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Abstract— This paper proposes a repetitive controller to
be used for capacitor-less current-fed dual-half-bridge (CFDHB) converters under the grid-connected environment.
When the dc-link capacitor is very small, the dc-link current
ﬂuctuation can distort the input current severely. Compared
with the previous controllers introduced to reduce the
input current ripples, the proposed repetitive controller can
reduce them more signiﬁcantly. In developing the proposed
controller, we derived the dynamic model of the capacitorless CF-DHB in the grid-connected environment, and used it
to implement the repetitive controller. Experimental results
verify that the proposed control scheme achieves desirable
performance.
Index Terms—Two-stage inverter, input current ripple, dcdc converter, controller design

I. I NTRODUCTION
Fuel cell technology is a prospective candidate that
can replace the current internal combustion engines in
the traditional cars and the conventional batteries used
in the today’s electric vehicles, and becomes one of
the primary micro-grid power sources. It offers high
efﬁciency, low emissions of regulated pollutants, and
excellent part-load performance [1]. Most of the present
fuel cell stack modules produce the output voltage range
from 24 V to 150 V. To enable the fuel-cell stack to
be used in the grid-connected environment, we need to
adopt the high step-up converter that is able to boost the
low dc voltage to the high dc voltage.
Among the step-up converters used for fuel cell
power conditioning system, the current-fed dual-halfbridge (CF-DHB) converter is considered the attractive
alternative due to its low-input current ripple, low-cost
and high conversion efﬁciency [3]. When the dc load is
connected to a CF-DHB converter, the dc load current
does not have a low-frequency current ripple that may
affect the hysteresis behavior in the fuel cell environment
and the thermal problem among stacks. But, as the ac
grid is connected to the fuel-cell stack, the fuel cell
current will have a double-frequency ripple current
generated by the inverter load. The current ripple with
the frequency under 400 Hz is able to impair the fuel
cell stack. To reduce the current ripple on the fuel cell, a
bulky electrolytic capacitor is usually used as the energy
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buffer to reduce the current ripple with 120 Hz [2].
However, the electrolytic capacitor would increase the
system volume and cost as well as decrease the system
lifetime.
To reduce the low-frequency current ripple on the fuel
cell without having to use the large electrolytic capacitors,
a high-gain proportional-integral (PI) controller can be
used. As the high-gain PI controller increases the gain
around 120 Hz, we can easily reduce the current ripple.
However, this controller also increases the system
magnitude in the high-frequency region and decreases
the phase margin. Since then, PR controller has been
developed [4, 5]. It acts as a notch ﬁlter to eliminate the
grid voltage disturbance at the fundamental and harmonic
frequencies. However, the PR controller provides inﬁnite
gain at only a selected resonant frequency, so the
parallel use of the multiple PR controllers is required to
compensate several frequency components such as the
grid and its harmonics frequencies; this fact increases
complexity in the digital implementation and causes
heavy computation burden. Moreover, the PR controller
constructs the control input by using the current error
only and thus, the control accuracy is not much improved.
To overcome the aforementioned problem, we propose
to use a repetitive controller for capacitor-less CF-DHB
converters. The repetitive control algorithm has been
widely used as a solution to track a periodic signal and
to eliminate periodic disturbances in dynamic systems
[6]-[12]. It uses information obtained from the previous
trial to repetitively adjust the current control inputs,
and consequently generates a series of control inputs
such that the tracking errors converge to zero. The
repetitive controller is computationally simple and easy
to implement. In developing the proposed controller,
we derived the dynamic model of the capacitor-less
CF-DHB in the grid-connected environment, and used it
to implement the repetitive controller. We also provide
detailed and practical design guidelines of the control
parameters to develop a CF-DHB converter. The proposed
repetitive controller is able to reduce the input current
ripple signiﬁcantly. Experimental results verify that the
proposed control scheme achieves desirable performance.
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This paper is organized as follows. The CF-DHB
converter with the H-bridge inverter are described in
Section II, and a control scheme suited to the CF-DHB
converter is proposed in Section III. The experimental
setup and results are presented in Section IV. Finally,
conclusions are drawn in Section V.

