pp) = (4.8, 3.2), with
the designated power outputs being 4.8 and 3.2 W, respectively. In case 2 (right column in Figure 11),
the control parameters were (P, Py) = (4, 4). According to the simulation results shown in Figure 11,
the load voltage was 9.7 V, and the total power output was approximately 7.5 W in both cases. The load
power did not reach the designated value due to the error of the load voltage, which will be discussed
in Section 7. To evaluate the performance of the proposed method and exclude effects such as the
power efficiency and control inaccuracy of the converter, we scaled the output power of each source
before using it to calculate the relative error of the power assignment. This scale factor (SF) and the
corresponding relative error of the power assignment are defined as follows:

., designated load power

(40)
total power output
tput) x SF — P
Relative error = (power ou P;l ) 4 % 100% (41)
d
Load Load
15 15

9.7V
10 f j

s 10f__ ) g 10 7.5W
T 9.7V _] - I n
Q —

> = & 7.5W

5f o 5
Case 1 | Case 1
- — Case 2 I -~ — Case2
0 0
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Time (s) Time (s)
Case 1 Case 2
15 15
——FC #1
= = FC#2
S 10 S 10
3.75W
o 5 g5
3w 3.75 W
0 0
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Time (s) Time (s)

Figure 11. Power assignment simulation using the proposed method. The designated power sharing
was (4.8 W, 3.2 W) in the left column and (4 W, 4 W) in the right, respectively. The relative errors of the
power assignment were 0% in both cases.

According to the simulation results, the power sharing was (4.5 W, 3 W) in case 1. The SF was
1.07 (=(4.8 +3.2) /(4.5 + 3)), and the relative errors of the power assignment were both 0% of source 1
and 2. In case 2, the power sharing was (3.75 W, 3.75 W). The SF was also 1.07 (=(4 +4) / (3.75 + 3.75)),
and the relative errors of the power assignment were both 0% of source 1 and 2. Therefore, the proposed
method can assign different power sharing in the rated condition.
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5.2.3. Extra Load Distribution

In this simulation, the extra load distribution was verified for the system subjected to a load
(4.8, 3.2). The load resistor (R;,,;) varied from 12.5
to 10 O3 at 0.1 s, which corresponds to an output power from 8 to 10 W. In case 1, the distribution
controllers G.12 and G were both 0.5, and the extra load 2 W (=10 — 8 W) should be equally shared
by the two FCs. In case 2, G2 and G, were 0.6923 and 0.3077, and the extra load should be shared
by the two FCs at a 0.6923:0.3077 ratio. Figure 12 shows the simulation results of case 1 (left column)
and case 2 (right column). According to the results, the output voltage switched from 9.7 to 9.4 V,
which corresponded to an output power variation from 7.5 to 8.8 W. Again, the power assignment
performance was evaluated using Equations (40) and (41). In case 1, the output power of the two FCs
varied from (4.5 W, 3 W) to (5.1 W, 3.7 W). Before the load variation, the power distribution ratio was
0.6:0.4. After the load variation, FC #1 and #2 increased 0.6 and 0.7 W, respectively, the distribution
ratio of extra load being 0.4615:0.5385, with the ratio error being 3.85%. In case 2, the output power
of the two FCs varied from (4.8 W, 2.7 W) to (5.7 W, 3.1 W). Before the load variation, the SF was
1.07 (=(4.8 +3.2) /(4.8 + 2.7)), and the relative error of the power assignment was 6.67% of source 1
and —10% of source 2. After the load variation, FC #1 and #2 increased 0.9 and 0.4 W, respectively,
the distribution ratio of extra load being 0.6923:0.3077, which was the same as the designated value.
These results indicated that the distribution controller can distribute the extra load as requested, and
different distribution controllers interfered minorly the power output in the rated conditions.

change. The control parameters were (Py1, Pypp) =

Load Load
15 15
9.7V
94V _ 8.8 W
E 10F - — =z 10 7.5W I |
T 9.7V o e
3 .4V g - } 8.8W
= 57 o s5¢ 7 5w
Case 1 Case 1
Case 2 | Case 2
0 0"
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Time (s) Time (s)
Case 1 Case 2
15 15
—FC#1 —FC#1
- — FC#2 - — FC#2
=10 S0
g 5.1W 5 >TW
a5 Ss
3w 27 W 3.1wW
0 0
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Time (s) Time (s)

Figure 12. Power-sharing simulation under load variation. The designated distribution ratio of the
extra load is 0.5:0.5 in case 1 in the left column and 0.6923:0.3077 in case 2 in the right column. In both
cases, the distribution ratio errors are less than 5.23%.

