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1 | INTRODUCTION

Transportation electrification and

Summary

To develop a single-stage power conversion topology in which energy storage
devices can be directly coupled, a fluctuating voltage topology is applied, lead-
ing to lower cost and more compactness with the absence of DC/DC con-
verters. This paper investigates such a topology for automotive applications
where fuel cells are directly connected to the DC bus of the inverter, resulting
in fluctuating voltage across the DC bus. Further, a supercapacitor pack is also
introduced to maintain the power capacity and voltage stability. The hybridiza-
tion principle and practical application of such a topology are then discussed in
the time domain and frequency domain. Furthermore, the transient power
requirement is decomposed to design the size of fuel cells and supercapacitors.
Simulation results from the modeling of the fuel cell-supercapacitor powertrain
of this
supercapacitors can serve as a low-pass filter for the fuel cells. In conclusion,

demonstrate the feasibility and effectiveness topology. The
the peak power requirement can be successfully achieved because of the
lowered system impedance, and the fuel cells only need to supply the average

power.
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although a fast charging technique is being gradually
developed.?

integration have With a fast-refueling time, high energy density, and

played a key role in reducing greenhouse gas (GHG)
emissions, thereby mitigating the energy crisis, and other
environmental issues." Automobile industries have seen
significant advancement in the gradual replacement of
internal combustion engine vehicles by electric vehicles
(EVs). An EV is usually powered through a collector sys-
tem by electricity from off-vehicle sources, or through
self-contained devices to convert fuel to electricity. Today,
a wide range of automotive equipment manufacturers
offer a battery electric vehicle (BEV) model to the market.
However, the major disadvantage of battery-powered
vehicles is the time required to recharge the batteries,

zero GHG emissions, fuel cells (FCs) have become an
emerging focus in EV applications. Due to physical
limitations of the FCs, such as low power density and
slow dynamics, EVs solely powered by FCs are often
criticized for their massive and bulky power unit, long
start-up time, and slow power response.’ In contrast,
supercapacitors or lithium-ion batteries have the high
power density and fast response to power capability.
These two factors motivate the hybridization of the FCs
and the addition of a secondary energy device. This
hybridization is expected to take advantage of both the
FCs and the secondary energy device: high-energy
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density and high power density. Theoretically, power
demand can always be satisfied by the hybrid energy sys-
tem with downsized FCs and a well-designed power split.

The typical polarization curve of any FC shows that
the output voltage is quite low and decreases with the
load current.* Consequently, a technical challenge arises
in designing an FC drive system for EVs, namely, how
to deal with the variable voltage of the FC stack over
the whole load range. Also, how to recover the regener-
ated energy during the process of braking and decelera-
tion is still not completely developed.

The most commonly used powertrain configuration is
powered by an FC stack and a small battery, with a
DC/DC converter connected in between.” The DC/DC
converter is used to keep the DC bus voltage in a rela-
tively smooth range while the voltage of the FC varies
in a controllable range.

Research on general topology is primarily concerned
on how to deal with the power split between each power
supply. Controlling the power distribution of such a
topology is not difficult, and several control strategies
have been proposed to determine the power flow between
the FC and battery or supercapacitor.®® However, incor-
porating a DC/DC converter will inevitably sacrifice some
energy and power, which results in some additional
losses, typically ranging from 1% to 10% depending on
the load and construction of the converters,'®! and it
would also lead to increased volume and weight of the
whole system.'?

One way of tackling these issues is to use fluctuating
voltage topology where the FC is fused with a battery or
a supercapacitor in a parallel fashion and directly fed to
the input of the drive inverter without DC/DC converters
between the power supply and the drive inverter. In this
way, the power provided by each component is automat-
ically controlled by their internal resistance, and compli-
cated control strategies are not needed to manage the
power split. The effect of the direct connection of FC
and batteries,"*'* or a combination of batteries and
supercapacitors,' has been investigated in such a topol-
ogy. However, in battery-based topologies, the power
capability of the battery is often restricted because of its
current limitation. A high-power rating of the FC stack
is required to match the high-power demand, often in a
short period. This requires full size FC stack, and large
power variations during the operation may directly accel-
erate the aging and degradation of the FC stack.

