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ABSTRACT During excitation and demagnetization phase for the superconducting magnet, in dual-active-
bridge (DAB) converter based power supply, a dc bias may occur in high-frequency transformer and thus
lead to the faults. In this paper, an improved transient extend-phase-shift (TEPS) control strategy is proposed
to suppress the dc bias without any additional hardware. Unlike the traditional extend-phase-shift (EPS)
strategy, the voltages of the transformer are asymmetrical for half a period after changing phase-shift and
then remain symmetrical. This makes it take half a switching period for the current of transformer to reach the
steady state, and then eliminates the dc bias. The experiment verifies the performance on dc bias suppression.
This method provides a good theoretical and experimental basis for the EPSDABDC-DC converter to realize
the optimal control for excitation and demagnetization system in high-field superconducting magnet power
supply (SMPS).

INDEX TERMS Dual-active-bridge (DAB), dc bias, transient extend-phase-shift (TEPS) control strategy,
high-field SMPS.

I. INTRODUCTION
With the development of life and material science, there is
an increasing demand for imagining tools with high magnet
field such as high-field Magnetic Resonance Imaging (MRI)
and high-field Nuclear Magnetic Resonance (NMR). Super-
conducting magnet power supply (SMPS) is an important
component to excite and demagnetize the superconducting
magnet. According to system demands, SMPS requires small
volume, high power density, high reliability and isolated
bidirectional energy flow [5]. The high-frequency (HF) iso-
lated transformer (TF) instead of the line-frequency trans-
former should be employed in isolated bidirectional dc/dc
converters to provide voltage matching and galvanic isola-
tion, with the advantages of less weight, volume and higher
power density. Dual-active-bridge (DAB) converter, which

The associate editor coordinating the review of this manuscript and

approving it for publication was Sing Kiong Nguang .

has many advantages of high power density, easily realized
soft-switching, bidirectional power transfer capability, mod-
ularity and symmetric structure, has gradually attracted more
investigations [6], [7].

A power supply based on DAB converter is designed and
developed. It includes a PWM rectifier, a DAB converter to
realize bidirectional energy flow, and a full-bridge to change
voltage polarity, as shown in Figure 1.

Insofar, most of the researches on DAB converter have
been focused on the soft-switching solution, phase-shift (PS)
control strategy, current stress minimization, dead time com-
pensation, topology extension, hardware design and opti-
mization [8], [9]. However, the dc bias characteristic is less
studied. In fact, the dc component of primary and secondary
inductance current signal of high frequency transformer is the
average value of current signal in a switching cycle. For the
suppression of dc component, it can be divided into software
and hardware suppression related to the causes. Practically,
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FIGURE 1. Typical topology structure for SMPS.

the factors that may cause dc bias are as follows: 1) the
asymmetry of circuit parameters, e.g the delay of driving
pulse signal, inconsistency between on-state voltage drop
in switches, deferences in on-state switches resistance, etc.;
2)the fluctuation of input and output dc voltage during a
period; and 3) the adjustment of the PS ratio derived from
the power changing [10].

The existence of dc bias makes the current waveform of
DAB DC-DC HF TF asymmetric with high current stress,
leading to the magnetization curve of transformer core no
longer symmetrical to the origin when it operates. As the
magnetization curve is nonlinear, when the magnetization
is serious, the iron core enters the single direction deep
saturation, resulting in a sharp increase of unidirectional
magnetization current, increasing loss, even causing damage
to the switch tube. This affects the working reliability of
the DAB converter, may cause quench and even permanent
damage for the superconducting magnet. Meanwhile, there
is a risk of bursting in the sudden increasing of the cold
screen pressure, which should be avoid in the excitation and
demagnetization [11], [12]. Comparing with factor 1 and 2,
the factor 3 is more serious. This is determined by the law of
PS in control circuit driving signal and cannot be improved
simply by the hardware design optimization.