6. Experimental Results

6.1. Layout of the Experimental Circuit

A PWM regulator LM3478 (Texas Instruments, Dallas, TX, USA) was used to experimentally test
the proposed control method. For proof of concept, circuits with FC-like I-V characteristics were used
to replace the FC in the experiments. The experiments were conducted at a load voltage of 10 V and
a power of 10 W, which were the same as those in the simulations.
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As explained previously, two controllers were used: Gc-Gey1-Geip and Ge-Gepg-Gepp. Without loss of
generality, these two controllers were implemented with Gc and Ge-(Gea1-Gepa) / (Gep1-Geia ), as shown
in Figure 13. Owing to the low-bandwidth design of the G¢ controller, (Gea1-Gepa) / (Gey1-Gern) could
be a scalar. And, its magnitude was intentionally designed to be smaller than one to ensure that both
controllers could be implemented using passive electronic components. For instance, if Ccq and Rcp
were used to realize Gc, Ge-(Gep1-Geaz) / (Geiq-Gepz) could be realized by the circuit drawn in Figure 13,
where R,1 = b-R,, Cco = 1/b-Cc1, Reo = b-Rep, and “b” is derived as follows:

o GCzyGsz
o GCll'GCu - GC21'GC22

(42)

Rre2 Reg1 Vare
o A IRF3707
v Contxz £
celll T Z Rioaat * Rioadz
LM3478 = >
G 1] 8l o o Default Ry :Rsu
¢ _c_ ) ; . power 1 A
'le s 6 Rea=.IRF7807 (Pa1) Rs
il d MEGCLIN
IRc12 | | \ B b
|Re12 | I leNL__'* Rsx ;nu.':ssalli R, LM318
i = 1R1Lm318 R4
v 1
ce!lz R;
Gc (Ge21Gez2) / tMM?s
(Ge11Ger2) 1 | 8lr gy Default Rz RsL2
[m=——=——=- 2 7
| power 2
| o Il . |IRF7807
| s c2T |
I c1 | R | a 5
IRei27 O P IL
: Re23 |
R B i

Figure 13. Circuit implementations of the proposed control methods. The two controllers are Gc and
Ge+(Gep-Gepa) / (Gerr-Gera).

In the following experiments, R.y = 1kQ), Cc; = 2.2 uF, G¢(s) = 38:(0.02s 4+ 9.37) /(s +9.37)
can be calculated using Equation (14). The parameter “b” for realizing the controller
Ge+(Gep-Gepa) / (Ge1-Gein) would be calculated based on the distribution controller in each experiment.

Figure 14 illustrates two sets of circuits that can mimic the I-V characteristics of the FC.
The parameters of the circuit are Ry = Rjp = 10kQ), Rj3 = Ryig = 5k}, Ry;5 ~ Rig = 10kQ),
R21 ~ Rzg = 101(Q,Rd1 = Rd2 =1 Q, Vsl = Vsz = 10V,anda1 =dap = 7 V.

The experimental results are presented in Figure 15. These two circuits demonstrated different
FC-like I-V characteristics. After curve fitting, their I-V characteristics was calibrated as follows:

Veenn =7.03 -0.46-I 0111 (43)

Veenr = 7.01 = 0.96-Lei2 (44)
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Figure 14. Circuit realization for the two FC-like power sources.
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Figure 15. I-V characteristics of the two FC-like power sources.

6.2. Power Assignment and Extra Load Distribution

Figure 16 presents the experimental results of the proposed control circuit (Figure 13) using the
two FC-like sources (Figure 14). In this experiment, the designated power output was 4 W for each
source, and the extra load distribution ratio was 0.5:0.5.
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Figure 16. Experimental results of power sharing with (4 W, 4 W) in the rated condition, and with
a 0.5:0.5 ratio for extra load distribution in the case of load variation. (a,b) Rated condition. (c,d) Load
variation. The power assignment error in the rated condition was 6.62%, and the extra load distribution
error was 3.4%.