To alleviate these drawbacks, supercapacitors are
introduced to support FC in fluctuating voltage topology.
Arora et al'® analyzes the performance of different num-
bers of supercapacitors (one or three) directly hybridized
with FC and shows that increasing the supercapacitor
numbers allows for a decrease in the hydrogen amount

by approximately 5%, and this also enhances the yield of
FC and reduces the power contribution of FC. In Wu
et al,'’” it is evident that the direct hybridized system
reduces the dynamic load on the FC and also increases
the hydrogen utilization efficiency. In Morin et al,'® the
power sharing between one supercapacitor and two
supercapacitors, in each case coupled with FC, is ana-
lyzed. The experimental results show that the simple,
direct, and passive hybridized solution could lead to
higher efficiency of the system and a longer lifetime of
the FC. Durability of the FC was also achieved in the fluc-
tuating voltage topology supported by supercapacitors, as
shown in Gerardin et al.'® A detailed large-signal model
of the FC-supercapacitor system was established in
Turpin et al,*® and the dynamic capabilities of the system
was also analyzed.

However, within the academic literature, the
analysis of fluctuating voltage topology with FC and
supercapacitor for automotive applications are rare and
inconclusive, and they mainly focus on the electrochemi-
cal characterization of FC and supercapacitors, with little
consideration for other components in a powertrain sys-
tem and the system sizing design. Therefore, this paper
aims to analyze and evaluate the feasibility of fluctuating
voltage topology for automotive applications by modeling
each component in a vehicle system, and the sizing of FC
and supercapacitor are determined by decomposition of
the transient power requirement.

The remainder of this paper is organized as follows. In
Section 2, the powertrain configuration and the modeling
of each component, such as FC, supercapacitor, traction
drive, and vehicle dynamics, are presented. In Section 3,
the equivalent circuit of fluctuating voltage topology is
analyzed in time domain and frequency domain, and
power sharing between components is also emphasized.
Simulation results are analyzed in part Section 4, and,
finally, conclusions are drawn in Section 5.

2 | POWERTRAIN CONFIGURA-
TION AND MODELING

2.1 | Powertrain configuration

Here, we consider a fluctuating voltage topology in which
an FC stack and a supercapacitor pack are directly con-
nected to the inverter to drive a vehicle system, as illus-
trated in Figure 1. To prevent the flow of regenerative
power to the FC stack, a diode is placed between the FC
and supercapacitors. In this way, both the FC and
supercapacitors deal with the traction power, whereas the
regenerative power is handled only by the supercapacitors.
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FIGURE 1 Fluctuating voltage topology [Colour figure can be
viewed at wileyonlinelibrary.com]

2.2 | Drive cycle selection

To assess the functionality and performance of
powertrain system under simulated real-world driving
conditions, several drive cycles have been developed in
different countries. In the United States, FTP-75, SC03,
UDDS, US06, and LA92 are used to test for fuel consump-
tion and pollution emissions. European countries use
NEDC to measure fuel economy and other vehicular
emissions, and NEDC cycle is the combination of ECE
and EUDC cycles. Like Europe, Japan uses the JC08 cycle
for regulatory tests.”’ The European NEDC has been
replaced by the worldwide harmonized light vehicles test
cycle (WLTC) for type approval testing of light-duty vehi-
cles.”* Because WLTC applies more realistic testing con-
ditions, it was selected to verify the effectiveness of the
fluctuating voltage topology for automotive applications
in this study.

The vehicle speed and the acceleration for Class 3b
with a maximum speed above 120 km/h are shown as
Figure 2, and the speed is classified as low, medium, high,
and extra-high according to the maximum speed level at
each phase. In Figure 2, v,y is the maximum speed at
each phase, ¢ is the time duration, s is the distance, and
a is the acceleration.

