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An Improved Modulation Scheme of Current-Fed
Bidirectional DC-DC Converters For Loss Reduction
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Abstract—Current-fed bidirectional dc—dc converters have at-
tracted much attention in battery energy storage system applica-
tions due to their zero-voltage-switching performances and greater
degree of control freedom. However, high efficiency cannot be
achieved for both light and heavy load ranges with the present mod-
ulation schemes for a current-fed bidirectional dc—dc converter,
especially with low battery voltages. A new modulation scheme is
proposed to improve the conversion efficiency over a wide load
range and with variations in the battery voltage. The relationship
between the duty cycle of the secondary full bridge and the phase-
shift angle was investigated to lower the power losses with the wide
load variations. Based on the operation mode analysis, the con-
trol loop with the proposed pulse wide modulation plus phase-shift
modulation scheme was developed. Comparisons of the switch con-
duction loss and the core loss in the series inductor for the previous
modulation schemes and the proposed modulation scheme were
carried out. The results show that lower power losses occur with
the proposed scheme. The experimental results verify the theoret-
ical analysis and effectiveness of the proposed modulation scheme
on loss reduction.

Index Terms—Current-fed, dual active bridge (DAB), low con-
duction loss, pulse wide modulation (PWM) plus phase-shift (PPS).

I. INTRODUCTION

IDIRECTIONAL dc—dc converters are widely used in en-
B ergy storage systems, solid state transformers, and electri-
cal vehicle chargers. A dual active bridge (DAB) is the typical
solution to bidirectional dc—dc converters [1]-[3]. The simple
phase-shift modulation for a DAB can achieve the bidirectional
power flow and soft switching. However, when the effective con-
version ratio of the converter deviates from 1, a large circulation
current may decrease the efficiency.
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Fig. 1. Current-fed bidirectional dc—dc converter.

Xu et al. [4] proposed the PWM plus phase-shift (PPS) con-
trol for bidirectional dc—dc converters. Many modulation strate-
gies derived from the PPS have been proposed, including the
extended phase-shift modulation [5] and triple phase-shift mod-
ulation [6], [7]. In [8], the modulation algorithm was deduced
from the particular calculations and analysis of the converter
loss. The essence of these modulations is to extend the de-
gree of freedom of the modulation for a wide range of the soft
switching and low conduction loss. Researchers have investi-
gated the triangular current mode modulation (TCM) [9] and
trapezoidal modulation (TZM) [10] to reduce the peak current
in the transformer. TCM and TZM are improved triple phase-
shift modulations. In [11], a modified DAB was derived by
inserting a small inductor between the transformer center tap
and the midpoint of two split output capacitors; this can achieve
a wide soft switching for wide voltage conversions. In [12], a
fundamental-optimal strategy for a DAB was analyzed using
harmonic analysis to optimize the conduction loss. However,
the zero voltage switching (ZVS) of the switches was not con-
sidered. Recently, frequency domain analyses were conducted
to achieve a compromise between the conduction loss and ZVS
of the switches [13], [14]. However, it is difficult to implement
in a closed-loop control.

A buck/boost converter cascaded with a DAB converter is
an excellent solution for a bidirectional dc—dc converter in an
energy-storage system, since it meets the requirements of a
wide input or output range. The buck/boost converter can work
in the PWM to control the output voltage, and the effective
conversion ratio of the DAB converter can be set to 1. The
DAB converter works with low conduction loss. However, the
buck/boost converter works in hard switching. A current-fed
bidirectional dc—dc converter was proposed in the literature [15],
combining a buck/boost converter and DAB converter by shar-
ing some switches. This type of converter is shown in Fig. 1.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2.

A winding-coupled bidirectional ZVS converter was proposed
by integrating the winding of the filter inductor into the trans-
former [16]. By using PPS control, all of the switches worked
in soft switching. The clamping voltage was controlled by the
PWM of the primary switches, and the bidirectional power flow
was controlled by the phase-shift modulation. However, the con-
verters could not achieve high efficiency for light loads because
of the large conduction loss. In [17], an optimized PWM plus
dual phase-shift (PPDPS) was employed to reduce the con-
duction loss. However, the converter could not achieve ZVS
with heavy loads. A current-fed semi-DAB [18] was devel-
oped by replacing two switches with diodes. The converter
achieved a highly efficient unidirectional power flow. All of the
switches achieved ZVS, and the diodes achieved zero-current
switching (ZCS). In [19], [20], the researchers developed a
three-phase full-bridge current-fed dc—dc converter without a
clamp capacitor. However, it still had difficulty in soft starting.
In [21], a modified current-fed dc—dc converter can achieve
wide soft switching. However, it increases the conduction
loss.

In recent researches, current-fed dc—dc converters have been
extended to renewable power systems and hybrid energy stor-
age systems [22]-[29]. Naturally clamped current-fed push-pull
dc—dc converters are proposed and studied in [22]-[24]. Without
active clamp or snubber circuits, the power density of the con-
verter can be improved. The current-fed converter can achieve
soft-switching and low voltage stress in the switches. Impulse
commutated current-fed converters are proposed in [25], [26].
The converter maintains ZCS for all the switches, reducing the
current stress of the switches. In [27], photovoltaic systems and
energy storage systems are integrated in a current-fed dc—dc
converter to supply power for the load. Because of a greater
degree of freedom, the photovoltaic system, and energy storage
system are decoupled in the control loop. A dual input current-
fed DAB converter powering a fuel-cell-battery system achieves
a near-ripple-free dc bus voltage [28]. Ding et al. [29] develop a
current-fed bidirectional dc—dc converter as a symmetric struc-
ture for a battery and super-capacitor system. The above research
shows that current-fed bidirectional dc—dc converters are more
flexible and applicable because they offer a greater degree of
freedom for control.

Conventional modulation strategies for a current-fed bidirectional dc—dc converter. (a) PPS. (b) PPDPS.

