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Abstract: The DC-DC converter for fuel cell vehicles requires high gain and wide voltage input
range to boost the voltage of the fuel cell. However, with the traditional boost converter, it is
difficult to meet the requirements of the fuel cell vehicle power system. Based on a quasi-Z-source
network DC-DC converter, this paper proposes a composite controller, which includes a feedforward
compensation network and feedback control to meet the control robustness requirement of the fuel
cell vehicle power system. The dynamic model of the converter is obtained by using the state space
averaging method and the small-signal dynamic modeling method. The input voltage and load
disturbance experiments are performed on the DC-DC converter. Moreover, the converter is tested
under the worldwide harmonised light vehicle test procedure (WLTP) to validate the effectiveness of
the proposed composite controller. The simulation and experiment results show that the proposed
composite controller effectively enhances the converter’s ability to resist input and load disturbance,
and improves the dynamic response performance of the DC-DC converter for fuel cell vehicles.

Keywords: fuel cell vehicles; quasi-Z-source DC-DC converter; feedforward compensation;
small-signal dynamic modeling; feedback control

1. Introduction

The development of the new energy automobile industry brings hope for solving the increasingly
prominent environmental problems. Fuel cell vehicles have become a promising research direction in
the new energy vehicle industry due to their clean, reliable and efficient advantages [1-3]. However,
fuel cells also have some defects. The fuel cell output characteristic is “soft”—the output voltage
drops too fast, as the output current increases. The dynamic response speed is slow and cannot follow
the rapid variation of electric vehicle demand power. The fuel cell output voltage is low and cannot
directly drive the car motor, which requires a high DC bus voltage (e.g., 400 V) [4]. Therefore, in order
to provide a stable output voltage to the load, the DC-DC converter with high gain, wide voltage input
range and fast dynamic response speed should be used in fuel cell vehicles [5-8].

The isolated DC-DC converter can achieve high gain by changing the turns ratio of the transformer
coil. However, due to the leakage inductance of the transformer, a spike voltage absorbing circuit is
required and it is also easy to generate additional loss and electromagnetic interference problems [9,10].
Considering the size and cost requirements, the non-isolated DC-DC converter is more suitable for
fuel cell vehicles [11]. While the traditional boost converter is simple, low-gain and high voltage
stress are not conducive to the components selection. High gain can be achieved by using the
cascaded boost converter, but two or more cascaded boost circuits can cause problems such as circuit
complexity, high cost and low efficiency [12,13]. The non-isolated step-up DC-DC converters with
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switched inductor and switched capacitor are proposed in [14,15] and can achieve high gain. However,
the voltage stresses across components are still high. The non-isolated converters proposed in [16,17]
can achieve high gain and low voltage stress. However, there is a diode voltage drop between the
input and output due to the no-common-ground topology structure. The high frequency pulsating
voltage appears between the input and output and easily causes safety problems and electromagnetic
interference problems. The converter proposed in [18] has low voltage stress, but the topology has
a flying capacitor, which increases the difficulty of control. The multi-level converters are proposed
in [19-21] to achieve high gain. However, the complex structure, large size and multiple-switch drive
circuits limit the application in fuel cell vehicles. In the research on DC-DC converter feedforward
compensation, the traditional boost and buck circuits with the feedforward compensation strategy
are proposed in [22-24] and good control effects are obtained. However, these topologies are simple,
which are not suitable for fuel cell vehicles.

In [25], a quasi-Z-source DC-DC converter, which has wide voltage input range, high gain,
and low voltage stress, is proposed. The theoretical boost ratio can reach 2/(1-2D), where D is the duty
cycle. While achieving high boost ratio, the duty cycle is always less than 0.5. However, the disturbance
resisting ability and dynamic response performance of a DC-DC converter were not deeply explored
in [25]. In the process of fuel cell vehicle driving, the output voltage of the fuel cell always fluctuates
with the demand power variation. The output voltage decreases obviously with the increase of
output current. The “soft” output characteristic of the fuel cell presents a great challenge to the input
disturbance resisting ability of the DC-DC converter. Therefore, it is necessary to improve the input
disturbance resisting ability and dynamic response performance of the DC-DC converter for fuel
cell vehicles.

The composite controller combining feedforward compensation and feedback control is applied
to the quasi-Z-source network DC-DC converter proposed in [25]. The simulation model and
400 W experiment prototype are built to validate the controller by considering the input and output
disturbances. The worldwide harmonised light vehicle test procedure (WLTP) is also carried out for
DC-DC converters. This paper is organized as follows: In Section 2, the operation principle of the
topology is analyzed. The state space averaging method and small-signal dynamic modeling method
are adopted to model the converter. In Section 3, the converter parameters are designed and the
controller with a feedforward compensation network and feedback control is designed. In Section 4,
simulations and experiments are carried out to validate the proposed control strategy. Some conclusions
are given in Section 5.

