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Dynamic Response Improvements of
Parallel-Connected Bidirectional DC-DC Converters
for Electrical Drive Powered by Low-Voltage Battery

Employing Optimized Feedforward Control

Deshang Sha, Member, IEEE, Jiankun Zhang, Xiao Wang, Student Member, IEEE, and Wenqi Yuan

Abstract—Parallel-connected modular current-fed bidirectional
dc—dc converters are used for the AC motor drive system powered
by batteries with low voltage and wide voltage range. The input
current ripple can be reduced significantly by employing interleav-
ing technology not only for individual module but also for all the
modules. A current sharing control strategy is applied for the con-
stituent modules. Double pulse width modulation plus double phase
shifted control with equal duty cycles for one module can minimize
the circulation loss and avoid nonactive power issue. Factors af-
fecting dynamic performance are investigated based on the small-
signal modeling. The leakage inductance value is optimized in view
of system reliability and better dynamic performance. Besides, to
improve the dynamic performance further, feedforward control
employing optimized feedforward coefficient based on the small-
signal analysis is implemented. A 4-kw prototype composed of two
bidirectional dc—dc converters is built to verify the effectiveness for
the proposed control strategy in AC motor drive application with
fast regenerative braking.

Index Terms—Current sharing, dc—dc converter, dynamic
performance, feedforward control, motor drive, parallel con-
nected.

I. INTRODUCTION

LECTRICALAdrive supplied by the battery is widely used

for electrical vehicles and some servo systems [1], [2].
The power electronic converter is preferred to have bidirectional
power flow capability, i.e., energy can be transferred between the
battery and motor to operate in motoring mode or regeneration
mode [3]. Thus, a bidirectional dc—dc converter is needed to
work as the interface [4] between the high voltage dc link and
the battery side. If the battery voltage is high at the dc-link
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voltage level, a nonisolated bidirectional dc—dc converter such
as buck/boost can be used [5]-[9]. To use a nonisolated dc—dc
converter between the high voltage dc link and the battery, a
number of battery packs must be connected in series to meet the
voltage level. However, too many battery packs [10] connected
in series reduce the volumetric efficiency [11]. Besides, voltage
equalizer for each cell is needed due to the series connection.
In some applications, such as aeronautic application, the battery
voltage is rather low and the equalizer circuit is not needed.
Therefore, an isolated bidirectional converter is required to work
as an interface between the low-voltage battery and a high-
voltage dc bus [12].

For flexible voltage gain, power density, cost, and safety con-
siderations, high-frequency isolated bidirectional dc—dc con-
verters are widely used. Among them, voltage-fed dual-active
bridge (VE-DAB) is a preferred topology [13]-[17]. Many con-
trol strategies for VF-DAB have been proposed. Single phase
shift (SPS) control is implemented by modulating both the two
H-bridges with 50% duty cycles [18]. The output power ca-
pacity and the direction are regulated by only the phase shift
between the two high-frequency square waveforms. Zero volt-
age switching (ZVS) of power switches and unified control can
be achieved. Unfortunately, when the magnitudes of the in-
put/output voltages are not matched, ZVS may be lost in a wide
load range and the conduction loss increases significantly. En-
ergy storage systems using ultracapacitors or batteries usually
feed a dc bus where the voltage has to be regulated. The voltage
variation across the ultracapacitor or battery depends on many
parameters like its depth of discharge, the input/output power,
and temperature and can even reach one-half the rated voltage.
This fact requires the existence of a power interface with a wide
voltage conversion ratio capability. By using VF-DAB, if the
voltage conversion ratio varies too much, the inductor current
slew rate during the power transfer stage may not be kept to be
zero, thus the inductor root-mean-square (rms) current cannot
be optimized to be the minimum. For an energy storage system,
the VF-DAB is not suited since its significant current ripple may
reduce the lifetime of some energy storage devices [19].

