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Letters

Unifying the Transformer Current in Multiple Phase Modulation Without
Current Spike During Load Transients

Yu Yan , Hua Bai , Ruirui Chen , Leon M. Tolbert , and Fred Wang

Abstract—To accelerate the dynamic response in a dual active
bridge converter, feed-forward control can be applied in paral-
lel to the conventional PI controller for closed-loop control. The
transformer current thus changes significantly due to the phase
shift change. A current spike can appear during load transients,
particularly when using multiple phase shift modulation. Effort has
been made in the previous literature to implement active compensa-
tion between two different steady-state operations to eliminate the
transformer current spike; however, this results in a complicated
control structure. This letter thus proposes a novel modulation
method unifying the transformer current for dual phase shift and
triple phase shift modulation to mitigate the transformer current
spike when switching among various phase shift controls during
load transients. By applying the proposed pulsewidth modulation
strategy, the instantaneous value of the transformer current stays
the same at the beginning of the switching period even with differ-
ent steady-state modulation techniques. Also, full-operation-range
zero-voltage switching can be realized for the primary side or the
secondary side switches by combining with the proposed modula-
tion strategy. An experimental prototype demonstration validates
the proposed modulation strategy.

Index Terms—Current spike elimination, dual active bridges
(DABs), multiple phase shift (MPS), zero-voltage switching (ZVS).

I. INTRODUCTION

ADUAL active bridge (DAB) converter is an excellent
topology owing to its galvanic isolation, adjustable voltage

gains, and bidirectional power flow [1] in Fig. 1. DAB has
attractive features, such as high power density and high effi-
ciency, by applying high switching frequency to drive the active
switches while also realizing soft switching. To further improve
the performance of the DAB converter, different modulation
strategies have been developed, such as dual phase shift (DPS)
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Fig. 1. Topology of DAB converter with digital control.

Fig. 2. Structure of the closed-loop control in the DAB converter.

modulation, triple phase shift (TPS) modulation, and multiple
phase shift (MPS) modulation [2], [3], [4]. Most of the newly
proposed modulation strategies only focused on steady-state
performance, such as securing zero-voltage switching (ZVS) [5]
and reducing the transformer current rms, instead of the issues
during transient states.

A typical application of the DAB converter is to serve as
the interface between a high-voltage and a low-voltage dc bus.
While the low-voltage bus can be a dc microgrid connected to
different types of loads (motor drive or resistive load), an energy
source, or energy storage device, it also can feed the high-voltage
dc bus when necessary. For medium-voltage devices for grid
applications (10-kV device), the switching loss is much higher
than that in lower voltage SiC devices (1700 V) [6], which means
ZVS for medium-voltage device is necessary.

The DAB converter should have a fast dynamic response to
meet electric grid codes in load transients; however, this fast
switching can cause issues, such as current spikes, in the trans-
former that can damage the semiconductor devices. The root of
this issue is the abrupt change of phase shift thus transformer
current waveform, as described in the previous literature [7].
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Some active compensation methods were discussed to mitigate
the transformer current change by modifying the duty cycle of
certain switches in the next switching cycle compared to the
previous cycle during the phase shift change [7], [8], [9]. Hu
et al. [10] and Wei et al. [11] also provided solutions for the
magnetizing dc bias during a load transient by providing active
compensation. Such active compensation during the transients,
however, can make the control complicated when applying MPS
modulation to cover wide voltage and power range. Because the
transformer currents are independent in each modulation mode,
the compensation method has to consider all transitions among
all modulation modes. Also, a zero current in performance
optimization of a high current DAB with a wide operating
voltage range or triangular modulation control [4], [12] can also
be utilized in the current spike elimination method, which means
there is no current difference at the beginning of the switching
cycle.

In this letter, a novel modulation strategy is proposed with the
unified transformer current in DPS and TPS modulation, which
not only is designed for steady-state operation but also considers
current spikes during a load transient. With the application
of the proposed modulation, there is no need to consider the
active compensation between DPS and TPS, which simplifies the
compensation over the whole operation range. At the same time,
the primary switches can operate with ZVS thus eliminating
their switching loss. In Section II, the root cause of the trans-
former current spike during a load transient is analyzed. Then, a
modulation strategy design is proposed to unify the transformer
current control in DPS and TPS modulation in Section III.
The mitigation of the transformer current spike in the whole
operation range is provided in Section IV. Section V contains
the experimental results to validate the proposed modulation
strategy.

II. ROOT CAUSE OF THE CURRENT SPIKE IN TRANSFORMER

The output current of the DAB converter is regulated by
the phase shift between the primary-side and secondary-side
H-bridges. When a load current transient happens, to track
the reference current, the phase shift needs to change swiftly.
To accelerate the dynamic response, feed-forward control is
commonly applied in parallel with a PI controller, tracking the
reference current as shown in Fig. 2. Fig. 3 shows an example
for closed-loop control for the DAB converter. With the MPS
modulation, the phase shift between the primary side and the
secondary side determines the inner phase shifts associated with
the input voltage and the output voltage [2]. In Fig. 3, φ is the
phase shift between the primary side and the secondary side, φs

is the secondary-side inner phase shift, andφp is the primary-side
inner phase shift, which is marked in Fig. 3. The first half bridge
at the primary side is set as the reference leg when defining the
phase shifts.