Ls , we obtain the equivalent circuit of the CF-DHB converter as shown in Fig. 2. The circuit uses the transformer
leakage inductance Ls as energy transfer element and an
interface between LVS and HVS half-bridges. The circuit
is designed to operate by the phase shift angle Φ between
the switches of LVS and HVS half bridges.
A. Dynamic modeling of CF-DHB converter
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Fig. 1. Grid-connected power conversion system for fuel-cell, in which
CF-DHB topology is used in the dc-dc stage.
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Fig. 3. Theoretical waveforms of the CF-DHB converter.
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Fig. 2. Equivalent circuit of CF-DHB converter.

The proposed grid-connected system for fuel-cell is
composed of two parts: CF-DHB converter and H-bridge
inverter (Fig. 1). The CF-DHB converter boosts the low
input voltage to the high output voltage, and the Hbridge inverter transforms the DC output of the CF-DHB
converter into the AC power with the line frequency. The
CF-DHB converter part consists of input inductor Lin ,
low voltage side (LVS) switches S1 , S2 , capacitors C1 ,
C2 , ideal transformer T with turns ratio n = Np /Ns ,
transformer leakage inductor Ls , high voltage side (HVS)
switch S3 , S4 , capacitor C3 , C4 , and dc link capacitor
Cdc . Vin and vdc represent respectively the input and
output voltage. iin and idc represent respectively the input
and output current. As the power ﬂows from LVS to the
HVS, the circuit operates in boost mode to keep the HVS
voltage at a desired high value. In the other direction of
power ﬂow, the circuit operates in buck mode to absorb
regenerated energy. The H-bridge inverter consists of four
switches T1 , T2 , T3 , T4 , ﬁlter inductor Lf , and ﬁlter
capacitor Cf . vg and ig represent the rectiﬁed grid voltage
and current respectively.
Assume that the transformer turns ratio is one (i.e.
Np = Ns ). Primary capacitors and secondary capacitors
are set as follow Cp = C1 = C2 , Cs = C3 = C4 . Then,
simply regarding the transformer as leakage inductance

The CF-DHB converter experiences four phases per
switching period: 1) S2 turned off and S1 turned on; 2)
S4 turned off and S3 turned on; 3) S1 turned off and S2
turned on; 4) S3 turned off and S4 turned on (Fig. 1,2).
Based on Fig. 3, we can obtain four operation modes in
a duty cycle where D = 0.5.
v1 + v4
iLs (θ) = iLs (0) +
θ, where 0 < θ < φ,
ωLs
v1 − v 3
(θ − φ), where φ < θ < π,
iLs (θ) = iLs (φ) +
ωLs
−v2 − v3
(θ − π),
iLs (θ) = iLs (π) +
ωLs
where π < θ < π + φ,
−v2 + v4
(θ − π − φ),
iLs (θ) = iLs (π + φ) +
ωLs
where π + φ < θ < 2π.
(1)
By solving (1), the initial conditions of iLs (t) at t =
0, φ, π, π + φ can be obtained as
v3 − v1
v1 + v4
iLs (0) =
(π − φ) −
φ,
2ωLs
2ωLs
v1 + v4
v3 − v1
φ+
(π − φ),
iLs (φ) =
2ωLs
2ωLs
iLs (π) = −iLs (0),
iLs (π + φ) = −iLs (φ).
(2)
The state-space equations of CF-DHB converter for the
four phases is derived as follows:
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Phase 1 (0 < θ < φ):
⎡
⎤
0 −1/Lin 0
0
0⎦ x(t)
ẋ(t) = ⎣2/Cp
0
0
0
⎡
⎤
Vin /Lin
⎦.
−iLs /Cp
+⎣
−iLs /(Cs + 2Cdc ) − 2idc /(Cs + 2Cdc )
(3)
Phase 2 (φ < θ < π):
⎤
⎡
0 −1/Lin 0
0
0⎦ x(t)
ẋ(t) = ⎣2/Cp
0
0
0
⎡
⎤
Vin /Lin
⎦.
−iLs /Cp
+⎣
iLs /(Cs + 2Cdc ) − 2idc /(Cs + 2Cdc )
(4)
Phase 3 (π < θ < π + φ):
⎡