Comparatively, for energy storage applications requiring wide
voltage conversion ratio and low charging/discharging current
ripple, a current-fed (CF) DAB may be a good option. A CF
boost type dc—dc using only SPS control can reduce the cur-
rent ripple significantly [20]. The CF-DAB can reduce the low
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voltage side (LVS) current ripple significantly by interleaving
technology [21], [22]. But the circulation loss is relatively high
as the voltage conversion ratio varies. To deal with this issue, a
naturally clamped zero-current commutated CF converter was
proposed [23]. But ZVS may be lost for CF side switches. An
active clamp CF converter with pulse width modulation (PWM)
plus phase shift control was proposed [24], [25], in which the
LVS is PWM modulated while effective duty cycle for the high
voltage side (HVS) switches are fixed as 50% neglecting the
effect of the dead time. However, this causes nonactive power
issue. It also brings high current spike when the LVS voltage
is low and additional nonactive power when the LVS voltage is
high. A CF-DAB with dual PWM control was proposed [26],
[27]. But ZVS may be lost for CF side switches. In PV appli-
cations [28], the voltage is designed to be unmatched purposely
to achieve ZVS. It is effective in unidirectional power flow sit-
uations. The effectiveness needs to be considered more in in
reverse power flow applications.

In the low voltage and high power rating applications, it is
not good for one module to handle such large current at LVS.
Parallel-connected modular power converters can be a good
solution [29]. A bidirectional interleaved CF converter was pro-
posed for the energy storage system [30]. Current sharing can
be achieved by common phase shift [31] or common duty cycle
[32] control for parallel-connected bidirectional dc—dc convert-
ers [33] or unidirectional dc—dc converters. The unidirectional
is not really modular configuration due to the connection of the
rectifier stage. The dynamic performance may be limited due to
the lack of current loops.

Besides, steady-state performances of the DAB, such as cir-
culation loss and nonactive current reduction, soft switching for
LVS side switches, have been discussed extensively in previous
works [13]-[28], [34], [35]. The equivalent leakage inductance
value has been designed in an optimal way to achieve ZVS, but
its effect on the dynamic performance is seldom addressed. Ac-
tually, dynamic performance is also important for DAB convert-
ers especially for electrical motor drive application that requires
fast dynamic response. During the motor acceleration stage, the
voltage of the dc bus will drop and may cause under voltage pro-
tection for the inverter. On the other hand, the dc bus voltage may
increase sharply during the braking stage. Thus, fast dynamic
performance must be obtained in electrical drive application
where the motor acceleration and braking occur frequently.

To obtain fast dynamic performance, the small-signal analysis
is widely used [36]—[38]. The state-space averaging technique
can be used to derive the small-signal model, and a closed
two-loop controller is designed for CF-DAB to obtain good
transient performance [39]. To improve the dynamic response
and suppress the second harmonics further, feedforward control
is used for unidirectional dc—dc converters employing PWM
control [40]-[44]. In comparison, for bidirectional DAB dc—dc
converters, the switches are not only PWM modulated but also
phase shifted, its small-signal model is very complicated since
there are more subintervals during one entire switching cycle.
The output impedance expression of the DAB dc—dc is more
complicated as well.

In this paper, parallel-connected high-frequency isolated CF
bidirectional dc—dc converters supplied by a low-voltage battery
are proposed for inverter-driven motor drive in order to handle
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Fig. 1. Basic block diagram of the motor drive system.
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Fig. 2.

Parallel connection of CF-DAB dc—dc converters.

the high charging/discharging battery current. A power sharing
control strategy employing current loops is given. Based on the
dual PWM plus double phase shifted (DPDPS) control with
equal duty cycles, small-signal modeling for the converter is
built. Factors contributing to the dynamic improvements are in-
vestigated. An optimized feedforward control with the optimal
coefficient is presented. This paper is organized as follows. The
proposed motor drive system overview and DPDPS control is
given in Section II. Control strategy and small-signal model-
ing is described in Section III. The feedforward effect on the
dynamic performance is given in Section IV. The leakage in-
ductance effect on the steady-state and dynamic performance
is given in Section V. In Section VI, experiments are made to
verify the effectiveness of the control strategy. Section VII gives
the conclusion.