A simulation example of the load current transient is provided
in Fig. 4. The simulation parameters are shown in Table I,
which is also the test condition for the control algorithm in
the laboratory. To verify the proposed modulation strategy, the

Fig. 3. Simulation waveforms during load transients. (a) Load current increas-
ing with the current spike of the transformer. (b) Zoomed-in waveforms.

Fig. 4. Switching waveforms of the proposed modulation strategies. (a) Modu-
lations without the unified switching current. (b) PDPS and TPS when Vin>nVo.
(c) SDPS and TPS when Vin<nVo. (d) SDPS when Vin = nVo.
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TABLE I
PROTOTYPE SETUP

experiments are adopted at low voltage condition. During the
load current change, the reference current increases. A new
phase shift will be uploaded to the DAB converter in the next
switching cycle. Under light load, TPS modulation is applied to
ensure ZVS and reduce the reactive power. At medium load, DPS
modulation is adopted. During the transition between TPS and
DPS when the load current increases, the current spike appears
in the transformer.

If the switching currents at the beginning of the switching
period under different conditions have the same constraints,
there will be no transformer current spike even when phase shifts
change dramatically. When the load transient happens between
the TPS and DPS modulation, there is no need for the additional
active compensation. Considering the load transient between
SPS and other modulations, because of the unified switching
current of DPS and TPS, other modulations can be regarded as
a single pattern to be compensated. Otherwise, according to the
previous literature, the current spike elimination methods need to
be considered between each modulation or even within a single
modulation. Thus, the controller design can be simplified with
the proposed modulation strategies.

The cause of the transformer current spike is the continuity of
the transformer current and the discontinuous phase shift. When
a new phase shift is applied to switches at a certain point of the
switching cycle, it is set by the microcontrol unit. When applying
the different modulations, as shown in Fig. 5(a), the transformer
current at the beginning of the switching period is provided in
(1), and the current difference is listed in (2). The switching
current of SPS modulation is only related to the phase shift
between the primary side and the secondary side. On the other
hand, because of the additional inner phase shifts, DPS and TPS
modulation have more flexible and variable switching current,
which offer more degrees of freedom to shape the transformer
current ⎧⎪⎪⎨

⎪⎪⎩
i0_SPS = −Vin+nVo(2φ−1)

4Lsfs

i0_PDPS = −Vinφp+nVo(2φ−1)
4Lsfs

i0_TPS = −Vinφp−nVo(φ+φs)
4Lsfs

(1)

⎧⎪⎪⎨
⎪⎪⎩

Δi1 = nVo(3φ+φs−1)
4Lsfs

Δi2 =
Vin(1−φp)
4Lsfs

Δi3 =
Vin(1−φp)+nVo(3φ+φs−1)

4Lsfs

. (2)

III. UNIFIED TRANSFORMER CURRENT IN

MULTIPLE PHASE MODULATION

As mentioned earlier, the transformer current at a certain
switching point in DPS and TPS modulation can be unified

Fig. 5. Example of phase shift versus output current. (a) Modulations when
Vin > nVo (Vin = 80 V, nVo = 60 V). (b) Modulations when Vin < nVo

(Vin = 80 V, nVo = 100 V).

by adjusting the inner phase shifts. This switching current can
stay the same under different load conditions and modulations.
Meanwhile, if the selected switching action corresponds with
the primary-side switches and if the value of the current setting
is large enough, it can also realize ZVS for the primary side
for the full load range. By following this theory, the designed
modulation strategies are shown in Fig. 6.

To fulfill the minimum initial current to realize ZVS for the
primary-side switches under different modulations, the trans-
former current at t0 should be

IZVS0(Vo) ≥
√

4Qoss(Vin)nVo

Ls
. (3)

When the input voltage is higher than the reflected output
current, to unify the switching current in different modulations,
the transformer current at the beginning of the switching period
should be the same in (4)

i0_PDPS = i0_TPS0 = IZVS0(Vo). (4)
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Fig. 6. Operational area for different modulations.

Fig. 7. Experiment waveforms during load transient. (a) TPS0 to PDPS1
without active compensation. (b) TPS7 to SDPS5 without active compensation.
(c) SDPS6 to SDPS5 without active compensation.