2. Topology Operation Principle Analysis and Dynamic Modeling

The DC-DC converter topology based on the quasi-Z-source network is shown in Figure 1. u;;, is
the output voltage of the fuel cell. D; is the reversed blocking diode, which prevents the current
from flowing back to the fuel cell. The quasi-Z-source network is composed of Ly, D;, Ly, Cy, Cy.
The switch-capacitor network is composed of D3, Dy, D5, C3, C4 and Cs. R is the load resistance and u,
is the output voltage of the converter. There is only one power switch Q in the topology.
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Figure 1. The DC-DC converter topology based on the quasi-Z-source network.
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2.1. Topology Operation Principle Analysis

According to switching states of the power switch Q, the topology has two operation states.
It is assumed that the inductors, capacitors and power semiconductors in the topology are ideal
components. The Kirchhoff voltage law and current law are applied to analyze the topology operation
principle. When the power switch Q is turned on, the operation state of the circuit is as shown in
Figure 2. Diodes D;, D3 and D5 are turned off and four current loops appear in the circuit. The output
voltage of fuel cell u;, and capacitor C, charge inductor L; through diode D; and power switch Q.
C1 charges L, through Q. Cs charges C3 through D, and Q. C4 and Cs in series transfers the energy to
load R. Equations (1) and (2) can be obtained from Figure 2.

ULlon = Uin T UC2
UL2on = UC1

Ucz = Ucs

UQ = Ucs + UCs

M

where uc1, Ucy, ucs, Uca and ucs are the capacitor voltages across Cy, Cp, C3, C4 and Cs, respectively.
Ur1on and upyon are the inductor voltages across Ly and Ly, respectively, when power switch Q is
turned on.

IClon = _ILZ
IC4on = _IO

Icson = Icaon — Ic3on

where I} 1 and I, are, respectively, the average inductor currents of L and Ly. Icion, Ic20n, Ic30n,
Icaon and Icsen are, respectively, the average capacitor currents of Cq, Cp, C3, C4 and Cs when the power
switch Q is turned on. Ig is the output average current of the converter.

+
]Ho

Figure 2. The circuit operation state when power switch Q is turned on.

When the power switch Q is turned off, the diode Dy is turned off and four current loops also
appear in the circuit. u;, and inductor L; charge capacitor C; through diodes D; and D,. u;,, L and Lp
charge Cs through D1, D, and D3. ujy, L1, Ly and Cs charge the load R and the series part of C4 and Cs
through Dy, D, and Ds. L, charges C; through D,. Equations (3) and (4) can be obtained from Figure 3.

UL1off = Uin — UC1

ULloff = Uin — UO + UC2 + UC3
UL2off = —UC2

Ucg = Ucq

®)
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where up 106 and uy o are, respectively, the inductor voltages across L1 and L, when the power switch
Q is turned off.
Ieroft = Icooft + 111 —I12
Iesoft = —Icaoft — Io 4
Icsoff = 11 —Io — Iciof

where Ic1oft, Icooff, Iosoft, Icaotr and Icsogs are, respectively, the average capacitor currents of Cq, Cp, Cs,
C4 and Cs5 when the power switch Q is turned off.

] o

=

Figure 3. The circuit operation state when power switch Q is turned off.

Equation (5) is obtained by applying the voltage-second balance principle to inductors L; and L,
and Equation (6) is obtained by applying the ampere-second balance principle to capacitors Cy, Cy, Cs,
C4 and Cs.

{ Urton X dT + upioff X (1 - d>T =0 (5)
U2on X AT + ot X (1 -=d)T =0
Icion X dT + Ic1off X (1 - d)T =0
Icoon X dT + Icoosi X (1 —d)T =0
Iczon X dT + Iczoft X (1 - d>T =0 (6)
Icgon X dT + Icgofs X (1 - d)T =0

Icson X AT + Icsose X (1 - d)T =0

where d is the duty cycle. T is the switch period of power switch Q.
According to Equations (1), (3) and (5), the voltage gain M is obtained as shown in Equation (7).
uo 2
= —= — 7
M Uin 1-2d ( )
where 0 <d <0.5.
Assuming that the input power is equal to the output power, Equation (8) can be obtained.

Uin X Iin = up X Io 8)

where [, is the input average current of the converter.
According to Equations (2), (4), (6) and (8), the current relationship can be obtained as shown in
Equation (9).

2
I =1Ip=In = mlo )
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According to Figures 2 and 3 and Equations (1), (3) and (5), the voltage stresses across diodes,
the power switch and capacitors are obtained as shown in Equation (10). The voltage stress across
diode D is not considered, and is always turned on.

upy = uci +ucy = uo/2

up3 = cs = up/2

Ups = Ucz = ug/2 (10)
Ups = ucy = uo/2

Ug = ucs = uO/Z

According to Equation (7), the converter has high gain and wide voltage input range. The duty
cycle is always less than 0.5. From Equation (10), the voltage stresses across components are low,
which is suitable for the DC-DC converter for fuel cell vehicle.

2.2. Dynamic Modeling

In this paper, the converter operates in continuous conduction mode (CCM). The state space
averaging method is used to model the converter. It is assumed that the inductors, capacitors and
power semiconductors are ideal components. When the power switch Q is turned on, capacitor C3 and
capacitor Cs are connected in parallel as shown in Figure 2. Equation (11) can be obtained in the loop

circuit of C3 and Cs in Figure 2.
ducg, dLlC5

dt dt
Therefore, there is an invalid state space variable between C; and Cs in the state space equation.