The main purpose of this paper is to improve its efficiency
of the current-fed bidirectional dc—dc converter. Based on the
premise that all the switches can achieve ZVS, there are two
main objectives in this paper. First is to reduce root-mean-square
(RMS) current in the switches to reduce the conduction loss, and
second is to reduce the peak current in the transformer to reduce
the core loss in the series inductor. This paper is organized as
follows. In Section II, different operation modes for current-fed
bidirectional dc—dc converters are analyzed. Then, the modified
operation modes are proposed. The ZVS conditions of the pro-
posed modified operation modes were analyzed for modulation
and converter design. In Section III, an improved modulation
scheme is developed by synthesizing the modified operation
modes with the advantages of a reduced conduction loss and
core loss during the entire loads. The modulation trajectories
are investigated, and the switch conduction loss and core loss in
the series inductor for the proposed modulation are compared
with the other modulation strategies. In Section IV, the exper-
imental results verified the highly efficient performance in the
system. Section V provides the conclusions.

II. OPERATION MODES OF THE CURRENT-FED BIDIRECTIONAL
DC-DC CONVERTER

A. Review of the Modulations for the Current-Fed
Bidirectional DC-DC Converter

Fig. 1 shows the circuit of the current-fed bidirectional
dc—dc converter. Ly, and Ly, are the dc inductors on the battery
side, and Ly = Ly = Ly. The average currentin iz and iz
is defined as I;. L, is the series inductor for the phase-shift
modulation. Vi, is the battery voltage. V, is the output voltage,
and V. is the voltage of the clamping capacitor. The reference
V. was set to be V,, /n, where n is the turns ratio of the trans-
former. nV,. /V, = 1is not the optimized condition for minimum
RMS current in the transformer at high power [17]. However, if
nV./V, is not equal to 1, the converter may not maintain ZVS
of all the switches [17]. Therefore, nV,./V, = 1 is a good pre-
condition for all the switches to work in ZVS. Moreover, when
nV./V, =1, the peak current in the transformer during heavy
load is reduced, and the core loss in the series inductor can
be reduced. To synthesize conduction loss and soft-switching
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analyses, the premise of nV./V, =1 is set. Fig. 2 shows the
modulation strategies for the current-fed bidirectional dc—dc
converter. Fig. 2(a) is the PPS modulation [14]. On the battery
side, Q1 — Q4 are modulated by the PWM to control the voltage
of the clamping capacitor, where D; is the duty cycle of ()2 and
Q4. Ty is the switching period. The bidirectional power flow is
modulated by the phase shift between vap and vcp, where ¢
is the phase-shift angle. The voltage amplitude of vy is V, /n,
and the voltage amplitude of vcp is V. In Fig. 2(a), Q5 and
Qs are the same gate signal, and Qg and ()7 are the same gate
signal. Therefore, vcp has a square waveform. The peak current
in the transformer is expressed as V‘éf ,:T — X;; 2 , and this will
be analyzed in the following section. The peak current is not
associated with the phase shift angle . Especially under light
loads, the transformer and switches have to handle a large cur-
rent amplitude. The efficiency under light loads becomes very
low. Fig. 2(b) is the PPDPS modulation [17]. In this modulation
scheme, the primary switches work in PWM control, and the
secondary full bridge works in a phase shift manner. D, is the
effective duty cycle in the secondary full bridge. The power flow
is controlled by the phase shift between va g and vep . Compared
with PPS modulation, the peak current in the transformer is re-
duced. The time interval for power transmission is the positive
or negative voltage overlap of vap and vcp, which decreases
with the increase of the phase shift angle . Based on voltage-
second balance, the decrease of the time interval causes a large
peak current in the transformer for the constant power transmis-
sion. This occurs under heavy loads. To overcome the drawback
of these modulation schemes, this paper will investigate the
different operation modes for the converter shown in Fig. 1.

The ZVS conditions for the switches are shown in Table I,
where AJ, is the minimum current amplitude to charge and
discharge the junction capacitors of the switches on the battery
side for ZVS, and Al is the minimum current to charge and
discharge the junction capacitors of the switches on the output
side for ZVS. The ZVS conditions for @Q; — Q4 are associ-
ated with the current ripple of the dc inductor current. If the
dc inductor currents ¢, and i1 have a large current ripple,
(21 — Q4 can easily achieve ZVS. The research focus in this pa-
per is how to optimize the modulation scheme to reduce losses
on the premise of the ZVS.

B. Analyses of the Key Operation Modes

Considering the practical operation modes, the converter
should have a sufficient time interval to transmit power. As
seen in Fig. 2, the positive or negative voltage overlap of vap
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TABLE I
ZVS CONDITIONS
Switelics Current during ZVS conditions during
the switch-on commutation
O ip (f)-max (ir1) max (iz1)-ip (£) >Al,
o)) min (iz1)-ip (£) ip (¢) - min (ir)>Al,
O - max (ir2)-ip (f) max (iz2)+i, ()>Al,
Os min (ir2)+i, () - min (ir2)-ip (> AL
Os -ip () /n ip (£) In>AlL
Os ip(H/n -ip (O/n>Al
O ip(t) /n -ip () In>Al;
Os -ip(8) /n ip (¢) In>Al

and vep needs to be as much as possible. Table II shows the
different practical operation modes of the current-fed bidirec-
tional dc—dc converter for the case when —7/2 < ¢ < 7/2;
these modes take into consideration of the variables D, D-,
and . The power transmitted from the battery to the output
is defined as the forward power flow, where ¢ is greater than
zero. The power transmitted from the output to the battery is
defined as the reverse power flow, where ¢ is less than zero.
Because the forward and reverse power flows are symmetric,
only the forward power flow was analyzed. Furthermore, the
reverse power flow can be analyzed in the same manner, and the
same conclusion can be drawn.