Low

t=589s
s =3095m

Vimax = 56.5km/h

\WAIBSE -\ ERGY RESEARCH mmmmd

2.3 | Fuel cell model

We herein consider a generic FC model, which is avail-
able in MATLAB/Simulink and implemented with the
aid of the SimPowersystems (SPS) toolbox. It is a modi-
fied version of the method described in Padulles et al*
without consideration of the dynamic properties of the
electrode regarding the reactant flow. A detailed model-
ing can be found in Motapon et al.** Figure 3 shows
the schematic of the modeling. The output characteris-
tics of the FC can be simulated by a controlled-voltage
source E and a series-connected resistance r,. When
considering the losses due to the reaction kinetics and
species transport, the output voltage can be described
as follows:

ifc 1 .
Vie=N|E,x—Aln|-—= ) —— —rg- . 1
fe ( oc n(i0> sTa/3 11 't lfc) €Y)

The first two items in (1) represent the controlled-
voltage source E, N is the number of series cells, E,. is
the open circuit voltage (OCV), A is the Tafel slope, i, is
the exchange current, and T, is the response time at
95% of the final value. Since E,, iy, and A vary with the
operation conditions, such as temperature, pressure, com-
position, and flow rate of hydrogen and air, these varia-
tions can be calculated by Block A, B, C as shown in
Figure 3.

2.4 | Supercapacitor model

A generic supercapacitor model, available in SPS, is built
according to the Stern model with the combination of
Helmholtz and Gouy-Chapman models. The schematic
of the modeling is shown as Figure 4.

\Medium High Extra-high
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FIGURE 2 Worldwide harmonized
light vehicles test cycle (WLTC) drive
cycle [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 Fuel cell model
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FIGURE 4 Supercapacitor model

From Figure 4, the output voltage of the
supercapacitor pack may be expressed as

N,Qrd 2N . N RT
Vsc =
NpNggpA; F @
.sinh™! Qr — Feerlse,
NpNezAi\/ SRTEE()C
where
QT = jliscdt- (3)

N; is the number of series supercapacitors, Qr is the
electric charge, d is the molecular radius, N, is the num-
ber of parallel supercapacitors, N, is the number of layers
of electrodes, ¢ is the permittivity of the material, ¢, is the

permittivity of free space, A; is the interfacial area
between electrodes and electrolyte, R is the ideal gas con-
stant, T is the operating temperature, F is the Faraday
constant, and c is the molar concentration. The parame-
ters required for the model are obtained from the
datasheet in Maxwell Technologies.”> Whereas rated
values are used for the voltage, capacitance, and DC resis-
tance, default values are used for the number of electrode
layers and the molecular radius.

2.5 | Electric drive model

Electric drive system is formed by a DC/AC inverter and
an electric machine in the centralized proportional sys-
tem. A two-level voltage source inverter is usually used
and connected with a permanent magnet synchronous
motor (PMSM), shown as Figure 5.

The switches used in the study is the ideal insulated-
gate bipolar transistors (IGBTSs), and the traction machine
is a 100-kW PMSM with peak torque of 256 Nm and rota-
tional speed of 13 500 rpm, which is a modified and
redesigned version of MCF31 machine used in Honda
Clarity FC vehicle.*®

To simulate the control characteristics of the traction
drive, the flux-weakening control algorithm with maxi-
mum torque per ampere (MTPA) control has been
employed to accomplish the high-speed operation.
Figure 6 shows the control diagram of the drive system.
The torque reference of the electric machine is decided
by the pedal position of the vehicle and the torque-speed
curve limited by the electric machine. The MTPA control
is applied during the operation in the constant torque
region, and it transfers to the flux-weakening control
when it operates above the base speed. The voltage and
the current are constrained by the voltage limit ellipse
and current limit circle. The d-axis current and g-axis cur-
rent are calculated as reference signals of the current loop
and finally are used to generate drive signals of the
inverter.

s s ok sk

Vde T C

S | Sd;%s Sd@

Inverter

EM

FIGURE 5 Schematic of electric drive system
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FIGURE 6 The control diagram of the permanent magnet synchronous motor (PMSM) drive system

2.6 | Mechanical drive model

The mechanical drive system incorporates transmission
gear, differential, tire, and longitudinal vehicle body from
the Simscape/Driveline toolbox, which is a physical
model based on the Simscape environment. A signal con-
verter block is used to interface the SPS signal and the
Simscape signal. The electromechanical torque of the
electric machine is transferred along the connection lines,
a simple gear is employed, and the relationship of speed
and torque between the electric machine and the vehicle
can be written as follows:

v60 60

gy = kgear% = gearwwheelﬁa )
T whee
Tpyy — Tuheel_ )
Y)gearkgear

where ngy, is the rotational speed of the electric machine,
kgeqr is the gear ratio, v is the vehicle speed, r is the wheel
radius, w,nee iS the wheel rotational speed, Tgy, is the
machine torque, Tgy is the wheel torque, and 7ge,, is
the transmission efficiency, which is modeled by a total
friction coefficient as a function of the rotational speed
of the electric machine in rad/s.