II. DRIVE SYSTEM OVERVIEW AND DPDPS CONTROL

The basic block diagram of the motor drive system is shown
in Fig. 1. The system is composed of a battery pack, a dc—dc
converter, a dc—ac inverter, and a motor. The dc—dc converter
consists of two parallel-connected CF-DAB dc—dc modules. The
LVS is connected to the battery pack whose voltage range is 18—
28 V. The HVS is connected to the dc—ac inverter and its rated
voltage is 300 V/dc.

The proposed topology is shown in Fig. 2. For the HVS, a
full bridge is made of S;—-54. In the LVS, L; and Lo are the
dc inductors. 1 and Q, are bottom MOSFETs, whereas ()1,
and @)y, are top switches. The equivalent leakage inductance
L, represents the sum of the external ac inductance and the
primary-referred transformer leakage inductance.

To minimize the nonactive power and peak current, PWM
control can be employed just like the LVS with the same duty
cycle for the HVS. Thus, both v,; and vy, have the same shape
but they are phase shifted according to the transferred power.
The steady-state waveforms in boost and buck modes of module
#1 during one complete period can be seen in Fig. 3. With the
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Fig. 3.  Steady-state waveforms of DPDPS with identical duty cycles in boost
and buck modes: (a) boost mode for module#1, (b) buck mode for module#l,
and (c) battery side current reduction by interleaving technology.

interleaving PWM modulation not only for one module but also
for two modules, the LVS current ripple can be minimized,
which can be seen in Fig. 3(c). Fig. 3(a) illustrates the operating
waveforms in the boost mode. The LV S top and bottom switches
are gated with complementary PWM signals. The PWM duty
cycles for LVS bottom switches (), and @), are equal, but their
PWM gating signals are interleaved with each other.  is defined
as the phase shift angle between rising edges of (), and .S;. The
voltage v,; is high frequency alternating voltage. The voltage
vap leads vg.. During the circulation stage [03, 6,], the leakage
current drops to zero and stays at zero within the circulation
stage range [0, 04] until the power transfer stage begins. Thus,
during the circulation stage, the conduction loss can be reduced.
ZVS can be ensured for the LVS switches in spite of the power
flow direction [33]. For the HVS, the lagging leg S2 and S4 can
achieve ZVS on, whereas the leading leg switches S1 and S3 can
obtain ZCS on. In the buck mode, as shown in Fig. 3(b), for the
HVS switches, the lagging leg switches S2 and S4 can achieve
ZCS, whereas the leading leg switches S1 and S3 can obtain
ZVS on. It is worth noting, during one complete cycle, there is
no nonactive power by neglecting the effect of the magnetizing
inductance. Fig. 3(c) plots the battery side current curves by
using the interleaving technology not only for each module but
also between the two modules. In this way, the battery side
current ripple frequency is four times the switching frequency
and the current ripple can be reduced significantly.

III. CURRENT SHARING AND SMALL-SIGNAL MODELING

A. Implementation of the Current Sharing

The control block diagram for two modules in parallel con-
nection is shown in Fig. 4. As can be seen in Fig. 4, the current
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Fig. 5. Simplified waveforms in a switching cycle.

sharing control scheme consists of one common output-voltage
loop and two inner current loops. The sum of the voltage com-
pensation loop output and the feedforward current provides the
common reference for both the individual inner current loops.
Therefore, current sharing between the two modules can be ob-
tained. For individual modules, the control is composed of a
phase shift control and a PWM control loop [24], [25], [33]. It
should be noted that the high voltage current 7, is sensed for the
feedforward control.