According to the results, in the rated condition (8-W load), source 1 had an output of 6.625 V
and 0.7866 A (Figure 16a), source 2 had an output of 6.226 V and 0.733 A (Figure 16b), and the
load voltage was approximately 10.2 V. Therefore, the output powers of sources 1 and 2 were
5.21 (=6.625 x 0.7866) and 4.56 W (=6.226 x 0.733), respectively. The power delivered to the load was
832 W (=V120ﬂ d/ Ripga1 = 10.22/12.5). Similarly, in the load variation case (10-W load), source 1 had an
output of 6.56 V and 0.9204 A (Figure 16c), source 2 had an output of 6.033 V and 0.9136 A (Figure 16d),
and the load voltage was 10.08 V. The output powers of sources 1 and 2 were 6.04 and 5.51 W,
respectively. The power delivered to the load was 10.2 W (= Vim i/ (Ripud1/ / Rigadn) = 10.082/10).

Before the load variation, the SF was 0.82 (=8/(5.21 + 4.56)) using Equations (40) and (41).
The relative error of the power assignment was 6.62% of source 1 and —6.62% of source 2. After the
load variation, Source 1 increased 0.83 W (=6.04 — 5.21), and source 2 increased 0.95 W (=5.51 — 4.56).
The distribution ratio of the extra load was 0.466:0.534 (=0.83/(0.83 4+ 0.95) : 0.95/(0.83 + 0.95)).
Therefore, the distribution error was 3.4%. According to these results, the proposed method can
distribute the load both in the rated condition and in the load change. In the subsequent experiment,
the power assignments were 4.8 and 3.2 W for sources 1 and 2 in the rated condition, and a ratio
of 0.5:0.5 was employed for the extra load distribution in the load variation case. The controllers
remained the same. According to the experimental results in Figure 17, in the rated condition, source
1 had an output of 6.65 V and 0.8505 A (Figure 17a), source 2 had an output of 6.45 V and 0.5338 A
(Figure 17b), and the load voltage was 10.12 V. The output powers of sources 1 and 2 were 5.656 and
3.443 W, respectively.

Using Equations (40) and (41), the relative error of the power assignment was 3.69% of source 1
and —5.32% of source 2. In the 10-W case (load variation), source 1 had an output of 6.556 V and 1.049 A
(Figure 17c), source 2 had an output of 6.192 V and 0.7615 A (Figure 17d), and the load voltage was
10.07 V. Therefore, the power outputs of sources 1 and 2 were 6.877 and 4.715 W, respectively. Due to
the load variation, the output power of sources 1 and 2 increased by 1.221 and 1.272 W, respectively.
The distribution ratio of the extra load was calculated as 0.490:0.510, using the same method shown in



Energies 2020, 13, 2838

18 of 23

the previous case. Therefore, the distribution error was 1%. This experiment indicated that different
command inputs Py can assign different power sharing in the rated condition without interfering the
distribution ratio in the load change.
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Figure 17. Experimental results of power sharing with (4.8 W, 3.2 W) in the rated condition with a 0.5:0.5
ratio for the extra load distribution in the case of load variation. (a,b) Rated condition. (c,d) Load
variation. The power assignment error in the rated condition was less than 5.32%, and the extra load
distribution error was less than 1%.

6.3. MPVR Distribution

In this experiment, the power assignment in the rated condition was the same as in Figure 17.
However, the extra load distribution ratio was 0.6923:0.3077(= 4.82/(4.82 + 3.22) : 4.82/(4.8% +3.22)
for the MPVR; therefore, “b” = 0.8 in Equation (40). According to the experimental results in Figure 18,
in the rated condition, source 1 had an output of 6.575 V and 0.8913 A (Figure 18a), source 2 had
an output of 6.433 V and 0.5413 A (Figure 18b), and the load voltage was 10.1 V. The output powers of
sources 1 and 2 were 5.86 and 3.482 W, respectively. Using Equations (40) and (41), the relative error
of the power assignment was 4.99% of source 1 and —6.42% of source 2. In the 10-W case, source 1
had an output of 6.475 V and 1.096 A (Figure 18c), source 2 had an output of 6.293 V and 0.6751 A
(Figure 18d), and the load voltage was 10.08 V. Therefore, the output powers of sources 1 and 2 were
7.097 and 4.248 W, respectively. Due to the load variation, the output power of source 1 increased by
1.237 W and of source 2 increased by 0.766 W. The distribution ratio of the extra load was calculated
as 0.618:0.382. Therefore, the distribution error was 7.43%. This experiment indicated that different
distribution controller can distribute the extra load as requested with minor interference on the power

