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An Electrolytic-Capacitor-Free Single-Phase
High-Power Fuel Cell Converter With Direct
Double-Frequency Ripple Current Control

Xiaohu Liu, Member, IEEE, and Hui Li, Senior Member, IEEE

Abstract—This paper proposes a direct double-frequency
ripple current control in a single-phase high-power fuel cell
converter that can achieve low-frequency ripple-free input cur-
rent without using large electrolytic capacitors. To eliminate the
double-frequency ripple current disturbance introduced by the
single-phase inverter load, a proportional-resonant controller is
developed to achieve an extra high control gain at designed res-
onant frequency. This high gain can be viewed as the virtual
high impedance for blocking the double-frequency ripple energy
propagation from inverter load to fuel cell stack. More particu-
larly, the proposed control system can realize the utilization of
all capacitive ripple energy sources in the system by regulating
all the capacitors to have large voltage swing. In addition, this
voltage swing is synchronized to keep real-time balancing of the
transformer primary- and secondary-side voltages. As a result,
the zero-voltage-switching operation for all switching devices in
the dc—dc stage can be guaranteed. The controller design guide-
lines are derived based on the system small-signal model. The ex-
perimental results are presented to validate the theoretical analysis
and proposed technology.

Index Terms—Current-fed three-phase de-dc converter, direct
double-frequency ripple current control, electrolytic capacitor
free, fuel cell, zero voltage switching (ZVS).

I. INTRODUCTION

UEL cells are emerging as a promising energy source for

mobile and power generation applications due to their high
efficiency, high reliability, and low emissions of regulated pol-
lutants [1]-[5]. Fuel cell system requires the electrical isolation
between the low-voltage output of the fuel cell stack and the
high-voltage dc bus for protection [6]. The high-frequency-
link (HFL) power converter [7]-[11] is therefore being widely
applied in fuel cell system [12]-[18] since it provides high-
frequency galvanic isolation and benefits a large reduction in
the size and weight of the isolation transformer.
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One of the key issues in fuel cell system is that the full cell
current low-frequency ripple exhibits a hysteresis behavior and
results a thermal issue among stacks [19]. A straightforward
solution is to apply the bulky electrolytic capacitor as the energy
buffer to reduce the ripple current. However, the electrolytic ca-
pacitor decreases the system lifetime and increases the system
volume and cost [20]. Therefore, to suppress the low-frequency
ripple without using electrolytic capacitors is crucial to fuel
cell systems. Recently, some literature have researched on
the methods to mitigate fuel cell low-frequency ripple current
without using electrolytic capacitors [14]-[18]. However, those
solutions cannot be directly applied for the high-power fuel
cells, which usually require the multiphase dc—dc converter as
the front end.

In fuel cell high-power applications, research has been
focused on the three-phase dc—dc-converter-based power condi-
tioning system since it offers better performance over its single-
phase counterpart in terms of higher power density, lower
switching device current stress, smaller size of passive com-
ponents, and so on [21]-[25]. The type of three-phase dc—dc
converter could be either current fed or voltage fed. Based on
the study performed in [23]—[25], current-fed topology is better
suited to low-voltage high-current fuel cell application where
high voltage step-up ratio is required. Moreover, the current-
fed topology benefits from the direct and precise input current
control.

Previous research on three-phase dc—dc converters for fuel
cells mainly focused on the high efficiency and high power
density. The method to reduce the fuel cell low-frequency ripple
current has been seldom discussed. Reference [26] presents the
voltage-fed high-power fuel cell converter, which consists of
a V6 converter [22] and a full-bridge inverter. It proposes the
ripple current mitigation method by using a current-loop control
within the existing voltage loop to mitigate the fuel cell low-
frequency ripple. However, the large electrolytic capacitor is
still required as an energy buffer. Up to date, there have been no
published literature that research the methods to reduce the low-
frequency ripple current in the current-fed three-phase dc—dc-
converter-based fuel cell system.

This paper proposes a three-phase current-fed interleaved-
structure-based HFL fuel cell system. Compared with other
three-phase dc—dc-converter-based fuel cell systems, the unique
advantages of our proposal fall into the following three aspects.
First, a direct double-frequency ripple current control based
on the current-fed three-phase HFL converter is proposed to
achieve the low-frequency ripple-free input current. Second,
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Fig. 1.

the proposed method is to apply a control-oriented ripple
current mitigation strategy without adding any extra circuit
components. The small film capacitor can be adopted to replace
the bulky electrolytic capacitor. Third, the control system can
realize the full utilization of capacitive ripple energy sources in
the proposed fuel cell system, which benefits a further reduction
in dc-bus capacitance. Moreover, with all those contributions
listed above, the zero-voltage-switching (ZVS) operation of all
switching devices in the dc—dc stage can still be maintained
without adding any extra circuits.