The transient PS control strategy is adopted to analyze the
transient process of load in [10]. Based on the derivation of
the expression of dc component current, the recurrence of the
PS ratio and dc bias are established and the dc bias can be
suppressed by compensating the phase-shift ratio. However,
that paper is based on SPS control strategy, which is not
suitable for EPS control strategy in practice. In [13], the EPS
control strategy is proposed and the operation principle and
modes are analyzed. Besides, the control performances of
SPS and EPS control are analyzed comparatively by estab-
lishing mathematical models of transmission power, back-
flow power and current stress. However, the paper does not
analyze the mechanism and method of restraining DC bias.
The virtual direct power control method is used to control
the feedforward link of the converter, which improves the
dynamic response speed of the DAB converter. Nonetheless,
the control strategy of the transient DC component has not
been analyzed in [14].

Based on EPS control strategy, a comprehensive theoret-
ical analysis of the transient dc bias and the TEPS control
strategy are proposed to eliminate the dc bias. This paper is
organized as follows: 1) the power transmission and steady
characteristics are analyzed in order to conclude the change
mode of inner and outer PS ratio; 2) the transient dc bias is
explained with the PS ratio changing; 3) the improvement
transient control strategy method is proposed to suppress dc
bias; 4) the engineering implementation and dynamic analy-
sis are presented; 5) the comparison test is given to verify the
analysis and conclusion.

II. STEADY CHARACTERISTIC and POWER
TRANSMISSION
In this analysis, the forward power flow is defined from the
Vi side to the Vo side, the reverse power flow is defined
from the Vo side to the Vi side. Thus, the leading and lag-
ging voltages in the forward power flows are VAB and VCD.
Equally, leading and lagging voltages are VCD and VAB in
the reverse power flows. Here, the forward power flow is
analyzed by examples, and the reverse power flow similarity
omit no analysis.

A. STEADY CHARACTERISTIC
The topology is shown in Fig. 2,L is the sumof the inductance
of the leakage inductance of the HF TF and series auxiliary
inductance; n is TF turn ratio; V1 and V2 are dc input and
output source voltages; vh1 and vh2 are on behalf of the
full-bridge H1 and full-bridge H2;VAB andVCD are the ac out-
put voltages of vh1 and vh2; iL is the current of inductance L;

FIGURE 2. The topology structure of DAB DC-DC converter.
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FIGURE 3. The control schematic diagram of EPS DAB. (a) 0 =< D1 =< D2 <= 1. (b) 0 <= 0.5D1 <= D2 <= D1 <= 1.

Ths is half a switching period, fs = 1/(2Ths) is switching
frequency, and D1 and D2 are the inner and outer PS ratios
in half a switching period; where k = V1/nV2 is the voltage
conversion ratio. In this section, we just analyze the steady
characteristic and power transmission of EPS control strategy
in the forward power flow.

In case of forward power flow, there are two situations [13]
as shown in Fig. 3. Here, when the control mode of Fig.3a is
adopted, that means 0 =< D1 =< D2 <= 1.
It is defined that iL(t0) and I0 is the current of t0, iL(t1) and

I1 is the current of t1 et al, as shown in Fig. 3 and formula 1.
And the following definitions of figures and formula are the
same.

According to the principle of current iL positive and neg-
ative symmetry, those are listed in formula (2) in half a
switching period.

iL(t0) = −iL(t3) = iL(t6)
iL(t1) = −iL(t4)
iL(t2) = −iL(t5)

(1)

Then, we get

I0 = −
nV2Ths
2L

[2D2 − 1+ k(1− D1)]

I1 = −
nV2Ths
2L

[2D2 − 2D1 − 1+ k(1− D1)]

I2 =
nV2Ths
2L

[1+ k(2D2 − D1 − 1)]

I3 =
nV2Ths
2L

[2D2 − 1+ k (1− D1)]

(2)

B. POWER TRANSMISSION
So the transmission power is:

PEPS =
1
Ths

Ths∫
0

VABiL(t)dt

=
nV1V2
2fsL

{
(D2 − D1) [1− (D2 − D1)]

+
1
2
D1 [1− D1 − 2(D2 − D1)]

}
(3)

For the convenience of analysis, the unified transmission
power PEPS are defined as

pEPS =
PEPS
PN
= 4(D2 − D1)[1− (D2 − D1)]

+ 2D1[1− D1 − 2(D2 − D1)] (4)

where

PN =
nV1V2
8fsL

(5)

Making the outer PS ratio (D2) minus the inner PS
ratio (D1) and the inner PS D1 as independent variables in
EPS control, then letting the transmission power PEPS be
dependent variable, the 3-D curves are shown in figure 4. That
concludes EPS control strategy (the constraints are 0 =<
D1 =< D2 <= 1) can transmit power in full range.
In fact, EPSDAB converter transmits power energy under this
constraint. So in this paper, it is just studied with the condition
that of 0 =< D1 =< D2 <= 1.
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FIGURE 4. Relation 3-D curves of the unified transmission power PEPS
with D1 and D2.