⎤
Vin /Lin
⎦ . (5)
iLs /Cp
ẋ(t) = ⎣
iLs /(Cs + 2Cdc ) − 2idc /(Cs + 2Cdc )

Phase 4 (π + φ < θ < 2π):
⎡

⎤
Vin /Lin
⎦.
iLs /Cp
ẋ(t) = ⎣
−iLs /(Cs + 2Cdc ) − 2idc /(Cs + 2Cdc )
(6)

where x(t) = [iin (t), v12 (t), v34 (t)]T is the state vector,
and v12 (t) and v34 (t) are v1 (t) + v2 (t) and v3 (t) + v4 (t)
respectively.
Using the state-space averaging method and the integration of fast variable iLs (t) for each phase based on
(1)-(2), we can derive the average model
⎤
⎡
⎡ Vin ⎤
0
0
− 2L1in
Lin
−2φ(π−φ) ⎥
⎢ 1
⎣ 0 ⎦,
0
ẋ(t) = ⎣ Cp
Cp Ts 2ω 2 Ls ⎦ x +
−2idc
0 C2φ(π−φ)
0
Ct
2
t Ts 2ω Ls

1 0 0
y(t) =
x(t),
(7)
0 0 1
where φ(t), idc (t) are the control input phase and dc-link
current, y(t) = [iin (t), v34 (t)]T are the output vector, and
Ct = Cs + 2Cdc .
Linearizing the average model (7) yields the smallsignal model
⎤
⎡
0
0
− 2L1in
−2Φ(π−Φ) ⎥
⎢
˙
0
x̂(t)
= ⎣ C1p
Cp Ts 2ω 2 Ls ⎦ x̂(t)
0
⎡

2Φ(π−Φ)
Ct Ts 2ω 2 Ls

0
⎢ (−2π+4Φ)V34
+ ⎣ Cp Ts 2ω2 Ls

ŷ(t) =

(2π−4Φ)V12
Ct Ts 2ω 2 Ls

1 0 0 ˙
x̂(t),
0 0 1

0
⎤

0

φ̂(t),
0 ⎥
,
·
⎦
î
dc (t)
2
− Ct
(8)

where x̂(t) = [îin (t), v̂12 (t), v̂34 (t)]T and ŷ(t) are the in-

cremental variations of x(t) and y(t) respectively. îin (t),
v̂12 (t), v̂34 (t) and φ̂(t) are respectively the incremental
variations of iin (t), v12 (t), v34 (t), φ(t), idc (t). And, Iin
V12 , V34 , Φ, Idc are the operating points of iin (t), v12 (t),
v34 (t), φ(t), and idc (t).
Based on the above small-signal models (8), we can
obtain the transfer functions from φ̂(s) to îin (s) and
v̂34 (s) and from îdc (s) to îin (s) as
Giφ (s) =
Gvφ (s) =

îin (s)
φ̂(s)
v̂34 (s)

=

a1 s + a2
,
b 1 s 3 + b2 s

=

c1 s 2 + c 2 s + c 3
,
e1 s3 + e2 s

φ̂(s)
îin (s)
f1
Gio (s) =
,
=
g 1 s3 + g2 s
îdc (s)

(9)
(10)
(11)

where the derived parameters ai and gi for i = 1, 2, bj
and ej for j = 1, ..., 4, ck for k = 1, ..., 3, and f1 are
given in Appendix A.
To develop the controller in the discrete-time domain,
we need to derive the small-signal models in the discretetime domain. Using the backward difference method with
the switching period Ts , we can represent the discretetime transfer functions as
Giφ (z) =
Gvφ (z) =