The rest of this paper is organized as follows. The proposed
fuel cell system description and its low-frequency ripple circuit
modeling are presented in Section II. Section III describes the
proposed direct double-frequency ripple current control system.
To illustrate the proposed control system design principle, the
three-phase HFL converter ZVS conditions and its small-signal
model are also derived. The experimental verification is pro-
vided in Section IV. Conclusions are summarized in Section V.

II. PROPOSED FUEL CELL SYSTEM LOW-FREQUENCY
RIPPLE CIRCUIT MODELING

A. Proposed Fuel Cell System Description

Fig. 1 shows the proposed two-stage HFL-based high-power
fuel cell system. The system consists of a current-fed three-
phase HFL converter with an isolated Y-Y connected high-
frequency (HF) transformer and an inverter. The three-phase
HFL converter power flow is controlled by the phase shift angle
o between the active switches on the low-voltage side (LVS)
and the high-voltage side (HVS). The converter can be operated
either in the boost mode or in the buck mode. In this paper, the
converter is operated in boost mode for fuel cell application.
The boost function is achieved by the dc inductors (Lgc1, Ldc2,
and Lgc3) and three half-bridges on the LVS. The leakage
inductors (Ls1, Lgo, and Lg3) are the energy transfer element
for each phase.

The major features of this three-phase HFL converter have
been studied in [27]. However, the method to reduce the
input double-frequency ripple current caused by the inverter
load has not been discussed. This paper’s research focus is
to study the direct double-frequency ripple current control of
this three-phase HFL converter when connecting a single-phase
inverter load.

Three-phase HFL converter
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Proposed two-stage HFL-based high-power fuel cell power conditioning system.
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Fig. 2. Equivalent ripple circuit model of the proposed fuel cell system.

B. Equivalent Ripple Circuit Modeling of the Proposed Fuel
Cell System

Fig. 2 shows the equivalent ripple circuit model of the
proposed fuel cell system. V% is the fuel cell stack voltage. If
fuel cell current has negligible low-frequency ripple current, Vi,
is the constant voltage. The dc—dc converter can be simplified
as an ideal dc transformer since its switching frequency is much
larger than the system ripple frequency [26]. The inverter load
is modeled as a double-frequency pulsation current source %qc.
As shown, both the LVS dc-bus voltage V;; and the HVS dc-bus
voltage V. have the relatively large voltage swing. This control
is designed based on the following three aspects. First, large
voltage variation of Vg, leads to small HVS dc-bus capacitor
Cs, which makes it viable to replace the electrolytic capacitor
with a film capacitor. This has already been explained in [15].
Second, if real-time balancing of transformer primary- and
secondary-side voltages can be maintained by synchronizing
V4 with primary-referred V., the three-phase HFL converter
can always maintain the ZVS operation. This will be further
explained in the next section. Third, voltage variation on both
LVS and HVS dc buses makes both the primary- and secondary-
side capacitive energy sources (C), and C,, as shown in the
circuit in Fig. 2) to provide the ripple energy required by
the inverter load. According to the fuel cell system ripple
energy calculation performed in [15], the circuit ripple energy
balancing shown in Fig. 2 can be expressed in

CdeOAVd + CSVdCOA‘/dC = ' (1)

where Vo and AV, are the LVS dc-bus average voltage and
voltage variation (peak to peak), respectively. Vico and AVieo
are the HVS dc-bus average voltage and voltage variation (peak
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to peak), respectively. Pyaq is the load real power, and wjoaq 1S
the load angular frequency.

As illustrated in (1), the proposed fuel cell system can
make full utilization of system capacitive ripple energy. This
is a unique advantage compared with the voltage-fed fuel cell
converter. Since the voltage-fed fuel cell system connects the
LVS dc-bus capacitor C), directly to the fuel cell stack [26],
therefore, the capacitive ripple energy of C), is not able to be
utilized.

III. DIRECT DOUBLE-FREQUENCY RIPPLE CURRENT
CONTROL SYSTEM AND DESIGN

A. Direct Double-Frequency Ripple Current Control
System Description

Fig. 3 presents the proposed direct double-frequency ripple
current control system diagram. The proposed control system
includes duty cycle control and phase shift control. The duty
cycle D = Dy + D,., as illustrated. First, the dc component
of D, Dy is set to be 0.5. This is because the three-phase
HFL converter has the optimized operation efficiency at 50%
duty cycle [27]. Second, the ripple component of D, D, is
generated by synchronizing the LVS dc-bus voltage V;; with the
primary-referred HVS dc-bus voltage V.. The purpose is to
real-time balance the transformer primary- and secondary-side
voltages in order to ensure the ZVS operation of all switching
devices in the dc—dc converter. The detailed analysis of ZVS
operation will be explained in the next Section III-B. The
proportional-resonant (PR) controller is adopted for Gp,(s)

b
jul

Proposed direct double-frequency ripple current control system diagram.
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to regulate the swing of Vj;. The design guideline of controller
G pr(s) will be explained in Section III-C. As shown in Fig. 3,
the real-time primary-referred Vj. is employed as the voltage
reference. The LVS dc-bus voltage V; is equal to Vi./D due
to the LVS half-bridge boost function. Vf. is a constant value
if I, has no low-frequency ripple. Therefore, D will contain
a double-frequency ripple in order to keep V; synchronized
with primary-referred V4., which has the double-frequency
variation.