The coupling relationship between C3 and Cs can be eliminated by introducing series equivalent

resistance 1 into the loop circuit of C3 and Cs. Equation (11) can be written as Equation (12).

Cs =-Cs (11)

ducs Ucs — Uc3
G dt 2 ( )

where, 1 is the series equivalent resistance in the loop circuit of C3 and Cs. r; = 0.1 Q).

When the power switch Q is turned off, the series equivalent resistance r, (r, = 0.1 (2) can be
adopted to eliminate the coupling relationship between C;, C, C3, C4 and Cs.

The state variables are x = [i11, i1, Uc1, Ucp, Ucs, ca, Ucs]. The input variable is u = u;, and the
output variable is ¥ = u,. The open-time of the power switch is dT and the close-time is (1-d)T in
a switching period. Therefore, when power switch Q is turned on, the state space equation can be
obtained as Equation (13). When power switch Q is turned off, the state space equation can be obtained
as Equation (14).

szlx"‘Blu
13
{y:Clx‘I'Dlu ( )
x:A2x+B2u
14
{y:C2x+D2u (14)



Appl. Sci. 2019, 9, 3309 60f 18

where the coefficient matrixes A; and A, can be obtained as in Equation (15). The coefficient matrixes
By, Cy, Dy, By, C; and D; can be obtained as in Equation (16).

[0 0 0 £ 0 0 0
o 0o £ 0o o0 o0 0
2
0o 2 0 0 0 0 0
1
Ai=|5 0 0 0 0 0 0
-1 1
0 0 0 o Cory 01 T?
0 0 0 0 0 Tk ?
1 -1 -R-n
) L 0 0 0 O C571 C571 C5R7’1 ] . (15)
o 0 I 0 0 0 0
0 0 0 - 0 0 0
1 0 —r1—17 —rn-rp -1 1 r1+17
G Cinry Gy G Gy Ciriry
A, =] 0 1 —h-rn —n-rn = _1 ]
2 = Uy Uolil Uot1Ty ol Cory Corir
0 0 =L =1 =1 1 1
Carz 212 a3 9%72 %72
0 0 _1 _1 _1 2 =
C47'2 C41’2 C47'2 C RT2 C4R7’2
0 0 r1+1r r1+12 1 —R—17 —Rri—riry—Rrp
L C57'172 C5711’2 C5Tz C5Ri’2 C5R7172
Bl = B2= [l/Ll,0,0,0, 0,0, O]TC1 =C2= [0000011]D1 =D2= [0] (16)

According to Equations (13) and (14), the state space average equation is obtained as in Equation (17).

¥ = (Ard+ Ap(1 - )X+ (Byd + By(1— )i a7
7= (Cid+ Co(1-d))x + (D1d + Dy (1-d))u

where the average values of the state variables are x = [ng,sz,ﬂCl,ﬁcz,ﬂcg,,E@ﬁ@] in a switching

period. d is the average duty cycle in a switching cycle. The average value of the input variable is
U = ujn. The average value of the output variable is ¥ = u,.

In the small-signal modeling method, each average variable is composed of a DC component and
an AC small-signal component, as shown in Equation (18).

inp = I +in

irp =1Io +i2
ticy = Ucy + ucy
ticy = Ucy + ey
ucs = Ucs + Eca (18)
Ucg = Ucy +icy
tics = Ucs + ucs

ﬁin - uin + ;[in

uo = Up + EO

d=D+d

where Ip1, Iz, Uc1, Uca, Ucs, Ucy, Ucs, Ui, Uo and D are DC steady-state components.
U1, Ur2, U, ez, Ues,ea,ies, Uin uo and d are small-signal components.

According to Equations (17) and (18) and ignoring the second order infinitesimal terms,
the small-signal model of the converter can be written as Equation (19).

x —Ax+B1u+B2d (19)
Y= Cx + Du



Appl. Sci. 2019,

9, 3309

where the coefficient matrixes AV, El, Ez, C and D can be obtained as in Equation (20).

AT
o o
o

)
I
|
Qo=

, © O O

7 of 18

D-1 D
0 Ib DLll 0 0 0 1
0 2 oL 0 0 0 £
_ D (ntr)(D-1)  (r1+r)(D-1) D-1 1-D (r1+72)(1-D) 0
G Cirirp Cirirp Cirp Cirp Ciriry
1-D (n+n)(D-1)  (n+r)(D-1) D-1 1-D (r1+r2)(1-D) 10
G [CRE [CRE Carp Carp Caoryra 1o
0 D-1 D-1 D(r1=r2)—n1 1-D D(ra=r1)+r1
Ty ror rorqt ror, rorT
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0 (r1 +724) (1-D) (n +724) (1-D)  D(rp—r1)+r1  DR—R-r;  DRri—Rri—rr{—Rr,
C5711’2 C5711’2 C5r1r2 C5R1’2 C5R711’2
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o o0 £ L 0 0 0 Iy
_1 _1 ntn ntr 1 __ 1  _ndn
G TG Tnp Cmpo Gn ST T Uc
1 _1 i+t r1+r __1 _ntn N _ ~_
Cy C CZ"l‘er Cz?il'r'z rCz‘r;z Czl‘r'z rCZ";,er UCZ D= [O]C - [0000011}
1 1 1= I 27N
0 O 1’27‘12 7’27‘12 rori1p 11’%7'2 7‘271'%72 UC:J,
1
O 0 - C4 y) - C4t’2 C472 C4Rr2 C, er UC4
0 0 I S S ) rp—11 R 1 Ucs
Csriro Csrirn Csrira CsRry CsRriry 1™ -
(20)