For the forward power flow in Table II, the ZVS for ¢); and
(- is determined by the error between the current in the filter
inductor L 7 and the current in the transformer; ZVS for ()3 and
(04 is determined by the sum of the currents in the filter inductor
Lyo and the transformer. Because nV. /V, =1, the slew rate
of the current in the transformer is zero during the time inter-
val of a positive or negative voltage overlap in vap and vcp.
As long as the current ripple in Ly and Ly, is large enough,
ZVS for Q1 — Q4 can be achieved. As show in Mode la in
Table II(a), 4, (¢1) is greater than zero, and i, (¢4) are less than
zero. According to Table I, @5 and Q)7 have the potential to
achieve ZVS. For Mode 2a in Table II(c), i, (t2) is greater than
zero, and 7, (t4) are less than zero, hence ()5 and Q7 have the
potential to achieve ZVS. For Mode 3a in Table II(g), i, (t2) and
i, (t3) are both greater than zero, in which @5 has the potential
to achieve ZVS. However, Q7 cannot achieve ZVS in this case.
For Mode 4a in Table II(e), 4, (t2) is greater than zero and i, (¢5)

to =0
Ip() y (tU<t<t1) t (1 DQ .
1=\z——= |1
Iy — —2(t—t tho<t<t 22
) = » nLr( G 2) Dy Dy o 1
W) =9 g (t<t<ty) =5 7% —5-)7T M
p2 2 3 2 4 2T
v, (1D D
ng - E(t*t;}) (tg < t < t4> t3 - ]' 2 4 27'[') Ts

ty = %Ts
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TABLE II
DIFFERENT OPERATION MODES OF THE CURRENT-FED BIDIRECTIONAL DC-DC CONVERTER

Forward power flow (p>0)

Reverse power flow (¢p<0)

Mode la
o)
Os

D05, 0=Dy<1

Mode la:
O<p=<a(D-1 +Dy/2);

Mode 15
O 00y Oy
0s Q?Qfs Q*

O<max {n(1-Dy-Dy/2), n{Dy/2+Dy-1)} <p<min {a{D,- =
Da2), ml 1-Dy+0412) )5

Mode 2b: L]
max {(y-1-0:/2), a(Dy/2-D,)} <g=min{n(D-
1+04/2), w(1-D4-D2/2) }<00;

Mode 1: i i—
wl1-D-D0/2)y<p<0; — i H = -
’ i I
e— i e
Ity Blgsds iyt Hyltsts
()
Mode 2a
D,=0.5, 0=Dy<1 O 00 O
Mauode 2a: ; o PR

¥eo i

fo i ly Balats by

O=a(Dy-D/ 2 y=p=min{m(1-D,+0/2), 7/2};

Mode 4b: itz
max {n(Dy-1-Dy2), -n/2}<gr<n(Da/2-D,)<0;

(c) (d)
Mode 3a Mode 356
O 005 Os Q1 00 Q4
D>0.5, 0<Dy<1 Q‘ Oy i-Qo Q& Os Q??é [oF
Vi : : Yy
Mode 3a: - = L <. | I -I“!"[“L .
O<g=n(1-Dy-Dy/2); | I u
in .
Maode 3b: i I ; L
(D, -1+Da/2)<p<0; = : s ldc o
L i ) ! = i
fa itz falalely - o it bitststs = =
(e) )
Mode 4a Mode 45
O 00 O 0401 0205
D>0.5, 0<Dy<1 ;'Qst ?.Q'TQﬁ i‘ . Q:‘Qﬁ» Os
o cr Vel F,
Mode 4a: =

Blals 1

f3 tyfst

(g)

(h)

is less than zero, so Q; and ()7 have the potential to achieve
ZNS. For (Qg, the same conclusion with Q5 can be derived.
For Qg, the same conclusion with (7 can be derived. Not all
the switches in Mode 3a can achieve ZVS, but all the switches
in Modes la, 2a, and 4a have the potential to achieve ZVS.
Modes la, 2a, and 4a will be the key operation modes ana-
lyzed in this paper. To simplify the analyses in this section, the
commutation during the dead time interval is ignored.

1) Mode la: The key waveforms of Mode la are shown
in Table II(a). The current in the transformer during half of the
switching period is expressed in (1) at the bottom of the previous
page, where

V,D,T, V(L - DT,

I = I =

T onL,
Vol (¢

Tp2 = Ips = nL, (%)

o V:)(]- - Dl)Ts o V:)-DQTG

I, =
» 2nL, AnL,

@

When D, is equal to 1, Mode 1a becomes the PPS modula-
tion. Substituting Ds = 1 into (2), the peak current in PPS is
expressed as V;f L17T — Xng .

The transmitted power in Mode la is expressed as

2 [l
— (vapiy)dt
TS /1‘/0 g

The power is associated with Dy and ¢, but independent of

Dgl. Ir]; this mode, the phase angle is in the range of 0 < = < %
— =
2

VT,

P,
n?L,

(I-D)=. O

. Equation (2) shows that, in order to reduce the peak
current, D5 should be reduced. The minimum value of Dy in
this mode is 2—7? + 2(1 — Dy ). In this case, the key waveforms of
the modified Mode la are shown in Fig. 3. During the switching
period, @; and @5 are commutated at the same time, and )3
and (g are commutated at the same time. The peak current
amplitude is reduced.

2) Mode 2a: The key waveforms of Mode 2a are shown in
Table II(c). The current in the transformer during half of the
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Fig. 3. Modified Mode la.

switching period is expressed in (4) at the bottom of this page,
where

;o _ VDT, V(1 DT,
PO T YL, onlL,
VoTs (¢

== BE(£)
p2 p3 nl, \27

V,(1—D\)T, V,D:T,
I, = -
pd 2nL, 4nlL, ©)

The transmitted power is expressed as
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2 N
=) ar (1-2+5 D) >0
2
i = <%>£w1 —5+E)>0  ®
Bl = (3)' o
dDydy n