The primary-side inner phase shift in DPS modulation is
derived in (5), according to (1) and (4){

PDPS1(φ < 0) : φp = 4LsfsIZVS0+nVo(1+2φ)
Vin

PDPS2(φ ≥ 0) : φp = 4LsfsIZVS0+nVo(1−2φ)
Vin

. (5)

At light load, to realize ZVS for the secondary-side switches,
the transformer current at t1 should meet the minimum required
value to finish the ZVS transition [5]. Hence, the inner phase
shift can be further derived in (6). The switching waveform of
the designed modulations is shown in Fig. 5(b)

TPS0 :

{
φp = nVo(1+D)+2Lsfs(IZVS0−IZVS_t1)

Vin

φs =
nVo−2Lsfs(IZVS0+IZVS_t1)

nVo

. (6)

The relationship between the phase shift and the output cur-
rent for different modulation methods is plotted in Fig. 6(a).
But with the increasing phase shift, the output current is not
monotonic in PDPS2 before switching to SPS modulation. An
additional DPS modulation is then designed to realize a seamless
transition between primary-side dual phase shift (PDPS) and
SPS modulation in (7). As shown in Fig. 6(a), the dashed
line represents the DPS modulation designed for a seamless
transition

PDPS3 : φp =
2Vinφ+ nVo − 4LsfsIZVS

Vin
. (7)

When the input voltage is lower than the reflected output volt-
age, the inner phase is inserted at the secondary-side switches.
The switching waveforms are shown in Fig. 4(c). To unify the
transformer current at the beginning of the switching period, the
inner phase shift at the secondary-side H-bridge in secondary-
side dual phase shift (SDPS) modulation is{

SDPS5(φ ≥ 0) : φs =
4LsfsIZVS0+nVo(2−φ)−Vin

nVo

SDPS6(φ < 0) : φs =
4LsfsIZVS0+nVo(2+φ)−Vin

nVo

. (8)

In TPS modulation, to realize ZVS for secondary-side
switches, the switching current at t1 should also be large enough
to finish the ZVS transition. To meet the requirements of the
unified transformer current and the ZVS current, the inner phase
shifts are

TPS7 :

{
φp = Viu(1+φ)+2Lsfs(IZVS0+IZV S_t1)

Vin

φs = 2 + φ+ 2Lsfs(IZVS0−IZVS_t1)−Vin(1+φ)
nVo

. (9)

The relationship between the phase shift and output current
is shown in Fig. 6(b) among TPS, SDPS, and SPS modulations.
The proposed modulations with the unified transformer current
can operate under different voltage gains and load conditions.

By implementing the proposed modulation strategy, there is
no current spike during the load current transient when using
DPS and TPS modulation. But the switching current of SPS
modulation is solely decided by the load without additional
flexible inner phase shifts. Further current spike elimination,
including SPS, needs to be considered. Owing to the unified
switching current by the proposed modulation, the transformer
current is the same under different DPS and TPS, which can be
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integrated as a single pattern when designing active compensa-
tion.

Fig. 6 shows the distribution of the different modulation
strategies. Case 1 is the operational area with SPS. Case 2 is
the operational area with PDPS3 used for a seamless transi-
tion in a steady state. Also, by applying PDPS3, ZVS for the
secondary-side switches can be realized when decreasing the
power by controlling the secondary-side switching current. Case
3 is the DPS and TPS modulations with the unified transformer
current. To simplify the elimination method, the compensation
process focuses on the first half switching cycle in the next
switching period [10]. But as mentioned in [5], in different
modulation strategies, the minimum required inductor currents
to realize ZVS are different. By unifying the switching cur-
rent for the primary-side ZVS, the ZVS current setting could
be higher than the optimal value inducing a slightly higher
switching current or rms current. But the difference between
the unified current and the optimal ZVS in certain modulation
is small, which means it has little influence on steady-state
performance.

IV. EXPERIMENT VERIFICATION

To validate the proposed modulation, experiments are con-
ducted based on the test conditions shown in Table I, and
results are shown in Fig. 7. Fig. 7(a) shows the experimental
waveforms during a load transient when Vin > nVo. Fig. 7(b)
shows the experimental waveforms during a load transient when
Vin < nVo. Fig. 7(c) shows experimental waveforms during
a load transient when Vin = nVo. In all the experiments, the
primary-side switches can realize ZVS no matter the load con-
dition within the wide secondary-side voltage range. For the
load current transient with the modulations switching between
TPS and DPS, the proposed modulation strategy does not have
the transformer current spike without considering any active
compensation.

V. CONCLUSION

The transformer current spike is a common issue during a
load transient in the DAB converter. The special compensation
methods are developed in the previous research by adjusting
certain switches’ duty cycles to mitigate the current spike. This
makes the compensation method much more complicated espe-
cially when using MPS modulation to improve the steady-state
performance. In this letter, the elimination of transformer current
spikes during load transients is considered when designing the
steady-state modulation by unifying the transformer current in
DPS and TPS modulation. In this case, there is no current spike
fundamentally during the load transient. Also, the compensation

between SPS and other modulations can be simplified because
of the unified transformer current. Meanwhile, the proposed
modulation strategy utilizes the unified current to realize ZVS
for the primary-side switches through the whole operation range.
Finally, the performance of the proposed modulation is validated
by experiments.
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