III. TRANSIENT CHARACTERIZATION OF THE EPS
CONTROL STRATEGY
For the superconductingmagnet system, after the excitation is
completed, the power supply is disconnected, and meanwhile
the superconducting magnet operates in a closed-loop with
superconducting switches. During demagnetization, the mag-
net energy is fed back to the power grid through the power
supply. So it is necessary to study power changes in sin-
gle direction, in terms of the following four situations: for-
ward power flow increasing, forward power flow decreas-
ing, reverse power flow increasing and reverse power flow
decreasing.

As mentioned above, the forward power flow just need to
be studied.

In EPS control strategy, the change of transmission power
only needs to change the inner PS ratio D1 and the outer PS
ratioD2. There are three modes to change the PS: 1)D1 fixed
and D2 changed; 2) D2 fixed and D1 changed; 3) D1 changed

FIGURE 5. Transient waveforms under the EPS control strategy with D1
fixed and D2 increasing.

and D2 changed. All in all, the time-base of S3 and S4 in vh1
lag is fixed. The specific analysis is given bellow.

A. D1 FIXED AND D2 CHANGED
Here we can let D′2 > D2 > 0. The condition that
D2 > D′2 > 0 is analyzed similarly. The transient waveforms
of DAB are shown as Fig. 5.

In Fig. 5, the outer PS ratio isD2 before t0 and isD′2 after t0.
Thus,

T ′hs = Ths + D′2Ths − D2Ths. (6)

Here, the transformer voltages at the primary and sec-
ondary sides are still symmetrical after changing outer PS
D2 at t0. So I0 equals to I6, which is not equal to actual I6
in steady characteristic as shown in Fig. 3a and formula (3).
As a consequence, the dc bias ITdc occurs.
According to Fig. 5, the HFL peak currents can be derived

as

I1 = −
nV2Ths
2L

[2D2 − 2D1 − 1+ k(1− D1)]

I2 =
nV2Ths
2L

[
2D′2 − 2D2 + 1+ k(2D′2 − D1 − 1)

]
I3 =

nV2Ths
2L

[
−2D2 + 4D′2 − 1+ k(1− D1)

]
I4 =

nV2Ths
2L

[
4D′2 − 2D2 − 2D1 − 1+ k(1− D1)

]
I5 =

nV2Ths
2L

[
4D′2 − 4D2 − 1+ k(D1 − 2D2 + 1)

]
I6 = −

nV2Ths
2L

[2D2 − 1+ k(1-D1)] .

(7)

So, the dc bias ITdc is as follows

ITdc =
I3 + I6

2
=
nV2Ths
2L

(2D′2 − 2D2). (8)

According to the formula (8), transient dc bias in this
situation is proportional to the increment (D′2 − D2).

B. D2 FIXED AND D1 CHANGED
Here it might be D1 > D′1 > 0. The transient waveforms
under the EPS control strategy are shown in Fig. 6. The vh2
lag is fixed, then the S1 and S2 of vh1 lag PS ratios are
changed.

According to Fig. 6, we have

I1 = −
nV2Ths
2L

[
2D′1 − 2D2 + 1+ k(1− D1)

]
I2 =

nV2Ths
2L

[
1+ k(2D2 + D1 − 2D′1 − 1)

]
I3 =

nV2Ths
2L

[
2D2 − 1+ k(D1 − 2D′1 + 1)

]
I4 =

nV2Ths
2L

[
2D2 − 2D′1 − 1+ k(D1 − 2D′1 + 1)

]
I5 =

nV2Ths
2L

[−1+ k(D1 − 2D2 + 1)]

I6 = −
nV2Ths
2L

[2D2 − 1+ k(1− D1)] .