The phase shift angle ¢ = g + @, as illustrated. First, the
dc component of ¢, ¢ is generated by regulating V. to meet
the inverter modulation requirement so the inverter can generate
the required ac voltage. A proportional-integral (PI) controller
Gyo(s) is adopted to regulate Vgco. The voltage reference V',
is a constant dc value. The feedback V. consists of a constant
dc value V.o and a double-frequency ripple AVy.. The control
objective of G, (s) is only to regulate the dc component of Vg,
to follow V.. Therefore, a PI controller can be selected. Due to
the relatively large AV, in the feedback, the double-frequency
component will be generated in the controller output ¢q. In
addition, this double-frequency component will be reflected
on the fuel cell current if the inverter load ripple energy is
propagated into the fuel cell stack through the HFL converter.

In order to block the ripple energy propagation from inverter
load to fuel cell stack, a direct double-frequency ripple current
controller G,,-(s) is developed. The PR controller is employed
for G, (s) since the PR controller can generate an extra high
control gain at its resonant frequency. This high gain can be
viewed as the virtual high impedance for blocking the ripple
energy. As illustrated, the current ripple references I, . is 0.
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Fig. 4. Scaled power curves and ZVS boundaries of Sg1, Sq2, Sr1, and Sr2
at D = 0.5 with Lgc1 /L1 = 13.3.

The real-time If., which consists of a dc component and a
double-frequency ripple, is directly used for feedback. This is
because the controller G, (s) is designed to be immune to
the dc component and to only respond to the double-frequency
component. As a result, ¢,, i.e., the output of Gw(s), is a
double-frequency component. The design guideline of G ,o(s)
and G, (s) will be explained in Section III-C. The inverter con-
trol adopts the traditional single-phase dual-loop d—g vector
control [14].

B. ZVS Operation Analysis With Large Swing Bus Voltage

The basic principle of ZVS operation is to gate on the
incoming device while the antiparallel diode is conducting. To
analyze the ZVS conditions, the variable d is defined in [27],
which is listed in (A.1). “d = 1” means that V; matches with
primary-referred V.. If d = 1, the ZVS conditions are always
satisfied for HVS switches and LVS upper switches (5,1, Sp1,
Sc1, as shown in the circuit in Fig. 3). For LVS lower switches
(Sa2, Sp2, Sc2, as shown in the circuit in Fig. 4) ZVS conditions,
the ratio of dc inductor divided by leakage inductor is another
key factor. Small ratio leads to large inductor current ripple,
which results in large soft switching operation region for LVS
lower switches. However, the large current ripple leads to large
inductor core loss and conduction loss. It is therefore a tradeoff
design. In this paper, this ratio is selected to be 13.3. Due
to the converter symmetric property, each phase switches on
the same position have the same ZVS conditions. The soft
switching conditions of phase A switches are selected for study.
According to [27], the soft switching conditions for phase A
LVS and HVS switches are listed in (A.2). The three-phase HFL
output power and 1 per unit (p.u.) base power are given in (A.3)
and (A.4), respectively. Based on (A.2)—(A.4), the scaled power
curves and ZVS boundaries of phase A switches at D = 0.5
with Lgc1/Ls1 = 13.3 are shown in Fig. 4. As illustrated, the
shaded area is a soft switching region. If d = 1 control can
be achieved, the operation can be always maintained within

the soft switching region. This explains why V; is real-time
synchronized with primary-referred V. in the proposed control
system.

C. Controller Design Principle With Large Swing Bus Voltage

In order to design the controller G, (s), Gyo(s), and
G pr(s), the three-phase HFL converter small-signal model
needs to be studied. References [29] and [30] have developed
the average model of the studied three-phase converter. Due to
the symmetric property, the modeling of the three-phase HFL
converter can be treated as the model of a single-phase half-
bridge converter. Phase A is selected to illustrate the average
model that is given in (A.5). However, the small-signal model
with respect to the inverter load current disturbance has not
been studied in [29] and [30]. Therefore, the small-signal model
considering the inverter load current disturbance is given in
the following. By introducing the small perturbations around
the nominal operation point in the model given in (A.5), the
small-signal model of a phase A half-bridge converter could be
developed as follows:

di, N ~
del% =0in — Dvg — VgD
dvg ~ ~  P(4m—30) - Vie(4m — 6¢) _
— =Di,+1,D— . —
o dt fa 187w L d 187w L g
o dvge _3 o(4m — 3qb),17 Va(dm — 69) -
a0 187w L g 187w Lg
2

where 4. is the inverter double-frequency pulsation current, as
shown in the circuit in Fig. 3.