The differential is a gear mechanism that allows the
driven shaft to spin at different speed, while the tire is
used to simulate the longitudinal behavior following the
Magic Formula.?” The vehicle body is used to imitate a
two-axle vehicle behavior in longitudinal motion.

3 | ANALYSIS OF FLUCTUATING
VOLTAGE TOPOLOGY

3.1 | Time-domain analysis

With the connection of a general load, the equivalent cir-
cuit of the fluctuating voltage topology with hybridization
of FC and supercapacitor is shown in Figure 7.

Here, the FC is represented by a voltage source v, (t)
and its internal resistance ry. v(t) is the terminal voltage
of the FC and ix(t) denotes the current of the FC. The
supercapacitor is represented by Thevenin equivalent,
where a nominal capacitance C and an equivalent series
resistance (ESR) r,. are modeled. The supercapacitor volt-
age Ve, 5(t) can then be regarded as a controlled voltage
source and iy (tf) is the current flow through the
supercapacitor. v(t) and i,(t) are the voltage and the cur-
rent of the load, respectively.

The terminal voltage of the FC can be simplified as

Vie = Vocv_fe — ifcrfc~ (6)

Since Vo, f(t) is the OCV, we assume that it does not
vary with time.

For the supercapacitor, the relationship between the
voltage and the current follows from the first-order differ-
ential equation shown below:

. AVoen_se
sc — C . 7
i dr (7)

The load current is supplied by the FC and the
supercapacitor, and when Kirchhoff's current law is
applied, we have that
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FIGURE 7 The equivalent circuit in
time domain [Colour figure can be viewed
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O vl e
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L — — 1 ..

ise + ifc =1 (8)

If we neglect the diode losses and interconnection
losses, the voltage of supercapacitor is approximately
equal to that of the FC, that is, Voe, sc = Vse = Vg Accord-
ing to Kirchhoff's current law,

o dvse
I — e dt ©)
By putting (6) in (9), we have
o di
i —ip = —Crfcd—f. (10)

Since the FC voltage is approximately equal to that of
the supercapacitor if we neglect losses, then the change
rate of the supercapacitor voltage is the same as that of
the FC. Thus, the change in FC voltage would result in
a proportional change in FC current as shown in the fol-
lowing formula:

v v die

dt  dt dt )

The dynamic behavior of the FC-supercapacitor sys-
tem is schematically presented in Figure 8. When the
load current varies, the currents supplied by the FC and

—

— I
i ‘_ Lse
E t
b ViV, Vsc
b Vocv _fe
E """ Vocv sc
) t

FIGURE 8 Dynamic behavior of the system [Colour figure can
be viewed at wileyonlinelibrary.com|

the supercapacitor depend on the impedance of each
component. Thus, power divisions between the coupling
devices are balanced automatically. This is an inherent
feature of this topology since the impedances of the cou-
pling devices are different as well as the change rates of
the thermodynamic potentials.

In time range [fy, t;], the thermodynamic OCVs of
both the FC and supercapacitor are equal (vy); namely,
the two devices have the same potential in the steady
state. At t = t;, the load current varies from i, to i; and
system voltage drops because of the load change; the
OCV of the supercapacitor (v,., sc) changes gradually,
while the OCV of the FC (v, s) remains constant. The
difference between the load voltage and the OCV of each
device represents each efficiency of the device. During (¢,
t,], a constant current i, is maintained; the supercapacitor
gives a more significant proportion of the current at the
beginning because of its lower impedance. The
supercapacitor terminal voltage v,. falls along with a
reduced state of charge (SOC), and it gradually decreases
until the load voltage becomes the same as v, s again.
Then, all the current is handled by the FC, since vy, f
is constant rather than a function of current. At t = t,,
the load is removed; the system voltage thus increases.
In [t,, t3], the FC will charge the supercapacitor until
the OCV of each component is equal again. When a neg-
ative load current is implemented, it is evident that the
diode is blocked, so the FC is not in use and the
supercapacitor is charged. It can be seen that FC and
supercapacitors compose a current divider in time
domain with the varied resistances.