Therefore, the output power is increased with the increase
of Dy or . The RMS current in the transformer is expressed

as iy ms(Da, ) = T OT /2 i, (t)dt. With the help of Math-
cad 15, the relationship of the D, and ¢ for different output
powers in Mode 2a is shown in Fig. 4, where V. =V, /n =
134 V,L, =14 pH, Viue =48 V, and T = 12.5 us. Fig. 4(a)
shows Dy versus ¢ for different output powers. In order to keep
the output power constant, Dy is decreased with the increase of
the phase-shift angle . Fig. 4(b) shows the RMS current in the
transformer versus ¢ for different output powers. For a constant
output power, the RMS current in the transformer increases with
the increase of the phase-shift angle . Simultaneously, Ds is
decreased. Therefore, in order to reduce the RMS current in the
transformer, the phase-shift angle ¢ should be as low as possible.
Hence, the reactive power during the switching period can be re-
duced. Equation (7) shows that the minimum value of ¢ in Mode
2a is expressed as max{m(1 — Dy — 22), n(82 + D; — 1)}.
As 1ong as Dy > 2(1 — Dy ), the minimum value of ¢ is equal
torw[22 — (1 — Dy)]. The key waveforms of Mode 2a are shown
in Fig. 5 for this case. Modified Mode 2a coincides with modi-
fied Mode la. Actually, it is the boundary mode of Mode 1a and
Mode 2a, which is defined as Mode 2a_m. The current in the
transformer during half of the switching period for Mode 2a_m

T, Ji, is expressed in (9).
_ VT (D, D’ ¢ DD ip(t)
2n2L, \ 2 8 272 2
2 Li=1I ( y 00
D D D 1 1 = 1yo to <t <ty
+¢—:;+Dr%;¢—w—2) © | h=(-5)T,
Q0 g ™ = ng = Ipl (tl <t< tg) IS
b= (3D - BT,
. « . IpQ_W(t—tz) (t2<t<t2)
In this mode, the phase angle is in the range expressed by (7), ty = %Ts
in which (8) is satisfied. 9)
where
D D
I) - _ s Yo S
PO TR T YL, oL,
. Dy D,
Sspsmingm|Dy——= ), m{l-Di+—=)¢ (7 ;. YoQ=D)T,  V,DoT, 0
P onL, 4k, (10
t() - 0
Ip() (t() <t< t1) D, D, ”
v, h=(3-%-%)T
. Ipl‘i‘m(t_tl) (t <t<t2) L D
ip(t) = ly = (5 - TO> T 4)
1o (tg <t< tg) (1 b b . )
ts=U0-F—-=—-2)7
1,3 — nL (t—t3) (t3 <t<ty) : ! ?
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Fig. 4. Relationship between D2 and ¢ for different output powers in Mode 2a. (a) Do versus ¢ for different output powers. (b) RMS current in the transformer

versus ¢ for different output powers.

The transmitted power in Mode 2a_m is expressed as

VT,

P, =
n?L,

(1-Dy)

316

2 (M ,
T / (vapipy) dt =
s Jtg

3) Mode 4a: The key waveforms of Mode 4a are shown in
Table II(g). The current in the transformer during half of the
switching period is expressed in (12) at the bottom of this page,

where

(o] Qz Qa
@s Q?Qs

an

Tk

Os

.;”__‘__—-

i ?
i

s

b

Q1 g=x|2-0-0)]

7 V., T, ( Dy © v, (1 — Dl) T, Fig. 5. Key waveforms in Mode 2a_m.
WL, <7 a %) 2L,
V:)DQTS ‘/oTs 1 D2 '
I = inL, - nL, 5 4 on In this mode, the phase angle is in the range expressed in (15),
in which (16) is satisfied,
VoTs (¢
== S ()
nhe A 0< D—D2 < ¢ < min 1-D —|—D2 T
L VU -DOT VL (Do e AREREAP
Y nL, \ 2 2« 15)
The transmitted power is expressed as dP, v, 2 T, 1 2¢ 0
: de n ) 2rL, R ~
. / (vaiy) dt 2
P, = —~ VABYp dP, Vo~ T.
T, B (YN I _p (16)
zto 2 2 dD; (”) 4Lr( 2) >0
VeTs (D D 1
= 02 —2+D1—|—£——2—D12—(p—2—— . d2Po
2n? L, 2 T 4 s 2 dDod
(14) 20
to =0
2V,
Ip0+—(t7t0) (to <t<t1) . Dy D, ©
nL, th=——— T,
v 4 2 2
Ly+—2(t—t) (b <t<ty)
B =4 " nL, o Voo (=D D e, (12)
Ipz (t2 <t < tg) 2 2 4 2 s
V. ts = (1 — Dy) T
ng—ﬁ(t—tg) (t3 <t <ty)
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Therefore, the output power increases with the increase of Dy
and ¢. The RMS current in the transformer in this case is ex-

pressed as i, ms (D2, @) = \/ 7 OT"'/Q i, (t)dt. With the help of

Mathcad 15, the relationship of the D5 and ¢ for different out-
put powers in Mode 4a is shown in Fig. 6, where V. =V, /n =
134 V,L, = 14 uH, Vi,u =48 V, and T, = 12.5 us. Fig. 6(a)
shows Dy versus ¢ for different output powers. Fig. 6(b) shows
the RMS current in the transformer versus ¢ for different output
powers. Based on Fig. 6, conclusions similar to those for Mode
2a can be drawn. To reduce the RMS current in the transformer,
Dy should be as large as possible, so ¢ becomes lower. The
maximum value of D5 is equal to 1 in Mode 4a. In this case,
the key waveforms of Mode 4a are shown in Fig. 7, which is
defined as Mode 4a_m. Actually, Mode 4a_m is the PPS when
the phase-shift angle becomes larger. The current in the trans-
former during half of the switching period for Mode 4a_m is
expressed as follows:

ip (t) =

Lo+ 2=t —to) (to <t<t)

Iy =1 (t1 <t <ty)

Ip? - nVLD,_ (t - t3)

(tg <t<t3)

a7
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Relationship between Dy and ¢ for different output powers in Mode 4a. (a) D2 versus ¢ for different output powers. (b) RMS current in the transformer

where
; _VIL (D e\ _V.(1-D)T,
UL 2 2 2nLy,
Vol (¢
== B ()
pl p2 nl, \27
‘/o(]- - DI)TS‘ ‘/;)Tg Dl 2
1,3 = — — - . 1
»3 2nL, nlL, 2 2w (18)
The transmitted power is expressed as
2 (M
P, = 7/ VAR, ) dt
Tg t ( P)
V2T, %) L |
=22 (D +X-D?*- 5 ——). 19
2n2L, ( 1t T ! w2 A4 (19

The modified operation modes for the reverse power flow
were derived by analyzing the reverse power flow (Mode 1b,
Mode 2b, and Mode 4b) in the same manner, as shown in Fig. 8.