Therefore, the state-space equations can be expressed as
follows:

H 0 Lfcl 0 AZ'
al | p 0 6 (4m—3¢) =
U | T |G : conl Tl Y
’[)dc 0 $ldr—3¢) 0 Ude
. 0con2 v g -
Lac1 Lgc1 m 3)
L0 Datmee) L g | | @
conl Cp D
0 V(47 —6¢) 0 -1 ~
N con2 Cs tdc
Tae=[0 0 1][i, & Bacl”
ia:[l 0 O]hu Ud fﬁdc]
D
5 NG+ BE 0 " Lact 0
T =Ax + Bu _ | —¢(4r—3¢)
{ y=Cx 4=15 b4 ’ 3¢) conl
0 con2 0
1 -V,
del v (S 6¢) dedl
—Vac(4m— Iy
B = 0 7(00[11 ; o 0 4)
Vy(47—6 1
0 con2 0 &

Y1 :’ZauCl:[l 0 0]
Y2 =04,Co=[0 1 0] ©)
y3:5dc,03=[0 0 1]

where conl = 187wL; Cp, and con2 = 18mwL ¢ Cs.
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Fig. 5. Open-loop transfer function bode diagrams with different values of Cs.

Based on the small-signal model shown in (3)—(5), the
transfer function matrix from input factors to the input current
can be obtained in (6), shown at the bottom of the page.
The inverter load current disturbance to input current transfer
function G;,(s), the control-to-input current transfer function
G'i,(s), and the duty cycle disturbance to input current transfer
function G;p(s) can be calculated and are given in (7)—(9),
respectively, shown at the bottom of the page.

Fig. 5 shows the open-loop G;,(s) and G;p(s) bode dia-
grams based on (7) and (9) with different values of Cs. The
circuit parameter values of (7) and (9) are as follows: L1 =
14.6 pH, Ly = 1.1 pH, C, =220 uF, and f, = 40 kHz.
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The nominal operation point is ¢ = 0.056w, V; =20 V,
Vae =200 V, and I, = 16 A. The low-frequency component
of iq. is only the 120-Hz ripple current since the inverter
outputs 60-Hz ac voltage. Therefore, the 120-Hz response of
Gio(s) is highlighted. As shown in Fig. 5(a), the response
is 13.2 dB with Cy = 100 pF, which means that the input
current 120-Hz ripple magnitude is 4.57 times of 74, magnitude.
The response with C'; = 10 mF is only —26.1 dB, which
means that the input current 120-Hz ripple magnitude is only
0.05 times of 4. magnitude. This explains why the large dc
capacitor is able to suppress the input current double-frequency

ripple.

ia(s) =Cy(sI — A) "' Bu(s)

= Giv(s)/ﬁin(s) + Gl(b(s)(b(s) =+ GZD(S)D(S) + Gio(S)idC(S) (6)
Gu(s) = al®) _ —Dé(4r — 39) o)
R iae(s) ;(<>io $Lqc1Csconl (s2 + ¢(4m — 3¢)2/(conleon2) + D2 /(CpLgc))
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Cu(s) = ia(s) CpD (8Vac(4m — 6¢)con2 + Vg (4m — 3¢) (4w — 66)) ®
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Fig. 6. Phase A input current small-signal model block diagram.

Since the duty cycle D also has the double-frequency ripple
as explained in Section III-A, its disturbance to the input current
also needs to be studied. As shown in Fig. 5(b), the input
current always has a relatively large response to the duty cycle
disturbance regardless of Cs value. The response is 39.1 dB
with Cs = 10 mF, which means that the input current 120-Hz
ripple magnitude is 98.86 times of D ripple magnitude. There-
fore, this disturbance has to be mitigated if implementing the
proposed d = 1 varied duty cycle control.

Based on the developed small-signal model, the phase A
input current small-signal model block diagram is illustrated
in Fig. 6. Therefore, the closed-loop inverter load disturbance
and the duty cycle disturbance to the fuel cell current transfer
function can be obtained and are given in (10) and (11), respec-
tively, shown at the bottom of the preceding page. As shown,
the compensated system has the loop gain 1/(1 + 7..(s)). This
loop gain response at 120 Hz is found to be very small if the
proposed controller G, (s) is designed to have a relatively
large response at 120 Hz. As a result, the fuel cell current
response to inverter load disturbance and duty cycle disturbance
can both be minimized since the low-frequency component
of both disturbances only consists of 120-Hz component. The
PR controller is therefore selected because it can be designed
to have an extra high gain only at its resonant frequency. In
addition, this resonant frequency is set to be 120 Hz for the
proposed technology.