3.2 | Frequency-domain analysis

The equivalent circuit in frequency domain is as shown
in Figure 9.

Since the circuit is a current divider, the current
flowing from the FC can be written as follows:

Irc(jo) = I (j)-Gljo), (12)

where Irc (jw) and I (jw) are the Fourier transforms of
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the FC current and the load current, respectively, and the (A) Voltage variation
transfer function from the load current to the FC current 100 - : : :
is as follows: 90 - i i —— FConly |
80 - i i — Hybrid FC
. 1+ jwCrsc 2 70¢ i 5 |
G(jw) = -~ ' | i
(] ) 1+ jwc(rFC + rSC) L‘a 60 - E i i 4
= [G(jeo) ), w £ O @\ |
g 40 | ! j
where © o300 E i i
20 F i : A
10 -4 » -2 l 0 2
1+ (wCrsc)? 10 10 10 10
G(w) = 2 14 Frequency (Hz)
1+ (wC(rrc + rsc)) - (14)

p(w) = arctanwCrsc — arctanwC(rpc + rsc)

Since the supercapacitor ESR is quite small compared
with the FC internal resistance, one can get rsc < <rgc,
and G (jw) is a low-pass filter with a DC gain approximat-
ing 1, when jw towards to infinity, |G(o0)|=
e o 0. Hence, the FC supplies the DC component
Y'sc + Trc
while the supercapacitor supplies virtually all the high-
frequency current components. In the mid-frequency
region, the impedance of the FC and the supercapacitor
are at the same scale, and the current distribution is
approximately equal. The mid-frequency characteristic

depends on the pole of . Since C and rg¢

C(rpc +rsc)
are coupled together, these values can be only selected
from limited commercially available supercapacitor cells.

To illustrate the frequency characteristics of the FC-
supercapacitor system, the normalized voltage and cur-
rent of the FC are clearly observed in the fluctuating
voltage topology in which the hybridized FC and
supercapacitor are compared with the case with only
the FC, as shown in Figure 10. The load current fluctu-
ates between 0 and 50 A with the frequency ranging from
0.2 uHz to 2 kHz.'®

It can be seen from Figure 10 that four operation
regions can be distinguished of the voltage and current
variations in fluctuating voltage topology. At low fre-
quency region as shown in region , FC provides the major

(B) Current variation

FIGURE 10 Voltage and current variations [Colour figure can be
viewed at wileyonlinelibrary.com]

load current. As the frequency increases, in , the potenti-
alities of the supercapacitor are very well exploited
because of the large energy variation. In , FC supplies
almost constant power because of the constant current
amplitude and minimum voltage variation, and it seems
to be the optimal frequency range for FC. In , the double
layer capacitor of the FC provides or receives high current
from the load, showing a quick variation in the SOC. The
region shows a capacitive behavior of FC at high
frequency.

3.3 | Transient power decomposition

For automotive applications, a vehicle is considered as a
rigid body with only one axis affected by the forces that
intervene in the system. Figure 11 shows the forces acting
on a vehicle moving up a grade.”®

According to Newton's second law of motion, the
wheel force can be written as follows:

1 ) dv .
Foheel = EpaCdAfv + C,mgcosa + mE + mgsina. (15)
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FIGURE 11 Forces acting on a vehicle

Then, the power demand during motion, including the
transmission losses, can be obtained using the following:

W 2
Py = Fypeer'v + ,u(kgear ;) . (16)

The electric machine supplies the wheel power,
according to the wheel's rotational speed and the vehicle
speed, the power demand of the hybrid power system can
be derived from the vehicle speed.

Since the supercapacitors support FC as a low-pass fil-
ter, the cutoff frequency can be decided by the fast Fou-
rier transform (FFT) analysis of the transient power
requirement. The desired power profile for the FC is a fil-
tered signal of the power requirement with the cutoff fre-
quency. Then, the supercapacitor should supply the
remaining power.