3. Component Parameters and Controller Design

3.1. Component Parameters Design

The converter parameters are shown in Table 1. According to Equation (9), the inductor currents
of L and L, are consistent. The inductor L, is taken as an example for calculation. The calculation
Equation of inductor L; can be obtained as shown in Equation (21).

dt

L =Up——

dirq

(21)

where dip; = AILy, upq = i + ucp, dt = d X T = d/ f when the power switch Q is turned on. f is the
switching frequency.

Table 1. Converter parameters table.

Parameters Values Units
Rated Power P 400 W
Input voltage uj, 40~120 \%
Output voltage ugp 400 \%
Load resistance R 400 (@)

Switching frequency f 20 kHz

According to Equations (1), (3), (5) and (21), the inductors L; and L, can be obtained as in Equation (22).

d(l - d)uin
1 =l)= ———~ 1 22
T (- 2d)rin f 22
where r is the ripple rate of the inductor current. » = Alr1/I11.
The calculation Equation of capacitor can be obtained as in Equation (23).
dt
C (23)

=ic—
Cduc
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where ic is the capacitor current and uc is the capacitor voltage. duc = Auc. Auc is the capacitor
ripple voltage.

According to Equations (1)—(6) and (23), the calculation equations of capacitors are obtained as in
Equation (24).

2d1I
G = (1_2d)AOUC1f
Cy — 24215
2= (12*[24)Auc2f
_ 2o
G = Aucsf (24)
C, = — 2o
(1-2d)*Aycaf
oo = 1l
5 Aucsf

The inductor and capacitor parameters are finally obtained as shown in Table 2.

Table 2. Parameters table of inductors and capacitors.

Parameters Values Units
Inductors L1, Ly 800 uH
Capacitors Cq, Cy, C3, Cy, Cs 680 uF

3.2. Feedforward Compensation Network and Feedback Control Design

The block diagram of the closed-loop feedback control system is shown in Figure 4. G,,,_4(s) is
the transfer function from duty cycle to output voltage. Gpw(s) is the transfer function of the pulse
width modulator and Grp(s) is the feedback network transfer function. In the prototype, the hall
sensor is adopted to measure the output voltage. According to the variable ratio of the hall sensor,
Grp(s)=1/200 is obtained.

UO sef Ve | PL-Controller | ¥c_| PWM Controller | d _| Control Ouput o _
Gri(s) Grwm(s) Guo - d(5)
Feedback
Grs(s)

Figure 4. Block diagram of feedback control system.

According to Equation (19) and Tables 1 and 2, when the input voltage is 40 V, G,,_;4(s) can be
obtained as shown in Equation (25) by using the ss2tf function in Matlab.

tio(s) 9.41x10~165045.56x10~11s°+-6.14x10~7s*4+1.83x10~353+1.1552 43175437553
Guo-d(s) = = (25)

4(5) |ming | DXI0 2257 +824x10 1550 4+1.04x10-1357-+3.37x10- 1055 +1.95x10 757+5.94x1052+6.69x10 35+ 6.2

2

The system feedback controller adopts the proportional plus integral controller (PI controller),
as shown in Equation (26).
GPI(S) = Kp +K;/s (26)

where, Kp and K; are proportional and integral coefficients, respectively.

The feedback controller can eliminate the steady-state error of the output voltage and adjust the
system dynamic performance. However, when input voltage disturbance occurs, the system does not
adjust the duty cycle to maintain the stability of the output voltage until the output voltage fluctuation
is fed back to the control end. Due to the “soft” output characteristic of the fuel cell, the feedforward
compensation network should be adopted for the DC-DC converter of fuel cell vehicles. Therefore,
a composite controller is proposed with input voltage feedforward compensation and feedback control.
The block diagram of the system is as shown in Figure 5. G,;o_;(s) is the transfer function from input
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to output and Gy(s) is the feedforward compensation transfer function. According to Equation (19),
the Gy,—yi(s) can be obtained as in Equation (27), when the input voltage is 40 V.

_ —1.02x1073256 4 -9 54x10~295549.73x10~%s* +1.14x10 853+ 3.555~5+-0.0215+62 (27)
d=0  1x1072257+8.24x1071856+1.04x1071355+3.37x107 1054 +1.95x10~753+5.94x10~452+6.69x10~35+6.2

Ulin Input-Ouput
—————P
Guo - m(S)
Feedforward
Gy (s)
Z/NIOJ-ef VVC Pl-éontrvoller - V~'c PWM-Controller d > Control-Ouput - 7o
PI(S) \ Grwu(s) Guo-a(s) \

Feedback
Gra(s)

Figure 5. Block diagram of feedforward compensation and the feedback control system.

According to Figure 5, the feedforward compensation transfer function G¢(s) is as in Equation (28).

_ Guo—ui(s)
Grle) = Gpwm () Guo-d(s)

(28)

where Gpw(s) is a proportional element and is equal to 1 in the simulation system.