The PR controller G,,(s) can be expressed by K,s/(s> +
(27 f,)?), where f,. = 120. The principle of choosing K, i
to ensure that G,(s) has negligible dc component response
and relatively large resonant frequency response. It is a trade-
off design. Fig. 7 shows the bode diagrams of PR controller
Gor(s), compensated G, (s), and G;p(s) with Cy = 100 pF.
K, is selected to be 0.2. This value is appropriate since the
120-Hz disturbance response is 85.8 dB and the dc component
response is smaller than —100 dB, as illustrated in Fig. 7. As

Compensated Gip(s) System: Gy,
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: : 120
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Fig. 7. Bode diagrams of PR controller G, (s), compensated G, (s), and
Gip(s) with Cs = 100 uF.

a result, the real-time I¢. can be directly used for feedback
with respect to zero reference since its dc component response
is negligible. The compensated G,(s) and G;p(s) responses
to 120-Hz disturbance are —125 and —78.3 dB, respectively.
Therefore, the compensated system can theoretically eliminate
the fuel cell double-frequency ripple current caused by the
inverter load current and duty cycle.

Based on the small-signal model shown in (3)—(5), the trans-
fer function matrix from input factors to the output voltage
Ve 1s given in (12), shown at the bottom of the page. In
order to design the controller G, (), control-to-output transfer
function G,42(s) is calculated and given in (13), shown at
the bottom of the page, based on the developed small-signal
model. As shown in (13), it has a pair of conjugated right-
half-plane zeros. Therefore, the system stability criterion is that
the phase margin @, = 180° — 2 x 180° + (Gyp2(j27fc) >
0, where f, is the crossover frequency. Fig. 8 shows the bode

Uac(s) = Cs(sI — A)"' Bu(s)
e GU’L)Q( )1)111(5) + GvgpQ(S)(z(S) + G’L}DQ(S)E(S) + GUOQ(S),{dC(S) (12)
Gra(s) = 47— 89 (*CyVaLacrconl — sCyVaeLacr1 ¢4 — 39) + Vag Dconl) (13)

s (s2C, Laciconlcon2 + CpLyc1 ¢(4m — 3¢)? + D2conlcon2)
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diagrams of open-loop and closed-loop Gyg2(s) with Cy =
100 pF. The parameters of (13) are the same as those used
in (7). As shown, the system open-loop phase margin @,, =
—270° > 0. Therefore, the stability of open-loop system is
theoretically very poor. However, as explained in [31], all the
lossy components add more inertia to the system; thus, the real
converter is actually more stable. The G, (s) design principle
is to ensure the system stability. As shown in Fig. §, where
Geo(s) = (140.001 x s)/s, the compensated system phase
margin &@,, = 92° < 0. Therefore, the compensated system is
more stable.

The design procedure of controller G p,.(s) is very similar
to the design of G, (s). Therefore, the detailed process will
not be repeated here. The G p,.(s) design principle is to ensure
that the V; has the relatively large response at 120 Hz so it can
be synchronized with primary-referred V; to maintain d = 1.
In addition, the disturbance caused by the phase shift angle
¢ should be minimized in order to decouple the phase shift
controller and the duty cycle controller. The transfer function
matrix from input factors to the output voltage V; is given in
(14), shown at the bottom of the page. The phase shift angle
disturbance to V; transfer function G,¢1(s), the control-to-
output transfer function G, p1(s), and the inverter load current
disturbance to Vj transfer function G,,1(s) can be calculated
and are given in (15)—(17), respectively, shown at the bottom
of the page. The compensated G,,1(5), Guo1 (), and G, pi1(s)

150
100 Compensated G41(S)
—_ System: GvD1_compensated
m Frequency (Hz): 120
) o Magnitude (B): 465 AW RN
) -7 2 NSl
S - = ™ -y il
=] - ————— - - : b
= H
c (o] -
5 o0 ik
O  lissessssveeenie g k
=
-50 = :
—/ —
——
System: Gvo1_compensated = T —
100 |- Frequency (Hz): 120 System: Gvphi1_compensated / j
Magnitude (dB): -124 Frequency (Hz): 120

Magnitude (dB): -80.8
; L L 120 P

10 102 10°

Frequency (Hz)

Compensated Gyp1(s

Fig. 9. Bode diagrams of compensated Gy,1(s), Guo1(s), and Gy p1(s)
with Cs = 100 pF.

bode diagrams are given in Fig. 9 with G p,.(s) = 0.01s/(s* +
(27 - 120)?). As illustrated in Fig. 9, V; response at 120 Hz is
46.5 dB, and its response to inverter load and phase shift angle
disturbance is —124 and —80.8 dB, respectively. Therefore, the
compensated system can theoretically maintain d = 1 control
and eliminate the inverter load current and phase shift angle
disturbance. As a result, the phase shift angle controller and the
duty cycle controller can be theoretically well decoupled.