The sizing of the FC stack is determined by the cell
polarization curve and the number of cells, and the max-
imum current in the polarization curve of the stack can
be calculated as follows:

max(Pgc)

I'maxrc = ) (17)

VFC_min
where Prc is the transient power of the FC stack and
VEc_min 18 the minimum operating voltage.
The active area of each cell is determined by the max-
imum current of the stack and the maximum current
density of each cell, described as follows:

1
Afc _ FC,max7 (18)

]max

where Ay, is the active area and Ji,y is the maximum cur-
rent density. The number of cells required to connect in
series is calculated as follows:

Npe = =i (19)

where Ngc is the number of cells and Vg _min is the min-
imum voltage of each cell.

The sizing of the supercapacitor pack is determined by
its total energy consumed during the drive cycle with the
integration of the consumed power. The energy varies
from AE, to AE,,.x following the equations:

1 1

Erax = 5cvg + AEax = Ecvgc_max, (20)
1 2 1 2

Emin = ECVO + AEqp, = Ecvsc_mm, (21)

where C is the total capacitance of the supercapacitor
pack, V, is the initial voltage, and AE.x and AEn,
are the maximum and minimum energy variation com-
pared with the initial stored energy, respectively. Vsc max
and Vsc min represent the maximum and minimum
operating voltage of supercapacitor pack in the system,
respectively.

Since the FC stack and the supercapacitor pack share
the same operating voltage, their voltage range cannot
be determined arbitrarily. Figure 12 shows how the FC
stack voltage and the supercapacitor pack voltage are
selected.

From (20) and (21), the total capacitance and the ini-
tial voltage of the supercapacitor pack can be written as
follows:

AEnax — AEp;
C=2 - max = min 7 (22)
VSC_min + VSC_maX

—AFEmnin ) )
Vo=4|————"7—(V ax TV ). 23
0 \/QE o — AE in( SC_max SC_mm) (23)

The number of supercapacitor pack connected in
series is determined by the maximum polarization voltage
of a single FC and the maximum voltage of a single
supercapacitor cell. The parallel number is determined

A A

P 4
P b / FC.ma.x
FC power range poxlzacl)rlltzaz;tgleon
7y Vscmas

System voltage range

A\ A
Premin [ Vscmin

FC current range

< >
< >

>
>

1, FCmin IFCmax 1

FIGURE 12 System voltage matching [Colour figure can be
viewed at wileyonlinelibrary.com|
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TABLE 1 Vehicle specifications

Constant (Unit) Values
Vehicle
Air density, p, (kg/m?) 1.18
Drag coefficient, C,4 0.26
Cross-sectional area, A (m?) 2.711
Wind speed, Vying (M/s) 0
Vehicle mass, m (kg) 1625
Slope, ¥ (%) 0
Wheel radius, r (m) 0.25
Rolling resistance coefficient, C, 0.0098
Transmissions
Gear ratio [—] 7.2
Total friction p [Nm/(rad/s)] 0.01
Electric machine
Stator phase resistance R; (ohm) 0.0083
D-axis inductance Ly (H) 1.74e™*
Q-axis inductance L, (H) 2.92¢7*
Flux linkage (vs) 0.071
Pole pairs 4
Initial conditions [wy, O ia ip) [0000]
Fuel cell
Voltage @ 0A and 1A [336, 328]
Nominal operating point [Iom (A), Viem (V)] [160, 256]
Maximum operating point [Io,q (A), Vena (V)] [200, 400]
Number of cells 368
Nominal stack efficiency (%) 55
Operating temperature (°C) 95
Nominal air flow rate (Ipm) 1698
Nominal supply pressure [fuel (bar), air (bar)] [3 3]
Nominal composition (%) [H,, O,, H,O] [9.95, 21, 1]
Fuel cell response time (s) 2
Supercapacitor
Rated capacitance (F) 28.8
Equivalent DC series resistance (ohms) 33.04e-3
Rated voltage (V) 336
Number of series capacitors 118
Number of parallel capacitors 1
Initial voltage (V) 325
Operating temperature (°C) 25
Number of layers* 1
Molecular radius (m)* le-9
Permittivity of electrolyte material (F/m) 6.02e-10

*Represents the estimated value.
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by the total capacitance of the pack and the single cell
capacitance.