(9)
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FIGURE 6. Transient waveforms under the EPS control strategy with D1
decreasing and D2 fixed.

The dc bias is

ITdc =
I3 + I6

2
=
k × nV2Ths

2L
(D1 − D′1). (10)

C. D1 CHANGED AND D2 CHANGED
Unlike the situation under single PS ratio changing, the phase
of the lag vh2 is changed with the phase of the S1 and S2
changing compared to S3 and S4. So the inner PS ratio D1
and the outer PS ratio D2 are both changed. In a word, time-
base of S3 and S4 in vh1 lag is fixed. Here D2 increases and
D1 decreases. The transient waveforms are shown in Fig. 7.
After t0, the inner PS ratio and outer PS ratio changes.

According to Fig. 7, the peak current can be get as followed

I1 =
nV2Ths
2L

[
2D′1 − 2D2 + 1+ k(1− D1)

]
I2=

nV2Ths
2L

[
−2D2+2D′2+1+k(2D

′

2 + D1 − 2D′1 − 1)
]

I3 =
nV2Ths
2L

[
−2D2 + 4D′2 − 1+ k(D1 − 2D′1 + 1)

]
I4=

nV2Ths
2L

[
−2D2+4D′2−2D

′

1 − 1+k(D1 − 2D′1 + 1)
]

I5 =
nV2Ths
2L

[
−2D2 + 2D′2 − 1+ k(D1 − 2D′2 + 1)

]
I6 = −

nV2Ths
2L

[2D2 − 1+ k(1-D1)] .

(11)

So the dc bias is

ITdc =
I3 + I6

2
=
nV2Ths
2L

[
2D′2 − 2D2 + k(D1 − D′1)

]
=

nV2Ths
2L

(2D′2 − 2D2)+
k × nV2Ths

2L
(D1 − D′1). (12)

Due to the formula (8) (10) and (12), the dc bias in this
situation is the sum of the first two dc bias. If the polarities of
the first two are the same, then the dc bias is larger which
may cause greater current stress on transformer. In actual
operation, this situation should be well considered.

FIGURE 7. Transient waveforms under the EPS control strategy with D1
decreasing and D2 increasing.

IV. IMPROVEMENT TRANSIENT CONTROL METHOD
In order to reduce the transient dc bias and the consequent
current stress, in this chapter, an improved transient control
strategy is put forward and defined as the TEPS method.

A. TEPS IN D1 FIXED AND D2 CHANGED
The phase change for the lagging full-bridge vh2 is divided
into two parts and vh1 is fixed as shown in Fig. 8. Before t0,
the outer PS is D2; the first half a switching period after t0,
the outer PS ratio is D′′2; after that, the outer PS ratio is D′2.
These two parts are added to the rising and falling edges of
the lagging voltage in next two Ths after t0.

FIGURE 8. Transient waveforms under the TEPS control strategy with D1
fixed and D2 increasing.

Here, Ths1 is the S3/S4 duration of vh1, and Ths2 is the
high-level or low-level duration of vh2. The following def-
initions of Ths1 and Ths2 are related to this.
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Then we have{
T ′′hs1 = T ′hs1 = Ths1
Ths1 = Ths2 = Ths{
T ′hs2 = Ths2 + (D′′2 − D2)Ths2
T ′′hs2 = Ths2 + (D′2 − D

′′

2)Ths2.
(13)

According to formula (13), the peak currents can be derived
as

I1 =
nV2Ths
2L

[2D1 − 2D2 + 1+ k(D1 − 1)]

I2 =
nV2Ths
2L

[
2D′′2 − 2D2 + 1+ k(2D′2 − D1 − 1)

]
I3 =

nV2Ths
2L

[
4D′′2 − 2D2 − 1+ k(1− D1)

]
I4 =

nV2Ths
2L

[
4D′′2 − 2D′2 − 2D2 − 1+ k(−D1 + 1)

]
I5=

nV2Ths
2L

[
4D′′2−2D

′

2−2D2 − 1+k(D1 − 2D′2 + 1)
]

I6 = −
nV2Ths
2L

[
4D′′2 − 4D′2 − 2D2 + 1+ k(1-D1)

]
.