D. Comparison of Proposed Technology Application on
Low- and High-Power Fuel Cell Systems

The author has presented the fuel cell low-frequency ripple
current mitigation technology based on the current-fed dual-
half-bridge dc—dc converter in [14]. However, the proposed
method in [14] cannot be directly applied to the high-power
fuel cell system. The main reason is that the split capacitors
in the dc—dc converter have to take the full load current [13],
[14]. Tt is therefore not suitable for high-power applications.
The contribution of this paper is that, based on the previous
work in [14], the proposed three-phase HFL-converter-based
fuel cell system not only can gain all the benefits presented
in [14] in the case of high-power application but also achieve
improved performance with regard to the dc capacitor reduction

V4(s) = Co(sI — A) ' Bu(s)

= val(s)ﬁin(s) + Gvgol (S)(ZS(S) + Gle (S)E(S) + Gvol (s)’;dc(s) (14)
Gwl(s) _ —CpLgc1 (4 — 6¢) (sViccon2 + Vyp(4dm — 39)) (15)
52C), Laciconleon2 + CpLac1 ¢(4m — 3¢)? + D2conlcon2
conlcon2(sl,Lgc1 — DVy)
; - 1
Gopa(s) $2C, Laciconleon2 + CpLac1 ¢(4dm — 3¢)2 + D2conlcon2 (16)
Lac16(4m—34)CON2C,,
Gor(s) — (17)

- $2C, Lyciconleon2 + CpLaer ¢(4m — 3¢)2 + D2conlcon2
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TABLE 1
COMPARISON OF PROPOSED TECHNOLOGY APPLICATIONS ON LOW- AND HIGH-POWER FUEL CELL SYSTEMS

current-fed dual-half-bridge dc-de
converter based fuel cell system [14]

the proposed three-phase HFL converter
based fuel cell system

hase-shift control .
de-dc converter P

control System

«  regulate the dc-bus average voltage
mitigate the fuel cell current
low-frequency ripple

»  regulate the dc-bus average voltage,

«  mitigate the fuel cell current
low-freugency ripple

»  decouple the duty-cycle control

duty-cycle control

fixed 50% duty-cycle control

»  maintain soft-swithcing opration
»  decouple the phase-shift control

targeted application

low-power fuel cell application (<3kW),
limited by the split capacitors

high-power fuel cell application, benifits from
the inter-leaved multi-phase structure.

dc capacitor reduction

limited by the dc-de converter soft-switching
operation. The dc capacitor reduction is 90.4%

not limited by the soft-switching condition. The
dc capacitor reduction is 94.3% (The test
results are presented in the section V).

de-dc converter soft-switching operation | limited range

always be guaranteed

HVS Film Capacitor

LVS Film Capacitor DC Inductor
Output AC
terminal
Copper Bar

HVS siC
Mosfet

Transformer
‘F current sensor
7
%

Input DC

LVS Mosfet terminal

Fig. 10. Proposed three-phase HFL-converter-based fuel cell power condi-
tioning system test bed.

and the dc—dc converter soft switching operation. Table I lists
the comparison of proposed technology applications on low-
and high-power fuel cell systems. The comparison of inverter
control system is not included since there is no difference.
As shown in Table I, the proposed three-phase HFL-converter-
based fuel cell system can achieve 3.9% higher capacitance
reduction and better efficiency performance since the dc—dc
converter soft switching operation can always be guaranteed.
All those improvements are obtained by the proposed advanced
phase shift and duty cycle control system based on the selected
three-phase HFL converter.

IV. EXPERIMENTAL VERIFICATION

The experiments were conducted in the laboratory to ver-
ify the aforementioned theoretical analysis and the proposed
direct double-frequency ripple current control performance.
A 3.5-kW fuel cell system test bed was developed and is shown
in Fig. 10. The size of the converter is 12 in x 10 in. The
dc inductor and transformer designs in this paper adopt the
planar cores with coils encapsulated within a multilayer printed
circuit board. Both the LVS and HVS dc bus capacitors adopt
the Epcos film capacitor as the energy buffer. The dc voltage
source was used to emulate the steady-state characteristic of

the fuel cell module. The three-phase HFL-converter-based fuel
cell system test bed key circuit parameters are listed in Table II.
The digital control board employs DSP TMS320F28335.

Figs. 11-13 show the experimental results with and without
the proposed direct double-frequency ripple current control
method. %,q, Itc ,Vy ,V4e, and v, represent the phase A
secondary-side transformer current, fuel cell current, LVS dc-
bus voltage, HVS dc-bus voltage, and inverter output voltage,
respectively. Since the proposed fuel cell system has the high-
frequency transformer, the synchronized soft start-up scheme
presented in [32] and [33] is adopted to achieve the minimized
transformer current response during the start-up transient.

Fig. 11 shows the baseline case I experimental results without
the proposed method. In order to suppress the fuel cell current
double-frequency ripple, the large electrolytic capacitors are
connected to the HVS dc bus. The adopted capacitors for this
case are the following: C), = 220 uF and Cs = 3.18 mF. As
shown, V; =51 V, and V4. =200 V, and they both have
relatively very small ripple due to the relatively large capacitor.
ra_rms = 9.3 A and irq_peak = 11.4 A. v, = 120 V (RMS).
I average value is around 41 A.