NSC _ NFC Vlfc max
- Vlsc max (2 4)
_ CNscs
Nscp = Cise

where Ngc s is the series number and Vifmax and Vigemax
are the maximal voltage of a single FC and supercapacitor
cell, respectively. Ngc ; is the parallel number, and Ciy,. is
the capacitance of a single supercapacitor cell.

4 | SIMULATION RESULTS AND
SYSTEM EVALUATION

4.1 | Vehicle specifications

Table 1 shows the vehicle specifications used in this study
and the input parameters for the model of electric
machine, FC, and supercapacitor.

Figure 13 shows all the forces during the drive cycle
except the grading force, since the angle of road inclina-
tion is 0 in the simulation. The most dominating force
is due to the acceleration even though the time duration
is rather short. In contrast, the rolling friction force is
more significant than the air drag force at the lower speed
range, up to 80 km/h where they are comparable.

The performance of the drive system is evaluated. The
torque, speed, current, and voltage of the PMSM are
shown in Figure 14.

The measured torque can follow the reference torque
all the time, and we can get the gear ratio is about 7.2
from the rotor speed and the vehicle speed. This matches
the simulation data shown as Table 1. When the electric
machine operates below the base speed, the MTPA is
applied, and for PMSV, it is equivalent to the control
algorithm of iy = 0. When the machine operates above
the base speed, the flux weakening control is used, and
we see the d-axis current and voltage are negative.

4000 = DragForce
3000 == AccelerationForce

ot bl L bl

— RollingForce |
i ol
0 'wrw
-1000 -
-2000
-3000 ‘ ‘ ‘
0 200 400 600 800 1000 1200 1400 1600 1800

time (s)

(N

Forces

FIGURE 13 Forces analysis [Colour figure can be viewed at
wileyonlinelibrary.com]

— Reference torque — Measured torque
T

hl“\ I I T I

| 'I|A. 1|
|l Ml ]
N

1R

1 1
— Rotor speed

Machine Torque
(Nm)
w
o S
=
=
?_E_I
T

Rotor speed
(rpm)
Z
=

=
=]
S

A W
0 1 (v o «.rH h‘hl 1/ I N AL )
AL AN A N A T V WP Y P |
v W VAN

-100 L I 1 I I [ I 1 |
0 200 400 600 800 1000 1200 1400 16001800
time (s)

FIGURE 14 Torque, speed, current and voltage of permanent
magnet synchronous motor (PMSM) [Colour figure can be viewed
at wileyonlinelibrary.com]

4.2 | Power distribution

The power demand to overcome each force, including
friction, is as shown in Figure 15. The power variation
is similar to the force variation. The acceleration power
dominates at lower speed phase because of the frequent
acceleration. The powertrain losses increase with the
speed, and the air drag power due to the aerodynamic
also increases with the cubic of speed; thus, the total
power demand is higher at extra-high-speed phase even
though the acceleration is relatively lower.

In the simulation, we assume that the total drag power
demand is the power requirement for the FC and
supercapacitors. To visualize the energy for the drive
cycle further, the power distribution is plotted as power
versus time and shown in Figure 16. Pgy; is the power

— Demand power — Acceleration power
60 — Aerodynamic  — RollingPower Losses
T I T I T I T
Z40r §
= b _
= 20r 1
L abLol 1 ANRD | +
£ 0 | " | IR
< IR
=-20r
e |
| | | | L I L

_400 200 400 600 800 1000 1200 1400 1600 1800

time (s)

FIGURE 15 Power demand [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 16 Power distribution [Colour figure can be viewed at
wileyonlinelibrary.com]

requirement for EV during the test, and Pgc is the power
provided by the FC, and Py is the power supplied by the
supercapacitors. Prc is relatively flat despite the dramatic
variation of Pgy. The large transient power covered by
the supercapacitor (Psc) enables the FC to get rid of the
large transient power rate when the vehicle accelerates
or decelerates because of the smaller internal impedance
of the supercapacitor. This gives the benefit of reducing
the degradation of the FC and extending its lifetime.
The power samples of the FC from the simulation are
sorted in descending order; in this way, the area below
the curve corresponds to the energy. The outcomes, for
the power of each devices, are given in Figure 17. The
power demand for the traction machine and the power
coming from the supercapacitor are also included. Note
that the same sorting has been used for all the power sig-
nals in Figure 17; thus, all are sorted in descending order

