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Abstract—This paper proposes a modified control scheme
based on the dual active bridge converter with a center-tapped
transformer. The tripe phase shift and fixed frequency (T PSFF)
control is adopted to make sure that the soft-switching current of
the switch bridge which is hardest to achieve soft switching is the
fixed value at the light load. With the extended phase shift and
variable frequency (EPSVF) control at the heavy load, not only
the soft-switching current of the hardest switch bridge is the
fixed value, but also the reactive power is restricted. And then, a
1.1kW experimental prototype is established to verify the
correctness of theoretical analyses.
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L INTRODUCTION

Dual active bridge (DAB) converter can transmit power
between two DC power supplies with different voltage levels.
Therefore, the dual active bridge is widely used in the field
which contains low voltage battery and high voltage bus, such
as micro grid, electrical vehicles and uninterrupted power
system. Compared with the traditional unidirectional DC\DC
converter, the dual active bridge converter has the
characteristics of less switching devices, bidirectional power
transmission, easy to achieve soft switching, insensitive to
parasitic parameters and so on. Thus far, dual active bridge
converter is developing towards the following aspects: wide
input or output voltage range, high voltage gain, wide soft-
switching range, higher power density, and higher efficiency 1-

2].

The classical control schemes of DAB involve the
following aspects: 1) traditional single phase shift (SPS)
control, 2) extended phase shift (EPS) control, 3) triple phase
shift (TPS) control. SPS control is easy to realize the
bidirectional power transmission only by adjusting the phase
shift angle between the primary and secondary switch bridges
and can make sure the converter obtain large power. However,
SPS control restricts the input and output voltage range and the
converter is difficult to achieve soft switching when the voltage
gain deviates from the transformer ratio or at light load. What
is more, the reactive power is protruded at the heavy load[3-8].
The EPS control broadens the input or output voltage range
and improves the reactive power problem. And all switches can
realize theoretical soft switching over full-operating range.
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Taking the parasitic capacitor of the switch into consideration,
EPS control cannot provide enough soft-switching current at
light load and the reactive power becomes too large with the
increase of the phase shift between the primary and secondary
switch bridges at heavy load[9-13]. TPS control can control the
inductor current more precisely, and thus the root-mean-square
(RMS) of the inductor current is optimized. However, the soft-
switching current at light load is also not large enough and the
converter cannot realize the soft switching[14-16]. With EPS
or TPS control, the maximum power level of the system
becomes lower with the same converter parameters and the
control complexity increases. Based on the above study
situation, some researchers have proposed hybrid phase shift
(HPS) scheme.

Reference [17] proposed an improved dual active bridge
converter with a center-tapped transformer. Considering the
parasitic capacitor, all switches of the converter can achieve
actual soft switching and the worst soft-switching current is the
fixed value at light load with the TPS control when the voltage
gain of the converter is double. However, TPS control cannot
restrict the reactive current at heavy load.

This paper proposes a modified control scheme based on
the improved dual active bridge converter. In terms of the volt-
second balance of the transformer windings within half
switching cycle, the TPSFF control can provide sufficient soft-
switching current flowing through the center-tapped inductor
by adjusting the secondary phase shift angle at light load.
The EPSVF control can control the soft-switching current
result that the current can be limited by adjusting the switch
frequency at heavy load. Thus, the worst soft-switching
current can be set as fixed value with full-operating range and
the reactive power is controlled at heavy load.

II.  OPERATION PRINCIPLE

Fig. 1 shows the topology of the improved DAB converter
with a center-tapped transformer. ¥}, and V; are the DC voltage
sources. C,, is the capacitor of primary side. Cs; and Cy are
voltage divider capacitors for the secondary side bridge. L,
represents the sum of the primary transformer leakage
inductance and optional external inductor. L; is a center-tapped
inductor. The transformer turns ratio is n=N,/N,=N,/N, where
N>=Njs. Here, uy, uy, us, us are the high frequency square wave



. T
yé} Eﬂ Ca— s
2

1
—
0
N Vs irs N v
- ]
Ny Ls

U

LR S
s T

The improved DAB converter with center-tapped transformer

Fig. 1.

voltage sources. In order to reach the volt-second balance of
the transformer windings within half switching cycle, ¢,
representing the phase shift between primary side switches is
adjusted. The phase shift between secondary side switches is
¢, which generates a voltage differential between the center-
tapped inductor. The reactive power circulation flowing
through L, provides soft-switching current. The phase shift
angle ¢ between primary side and secondary side switches
controls the bidirectional power flow.