(14)

And the dc bias ITdc can be obtained by

ITdc =
I3 + I6

2
=
nV2Ths
2L

(4D′′2 − 2D′2 − 2D2). (15)

Eliminating the dc bias means that ITdc is zero, then

D′′2 =
D2 + D′2

2
. (16)

The transformer currents become symmetrical over half
switching period under the TEPS control strategy. As a result,
the dc bias is eliminated.

B. TEPS IN D2 FIXED AND D1 CHANGED
The phase change of the lagging S1/S2 for the full-bridge
vh1 is split into two parts and vh2 is fixed. Before t0, the inner
PS is D1; the outer PS ratio is D′′1 in the first half switching
period after t0; after that, the outer PS ratio isD′1. As the S3/S4
of vh1 lag is fixed, then{

T ′′hs1 = T ′hs1 = Ths1
Ths1 = Ths2 = Ths.

(17)

According to the formula (17) and Fig. 9, the current of
transformer is as follows.

Then they can be derived as

I1 =
nV2Ths
2L

[
2D′′1 − 2D2 + 1+ k(1− D1)

]
I2 =

nV2Ths
2L

[
1+ k(2D2 + D1 − 2D′′1 − 1)

]
I3 =

nV2Ths
2L

[
2D2 − 1+ k(D1 − 2D′′1 + 1)

]
I4 =

nV2Ths
2L

[
2D2 − 2D′1 − 1+ k(D1 − 2D′′1 + 1)

]
I5 =

nV2Ths
2L

[
−1+ k(D1 + 2D′1 − 2D2 − 2D′′1 + 1)

]
I6 =

nV2Ths
2L

[
−2D2 + 1+ k(D1 − 1)

]
.

(18)

FIGURE 9. Transient waveforms under the TEPS control strategy with D1
decreasing and D2 fixed.

So the dc bias is

ITdc =
I3 + I6

2
=
nV2Thsk

2L
(D1 + D′1 − 2D′′1). (19)

If ITdc equals to 0, then

D′′1 =
D1 + D′1

2
. (20)

Similar to the previous conclusion that TEPS in D1 fixed
and D2 changed, the transformer currents become symmetri-
cal over one switching period under the TEPS D2 fixed and
D1 changed using formula (20).

C. TEPS IN D1 CHANGED AND D2 CHANGED
The voltage and current waveforms of transformer in TEPS
are shown in Fig 10. Based on the previous analysis, in the
first half period of changing the PS, the inner and outer PS can

FIGURE 10. Transient waveforms under the TEPS control strategy with D1
increasing and D1 decreasing.
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be changed to a certain transient value. Before t0, the outer PS
isD2; the outer PS ratio isD′′2 in the first half switching period
after t0; after that, the outer PS ratio is D′2. As for the inner
PS, the inner PS is D1 before t0; the inner PS ratio is D′′1 in
the first half switching period after t0; after that, the inner PS
ratio is D′1. Then, we have

T ′′hs1 = T ′′hs1 = Ths1
T ′hs2 = Ths2 + (D′′2 − D2)Ths2
T ′′hs2 = Ths2 + (D′2 − D

′′

2)Ths2
Ths1 = Ths2.

(21)

So the current waveforms of transformer can be listed as

I1 =
nV2Ths
2L

[
2D′′1 − 2D2 + 1+ k(1− D1)

]
I2=

nV2Ths
2L

[
2D′′2 − 2D2+1+k(2D′′2+D1 − 2D′′1 − 1)

]
I3 =

nV2Ths
2L

[
4D′′2 − 2D2 − 1+ k(D1 − 2D′′1 + 1)

]
I4 =

nV2Ths
2L

[
4D′′2−2D2−2D′1−1+k(D1 − 2D′′1 + 1)

]
I5 =

nV2Ths
2L

[
4D′′2 − 2D2 − 2D′2

−1+ k(D1 + 2D′1 − 2D′2 − 2D′′1 + 1)
]

I6 =
nV2Ths
2L

[
4D′′2 − 2D2 − 4D′2
+1+ k(2D′1 + D1 − 2D′′1 − 1)

]
.