According to Equations (25) and (27), the calculation result of Equation (28) is shown in
Equation (29). The feedforward compensation network and feedback controller work together
to adjust the duty cycle. The feedforward compensation network can reduce the output voltage
fluctuation caused by input voltage disturbance, which is beneficial for improving the performance of
the DC-DC converter for fuel cell vehicles.

102X 10732564 — 9.54 X 10725°+9.73 x 10713s*+1.14 x 107853 +3.5557°4-0.0215+62
941 x 1071656 +5.56 x 10-1155 + 6.14 x 10~754+1.83 x 10-353+1.15s2 + 3175 + 37553

Gf(s) (29)

4. Simulation and Experimental Results

In this section, the simulation model in Matlab/Simulink and the experimental prototype are
built to validate the performance of the proposed composite control strategy. The simulation and
experiment parameters are as shown in Tables 1 and 2.

4.1. Simulation Results

The load resistance is 400 () and the reference output voltage is 400 V. When the input voltage
jumps between 50 V and 60 V, the output voltage 1o and input voltage u;, are as shown in Figure 6.

Figure 6a is the output voltage under input voltage disturbance with only feedback controller.
When input voltage disturbance occurs, the output voltage maximum excursion is around 7%. Figure 6b
is the output voltage under input voltage disturbance with feedforward compensation and feedback
controller. The output voltage maximum excursion is less than 1.5%. The result indicates that the
feedforward compensation network improve the system’s ability to resist input voltage disturbance.

In the process of fuel cell vehicle driving, the vehicle demand power changes frequently,
which requires fast dynamic response performance and an excellent ability to resist load disturbances
for the converter. The output voltage is as shown in Figure 7 during load 50% step change. When
the input voltage is 40 V and the reference output voltage is 400 V, the load resistance jumps between
400 (2 and 200 Q). In Figure 7, it can be observed that the output voltage maximum excursion is less
than 3% and the adjustment time is less than 30 ms during load 50% step change.
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Figure 6. The output voltage variations under input voltage disturbance. (a) With only feedback
controller; (b) with feedback controller and feedforward compensation.
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Figure 7. The output voltage during load 50% step change.

The worldwide harmonised light vehicle test procedure (WLTP) is adopted to test the converter.
The WLTP consists of low speed, medium speed, high speed and extra-high speed, as shown in
Figure 8 [26,27]. The parameters of the fuel cell used in the simulation are shown in Table 3.
The relationship between the demand power and the speed of the vehicle is as shown in Equation (30).

d i+Sv?
2+ Mg, + o

Pload = (M dt 2

o (30)
where v is the vehicle speed. Pjy,q is the demand power of the vehicle. The vehicle weight is M = 300 kg.
The rolling resistance coefficient is Cr = 0.001. The front windward area of the vehicle is S = 1 m?.
The gravity acceleration is g = 9.81 m/s?. The wheel radius is Rad = 0.14 m. The volume density of air
is Pair = 1.2kg/m3 [28].

The fuel cell vehicles typically use the compound energy system, which consists of a fuel cell and
an ultracapacitor. The bi-directional DC-DC converter is used between the ultracapacitor and the DC
bus to provide instantaneous power or to recover braking energy. When the required power Pjy,q in
Equation (30) is less than zero, the vehicle is recovering energy. The quasi-Z-source network DC-DC
converter in this paper is used between the fuel cell and the DC bus only to provide power for the
vehicle. Therefore, the vehicle load demand power Pjy,q is limited to zero when the Pjy,q is less than
zero. Then, the vehicle load demand power Pj,4 is scaled down in order to be less than the converter’s
rated power. The simulation result of the converter load current is shown in Figure 9. In order to track
the load current variation of the converter, the output current of the fuel cell is shown in Figure 10.
The output voltage of the fuel cell is shown in Figure 11.
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Figure 8. Worldwide harmonised light vehicle test procedure (WLTP).

Table 3. Fuel cell parameters table in simulation.

Parameters Values Units
Output power Pgc 1200 4
Maximum output voltage Vic 58 A%
Maximum output current I, 20 A
Maximum temperature T_max 373 K
Initial temperature T_initial 307 K
Partial pressure of hydrogen PH; 1.5 atm
Partial pressure of oxygen PO, 1 atm
Partial pressure of water PHO, 1 atm
12 T T T T T T

g
=
T

o
0
T

0.4

Load current of converter I, (A)
g
T

o
N

I L I
0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

0

Figure 9. The converter load current under the worldwide harmonised light vehicle test procedure (WLTP).
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Figure 10. The fuel cell output current under the WLTP.
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Figure 11. The output voltage of a fuel cell under the WLTP.
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The converter output voltage is shown in Figure 12. In order to maintain a stable output voltage of

the converter, when the fuel cell output voltage drops, the duty cycle needs to be raised correspondingly.
The duty cycle variation curve is shown in Figure 13.
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Figure 12. The output voltage of a converter under the WLTP.
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Figure 13. The duty cycle variation curve.