output in the rated conditions.
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Figure 18. Experimental results of power sharing with (4.8 W, 3.2 W) in the rated condition with
a 0.6923:0.3077 ratio for the extra load distribution in the case of load variation. (a,b) Rated condition.
(c,d) Load variation. The power assignment error in the rated condition was less than 6.42%, and the
extra load distribution error was less than 7.43%.

7. Discussion

Figure 11 presents the simulation results of different power assignments (P, Pj,) when the
distribution controllers (G.12 and G2) were the same. By contrast, Figure 12 shows the simulation
results of the same power assignments when the distribution controllers were different. Figures 16-18
display the experimental results of three different combinations of power assignments and distribution
controllers. According to the simulation and experimental results listed in Table 3, the proposed
method achieved a relative error less than 6.62% for the power assignment under rated conditions, and
the ratio errors less than 7.43% for distributing the extra load. Therefore, the proposed method could
regulate the power output of FC-like power sources in parallel.

Table 3. Simulation and experimental results.

Power Assignment Extra Load Dist. Ratio Power Assignment Extra Load
(Output/Assignment) (Output/Assignment) Error Dist. Error
, FC#1 45/4.8 0.4615/0.5 0% .
Sim-1 - g 332 0.5385/0.5 0% 3.85%
Sim. 2 FC #1 4.8/4.8 0.6923/0.6923 6.67% -
1. FC#2 2.7/32 0.3077/0.3077 ~10% °
FC #1 5.21/4 0.466/0.5 6.62%
Exp. 1 %
P FC #2 4.56/4 0.534/0.5 —6.62% 3.4%
FC #1 5.66/4.8 0.49/0.5 3.69%
Exp. 2 %
P FC#2 3.44/3.2 0.51/0.5 ~5.32% 1%
Fxp. 3 FC #1 5.86/4.8 0.618/0.692 4.99% 7 3%

FC #2 3.48/3.2 0.382/0.308 —6.42%
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As mentioned previously, different output power of a FC module corresponds to different
operation point of the FC. The shift of the operation point, due to the load variation, can be related
to the percentage of the power variation. That is why we proposed the MPVR controls in this paper.
The percentage of the power variation of a system can be evaluated by Zi(Api|. The difference of the
experiments shown in Figures 17 and 18 is the distribution ratio for the extra load, which one is equally
distributed and one is distributed by the MPVR method. In the case of equally distributed (Figure 17),
the percentage of the power variation is evaluated as follows:

1.221 ‘ ‘ 1.272

5.656 3.443‘ = 0.585 (45)

91|+ fapa] = |
In the case of MPVR method (Figure 18), the percentage of the power variation is evaluated

as follows:
1.237 ‘ ‘ 0.766

5.86 3.482

Therefore, under the same load changes, the proposed MPVR method achieved a smaller
percentage of the power variation than other distribution ratios. Thus, the associated FCs may work
close to their designated operation points even when the load changes.

In a parallel-connected power system, the power sharing is largely determined by the different
response time of each module. That is why we proposed a control method that can engineers the

|Ap1| + |Ap2| = ' ‘ =0.431 (46)

bandwidth of each parallel-connected module of a dynamics coupled system, and achieves the power
sharing without the communication between modules. However, the bandwidth of each module
affects the power sharing both in the rated condition and load changes, which means that one
cannot independently assign the power sharing for the rated conditions and extra load distribution.
Conventional methods solve this problem by using the additional control inputs (ex. P; input in the
proposed method) and much lowered bandwidth of the control loop. In contrast, the proposed method
solves it by the nonlinearity of the PWM regulator, which will be explained shortly.