(22)

And ITdc is obtained as

ITdc =
I3 + I6

2
=
nV2Ths
2L

[
4D′′2 − 2D2 − 2D′2
+ k(D1 + D′1 − 2D′′1)

]
. (23)

Let ITdc equal to 0 for any k , then we can get{
4D′′2 − 2D2 − 2D′2 = 0
D1 + D′1 − 2D′′1 = 0

(24)

thus 
D′′2 =

D2 + D′2
2

D′′1 =
D1 + D′1

2
.

(25)

From formula (21)-(25), transformer currents become
symmetrical over a half switching period and the dc bias
is eliminated. In addition, compared with formula (16) (20)
and (25), it concludes that the TEPS method in the inner and
outer PS changing at same time synthesizes only the inner PS
changing and only the outer PS changing.

V. MODULATION ALGORITHM AND DYNAMIC RESPONSE
A. TEPS MODULATION ALGORITHM
The proposed TEPS control strategy to decrease the transient
dc bias is just enabled during the transient process. By the
way, the power transmission characteristic is basically con-
sistent with the traditional EPS control.

In the digital controller modulation algorithm, the time-
based counter operates in up-down mode which can gen-
erate an asymmetrical the pulse-width-modulation (PWM)
waveform. In this mode, the time-based counter starts from
zero and increases until the period value N is reached, then
the counter decreases until it reaches zero. At this point the
counter repeats the pattern and begin to increment. So

TPWM = 2× N × TTBCLK = 2Ths. (26)

Here, TBCLK is defined as the time-based clock and TPWM
is the period of each switching cycle. The time-based
counter is synchronized in all PWM pulse modules. The
counter-compare submodule containing the counter-compare
A (CMPA) and counter-compare B (CMPB) registers and
action-qualifier submodule are used to change PS ratios duty
cycle. In our subject as shown in Fig. 11, the phase of S2
PWM equals to the time-based counter. The PS of S1 PWM
comparing with S4 is the inner PSD1. For instance, the phase
shift of Q1/Q4 PWM against S4 is the outer PS D2. Further-
more, S4 and S2, S3 and S4, Q2/Q3 and Q1/Q4 complement
each other with dead zone in case of the same bridge passing
through. Here the time-based counter value of N1 and N2 can
be expressed as {

N1 = [D1N ]
N2 = [D2N ] .

(27)

FIGURE 11. The waveforms of digital controller modulation algorithm.

In the formula (27), [x] is the Integral Function, that is the
largest integer less or equal to x. It can be seen that the
larger N is, the more accurate of the PS controlling is. Then
when the period of each switching cycle TPWM is fixed,
the larger N means the smaller TTBCLK which correlates
positively with Tcpu, where Tcpu is the reciprocal of the micro-
controller operating frequency fcpu.

The integer variableCnt is used as the timed-based discrete
counter, where 0 ≤ Cnt < 2N . In order to adopt the
TEPS control strategy during the transient process, the digital
controller will detect and store the PS ratios in real time,
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TABLE 1. Teps modulation algorithm.

FIGURE 12. The transient waveform in EPS strategy with D2 changed and D1 fixed.

FIGURE 13. The transient waveform in EPS strategy with D1 changed and D2 fixed.

then the corresponding PWM waveforms will be updated as
shown in Table 1.

B. DYNAMIC RESPONSE
The HF isolated transformer current in the transient process
can be divided into ac and dc components shown below:

iL(t) = iTac + iTdc. (28)

where iTac is the ac component of steady state and iTdc is the
dc component generated by the transient dc bias.

To some extent, the dynamic response time means the
attenuation velocity of the dc bias. It needs to be noted
that this paper mainly discusses the performance caused by
the EPS and TEPS control strategies and the response time
caused by open-loop control parameters. In DAB converter,
due to the existence of auxiliary inductance L and the resis-
tance R, the dc component iTac will decay exponentially with
time. The circuit mathematical model can be listed as follows

iTdc = ITdce
−
t
τ
= ITdce

−
R
L t (29)

where τ = L/R is the decay time constant, and ITdc is
the maximum value of the dc component determined by the
transient dc bias.

In the traditional EPS control strategy, the dynamic
response is determined by circuit parameters, which may be
slow in certain condition. However, with TEPS control strat-
egy, the transformer currents become symmetrical over half
a switching period. Therefore, the dynamic response will be
improved. Theoretically, the dynamic response time is only
half of the switching period in TEPS DAB dc-dc converter.