îin (z)
φ̂(z)
v̂34 (z)

=
=

k1

z3

h1 z 3 + h2 z 2
,
+ k2 z 2 + k3 z + k 4

(12)

l1 z 3 + l 2 z 2 + l 3 z
, (13)
+ m 2 z 2 + m3 z + m 4

z3

m1
φ̂(z)
îin (z)
p1 z 3
Gio (z) =
,
=
3
q1 z + q2 z 2 + q3 z + q 4
îdc (z)

(14)

where the derived parameters hi for i = 1, 2, kj , mj ,
and qj for j = 1, ..., 4, lk for k = 1, ..., 3, and p1 are
also given in Appendix A.

III. C ONTROL SCHEME
A. Conventional controller
The control objective of the CF-DHB converter is to
make the input current track the desired value as closely as
possible. To stabilize the CF-DHB converter, we ﬁrst can
use a conventional proportional-integral (PI) controller.
The transfer function of the PI controller is represented
as
Ts
Cf b (z) = kp + ki
,
(15)
1 − z −1
where kp is the proportional controller gain, ki is the
integral controller gain.
Fig. 4 shows the Bode plot of the PI control system
using the parameters listed in Table I and the PI control
gains determined in the following simulation section. As
shown in Fig. 4, the high-gain PI controller increases
the gain around 120 Hz, thereby improving the accuracy of tracking and disturbance rejection. However, the
controller also increases the system gain in the highfrequency region and decreases the phase margin. To
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Fig. 6. The schematic diagram the CF-DHB converter control system.
îin ref (z) is reference input current.
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overcome the problem, we propose to use the repetitive
controller.
B. Repetitive controller design
The repetitive controller is usually used in a system
that performs the same task repetitively. The knowledge
obtained from the previous trial is used to improve the
control signal for the current trial. The control signal
in each trial is adjusted using the tracking error signals
obtained from previous trial and theoretically achieves
zero tracking error. The proposed repetitive controller for
the CF-DHB is described as
Crc (z) = kr

z −N Q(z)
,
1 − z −N Q(z)

(16)

where kr is the RC gain; N = fs /fr where fs =
1/Ts and fr are respectively the switching and ripple
frequencies; Q(z) is the low-pass ﬁlter to suppress the
high frequency noise; For implementation simplicity, we
choose to use the ﬁrst-order low-pass ﬁlter as a candidate

Q(z) =

1
τ

(1−z −1 )
Ts

+1

,

(17)

where τ = 1/2πflp with cut-off frequency flp (Hz).
The proposed dynamic control system is shown in Fig.
6. This control scheme consists of two components: the
PI control term that forces the closed-loop system stay
within a uniform bound; the repetitive controller term
that suppresses the residual disturbances and enhances the
command input response.
In the above closed-loop system, the load disturbance
to the input current transfer function can be obtained as
follows:
Gio

cl (z)

=

îin (z)
Gio (z)
. (18)
=
1 + Crc (z)Cf b (z)Giφ (z)
îdc (z)

This transfer function describes the effect of dc-link
current ﬂuctutation to the input current.
Fig. 6 shows the Bode plot of the repetitive control system using the parameters listed in Table I and
the repetitive control gains determined in the following
simulation section. As shown in Fig. 5, the repetitive
controller increases the system gain around ωl = 2πlfr ,
with l = 0, 1, 2, ..., L without reducing the phase margin.
Thus, it can suppress the 120Hz input current disturbance
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from the inverter load. Fig. 7 shows the disturbance
rejection ability more clearly. The system gain around
ωl = 2πlfr become signiﬁcantly decreased, which means
that the disturbance around ωl = 2πlfr can be effectively
suppressed. Consequently, almost constant input current
can be attained without having to use large dc-link capacitor.