MAAEBE ENERGY RESEARCH

of the FC power. The FC supplies the positive power all
the time, and the power edge of electric machine in pos-
itive area is almost similar to that of the supercapacitor
in same time range, the only difference being that the
FC provides more when at higher power demand. The
power provided by FC has a similar varying trend with
the electric machine demand power, which is that
the power of FC decreases with the decrease of the
power demand of electric machine. Meanwhile, the
supercapacitor takes care of the quick variation in power
demand, and in the regenerative mode, the area of
supercapacitor is bigger than that of power demand, since
the supercapacitors absorb the energy from the FC and
the load. Also, the regenerative energy of supercapacitor
is 1.38 kWh, which is almost the same as its propulsion
energy, because the supercapacitor removes the peak
power from the load.

4.3 | Output characteristics

Figure 18 shows the voltage, current of the FC, and
supercapacitor and the SOC of the supercapacitor.
Because of the direct fusion of energy storage devices
into the inverter's DC bus, the FC and supercapacitor
share the same voltage, and the smaller internal imped-
ance makes the supercapacitor supply more current at
the transient state. This gives the characteristics of
downsized rated power of the FC. Since there is no limi-
tation to charging and discharging current, the

Ere_3.7971kWh |

Egut propuision = 4.5256kWh
A Epy regenaiive = -0.7738kWh
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FIGURE 17 Sorted power distribution
[Colour figure can be viewed at 0 200
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FIGURE 18 Output characteristics of FC and supercapacitor
[Colour figure can be viewed at wileyonlinelibrary.com]

supercapacitor can absorb or supply more regenerative
power compared with battery. In Figure 18C, the SOC
of the supercapacitor gives no distinct change at the end
of the test when compared with the beginning of the
drive cycle, since the supercapacitor removes the power
peaks from the load cycle.

To verify the feasibility of the varied DC link voltage in
a vehicle system, Grunditz and Thiringer®® has analyzed
the efficiency of the electric machine as slightly decreased
at lower voltage. Hence, the efficiency is somewhat
increased as the base speed and high-efficiency area
increase with the higher voltage. The efficiency of the
inverter is mostly higher at lower voltage levels in the
same torque and speed operating point, due to lower
switching losses. Regarding to the acceleration character-
istics from 0 to 100 km/h of the BEV under different ini-
tial SOC condition, the acceleration time is slightly
shorter at higher initial SOC, which means higher voltage
can lead to better acceleration characteristics. For the
acceleration characteristics, Xun et al*° shows that the
vehicle with FC-supercapacitor passive connection can

speed up to 100 km/h in 9 seconds, and there is no differ-
ence when compared with the conventional FC-battery
powertrain configuration with the connection of a
DC/DC converter.

5 | CONCLUSIONS

In this paper, the feasibility of a fluctuating voltage topol-
ogy, in which FCs and supercapacitors are directly con-
nected, for automotive applications has been analyzed
and evaluated. This topology has the advantage of low
cost and compactness due to the absence of DC/DC
converters. Simulation results show that the fluctuating
voltage topology makes it possible to reduce the power
demand of the FC, and the dynamic loading drawn
from the FC is also decreased when the rapid load
cycling is applied. Due to the smaller impedance, the
supercapacitors assist the FC as a low-pass filter to
remove the peak from the load, and the FC only supplies
the average power to the load. These improvements give
the FC a longer lifetime.

Due to the uncontrollable power sharing between FCs
and supercapacitors in the fluctuating voltage topology,
the sizing and parameters of each component cannot be
arbitrarily selected from available commercially products.
The high energy density and high power density of FC
and supercapacitors can be made full use only when the
parameters of FC, supercapacitors, and electric machine
as well as its controller are carefully designed. The DC
link voltage always varies in fluctuating voltage topology,
and further research is needed to investigate the charac-
teristics, efficiency, and performance of such a vehicle
system.
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