4.2. Experimental Results

A 400 W experiment prototype was built as shown in Figure 14. The parameters of the prototype are
shown in Tables 1 and 2. The TMS320F28335 is adopted as controller and the MOSFET (IXTK102N30P)
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is adopted as power switch. The experiment platform is shown in Figure 15. The input voltage and
output voltage are measured by the voltage hall sensors.

Figure 14. The experiment prototype.

Current probe 400W prototype

Oscill
Gate drive Lt

power supply

Figure 15. The experiment platform.

During the input voltage disturbance experiment, the output voltage reference value is set at
400 V and the input voltage jumps between 60 V and 50 V. The output voltage waveform is shown in
Figure 16.

In Figure 16a, the maximum output voltage excursion is around 8% without feedforward
compensation. With feedforward compensation, the maximum output voltage excursion is less than
2%, as in Figure 16c. The output voltages in Figure 16b,d are measured by using the oscilloscope AC
coupling mode. From Figure 16, it can be verified that the feedforward compensation improves the
system’s ability to resist input voltage disturbance.

During the 50% load step disturbance experiment, the input voltage is fixed at 40 V and the output
voltage reference value is set at 400 V. The load resistance is step changed between 400 (2 and 200 ()
by using the electronic load. The input current and output voltage waveforms of the converter are
shown in Figure 17. The input current of the converter can quickly follow the output load variation,
providing demand power for the load. The maximum output voltage excursion is less than 5% and the
adjustment time is less than 30 ms. The output voltage fluctuation in Figure 17b is measured by using
the oscilloscope AC coupling mode. The maximum excursion of the output voltage is slightly higher
than that in the simulation; this is caused by the parasitic parameters of the circuits and components.
The system shows good dynamic performance during load disturbance.
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Figure 16. The output voltage waveform during input voltage disturbance. (a) Without feedforward
compensation (DC coupling measurement); (b) without feedforward compensation (AC coupling
measurement); (¢) with feedforward compensation (DC coupling measurement); (d) with feedforward
compensation (AC coupling measurement).
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Figure 17. The output voltage and input current waveforms of converter during 50% load disturbance

experiment. (a) The converter output voltage (oscilloscope DC coupling mode) and input current;
(b) the converter output voltage (oscilloscope AC coupling mode).

The converter is tested under the WLTP. In Figure 15, a programmable power supply is adopted
to simulate the variation rule of fuel cell output voltage under the WLTP according to the simulation
results in Figure 11. According to Equation (30), the demand power of fuel cell vehicles under the
WLTP is programmed in the electronic load. From Figure 8, the total time of the WLTP driving cycle is
1750 s. The first 1000 s is the low speed and medium speed driving cycles. Compared with the high
speed and extra-high speed driving cycles in the last 750 s, the power demand in the low speed and
medium speed driving cycles is smaller. Therefore, the low speed and medium speed driving cycles of
the WLTP are simulated in the electronic load and the total test time is scaled down to 200 s as shown
in Figure 18.

According to the fluctuation rule of fuel cell output voltage under the WLTP driving cycles in
Figure 11, the fuel cell output voltage waveform is obtained by using a programmable power supply,
as shown in Figure 19. The overall decreasing trend of fuel cell output voltage is simulated in the last
80 s in Figure 19.



Appl. Sci. 2019, 9, 3309 150f18

®
S

T T
Medium Spee| <--------1

T
> Low Speed

Speed (km/h)
& & 8 8 3
T T T T T

[
S
T

—
5]

1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Time (s)

o

Figure 18. The low speed and medium speed driving cycles used in the experiment.
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Figure 19. The fuel cell output voltage under the WLTP obtained by using a programmable power supply.

The load current waveform is shown in Figure 20 and changes with the load demand power.
The output current waveform of the fuel cell is shown in Figure 21 and can follow the load current
variation. Due to the “soft” output characteristic of the fuel cell, the fuel cell output voltage in the last
80 s reduces overall as shown in Figure 19. In order to maintain the stability of the converter output
demand power, the output current of the fuel cell increases accordingly in the last 80 s, as shown in
Figure 21.

Due to the proposed composite controller, the converter output voltage was maintained at 400 V
during the WLTDP, as shown in Figure 22. With the fuel cell input voltage fluctuation in Figure 19,
in order to maintain the stability of the output voltage, the duty cycle from TMS320F28335 needs to be
changed all the time, as shown in Figure 23.
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Figure 20. The converter load current waveform under the WLTP.
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Figure 21. The output current waveform of the fuel cell under the WLTP.
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Figure 23. The duty cycle variation from TMS320F28335 under the WLTP.

5. Conclusions

Considering the power conversion requirements in the power system of fuel cell vehicles,
the quasi-Z-source network DC-DC converter is adopted. The theoretical voltage gain can reach
2/(1-2d). When the duty cycle varies from 0.4 to 0.45, the converter voltage gain varies from 10 to 20.
Compared with other DC-DC converters, with this converter topology it is easier to achieve high gain,
low component stresses and wide voltage input range. When high gain is achieved, the duty cycle is
always less than 0.5 and the extreme duty cycle does not occur.