As aforementioned, the comparator inside the PWM chip compares the input signals of vconT
and vr | to determine the duty ratio of the PWM signal. Therefore, it works under two phases:

D =1, |(Pee = Pa)-Rsn = UCONT| > (mc + %’“P)‘DTS

—(P=Py)-R
D= vco“&ci%ip)f% N, |(Peert = Pa)-Rsn = vcont| < (me + my)-DTs

(47)

7

According to the equation above, the distribution controllers, which regulates the bandwidth
of each parallel-connected module, are in effect only when the difference between vconr and
((Peent — P4)-Rgy) is less than (mc + 0.5‘mp)-DTS, whose value is equivalent to approximately 8 W
in the case of 200 W load power. Therefore, the bandwidth would mostly affect load distribution when
the load changes but not in the rated condition set by the control input P;. This explains the results
shown in Figures 12 and 18 where the power sharing varies less than 7.43% in the rated condition but
the bandwidth of two modules varies as much as 2.3 times (=0.6923/0.3077).

The nonlinearity of the PWM regulator also accounts for the outcome that the power sharing
does not exactly meet the designated value (P;) even under the rated condition. This is because the
difference between vcont and ((Pg — Pg)-Rsn) determines the duty ratio of the PWM signal, which
in turn determines the voltage amplification of the DC/DC converter. The feedback signal vconT
determined by the error voltage is small when the load voltage reaches its designated value. Therefore,
according to Equation (47), (P, — Py) = (mc + O.5~mp)-DTs # 0, which implies that P..; # P; in most
cases. Nevertheless, this error is minor, especially in the large power systems, because the magnitude
of (mc + 0.5-m,,)-DTS is small compared to the power output.

Equations (15) and (16) suggest that a large sense resistor Ry may be helpful to minimize the
error of (P.; — Py). Using a large sense resistor could be problematic due to the maximum current
limitation mentioned in Section 2.1. However, this is not the case in the proposed method because its



Energies 2020, 13, 2838 21 of 23

feedback signal is (P — P4)-Rsn, instead of P..-Rsy, and the (P — P;) can be much smaller than
P.y. Therefore, the proposed method has an additional advantage that it can be applied to realize the
control circuits for the large power systems without additional work on the sense resistor Rgy.

In order to experimentally verify the proposed method and minimize the uncertainties in
experiments, we chose commercial LM3478 PWM chips to realize the circuits. Conversely, some
features of the LM3478 impose constraints for the controller designs, which features include the
output impedance of its transimpedance amplifier and the DC bias (~1.5 V) at its vconT terminal.
Due to the existence of the output impedance, the controller must have a zero but no integrator in
its transfer function. Due to the existence of the DC bias, the controllers Gc, Gc;1, and Gcjp must be
implemented together. Furthermore, no active electronic component is allowed to implement the
controller. Consequently, the order of the transfer function Ge-Gcii-Gej is less than or equal to two,
and the maximum gain is limited to g, R,. Owing to these limitations, in the current design, Gc;; are
chosen to be constant to compensate for the low-frequency response only, and the Gc controller must
have a compatible low-bandwidth property. In addition, it is difficult to further minimized the load
voltage error, as shown in Figures 11 and 12, because the controller gain is limited by g, Ro.

8. Conclusions

In this paper, a novel control circuit for the parallel-connected FC power system was proposed.
As shown in this paper, the performance of each FC module can be notably altered in a parallel-connected
system when the employed FC modules have different characteristics. This circuit controls the
performance (operating point) of each FC module by controlling the power assignment in rated
conditions and allocation ratio of additional power when the load changes. This control circuit is
developed from a proposed control method that includes controllers, power-feedback DC/DC converter,
and additional command inputs. The controller design is divided into three steps; each step has been
discussed in detail herein. Finally, two FC-like sources were implemented to experimentally evaluate
the performance of the proposed control method.

Nonlinearity of the PWM regulator is the key to this design. It enables the proposed power-sharing
method without compromising the bandwidth of the system response. The experimental results
agree well with the simulation results. Both results indicated that the power assignment under the
rated condition had a relative error of less than 6.62%. The distribution ratio error under the load
change was less than 7.43%. Therefore, the proposed method can regulate the power output of each
parallel-connected FC-like power source.
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