C. ZVS Conditions for the Modified Operation Mode

In Section II-B, the modified operation modes were proposed
for optimizing the peak current and RMS current without con-
sidering the ZVS condition of the switches. In this section,
the ZVS conditions for the modified operation modes will be
analyzed.

1) Mode 2a_m: According to (9) and (10), ¢, should be no
less than nA [ to achieve the ZVS for )5 and Q7. The following
conditions should be satisfied:

VoD Ty V,(1— Dy)T,
Lo =1, — - > nAl,
Y, oL, - o
4L, n? Al
D2 > 2(1 - Dl) + W = DZm + Dma
AL m2 AL
Dyyy = 2(1 = Dy), D,, — -2 2% 20
2 ( 1) VT, (20)

Therefore, the minimum duty cycle of D, is equal to
D2m + Dm, .
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D, (1-D1)1T,V,

Ly < ) (29)
V,T. {1 1 2nL,I 2P,n%L,
2nAlL, — <—+—+ n L—\/Dl(l—Dl)—L>

2 m VT Vo T,

0 005 Us

fl |
- \LV?:B_ :_|_'_ - — P
DA

12+ ¥
Iy hity Lilylsts

4] -;4-‘5 Is
(a) (b)

Fig. 8. Modified mode operation in the reverse power flow. (a) Mode 2b_m. (b) Mode 4b_m.

The current ripple of the dc filter inductor is expressed as is greater than 7w (D7 — 0.5) in this case. Therefore, the ZVS of
Al = DI(+;)T5V”. The maximum and minimum current in ~ @5 and ()7 is easy to achieve,

ir1 and i1 are expressed as VT, /¢
A I = 2= (—) > nAlL. (26)
IL D1 (]. —Dl)Tg‘/; TLLr 2
ILl_max = ILZ_max = IL + —= IL . . .
2 2nLy The ZVS condition for () in Mode 4a_m is expressed as
AT D, (1—-Dy)T,V,
Itmin = Ipomin = Ip — =% =1 — = ( ) Ip1 max — Ipo
2 277,Lf
1) _ IL—f—Dl (1-=D)T\V,\ [VoTs ( Dy
2nLy nl, 2
where [, is the average current in 771 and i72, and I}, = 2‘;’;{.
To achieve the ZVS for ()2, the following condition is derived: — i) — M} > AI,. 27
2 2nL,
VT, /o T n
Lo — I min = L. (%) According to (19), the phase angle ¢ is expressed as
Dy (1 - D) T Ve 2P,n’L
_ I — > AT o i 2 ol T
<L 2Lf = p (,0—5*71' leDl 7% (28)
o> 2mnL, Al M ( I — Dy (1= Di) TJQ) ) Equation (29) as shown at the top of this page is derived by
VoTs Vo T 2Ly substituting (28) into (27),

(22) Because
By substituting (11) into (22), the ZVS condition for @) is VT 1 1 onL.1 oP 2L
ols ( 7’L_\/D1(1_D1)_ o 7')

expressed as g

P wn, \2 7 TV V,’T,
L < D =D)LV, 23

= 2nAl, ‘ @3 s greater than zero, the ZVS condition for () in this case is

expressed as

The ZVS condition for () is expressed as
D, (1—-D1)T,V,

— L, < .
D1 (1 Dl) Ts‘/;) = QnAIp (30)
QTLLf

ILl.max - Ip() = <IL +
The ZVS condition for ()5 is expressed as
VoTs (¢
- (—) > AL, 24) -

nlL, \2w To 1T = (2
) ) ) ) p2 L1_min — nL o0
The ZVS condition for ) is expressed in (25) by substituting "
(11) into (24), and it is the same as the ZVS condition for Q1, (I Dy (1 - Dy) TSVC) S AL
(1 - > Al
Dy (1— D)) TV, 2Ly
Ly < . (25)
2nAlL, - 2mnL, AL + 2mnL, 7 Dy (1—Dy)T,V.
R T M A T M 2L; '

2) Mode 4a_m: According to (17) and (18), the ZVS condi-

tion for Q5 and Q7 is expressed in (26). Al is very low, and ¢ (31



GUO et al.: IMPROVED MODULATION SCHEME OF CURRENT-FED BIDIRECTIONAL DC-DC CONVERTERS FOR LOSS REDUCTION 4449
D, (1 - D) V,T;
L; < 1 ) Vo (32)
V,T. 2P,n’L npP, V,T.
2 AI o0-+S D 1 _ D _ o T o _ o+s
e L \/ a ) V,’T.  V,(1-D) 2nL,
v, I 0 s
o_re L. ref d Fig.10 q —>s
> G (s) > Gi(s) > diagram | D2, PWM | 0,
5 >
Vo Lbat Q8
3 Ql
Vciref = Voﬁref /1 I’l‘ D] —> QZ
4%—» G(s) PWM | 0,
Vc —> Q4
Fig. 9. Control diagram of the current-fed bidirectional de—dc converter.
Equation (32) as shown at the top of this page was derived by The ZVS for (), is expressed as
substituting (28) into (31),
g( )VnT< ( ) 2P, nL, nP, I 3 — IL? min — %Té (i)
Because ﬁ\/Dl (1-D1) - V. 2T, V,(1=D1) — 3 ) nL, \2m
;/j”{ is no more than zero, the ZVS condition for )y is D, (1 —Dy)T,V,
expressed as - <IL - onL; ) > Al
D, (1—Dy)T,V, 38
L, < Di=D)T o) (38)
2nAl, Substituting (36) into (38), (39) is derived as
3) Mode la: Because Mode 2a_m and Mode 4a_m do not Dy (1—Dy)T,V,
meet very light load requirements in forward power flow, Mode Ly < (39)

la will be used in this occasion. The ZVS condition for Mode
la will be analyzed in this section.