B. Small-Signal Modeling

To simplify the analysis, the dead time effect is ignored. There
are eight operation modes in a switching cycle. Fig. 5 shows
the simplified key waveforms of all the modes in a complete
switching cycle for module #1.

As can be seen in Fig. 2, the values i1, 7592, and v.q are
viewed as state variables; d is the duty cycle for bottom switches
@1 and Q)9; @ is the phase shift angle; v, is the LVS voltage; v,
is the HVS voltage; o = & + p;d = D + ci; the initial currents
in L,, Ly, and Lo are I, I, and I} 5, respectively. The turns
ratio of the transformer is N;: Ny = N.

The small-signal model of each module can be derived as
follows:
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=0, L, = Vi, Lo — = Vin
dt ’ dt dt
Mode I [0,0]: . <vrd>T?
Ly = ol - (9 ‘10)
d di dip
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—“Dr+pl: dt wL,
dv, . d
cd % =dr1 —irr, In :lLtl Vin — Ved
l[\é[;;i;;ﬂmﬂ: L% _, ip, = edlrs
2 in Lr oL
dv,, di di
(& df] =0, Ly dl;l Vin, Lo dI;Q Vin
Mode V [,m+¢]: /(v D
iy = wL, [r =0+ ¢]
Mode VI cq d;i;d =0, L, dil% = Vin, Lo diiLt2 = Vin, i, =0
[m+¢@.2dr]: Y
dv,. di
pr =dry + L, Ly d,tl = Vin,
Mode VII R
2dr 2d . digy . (Vea)r s
[2d7 2dm+¢]: Lo Jr = Vi T Veds Ly = —T((f —2dm)
wL,
dv,. di
cd Ttd =L +iL, Ly stl = Vin
Mode VIII di )
[2dT+ ¢ 27]: Ly 82 g i = — (Ved )74

where < v.q >75 denotes the average of v.4 over an interval of
t+T,
length T: <Uul Ts — j; U(ddT)/T
Then, the average model can be derived as follows:

df)mj _ a2 2 2‘/00’ ® -

Cq 7 —(17D)1L1+(17D)ZL270JLT (17D7§>99
(1)2
(1 41y - Be® 42[(1_17)@_4”]@
L1 L2 er WLT cd

di . R 5

1% = Vin — (1 - D)Ucd + chdd

diy: X
Ly =2 = b, = (1= D)y + Veud

ey

The transfer function of the phase angle perturbation ¢ to the
two dc inductor current perturbations 7,1 and 770 , respectively,
can be expressed as follows:

_m@) |
GI,Ll*r’ (S) @(8) Uii‘zf)ozu -
o (s)=0
ino(s)=0
20-D)(1-D— &)V
WLy L, Cys? + 2 [(1 —D)d— 1} Lis+ (1 — D)2wL,

@

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 10, OCTOBER 2017

Fig. 6.

Complete block diagrams on the small-signal model.

G () =200

21-D)(1-D— L)V
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€))

Supposingthat Ly = Ly = L,Cy1 = Cy = C,and Vg = NV,
the transfer function from ¢ to 4;;, (input current perturbation of
module #1) can be written by

%1111(5) _
¢1(s)
41-D)(1-D - )NV,
WLL,Cs? +2 [(1 D)o — %} Ls+(1— D)’wL,

Gifsa#l (s) =

“

According to the power conservation v,i, = viy iy, the per-
turbation of the output voltage is written by

‘/;112111 + Um in V /LU

I,

The complete block diagram of the regulator system on the
small-signal model of module #1 is shown in Fig. 6. K, is the
feedforward control coefficient. Therefore, the output voltage
variations ¥, can be expressed as a linear combination of three
independent inputs: the input voltage variations 0y, the input
current variations %;,, and the load current variations ,,, where

(&)

Vo =

K7 v K7,7
Gu(s) = Kpo + ——, Gi(s) = K ;
VEnZout Iinzout
Gui(s) = v, Gug(s) = v (6)