Considering the “soft” output characteristic of the fuel cell, a composite controller including
feedforward compensation and feedback control is designed for the quasi-Z-source network DC-DC
converter. In the simulation and the experiment, the output voltage maximum excursion was less than
2% under the input voltage disturbance. The output voltage maximum excursion is less than 5% and
the adjustment time is less than 30 ms under load 50% step change. Simulation and experiment results
show that the proposed composite control strategy shows good dynamic response performance during
load disturbance and has a good ability to resist input voltage disturbance.
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Moreover, the converter was tested under the WLIP driving cycles. The results show that the
converter can quickly track the load demand power variation and maintain the output voltage stability
under the WLTP driving cycles. The effectiveness of the converter’s actual operation performance has
been verified. The composite control strategy improves the system’s ability to resist voltage disturbance
and dynamic response performance, which is useful for the fuel cell vehicle DC-DC converter system.

Author Contributions: M.Z. and X.W. conceived the control method and revised the manuscript. M.Y. performed
the simulation and the experiment. ].E. wrote the full manuscript.

Funding: This research was funded by the National Key Technologies R&D Program of MOST (2018 YFB0105403).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Derbeli, M.; Barambones, O.; Sbita, L. A Robust Maximum Power Point Tracking Control Method for a PEM
Fuel Cell Power System. Appl. Sci. 2018, 8, 2449. [CrossRef]

2. Tanc, B,; Arat, H.T,; Baltacioglu, E.; Aydin, K. Overview of the next quarter century vision of hydrogen fuel
cell electric vehicles. Int. ]. Hydrogen Energy 2019, 44, 10120-10128. [CrossRef]

3.  Prasanna, U.R.; Pan, X.; Rathore, A K; Rajashekara, K. Propulsion system architecture and power conditioning
topologies for fuel cell vehicles. IEEE Trans. Ind. Appl. 2015, 51, 640-650. [CrossRef]

4. Wang, P; Zhou, L.; Zhang, Y.; Li, J.; Sumner, M. Input-Parallel Output-Series DC-DC Boost Converter with
a Wide Input Voltage Range, For Fuel Cell Vehicles. IEEE Trans. Veh. Technol. 2017, 66, 7771-7781. [CrossRef]

5. Zhu, B;; Zeng, Q.; Vilathgamuwa, D.M.; Li, Y.; She, X. Non-isolated high-voltage gain dual-input DC/DC
converter with a ZVT auxiliary circuit. IET Power Electron. 2018, 12, 861-868. [CrossRef]

6. Slah, F.; Mansour, A.; Abdelkarim, A.; Bacha, F. Analysis and Design of an LC Parallel-Resonant DC/DC
Converter for a Fuel Cell Used in an Electrical Vehicle. ]. Circuits Syst. Comput. 2018, 27, 1850-1862.
[CrossRef]

7.  Jia, J.; Wang, G.; Cham, Y.T.; Wang, Y.; Han, M. Electrical characteristic study of a hybrid PEMFC and
ultracapacitor system. IEEE Trans. Ind. Electron. 2010, 57, 1945-1953.

8. Bi, H,; Wang, P,; Che, Y. A Capacitor Clamped H-type Boost DC-DC Converter with Wide Voltage-Gain
Range for Fuel Cell Vehicles. IEEE Trans. Veh. Technol. 2019, 68, 276-290. [CrossRef]

9.  Nguyen, D.A,; Chiu, HJ.; Lin, ].Y,; Hsieh, Y.C.; Chen, H.T.; Zeng, B.X. Novel Modulation of Three-Phase
Isolated Bidirectional Wye-Delta Conventer for Energy Storage System. IEEE Trans. Power Electron. 2018, 34,
1266-1275.

10. Wang, C.M. A novel ZCS-PWM flyback converter with a simple ZCS PWM commutation cell. IEEE Trans.
Ind. Electron. 2008, 55, 749-757. [CrossRef]

11.  Prudente, M,; Pfitscher, L.L.; Emmendoerfer, G.; Romaneli, E.F,; Gules, R. Voltage multiplier cells applied to
non-isolated converters. IEEE Trans. Power Electron. 2008, 23, 871-887. [CrossRef]

12.  Salvador, M.A.; Lazzarin, T.B.; Coelho, R.F. High Step-Up DC-DC Converter with Active Switched-Inductor
and Passive Switched-Capacitor Networks. IEEE Trans. Ind. Electron. 2018, 65, 5644-5654. [CrossRef]

13. Leyva-Ramos, J.; Diaz-Saldierna, L.H.; Morales-Saldafa, ].A.; Ortiz-Lopez, M.G. Switching regulator using
a quadratic boost converter for wide DC conversion ratios. IET Power Electron. 2009, 2, 605-613. [CrossRef]

14. Axelrod, B.; Berkovich, Y.; Ioinovici, A. Switched-Capacitor/Switched-Inductor Structures for Getting
Transformerless Hybrid DC-DC PWM Converters. IEEE Trans. Circuits Syst. I Regul. Pap. 2008, 55, 687-696.
[CrossRef]

15. Nguyen, M.-K.; Duong, T.-D.; Lim, Y.C. Switched-Capacitor-Based Dual-Switch High-Boost DC-DC
Converter. IEEE Trans. Ind. Electron. 2018, 33, 4181-4189. [CrossRef]

16. Axelrod, B.; Berkovich, Y.; Ioinovici, A. Transformerless DC-DC converters with a very high DC line-to-load
voltage ratio. J. Circuits Syst. Comput. 2004, 13, 467-475. [CrossRef]

17. Prasana, R.J.K.; Amprasath, S.; Vijayasarathi, N. Design and analysis of hybrid DC-DC boost converter in
continuous conduction mode. In Proceedings of the IEEE International Conference on Circuit, Power and
Computing Technologies, Anyakumari, India, 18-19 March 2016.