According to (1) and (2), the ZVS condition for Q)5 and Q7
is expressed as

‘/DDZTQ ‘/()(I*DI)TG

Lo=1, = . > nAl

PO = T onL,  — o

4L, n?AI
Dy >21—Dy)+ =2 _p, 4D,
22201 = Do)+ =5 o
AL n2AI,

Dy = 2(1 = Dy), D,, = — L 2% 34

2 ( 1) VT (34)

Compared with (20), the ZVS conditions for (5 — @7 in
Mode 1a are the same as for Mode 2a_m.
The ZVS condition for 1 in Mode 1a is expressed as

D, (1 - D)1V,
Itimax —Ipp = (1
L1 p2 ( L+ onL,
Vol (¢
— - Al,. 35
nL, (27r> =2 (35)
According to (3), the phase angle ¢ is expressed as
7P,n*L,
=—° 7 36
7T VI Dy) eo
Substituting (36) into (35), (37) is derived as
Dy (1 —Dy) TV,

2nAlIL,

2nAIL,

The ZVS condition for Mode 2a_m and Mode 1a are actually
the same. The ZVS conditions for Mode 2a_m, Mode 4a_m,
and Mode la are synthesized as

Dy (1—-Dy)T,V,

2nAl,
D2 Z D2m + Dm

Lf<

(40)

According to (40), the minimum current ripple is calculated
based on the ZVS for (; — (4. Furthermore, low current ripple
causes the reduction of the core loss in Ly and Ly,. The max-

imum inductance of Ly and Ly, for the modified operation
Dl,max (1_D1,max)Tg Vo

modes is SuAT,

III. MODULATION AND CONTROL SCHEME FOR THE MODIFIED
OPERATION MODE

A. Modified PWM Plus Phase-Shift (MPPS) Modulation
Scheme and Control Diagram

The proposed MPPS modulation scheme and control based
on the modified operation modes are shown in Figs. 9 and 10,
respectively. Fig. 9 shows the control diagram of the current-fed
bidirectional de—dc converter. As seen in Fig. 9, control vari-
able d is the output of the inner-current loop controller, where
-1 < d < 1. There are two closed-loop controls: the output-
voltage control loop and clamping-capacitor-voltage control
loop. The clamping-capacitor-voltage control loop adjusts the
clamping capacitor to be a required voltage. The reference of
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According to equation (40),
determine D»,, and D,, for the ZVS of
Qs-s- DZﬁmirl =D5,,+ Dy,

v

Determine the operation mode by
control variable d, where -1<d<1 .

Very light load condition Yes

d>D,) Y
Forward powel(‘ =

A 4

Mode 1a Mode 24 m Mode 4a_m Mode 2b m Mode 4b_m

or Mode 15 - Dy=1 S D=1

DDy n || 2P tprapee]| PP iy

p=d-ul2 @=n[D»/2-(1-Dy)] Dl @p=-n{D»/2-(1-Dy)] Dl
I | I I |
v
Return
Fig. 10.  Modulation scheme for the current-fed bidirectional dc—dc converter.
the clamping capacitor voltage is equal to V,, ref /1, where V,, ¢ Pl )“-15 D\=0.55
is the reference of the output voltage. The output of the con- g Apresa T
troller G.(s) is used to generate D; for the PWM signals of 0.15 i
Q1, @2, Q3, and Q4. The output-voltage control loop has a 0.1 e
dual-loop structure. The inner control loop adjusts the required e
current, and the superimposed voltage control loop regulates
the output voltage. The output of the output-voltage controller
. . -0.05
G, (s) is the reference of the inner-control loop. The feed-
back of the inner control loop is the battery current. Dy and 8
¢ are calculated to generate the PWM signals of Q5, Qg, Q7, ~ELS
and Qs. 0.2
Fig. 10 shows the MPPS modulation scheme of the current- 025 i o o ;

fed bidirectional dc—dc converter. As seen in Fig. 10, the values d
of Dy and ¢ are calculated through d in different operation
modes. The minimum duty cycle of Dy is calculated accord- ~ Fig. 11. Output power per unit (p.u.) versus the control variable d.

ing to (40). When -D,,, <d < D,,, the converter works un-
der no load or a very light load cases. However, Mode 2a_m,
Mode 2b_m, Mode 4a_m, and Mode 4b_m do not address this
situation. Therefore, the converter must work in Mode 1la or
Modelb. When d > D,,, the converter works in the forward
power flow. If Dy in + d < 1, the converter works in Mode
2a_m. Otherwise, the converter works in Mode 4a_m. When
d < —D,,, the converter works in the reverse power flow. If
Dy min — d < 1, the converter works in Mode 2b_m. Otherwise,
the converter works in Mode 4b_m. .
Defining the base output power P, as % Fig. 11 shows
the output power in per unit (p.u.) versus the control variable
d, where V, /n =V, =133 V,Ty = 12.5 us, L, = 14 uH, and
n = 1.5. It illustrates the modulation scheme shown in Fig. 10
facilitates a seamless transition in all the modified operation

modes. The output power is determined by the control variable
d. When d is positive, the energy is transmitted from the battery
to the output. When d is negative, the energy is transmitted from
the output to the battery.

The trajectories of the modulation scheme versus Dy and ¢
for different values of D; in three-dimensional coordinates are
shown in Fig. 12(a). D, and ¢ move on a trajectory for a specific
Dy, as shown in Fig. 12(a). Fig. 12(b) and (c) is the lateral view
of Fig. 23(a). Fig. 12(b) shows the output power versus ¢, and
Fig. 12(c) shows the output power versus Ds. Fig. 12(d) shows
the top view of Fig. 12(a), which demonstrates the relationship
of Dy and ¢.