As can be seen in the control system block diagram shown
in Fig. 6, when K, is 0, the converter output impedance of the
closed loop is written by

"Ajo S Z, ut (S
Zo1 (3) = A.( ) Oy =0 = L()’
_10(5) Oper=0 1+ T(S)
K1oGu(5)Gui(8)Gi(s)Gip ()
1 + KfiGL‘ (S)Gi,w (S)

where the loop gain 7(s) is defined in general as the product of
the gains around the forward and feedback paths of the loop. If
K, is not zero, the feedforward control works and the output
impedance of the closed loop can be expressed as (8) as shown
at the bottom of the next page.

T(s) = ="loop gain” (7)
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C. Analysis of the Current Sharing

According to (4), for module #2, this transfer function can be
expressed as

iin2 (S)
Gi, S) = — =
99#2( ) (,02(8)
4(1 - Ds) (]- - Ds - ;I)T;) NS‘/:)
wLoly,Cos? +2 {(1 —D,)®, — ﬁ—ﬂ} Lys+ (1— Dy)’wL,,
&)
And define the following
ay
A= g ,
1 b152 +Cls+d1 4}9#1(8)
a
Ay = 2 = Gipua(s). (10)

bys? 4+ cos + doy
From the control loop shown in Fig. 6, the phase shift angle
perturbations can be written as

¢1(8) = By, + Frip + Hytin1, Pa(s)
= Eyb, + Fyiy + Hoiino
E,=E = —-K; GG, F1 = = K,Gj,
Hy = Hy = ~K, < . KS> _bEme g
where
l=—-KyKyi, m=—-Kp K. (12)

From (5) and (9)—(12), the transfer function from the total LVS
current to the difference between the two LVS currents is written
by

_(AE = Ay Ey)Vin /1o + (ArFy — AQFQ)Vm/V

(1-A1Hy)(1- Ay Hy)

Z.inl 21112

Zln

(13)
In combination with expressions of Ay, Fy, F1, Hy, As, Es,
F5, and H,, the characteristic equation can be derived as

G(S):blb236 + (6102 + b2C1)55

+ (C] Ccy + b] dg — b](lzl + de] — bga1 Z)84

+ (—a1bym — asbym + cady — aycal + ¢ dy — ascl)s®

+ (7@1 Com — ascym + d] d2 — a1d21 — (Lgdll + a1a212)32

+ (—aydam — asdym + 2a1aslm)s + ajasm?. (14)

As can be seen in (14), the feedforward coefficient K, does
not exist in the characteristic equation. This implies that the
system reliability is not affected by different feedforward coef-
ficient K,. As can be seen in (14), by b, > 0. For the system to
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be stable, the first of the Routh array must have the same sign.
So, the proper selection of different compensator parameters
can be done by (14).

D. System Stability Analysis

The system is stable when the load variation or source voltage
variation is large. The root locus of a single CF dc—dc converter
is given to show the stability. From the small-signal model block
diagram illustrated in Fig. 6, the transfer function for one module
can be derived as

0o (8) _

ﬁrcf (S)

Gui(5)Gy(5)Gi(5)Gip(s)
KoGui(s)Go(s)Gi(s) 799(3)+Kf7GL( )Gip

(s)+1°
15)
Then, the system characteristic equation can be obtained as
s + 335" + 5" + s +q =0 (16)
where

qs = WLLT Cd

g = 2L {( D)cp—%j

‘/in Zout

g2 = 4K,/o %

K,.,K,;(1-D) (1 -D-— 23) NV,

®
+ 4K K, (1 - D) (1 -D— 7) NV, + (1 — D)*wL,
™

va Zout
.V(.)

X (Kp,vKi,Ji + K’i,v Kp,i)

¢ = 4K, (1—0)(1—0—3)1\7%

2

d
+ 4K Ki;(1 - D) (1 -D— 27> NV,
T
in Zou b
1 1””0%(1—17) (1—D—2—> NV, K, , Ki.