18.  Jin, K;; Ruan, X.B.; Yang, M.; Xu, M. A Hybrid Fuel Cell Power System. IEEE Trans. Ind. Electron. 2009, 56,
1212-1222. [CrossRef]


http://dx.doi.org/10.3390/app8122449
http://dx.doi.org/10.1016/j.ijhydene.2018.10.112
http://dx.doi.org/10.1109/TIA.2014.2331464
http://dx.doi.org/10.1109/TVT.2017.2688324
http://dx.doi.org/10.1049/iet-pel.2018.5465
http://dx.doi.org/10.1142/S0218126618501190
http://dx.doi.org/10.1109/TVT.2018.2884890
http://dx.doi.org/10.1109/TIE.2007.911917
http://dx.doi.org/10.1109/TPEL.2007.915762
http://dx.doi.org/10.1109/TIE.2017.2782239
http://dx.doi.org/10.1049/iet-pel.2008.0169
http://dx.doi.org/10.1109/TCSI.2008.916403
http://dx.doi.org/10.1109/TPEL.2017.2719040
http://dx.doi.org/10.1142/S0218126604001556
http://dx.doi.org/10.1109/TIE.2008.2008336

Appl. Sci. 2019, 9, 3309 180f 18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Zhang, Y,; Sun, J.; Wang, Y. Hybrid boost three-level DC-DC converter with high voltage gain for photovoltaic
generation systems. IEEE Trans. Power Electron. 2013, 28, 3659-3664. [CrossRef]

Reed, J.K.; Venkataramanan, G. Bidirectional high conversion ratio DC-DC converter. In Proceedings of the
IEEE Power and Energy Conference, Champaign, IL, USA, 24-25 February 2012.

Sun, L.; Zhuo, F.; Wang, F.; Zhu, T. A novel topology of high voltage and high power bidirectional ZCS DC-DC
converter based on serial capacitors. In Proceedings of the IEEE Applied Power Electronics Conference and
Exposition, Long Beach, CA, USA, 20-24 March 2016.

Zhang, C.; Shao, Z. Robust feedforward compensation scheme with AC booster for high frequency low
voltage buck DC-DC converters. Analog Integr. Circuits Signal Process. 2011, 70, 391-404. [CrossRef]

Bao, Y.; Wang, L.Y.; Wang, C.; Jiang, ].; Jiang, C.; Duan, C. Adaptive Feedforward Compensation for Voltage
Source Disturbance Rejection in DC-DC Converters. IEEE Trans. Control Syst. Technol. 2018, 26, 344-351.
[CrossRef]

Sato, K.; Sato, T.; Sonehara, M. Transient response improvement of digitally controlled DC-DC converter
with feedforward compensation. In Proceedings of the IEEE International Telecommunications Energy
Conference, Gold Coast, Australia, 22-26 October 2017.

Zhang, Y.; Fu, C.Z.; Sumner, M.; Wang, P. A Wide Input-Voltage Range Quasi-Z-Source Boost DC-DC
Converter with High-Voltage Gain for Fuel Cell Vehicles. IEEE Trans. Ind. Electron. 2018, 65, 5201-5212.
[CrossRef]

Yu, B.; Yang, J.; Wang, D.; Shi, J.; Chen, J. Energy consumption and increased EV range evaluation through
heat pump scenarios and low GWP refrigerants in the new test procedure WLTP. Int. J. Refrig. 2019, 100,
284-294. [CrossRef]

Massaguer, E.; Massaguer, A.; Pujol, T.; Comamala, M.; Montoro, L.; Gonzalez, ].R. Fuel economy analysis
under a WLTP cycle on a mid-size vehicle equipped with a thermoelectric energy recovery system. Energy
2019, 179, 306-314. [CrossRef]

Slah, F; Mansour, A.; Hajer, M.; Faouzi, B. Analysis, modeling and implementation of an interleaved
boost DC-DC converter for fuel cell used in electric vehicle. Int. J. Hydrogen Energy 2017, 42, 28852-28864.
[CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/TPEL.2012.2229720
http://dx.doi.org/10.1007/s10470-011-9696-4
http://dx.doi.org/10.1109/TCST.2017.2661829
http://dx.doi.org/10.1109/TIE.2017.2745449
http://dx.doi.org/10.1016/j.ijrefrig.2019.01.033
http://dx.doi.org/10.1016/j.energy.2019.05.004
http://dx.doi.org/10.1016/j.ijhydene.2017.08.068
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Topology Operation Principle Analysis and Dynamic Modeling 
	Topology Operation Principle Analysis 
	Dynamic Modeling 

	Component Parameters and Controller Design 
	Component Parameters Design 
	Feedforward Compensation Network and Feedback Control Design 

	Simulation and Experimental Results 
	Simulation Results 
	Experimental Results 

	Conclusions 
	References