The output power versus phase shift ¢ for PPDPS, PPS, and
MPPS modulations is shown in Fig. 13. As seen, PPS and MPPS
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(d) Top view of Fig. 12(a).

have the same curve. For the same phase shift angle, MPPS
modulation can transmit more power than PPDPS.

B. Switch Conduction Loss Comparison

Fig. 14 shows the time interval for circulating current in
different operation modes. During the shadowed time inter-
vals, the circulating current freewheels in the switches. For
the different operation modes shown in Fig. 14, the RMS of
the circulating current in switches )1 and )3 can be syn-
thetically expressed as Eq. (41) as shown at the top of this
page.

The RMS of the circulating current in switches Q3 and @4 is
expressed as Eq. (42) as shown at the top of this page.

The RMS of the circulating current on the battery side

of the switches is equal to \/izc_m&(p +ie03u04- The

RMS of the circulating current on the battery side of the
switches versus output power for PPS, PPDPS, and MPPS

¢ (rad)
(b)
p; '
0.95
Mode 456 m
(X1 Mode 4a_m
[FI
Mode 26 m
L dode 2a m
0.75
ot
Mode la
| Mode 26
e
a2 -l [ nid an
@ (rad)
(d)

Trajectories of the modulation scheme. (a) Output powers in p.u. versus D9 and . (b) Right lateral view of Fig. 12(a). (c) Left lateral view of Fig. 12(a).

025/

P,(p.u) "2 MPPS & PPS
015} \

0.05 ¢
PPDPS

015
0.2
-0.25
‘iz -4 ] ni4 nil
¢ (rad)
Fig. 13.  Output powers in p.u. versus ¢ for the PPDPS, PPS, and MPPS when
Dy =0.7.

modulations is shown in Fig. 15, where V,/n=1V,=
133 VT, =12.5us, L, = 14 uH, Ly = 110 uH, and n = 1.5.



4452 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 5, MAY 2018
Time interval for Time interval for Time interval for Time interval for Time interval for
Ciri.llaling “urrent Ciri.llaing “urrent Ciriulalin g ilrn:nt Ciril.llening iurrent (.‘iriﬂaing &mmnt
v | —= ycn : Yen = Lv”} Vi iTa' _vep
e ¢ B fimsicnoey _ _@/ o it ____L__
_] I Van . —
Ny i = ‘
T 101
::2] B e e g 1 2 1 ] B
i ; T jﬂ \
PI¢<1 \I¢| r‘:z kl'pfl !':u (M) I3
(a)
Fig. 14.  Time interval for circulating current in different operation modes. (a) PPS. (b) PPDPS. (¢) Mode la. (d) Mode 2a_m. (e) Mode 4a_m.
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Fig. 15.  RMS of the circulating current in the battery side of the switches versus output power. (a) Vit = 40 V. (b) Vipae = 60 V.
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Fig. 16. RMS of the circulating current in the battery side of the switches versus output power. (a) Vit = 40 V. (b) Viae = 60 V.

When the battery voltage is 40 V, D; is equal to 0.7. In this
case, there is a large time-interval of zero voltage in vop during
the switching period, which can be seen in Fig. 2(a). As seen in
Fig. 2(a), there is a large current spike in the transformer in the
PPS. Therefore, there is a large circulating current on the primary
side of the switches in light loads. With the increase of the output
power, the circulating current in primary side of the switches for
PPDPS becomes larger. In the whole load range, MPPS modu-
lation has the least circulating current. When the battery voltage
is 60 V, Dy is equal to 0.55, closer to 0.5. The time-interval of
zero voltage in vag becomes shorter. vap is close to a square
waveform, so the large current spike of the transformer in the

PPS disappears. As seen in Fig. 15(b), the circulating current
curves for the three modulations become closer.

The circulating current in the output side of the switches
for the operation modes shown in Fig. 14 can be synthetically
expressed as

. ! / (w))? / (z'pm)?
Yee.Q5-Q8 = = dt + dt
¢ @ TS teo n teo n

(43)

The circulating current in the output side of the switches
versus output power for PPS, PPDPS, and MPPS modulations
is shown in Fig. 16. The MPPS modulation has less circulating
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Fig. 17.

current on the output side of the switches than PPS modulation
with light loads, and it also has less circulating current than
PPDPS modulation with heavy loads.

The switch turn-ON resistance for Q)1 — Qg is 50 mf2. Fig. 17
shows the conduction loss in the switches for different val-
ues of the output power. Fig. 17(a) shows the conduction loss in
switches, when the battery voltage is 40 V. As seen in Fig. 17(a),
the conduction loss in the PPS is greater than that in the PPDPS
and MPPS for light loads. For heavy loads, the phase angle in
the PPDPS becomes larger than that in the PPS and MPPS as
the load power increases. It results in more conduction loss.
Fig. 17(b) shows that the conduction losses of the three mod-
ulation schemes are almost the same, when the battery voltage
is 60 V. The MPPS has a low conduction loss performance dur-
ing the entire load range and experiences wide battery voltage
variations.

As seen in Fig. 16, MPPS modulation on the output side
of the switches does not have the least circulating current
within the entire load range, but it still has better perfor-
mance for conduction loss in the switches than PPS and PPDPS
modulations.

C. Comparison of the Core Loss in the Series Inductor

The core loss in the series inductor L, is associated with
the peak current. In the experimental prototype, Kool Mpu
(77191), produced by Magnetics, is used as the material of
the inductor core. The parameters of the core are illustrated
in [30]. The core loss in the series inductor versus the output
power is shown in Fig. 18, where V,,/n =V, = 133 VT, =
12.5 us, L, = 14 pH, and n = 1.5. Fig. 18(a) shows the core
loss when the battery voltage is 40 V. The MPPS has a low
core loss over the whole load range because of the lower peak
current. Fig. 18(b) shows that the core losses under the three
strategies become more similar when the battery voltage is 60 V.
In summary, the MPPS modulation scheme performs well in the
reduction of the core loss in the series inductor.