Fig. 7 illustrates the root locus curves when the output power
P, changes at v;, = 18 V based on (16) and the system specifi-
cations given in Table I. The 4 roots of the system characteristic
equation are illustrated in Fig. 7(a). The 2 roots that closed to
the imaginary axis are overlapped, and they are shown in de-
tail in Fig. 7(b)-(d). As can be seen, when the output power
changes from 100 W to 2 kW, all the system poles are in the left
half-plane. That means the system is stable at different loads.

Fig. 8 illustrates the root locus curves when the output power
P, changes at v, = 28 V. As can be seen, all the system poles

7 ( ) B @o(s) B Zout(s) - %7 Zom,(s) (1 — M(S))
O e R o O B T O ©
M) — —JT(s) K,Gi(s)Gig(5)

K0Gy(8)Zout ()

T (Vo/Va)[1 + K7:Gi(5)Gry (s)]
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TABLE I
CALCULATION SPECIFICATIONS
Rated Power P, 4 kW Ly =Ly =1L 11 uH
HVS (v, ) 300 V Cq.Cor 30 pF/22 uF
LVS (viy) 1828V N; : N, 2:10
Switching f 50kHz L, 1.0 uH
6
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Fig. 8. Root locus when P, changes at 28 V input.

are in the left half-plane, the system is stable at different loads
at vy, = 28 V.

In conclusion, if the controller parameters are designed prop-
erly, the system is stable when vy, is in the range of 18-28 V
and P, is lower than the rated 4 kW output.
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IV. FEEDFORWARD EFFECT ON THE DYNAMIC PERFORMANCE

A. Design of the Feedforward Coefficient K,

According to (7) and (8), if 1 —M(s) = 0, the output impedance
is zero, so the feedforward coefficient K, should be

KioGy(8)Zoui(s)  (Vo/Vin)[1 + K;iGi(5)Gi 5 (5)] .

Ko= =0y = Gile)Gip (o)

a7

As can be seen in (17), the expression of feedforward coef-
ficient K, is rather complicated and hard to be implemented if
the output impedance is controlled to be zero ideally.

Actually, to simplify the design, the value of 1—M(s) can be
chosen to be a very tiny value. Fig. 9 illustrates the magnitude
curves for the closed-loop output impedance without and with
the feedforward using different coefficients. As can be seen in
Fig. 9(a) and (b), when the feedforward is effective, the out-
put impedance can be reduced dramatically. As illustrated, the
output impedance drops as the value of 1—M(s) decreases.

According to (8), the magnitude curve of 1 and G;(s)G, (s)
is shown in Fig. 10. As seen, when the frequency is in the low-
frequency range, the value G;(s)G;_,(s)| > |1|. Because the
load is the motor, the perturbation of the load current varia-
tions 7, mainly comes from the low-frequency range. So, the
feedforward coefficient /K, can be optimized and selected ap-
proximately as

Ko ~ (V:)/Vln)Kfz = Kop- (18)
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Fig. 11.  Magnitude curves of output impedance Z,2: (a) M (s) = M, (4),

and (b) with different K.

Substituting (18) into (8) yields

_ KOT(S) ~ KfiGj(S)Gi_w (S)
K7oGo(5) Zow(s) 1+ K1iGi(3)Girp(5)

= M,y (s).

M(s)
19)

B. Feedforward Effect on the Dynamic Performance

As can be seen in Fig. 11(a), if K, has been selected as the
optimized value K, it is easy to be implemented in practi-
cal application. When the feedforward control is effective, the
output impedance can be reduced dramatically. As can be seen
in Fig. 11(b), if the feedforward coefficient K, is greater than
or less than the optimal K, the output impedance is not the
minimum in the low-frequency region. This shows that K, is
the optimal feedforward coefficient. It is well known that the
output voltage is less sensitive to the load current variation as
output impedance becomes smaller. So the feedforward loop
can improve the dynamic performance.