(14)), we designed the proposed RC for the developed
CF-DHB converter. At the instantaneous peak power of
500 W with full load, the transfer function of the CF-DHB
converter becomes
1.824z 2 − 0.005103z − 1.788
,
− 2.924z 2 + 2.883z − 0.9586
17.45z 2 − 33.72z + 16.87
,
Gvφ (z) = 3
z − 2.924z 2 + 2.833z − 0.9586
−(4.951z 2 + 19.77z + 4.951)10−5
.
Gio (z) =
z 3 − 2.965z 2 + 2.965z − 1
Giφ (z) =

IV. E XPERIMENT
TABLE I
PARAMETERS AND COMPONENTS OF THE CF-DHB CONVERTER

Parameters
Input voltage
DC link voltage
Grid voltage
Grid frequency
Ripple frequency
Transformer turns ratio
Switching frequency
Primary capacitance
Secondary capacitance
DC-link capacitance
Input inductance
Leakage inductance
Filter capacitance
Filter inductance
Components
Primary Switch
Secondary Switch
Transformer core
H-Bridge Switch

&)'+%
FRQYHUWHU

LLQ

9LQ

YGF

Symbols
Vin
vdc ref
vg
fg
fr
N p : Ns
fs
Cp
Cs
Cdc
Lin
Ls
Cf
Lf
Symbols
S1 , S2
S3 , S4
T
T1 − T4

+EULGJH
LQYHUWHU
7 7 7 7

YJ LJ YGF LLQ 6 6 6 6

Values
50 Vdc
380 Vdc
220 Vrms
60 Hz
120 Hz
16:64
20 kHz
300 μF
100 μF
100μF(*3.3mF)
118.4 μH
12.8 μF
1.41 μF
4 mF
Part numbers
IPA045N10N3G
IPW65R190CFD
PQ4040
FGY75N60SMD

2XWSXW
ILOWHU

6  6 6 6 7  7  7  7 

29892&
GHWHFWLRQ

3URSRVHG
5HSHWLWLYH
FRQWUROOHU

LLQ
LLQBUHI


YGF

YGFBUHI

3//





3,
FRQWUROOHU

3,
FRQWUROOHU

LJ

'HVLUHG FXUUHQW LJBUHI

FDOFXODWLRQ

YJ

LJ



*DWH
GULYHU

*DWH
GULYHU

3:0

3:0

ĭ

3,
FRQWUROOHU

'XW\
'63EDVHG
FRQWURO ERDUG

(19)
(20)
(21)

The PI controllers are then designed to satisfy the
design criterion: phase margin 90◦ , maximum overshoot
0.05, response time 0.12 s. The controller gains are
tuned using the “PID Tuner” available in MATLAB.
The desired phase margin is set to 90◦ to guarantee
system robustness. As a result, PI controller gains are
obtained as kp = 0.001 and ki = 0.003. The parameter
design procedure of the repetitive controller is described
as follows. To suppress the fundamental and low-order
harmonic components at over 2 kHz frequency, we select
the cutoff frequency of Q(z) at fc = 2 kHz. To make the
Gio system gain less than −60 dB at multiples of 120
Hz frequencies, the repetitive controller gain is set to kr
= 0.001.
To evaluate the control accuracy of the repetitive
controller, we ﬁrst conducted the experiment with
Cdc = 3.3 mF and the equivalent dc bus capacitor
Ceq = 3.35 mF. Fig. 9(a) shows the waveforms of
dc-link voltage, grid current, grid voltage, input current
when the PI controller is used. The dc-link voltage and
input current does not show any noticeable ﬂuctuations.
We decrease the value of dc-link capacitor to 100 μF and
the equivalent dc bus capacitor Ceq = 0.15 mF. Fig. 9(b)
shows the waveforms of dc-link voltage, grid current,
grid voltage, input current when the PI controller is used.
The dc-link voltage and input current highly ﬂuctuates
with 120 Hz frequency ripple as shown in Fig. 9(b).
We now applied the proposed repetitive controller to the
CF-DHB converter with Cdc = 100 μF . Fig. 9(c) shows
the waveforms of dc-link voltage, grid current, grid
voltage, input current when proposed repetitive controller
is used. Even though the magnitude of dc-link voltage
ripple increases from 18 V to 20 V, the input current
ripple dramatically decreases from 9 A to less than 1 A.