IV. EXPERIMENTAL VERIFICATIONS

An 800W experimental prototype with a 40—60V battery
and 200 V output voltage was built to verify the modulation
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Switch conduction losses for the PPDPS, PPS, and MPPS. (a) Vi, = 40 V. (b) Vi = 60 V.

TABLE III
DETAILED SPECIFICATIONS

Items Symbol Parameter
Battery voltage Viar 40 V~60 V
Output voltage Vo 200V
Clamping capacitor
pResl V. 133V

voltage
Turns ratio of the

n 1.5
transformers
Range of D: [0.55, 0.7]
Switching frequency £ (7%) 80 kHz (12.5 us)
Primary switches O14 IPP110N20N3 G
Secondary switches Os-s IRFB4137PbF
Series inductor L, 14 uH
Output filter

Cs 220 uF
capacitance

scheme. The detailed specifications are shown in Table III
In terms of (40), the filter inductance L; was calculated as

Ly < Dl*"‘“(;ﬁlﬁ"“)r‘ Vo —116.7 uH. Therefore, the value
for Ly was 110 zH.

Figs. 19 and 20 show the key waveforms for different battery
voltages and output powers in the forward power flow. Fig. 19
shows that D, increases with the increase of the load power.
The converter works in Mode 2a_m when the load power is 200
or 500 W. As seen in Fig. 19(c), D is equal to 1 at 800 W.
In this case, the converter works in Mode 4a_m. Fig. 20 shows

the key waveforms when the battery voltage is 60 V. In Fig. 20,
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Fig. 18.  Core losses in the series inductor L, for the PPDPS, PPS, and MPPS. (a) Viy = 40 V. (b) Vo = 60 V.
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Fig. 19. Measured key waveforms for the 40 V battery voltage. (a) P, = 200 W. (b) P, = 500 W. (c) P, = 800 W.
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Fig. 20. Measured key waveforms for the 60 V battery voltage. (a) P, = 200 W. (b) P, = 500 W. (c) P, = 800 W.
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Fig. 21. Measured key waveforms for the 40 V battery voltage. (a) P, = —200 W. (b) P, = =500 W. (¢) P, = —800 W.

the value of D; is less than that at the 40 V battery voltage.
The converter works in Mode 4a_m when the output power is
greater than 500 W. The converter is more inclined to work in
Mode 4a_m with the increase of the battery voltage.

Figs. 21 and 22 show the key waveforms for different battery
voltages and output powers in the reverse power flow. The filter
inductor current 77, becomes negative, which illustrates that

the power is transmitted from the output to the battery. Fig. 21
is nearly symmetric to Fig. 19. Fig. 22 is nearly symmetric to
Fig. 20.

Fig. 23 shows the gate signal and drain—source voltage
of )y in the forward and reverse power flows. The ZVS
performance was achieved. Since ()3 operates in the same
mode with Q; in the other half of the switching period, the ZVS
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Fig. 22. Measured key waveforms for the 60 V battery voltage. (a) P, = —200 W. (b) P, = =500 W. (¢) P, = —800 W.
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Fig. 23.  Gate signal and drain—source voltage of switch ()1 at Vi, = 40 V. (a) P, = 200 W. (b) P, = —200 W.
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for Q3 is also accomplished in both the forward and reverse
power flows. Fig. 24 shows the gate signal and drain—source
voltage of ()2, which also highlights the ZVS performance
of ()5. Since @4 operates in the same mode with () in the
other half of the switching period, the ZVS for (), also can be
achieved in both the forward and reverse power flows.

Figs. 25 and 26 show the gate signal and drain—source volt-
age of @5 and Qs in the forward and reverse power flows,
respectively. The experimental results demonstrate the ZVS per-
formance of @5 and (s in both the forward and reverse power
flow. In a switching period, (Q¢ operates in the same mode with
@5 in the other half of the switching period, and ()7 operates
in the same mode with Qg in the other half of the switch-
ing period. Therefore, the ZVS of Q)3 and ()7 can be achieved
simultaneously.

The measured efficiency curves for the proposed MPPS, PPS,
and PPDPS are shown in Fig. 27. Fig. 27(a) shows the efficiency
curve for the 40 V battery voltage. In this case, D; is 0.7. With
light loads, the PPS has a large conduction loss, so the PPS has
the lowest efficiency. As the power increases, the PPDPS needs
a greater phase-shift angle to meet the load requirements, which
causes a large RMS current and peak current in the transformer.
Therefore, the efficiency curve drops dramatically with a heavy
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load. The operation mode for the PPS is closer to the proposed
MPPS with the increase in the load power. The two efficiency
curves converge in heavy loads. D; decreases with the increase
of the battery voltage. Meanwhile, the time interval of zero volt-
age in va p during a switching period decreases. The waveforms
of the three modulation schemes become closer. Fig. 27(b) and
(c) shows that the efficiency curves become more closer with
the increase of the battery voltage. In all of the experimental re-
sults, the proposed MPPS has the lowest losses, so the proposed
MPPS has a better efficiency performance than the conventional
PPS and PPDPS for wide battery voltage.

V. CONCLUSION

In this paper, an improved modulation scheme was proposed
for the current-fed bidirectional dc—dc converter. The previous
modulation strategies were reviewed, and different operation
modes were analyzed. Then, the modified operation modes were
derived to minimize the conduction loss. Based on the modified
operation mode, a closed-loop control with the MPPS modu-
lation was proposed. In the MPPS, the converter can achieve a
high efficiency over the entire load range and with wide input
voltage variations. The MPPS synthesizes the advantages of the
different modulation strategies. The trajectories of the modula-
tions were analyzed. The conduction loss and core loss compar-
isons with other modulation strategies have demonstrated the
low losses in MPPS. The experimental results verified the op-
eration modes and high efficiency performance in the proposed
MPPS.
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