C. Simulation Verification

Fig. 12 shows the simulation results of one module in facing
load transients and braking using the power electronics simula-
tion software (PSIM) with and without the feedforward control.
As illustrated in Fig. 12(a), better dynamic response in facing
step load change from 200 W to 3 kW can be obtained with
the feedforward control. As can be seen in Fig. 12(b), with the
feedforward control, the dc bus voltage spike can be suppressed
compared to that without the feedforward control. Thus, the
feedforward control can improve the system dynamic perfor-
mance.

V. LEAKAGE INDUCTANCE EFFECT ON THE STEADY-STATE
AND DYNAMIC PERFORMANCE

A. Leakage Inductance Value Optimal Design and Its Effect
on the Steady-State Performance

If the leakage inductance value is designed to be very small,
leakage inductance current may be very high especially during
the startup procedure. Fig. 13 shows the leakage inductance cur-
rent curve during the startup procedure since the output voltage
is rather small initially. It should be noted that the worst case
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Fig. 13. Leakage inductance current during the startup.

is that the duty cycle of the primary transformer voltage v, is
50%, whereas the output voltage is zero.

As can be seen in Fig. 13, the voltage across the leakage
inductance is that L, - di/dt = V,q = N1V, /Ny = 60 V. The
peak current can be expressed by

chd Ts 1 chd Ts
L. 2 27 L,

Since the LVS switch )y is two IXFN360N15T2 in parallel
connection, the rated current of the MOSFET is 310 A. Thus, the
maximum peak current is designed to be the half of the rating
current

Ipeak = (20)

VeaTs
Iyeak = ﬁ < 310A = L, > 0.96 pH.

T

21

Therefore, to suppress the rush current especially at the startup
process, the leakage inductance value L, is designed not less
than 1.0 pH. But different leakage inductance values may cause
different current stress. As can be seen in Fig. 3, the leakage
inductance current ¢z, rms and peak values of one module can

be written by
Veap [6m —6Dm — ¢
wklL, 3

(22)
Based on (22), the rms and peak values of current 77, versus
the LVS voltage v;,, in the boost mode are illustrated in Fig. 14.

I = 1/%@' (0)*do=
Lrrms — o 0 Lr -

Veaw
wkl,

ILr_peak =
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As seen, when L, = 1.0 uH, the rms and peak values of the
leakage inductance current can be reduced significantly at the
same load, LVS voltage, and HVS voltage.

B. Feedforward Effect on the Dynamic Performance

According to (8) and (19), Fig. 15 shows the comparison of
magnitude curves of the closed-loop output impedance at differ-
ent leakage inductances. As can be seen in Fig. 15, as the equiv-
alent leakage inductance value decreases, the output impedance
value drops as well. It is well known that the output voltage is
less sensitive to the load current variation as output impedance
becomes smaller. Thus, the smaller the leakage inductance is,
the better the dynamic performance is.

Fig. 16 shows the simulation results of one module during
the startup process, load transients, and braking stage using the
PSIM with different leakage inductance values. In Fig. 16(a),
better dynamic response in facing step load change from 200 W
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Fig. 16.  Simulation results with L, = 1.0 pH and L, = 2.0 uH: (a) load

change from 200 W to 3kW, and (b) braking.

to 3 kW can be obtained when the leakage inductance value is
smaller. As can be seen in Fig. 16(b), the dc bus voltage spike is
lower during the braking stage with smaller leakage inductance
value. Thus, the converter is preferred to operate with smaller
leakage inductance to achieve better dynamic performance.

Fig. 17 illustrates the circuit ac sweep results by PSIM sim-
ulation. As seen, the crossover frequency varies from 400 to
790 Hz as the leakage inductance value decreases from 2.0 to
1.0 pH. Thus, smaller leakage inductance leads to better dy-
namic performance.