Fig. 8. Conﬁguration of the proposed control system. PWM, PLL, OV,
UV, and OC stand for pulse-width modulation, phase locked loop, over
voltage, under voltage, and over current, respectively.

A 500-W experimental CF-DHB converter (Fig. 8,
Table I) was constructed to demonstrate the feasibility
of the proposed controller. In the experimental setup,
the nominal input voltage and the rated power were
set to 50 V and 500 W. The control algorithms were
implemented on a TMX320F28377D digital controller,
which is protected by using the phase-locked loop (PLL)
and the current overﬂow protection algorithm.
Using the CF-DHB converter model (Eqs. (12), (13),

z3

V. C ONCLUSION
This paper proposed a CF-DHB converter control
system that can achieve low-frequency ripple-free input
current using a RC controller under the grid connected
environment. The implementation of the proposed control
scheme is mainly achieved by controlling the phase shift
of the CF-DHB converter. The RC controller is developed to achieve high control gain at 120 Hz frequency
to eliminate double-frequency ripple input current. The
controller design guideline was suggested based on the
developed converter small-signal model. The performance
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A PPENDIX A
The parameters used in (9)-(14) are given as
a1 = −Ct Ls Ts V34 ω 2 (2Φ − π),

(22)

a2 = −V12 (−Φ2 + πΦ)(2Φ − π),

(23)

b1 = 2Cp Ct Lin L2s Ts2 ω 4 ,

(24)

b2 = Ct L2s Ts2 ω 4 + 2Lin Φ4 − 4Lin Φ3 π + 2Lin Φ2 π 2 , (25)
c1 = −2Cp Lin Ls Ts V12 (2Φ − π)ω 2 ,

(26)

2

c2 = −V34 (2Lin Φ − 2Lin Φπ)(2Φ − π),

(27)

c3 = −Ls Ts V12 (2Φ − π)ω 2 ,

(28)

e1 = 2Cp Ct Lin L2s Ts2 ω 4 ,
e2 =

Ct L2s Ts2 ω 4

(29)
4

3

2

2

+ 2Lin Φ − 4Lin Φ π + 2Lin Φ π , (30)

f1 = −2Φ(π − Φ)Ts ω 2 Ls ,

(31)

g1 = 2Cp Ct Lin L2s Ts2 ω 4 ,

(32)

g2 = Ct L2s Ts2 ω 4 + 2Lin Φ4 − 4Lin Φ3 π + 2Lin Φ2 π 2 , (33)
h1 = Ts2 (a1 + Ts a2 ),

(34)

h2 = −Ts2 a1 ,

(35)

k1 =

b2 Ts2

+ b1 ,

(36)

k2 = −b2 Ts2 − 3b1 ,
k3 = 3b1 ,
k4 = −b1 ,

(37)
(38)
(39)

l1 = Ts (c3 Ts2 + c2 Ts + c1 ),
l2 = −Ts (2c1 + Ts c2 ),
l3 = T s c 1 ,

(40)
(41)
(42)

m1 = e2 Ts2 + e1 ,
−e2 Ts2

m2 =
m3 = 3e1 ,
m4 = −e1 ,

− 3e1 ,

(43)
(44)
(45)
(46)

p1 = f1 Ts3 ,

(47)

q1 = g2 Ts2 + g1 ,

(48)

q2 = −g2 Ts2 − 3g1 ,
q3 = 3g1 ,
q4 = −g1 .

(49)
(50)
(51)
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