Fig. 12 shows the baseline case II experimental results with-
out the proposed method. The adopted capacitors for this case
are the following: C), = 220 pF and Cs = 180 pF. As shown in
Fig. 12(a), I} contains the relatively large 120-Hz ripple current
due to the relatively small capacitor. Al (peak to peak) =
86.5 A. AV4. =60 V, and v, =120 V (RMS). iyq_rms =
7.1 A, and i, peax = 20.2 A. The transformer current has
much larger RMS and peak values compared with Fig. 11 since
the double-frequency ripple current is propagated into the fuel
cell stack through the transformer. Fig. 12(b) shows the FFT
analysis result of ¢, in Fig. 12(a). As illustrated, the 120-Hz
component is 27.2 A, which is 27.2/41 = 66.3% of the dc
component. It further validates that I, has the relatively large
double-frequency component. The /¢, shown in Fig. 12(a) con-
tains the low-frequency harmonic. In addition, this harmonic
frequency is 60 Hz, as shown in the FFT analysis result in
Fig. 12(b).

Fig. 13 shows the experimental results with the proposed
method. The adopted capacitors for this case are the following:
Cp =220 pF and C5 = 180 pF. As shown in Fig. 13(a), It
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TABLE II
THREE-PHASE HFL-CONVERTER-BASED FUEL CELL SYSTEM TEST BED KEY CIRCUIT PARAMETERS

Three-phase HFL converter

H-bridge inverter

Leakage inductor Phase A: 1.10/Phase B: DC inductor Phase A: 14.64/Phase B: L filter inductor 20
(uH) 1.10/Phase C: 1.11 (LH) 14.65/Phase C: 14.72 (mH) :
Lr;nsefzrzr};er Phase A: 0.11/Phase B: Transformer 416 Mosfets Cree SiC
mas & 0.09/Phase C: 0.12 turns ratio ‘ CMF20120D

inductor (mH)
Primary-side Secondary-side Y P Anti-parallel Cree SiC
Mosfets IXFN320N17T2 Mosfots Cree SiC CMF20120D Diode C3D10060A
Primary-side film | g 6110 uriasov x| Secondary-side Epcos 60 kF/800V 3 Load 16.1Q
capacitor film capacitor
Switching frequency 40kHz §w1tch1ng 20kHz
frequency

10MS/s  10nsAliv
Normal

_—

CH3  50.0asdiv

| 5.3A(ms.) 11.4A(peak)

|-50000. Ous 50000. Ous

Stopped 4773 Edge CH9 £
(| 2013,04,29 22:04:35) Auto 0.004kV 2013/
Fig. 11. Baseline case I: experimental results without the proposed control

method, C) = 220 uF, Cs = 3.18 mF.

has the negligible low-frequency ripple. Therefore, it proves
that the proposed method can almost eliminate the fuel cell
double-frequency ripple with relatively small film capacitor.
v, =120 V. (RMS). AV4. =86 V, and AVy; =21 V. As
shown, the LVS dc-bus voltage V; has been synchronized
with Vg.. In addition, the voltage swing ratio AVy./AVy; =
4.095, which is very close to the transformer turns ratio 4.0.
According to (A.1), the proposed varied duty cycle control
with d = 1 is therefore validated. In addition, the result shown
in Fig. 13(a) also demonstrates that the proposed direct-ripple
current control and d = 1 control are perfectly decoupled as
designed. irq_rms = 5.9 A, and %,.q_peak = 13.7 A. Compared
with the results shown in Fig. 12(a), the transformer current has
much smaller RMS and peak values since the double-frequency
ripple current propagation path has been blocked. Compared
with the results shown in Fig. 11, those two 4,4_,ms values are
very close. The 7, peak value is about 20% bigger with the
proposed method. The dc-bus capacitance reduction is up to
(3.18 — 0.18)/3.18 = 94.3% with the proposed method.

Fig. 13(b) shows the fast Fourier transform (FFT) analysis
result of It in Fig. 13(a). As illustrated, the 120-Hz component
is almost zero, which further validates the performance of
the proposed direct double-frequency ripple current control.
The largest low-frequency ripple component is 60 Hz, and
the magnitude is 2.5 A, which is only 6.1% of the dc com-
ponent. The suggested ripple current is to be less than 10%

of the dc component [26]. The control system is theoretically
capable to mitigate this low-frequency component by adopting
the multiple-resonant controller. However, it will increase the
control system complexity. Since the ripple is within the limit,
the multiple-resonant controller is not considered in this paper.