VI. EXPERIMENTAL VERIFICATIONS
A. Prototype

A 4-kW experimental prototype has been built in order to ver-
ify the effectiveness of the converter with the proposed control.
Fig. 18 shows the lab prototype picture.

B. Steady-State Operation

Fig. 19 shows the experimental results of module #1 at rated
load (2 kW) in the boost mode with the minimum and maxi-
mum input voltages. As can be seen, with the proposed DPDPS
control, the leakage inductance peak current is reduced, and the
circulation loss can be minimized because the leakage induc-
tance current remains as zero during the circulation stage.

Fig. 20 shows the experimental results of module #1 at rated
load (2 kW) in buck mode with the minimum and maximum
output voltages. As can be seen, with the proposed DPDPS
control, the leakage inductance peak current is reduced, and the
circulation loss can be minimized.

C. Soft Switching Waveforms

With the proposed control strategy, all the switches on the LVS
can achieve ZVS turn-on. For the HVS, half of the switches can
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be turned ON at ZVS, whereas the other switches can be turned
on at ZCS. The experimental results shown in Fig. 21 have
verified the theoretical analysis.

Fig. 21 shows the soft switching states for the switches at full
load (2 kW) with 24 V input in the boost mode. As shown in
Fig. 21(a) and (b), both )1 and Q, can be turned on with ZVS.
As can be seen in Fig. 21(c) and (d), for the HVS switches,
the leading leg switch S can achieve ZCS turn-on, whereas the
lagging switch Sy can achieve ZVS turn-on. The soft-switching
waveforms are similar in the buck mode.
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D. Dynamic Performance With Inverter-Driven AC Motor

Fig. 22 shows the experimental results of motor drive, without
and with feedforward, respectively. v, is the HVS voltage of the
dc—dc converter, 7, is the HVS total current. ;,, is the LVS total
current. As seen, during the braking period, the braking kinetic
energy is converted into the electrical energy, making the HVS
voltage increase. This makes the power flow from the HVS to
LVS and charges the battery. As can be seen in Fig. 22(a) and
(d), due to the feedforward control, the voltage drop is obviously
reduced from 125 to 25 V and the dynamic performance is
better and greatly improved. As can be seen in Fig. 22(b) and
(c), when the feedforward coefficient K, (0.5K,, or 1.2K,, ) is
greater than or less than the optimal value K, the voltage drop
is obviously reduced from 125 to 107 V and 100V, respectively.
The dynamic performance is not the best.
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E. Experimental Results of Current Sharing

As can be seen in Fig. 23(a), the output currents of the two
modules are equal to each other during the acceleration and brak-
ing periods. It implies excellent power sharing can be achieved
even in transients. As can be seen in Fig. 23(b), with the in-
terleaving PWM modulation, the LVS current ripple can be
minimized, increasing the battery lifetime.

FE. Efficiency

The efficiency of the system at different loads and different
source voltages is shown in Fig. 24. At rated load at 28 V input,
the efficiency is over 95%. Since the conduction loss is larger at
low battery voltage (18 V) than high battery voltage (28 V), the
efficiency is higher at high source voltage (28 V) at heavy load.
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Fig. 24.  Conversion efficiency.

VII. CONCLUSION

This paper proposes parallel-connected CF modular bidirec-
tional dc—dc converters for electrical drive powered by low-
voltage battery. Based on the small-signal modeling employing
the DPDPS control, the feedforward control with the optimal
coefficient can improve the system dynamic performance signif-
icantly. If the leakage inductance value can ensure the safe op-
eration of the system, the smaller value can improve the system
dynamic performance, reduce the rms and peak current. With
the proposed current sharing strategy, excellent power sharing
can be obtained not only under steady state, but also in transients
including the motor acceleration and braking regeneration. The
ripple for the charge/discharge current of the battery can be min-
imized significantly with the interleaving technology not only
within each module, but also among all the constituent mod-
ules. The validity of the control strategy and converter has been
verified by experimental results of a 4-kW prototype.
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