Fig. 2 shows the derivation process of equivalent circuits
for the center-tapped transformer. All the primary-referred
parameters are marked with “ ' . In order to analysis simply,
the inductors of A equivalent circuit are equal and which is
represented by L. And the primary side and center-tapped
inductors can be expressed as follows.

(1

In order to reach the volt-second balance of the transformer
windings within half switching cycle, the inner phase shift
angle ¢, of primary bridges can be expressed as follows.

1
¢,=n( 1—2—k) 2)

Where, £ is the voltage gain of converter and can be
defined as follows.

k=—2 3)

According to the voltage rising sequence of u;, u, and us,
the operating situation is divided into four modes. With TPSFF
control, modes I, II, IIT are for light load condition. And in
mode IV, EPSVF control is used for heavy load condition. Fig.
3 shows the idealized operating waveforms of each positive
operating mode.

Through the detailed analysis of the steady state operating
process, the expressions of current and power can be derived in
the four modes, respectively. The normalized power transfer e-
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Fig. 2. Derivation process of equivalent circuits

quations are expressed as follows. And the curve of normalized
power versus secondary phase shift ¢ and phase shift ¢ is
drawn in Fig. 4.
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Where, the base values of normalized current and power
are expressed as follows.

nV,
I =—5
base 2wl 5
v,
base — 4ol

Table I shows the normalized switching currents of each
mode. When the phase shift angle of the secondary side
switches is zero, the mode I, II, III can be normalized to mode
II and the worst soft-switching current equals to zero.
Furthermore, considering the effect of the parasitic parameters
and dead time, the charging and discharging process of the
parasitic capacitors cannot be completed within the dead time.
In practice the soft switching cannot be achieved at the
secondary side. As can be seen in the table I, the minimum
soft-switching currents in mode I, II and III are equal and the
normalized soft-switching current is —¢, by adopting TPSFF
control mentioned previously. Thus, only adjusting the value of
phase shift between the secondary switches can change and set
the worst soft-switching current value. In case the minimum
soft-switching current is set to -2A, the phase angle ¢ is
0.126m. It brings little effect on the output power because the
¢ is small.
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Fig. 3. Idealized operating waveforms
TABLE I. SWITCHING CURRENTS IN ALL OPERATING MODES
Mode I Mode II Mode II1 Mode IV
0<¢=(¢s-6)/2, =< 0=¢<(¢-9)/2, 4=¢, |¢o-4|2<¢<(g+ ¢)/2 ($pt+d)2s¢<m/2, =0
i'(0) -¢ - o204 ~Gp-2¢<-, ~$p-2¢i: " (B)
i'(a@) -¢s -Gt 2¢<-¢; -¢s $o2¢<i, " (B)
| TR 4 -4, 7(4-20)(2n-245)
e (G20 ¢/ (2m-2 ) T Gp-2¢- 4)/(2m-2 )
L0 i -4 st (- 20)/(2n-24)
st i7(0), i" (@)= i (B), i (D=4 i'(a), b (B)=-¢, i (B ()
v'fftflgfs Sp1-Sp2 Sp3-Spa Su1-Sa, S-S Sp-Spis Ss1-Se2 Su1-Sa2, Su-Su

816




W
| eeee SR 7T AR TS
T
1 e | SIS
000206

4 (1270) 0 -n2

Fig. 4. Pversus ¢ and ¢ according to different k and ¢,

III. PHASE SHIFT AND VARIABLE FREQUENCY CONTROL

At the light load, the soft-switching current reaches the set
value with TPSFF control. With the increasing of the output
power, the converter enters model IV and the worst soft-
switching current increases. Then, the optimized target is
changed from complete soft switching to restrict the reactive
current. In model IV, there is no current flow through the
center-tapped inductor because ¢ is set to zero. Adding
variable-frequency control can make the worst soft-switching
current to the set value and achieve the complete ZVS with the
minimum reactive current compared with the fixed frequency
control.

In mode IV, the worst soft-switching current is 7, "(). Here,
we define 7,5 is the value of the worst soft-switching current.
and I, is the average value of the output current. So, the
equation is obtained as follows.