Fig. 14 illustrates the phase A LVS lower switch S, switch-
ing waveforms with fixed D = 0.5 control and d = 1 varied
duty cycle control. The LVS lower switch switching waveforms
are selected since their ZVS conditions are more critical com-
pared with the LVS upper switches and HVS switches. This
is caused by the effect of the dc inductor current [27]. For
the test case shown in Fig. 14, ¢ = 0.0287, and Lgc1/Ls =
13.3. Therefore, by calculation based on the ZVS conditions
given in (A.2), the ZVS operation of S,5 requires d < 1.07.
Fig. 14(a) shows S, switching waveforms with fixed D = 0.5
control. V; is constant due to fixed D, and V. has the 120-Hz
ripple due to the small dc-bus capacitance. As illustrated, two
cases switching waveforms with maximum V. and minimum
Vi are highlighted. S,o was hard switching with d = 1.12
at maximum V. and was soft switching with d = 0.88 at
minimum V.. This result validated the ZVS conditions anal-
ysis. Fig. 14(b) shows S,2 switching waveforms with d =1
varied duty cycle control. As shown, V; was controlled to be
synchronized with primary-referred V. for maintaining d = 1.
Two cases switching waveforms with maximum V. and mini-
mum V. are also highlighted. S,> was soft switching in both
cases. Therefore, it proves that the d = 1 varied duty cycle
control can maintain ZVS operation of LVS lower switches.

Fig. 15 shows the three-phase HFL converter power loss
breakdown analysis at rated load with assumed ZVS operation.
As shown, the switching device conduction loss, the turn-off
loss, and the inductor core loss are the three main losses. By
comparing the results shown in Figs. 11 and 13, the ;. and
i, RMS and peak values are very close. Therefore, compared
with the traditional method with large electrolytic capacitor, the
switching device RMS current and turn-off current will not be
increased too much if applying the proposed method with small
film capacitor. The inductor core loss is mainly determined
by the inductor current high-frequency ripple, which is not
affected by the proposed method. In addition, the experimental
results shown in Fig. 14 validated that the ZV'S operation can be
maintained with the proposed d = 1 varied duty cycle control.
In conclusion, the proposed direct ripple current control method
will not degrade the three-phase HFL converter operation
efficiency.
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Fig. 16. Efficiency data comparison between the traditional method with large
electrolytic capacitor and the proposed method with small film capacitor.

Fig. 16 shows the proposed fuel cell system efficiency data
comparison between the traditional method with large elec-
trolytic capacitor (C}, = 220 uF, Cs = 3.18 mF) and the pro-
posed method with small film capacitor (C, = 220 pF, Cs =
180 pF). As shown, the system efficiency with the proposed
method is very close to the one with the traditional method.
The peak efficiency for the traditional method and the proposed
method is 94.1% and 93.7%, respectively. The difference is
only 0.4%. For rated load operation, the efficiency is decreased
by 0.9%. This result is consistent with the results shown in
Figs. 11 and 13 since the proposed method has about 20% larger
transformer peak current.

V. CONCLUSION

This paper has proposed a three-phase HFL-based fuel cell
power conditioning system that can achieve low-frequency
ripple-free input current using a direct double-frequency ripple
current control. The fuel cell system ripple circuit modeling
has been presented to illustrate that the proposed method can
make full utilization of capacitive ripple energy sources. The
control system design based on the small-signal model has
been analyzed in detail. To directly eliminate the fuel cell
current double-frequency ripple, a PR controller is developed
to achieve an extra high control gain at 120-Hz resonant fre-
quency. This controller generates the virtual high impedance
that can block the ripple energy propagation from inverter load
to fuel cell stack, and it also eliminates the disturbance from
varied duty cycle. The presented soft switching analysis shows

that the proposed d = 1 varied duty cycle control can maintain
all switching devices ZVS operation with large dc-bus voltage
swing. The PR controller is adopted for duty cycle control in
order to achieve the d = 1 operation and eliminate the inverter
load current and phase shift variation disturbances. The exper-
imental results validate the proposed technology performance,
and the dc-bus capacitance reduction is up to 94.3% compared
with the traditional method.

APPENDIX
N, Vdc

d==2 A.l
NV, (A1)

where NV, and N, are the transformer primary- and secondary-
side turns ratios, respectively. V; and V. are the LVS and HSV
dc-bus voltages, respectively.

The ZVS conditions at D = 0.5 for phase A switches can be
expressed as follows:

8m2 4972/ (LL—d:)
Sa: d < —qorp 3.1
8724972/ Ldc
Sag . d > WM (A2)
. 2m—3
Sr1 cd< pPs @
Spo s d < 232
dVZo(4m — 3¢)
Py=—4— " A3
6wl (A-3)
V2
1 -p.u. base power : Py, pase = ﬁ (A4)

where P, is the three-phase HFL converter output power. ¢ is
the phase shift angle. w is the switching angular frequency. L
is the leakage inductor.

Choose (iq,v4,v4c) as state variables, (vin, D, ®,%4c) as
control inputs, and (44, v4c) as controlled output. The average
model state equation can be given as follows:

di,
Lac1 g U Dug
dvg ) Vacp(dm — 39)
c, % — pi, — LT .
Par ! 187wl (A-5)
C dvae - Vd‘P(47T - 3‘)0)
S - ldC - 5 T -
dt ].87TCUL51
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