VI. EPPERIMENTAL VERIFICATION
A. EXPERIMENTAL CONDITIONS
In order to verify the theoretical analysis proposed in this
paper, a DAB prototype has been constructed. Both the input
and output sides of the DAB converter are connected by
voltage power supply source. The main parameters are as
follows: V1 = 60V, V2 = 6V, L = 28.5 µH, C1 =

C2 = 13 mF, n = 8 and fs = 40 kHz. The dead-time
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FIGURE 14. The transient waveform in EPS strategy with D1 decreased and D2 increased.

FIGURE 15. The transient waveform in EPS strategy with D1 increased and D2 decreased.

FIGURE 16. The transient waveform in TEPS strategy with D2 changed and D1 fixed.

FIGURE 17. The transient waveform in TEPS strategy with D1 changed and D2 fixed.

of PWM equals to 0.5 µs. Here, the currents are measured
by a high-precision ac/dc current probe TCP 303A and
an amplifier TCPA 300, the voltages are measured with a

200 MHz differential probe DP 6150B, and all the wave-
forms are connected to a 200 MHz/2.5 GS/s oscilloscope
DLM3024.
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FIGURE 18. The transient waveform in TEPS strategy with D1 decreased and D2 increased.

FIGURE 19. The transient waveform in TEPS strategy with D1 increased and D2 decreased.

FIGURE 20. The comparison of dynamic response between EPS and TEPS strategies. (a)EPS. (b)TEPS.

B. TRANSIENT EXPERIMENTS IN EPS STRATEGY
Fig. 12-15 shows the transient experimental waveforms in the
EPS control strategy, where (b) is the dotted box enlarged
view of (a) in all figures. In Fig. 12, the outer PSD2 increases
from 0.2 to 0.45 with the inner PS D1 = 0.2 fixed. In Fig. 13,
the inner PS D1 decreases from 0.2 to 0 with the outer PS
D2 = 0.2 fixed. In Fig. 14, the outer PS D2 increases from
0.2 to 0.45 with inner PS D1 decreasing from 0.2 to 0. It is
obvious that there are different degrees of positive dc bias.
And the larger the power change, themore obvious the dc bias
is. Those above are the cases of the power up, Fig. 15 shows
the case of the power dips with the outer PS D2 decreasing

from 0.45 to 0.2 with the inner PSD1 increasing from 0 to 0.2.
And the negative dc bias appears.

C. TRANSIENT EXPERIMENTS UNDER TEPS STRATEGY
The parameter changes in the all of situations under TEPS
strategy are the same as those under the EPS strategy;
Fig. 16-19 shows the transient experimental waveforms
under the TEPS control strategy. It can be seen clearly
that currents become symmetrical and the transient dc
biases are eliminated. Furthermore, the current stress is
smaller than those under EPS control strategy in all
cases.
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D. DYNAMIC RESPONSE
The analysis of dynamic performances is to compare the
dynamic response of the TEPS and EPS control strategies
under the same parameters. A certain situation with inner PS
D1 decreasing and outer PS D2 fixed is listed in Fig. 20 and
other situations are similarly to be omitted. In Fig. 20,
the experimental parameters and waveforms coincide with
that in Fig. 13 and Fig. 17. The dynamic response time
in TEPS is only half of the switching period, which is
consistent with previous theoretical analysis. And it can be
clearly seen that the dynamic response is slower under the
EPS strategy.

VII. CONCLUSION
In this paper, the transient dc bias in EPS DAB converter
has been theoretically analyzed and verified by experiments.
In transient operation, as the HF isolated TF iTdc is not
steady current when changing the PS ratio due to symmetrical
voltages, a dc bias may occur with traditional EPS control
strategy, and could lead to faults. The dc bias is closely related
with the adjustment of the PS ratio derived from the power
change. An improved TEPS control strategy is proposed to
optimize the PS ratio in the second half period and then
suppress the dc bias. As a result, the safe operation of the con-
verter is compromised. This study explains the phenomenon
of dc bias of full power flow in EPS control strategy mode,
and recommends effective methods to improve transient per-
formance for SMPS.
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