Izvs :iZ’*()B)*Ibase (6)
Iout :P*(N)*Pbase/Vs

Combining with (4), (5) and (6), the expressions of the
switching frequency f; and the phase shift angle ¢ can be
derived as follows.

Al + L (r — ¢p NEW -ZA in the experiment to verify the ZVS achi.evement of all the
= > switches at the whole load range. The experimental results are
8nLl " (r—¢,)/V; shown as follows.
¢:”([out+1zvs)_A (7)
27 TABLE I1. PARAMETERS OF THE CONVERTER
ZVs
where, 4= \/ﬂ'zloutz +211 ., (T = ¢p )+ [szz (77:2 - ¢p2) Parameters Values Parameters Values
Vs 120-240V Vs 240V
The curves of switching frequency f; and phase shift angle L, 21H L. 7uH
¢ versus output current /,,, according to different ¢, are drawn
in Fig. 5. The soft-switching current values of the solid curves Mi:N2 21221 Ni:Ns 21:21
and the dotted curves are set to -2A and -3A, respectively. In 1 50KkHz~200kHz P, L1KW

order to protect hardware of the converter, the switching frequ-
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(b) Phase shift angle ¢p versus output current /oy,

Fig. 5. f;and ¢ versus I, according to different ¢,

ency is limited to 50-200 kHz. When the switching frequency
is beyond the range, it can be return to normal range by raising
or decreasing the value of /.

IV. EXPERIMENTAL VERIFICATION

A 1.1kW prototype is established to verify the correctness
of the theoretical analyses. Table II shows the parameters of
the converter. When the dead time is constant, the larger the
parasitic capacitance of the switch is, the larger the value of
reverse current required to realize ZVS is. The concrete
relationship between parasitic capacitance and minimum soft-
switching current is not within the range of the study in this
paper. As an illustrate, the worst soft-switching current is set to
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Fig. 6. Measured operating waveforms in mode I, II, IIT

In the Fig.6 (a), (b) and (c), the experimental waveforms of
mode L, IL, Il with FFTPS control are given, where, V=240V,
f=90kHz. By adjusting the phase shift angle of secondary side
switches, the worst soft-switching currents measured in the
experiment are all -1.9A which is close to the set value. It can
be ensured that all the switches can achieve ZVS. Fig.6 (d)
shows the operating waveforms where ¢ is zero as a special
case of mode II. As can be seen, the worst soft-switching
current is zero, and in practice the switches of secondary side
can’t realize the soft switching. The correctness of the above
theoretical analysis is verified.

Fig.7 shows the experimental waveforms of mode IV with
VFEPS control, where ¢=0, V,=180V, V;=240V. In the Figs. 7
(a) and (b), the switch frequency which is unchanged equals to
90 kHz. It can be seen that the worst soft-switching current val-
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Fig. 7. Measured operating waveforms in mode IV

ue is 4.6 A, and the root mean square values of primary and
secondary current are 11.6 A and 5.825 A, respectively. As the
experimental results shown in the Fig. 7 (¢) and (d), the worst
soft-switching current value is 2.2 A by adjusting the switch
frequency to 63 kHz under the same output power. And the
root mean square values of primary and secondary current are
reduced to 10.4 A and 5.3 A, respectively. Adopting EPSVF
control in mode IV brings that all of the switches realize ZVS
and the primary and secondary currents are optimized.
Furthermore, the efficiency of the converter is increased from
91.3% t0 93.7%.

Fig.8 shows the efficiency curves of the converter under
different input voltages with the modified phase shift and
variable frequency control, and the maximum efficiency is
95%.
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V. CONCLUSION

A modified phase shift and variable frequency control
scheme is proposed in this paper. The TPSFF control is
adopted at light load. The center-tapped inductor at the
secondary side can provide the extra soft-switching current for
the switches. The worst soft-switching current is the set value
to ensure all switches can achieve soft switching, and at the
same time, the reactive power is restricted. In order to control
the worst soft-switching current as the set value and decrease
the reactive power, the EPSVF control is employed at heavy
load.

The improved DAB converter employed the proposed
control scheme is appropriate to use in the occasion where has
wide input voltage range, such as the renewable energy system.
The proposed control scheme works out the less soft-switching
current at light load and the too large reactive power at heavy
load, which increase the reliability and practicability of the
converter.
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