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Abstract—Dual-active-bridge series-resonant converter (DAB-
SRC) is increasingly used in many emerging power electronics
applications requiring fast dynamic responses. However, under
conventional transient phase-shift modulation strategy, DABSRC
generally suffers from large-amplitude transient oscillations when
its phase-shift angle is changed abruptly by a high-gain controller.
These oscillations occur at the beat frequency, which results from
the interaction between the switching-frequency and resonant-
frequency components in the series-resonant tank during transient
states. Besides incurring high voltage and current stresses on the
power-stage devices, these transient oscillations also span many
switching cycles between the original and new steady states and
cause perturbations to the output voltage of DABSRC, thereby
degrading its dynamic performance and output voltage quality.
To mitigate these problems, a new transient modulation strategy,
known as trajectory-switching modulation (TSM), is proposed
for achieving an accurate and computationally efficient trajectory
planning of the resonant voltages and currents of DABSRC during
transient states, and its basic operation is to govern the transient
switching patterns of the gating signals according to a simple set of
closed-form equations. The proposed TSM strategy can guarantee
convergence to the next new steady state within about one switching
cycle and avoid needing costly sensors and complex computation
for implementation, and it is inherently compatible with high-gain
controllers for realizing oscillation-free fast dynamic responses.

Index Terms—Dual-active-bridge (DAB) converter, dynamic
response, phase-shift modulation, series-resonant converter,
transient oscillations.

NOMENCLATURE

V1, V2 Input and output voltages.
J , ∇J Cost function and its gradient.
V2,ref Output reference voltage.
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ve[n] Output error voltage.
P Transferred power.
Co Output capacitance.
RL Load resistance.
Lr Resonant inductance.
Cr Resonant capacitance.
Rr Lumped resistance.
N : 1 Transformer’s turns ratio.
ir Resonant tank current.
i2 Terminal current of secondary-side bridge.
IRL Load current.
vLr Voltage across Lr.
vCr Voltage across Cr.
vLC Voltage across the Lr–Cr network.
vab, vcd Two-level square-wave voltages.
α, α[n] Phase-shift angle.
δ Phase-shift increment or decrement.
β Transient phase-shift angle.
ϕ Transient pulsewidth of vab or vcd.
ωs Angular switching frequency.
ωr = 1/(

√
LrCr). Angular resonant frequency.

fs = ωs/(2π). Switching frequency.
Ts = 1/fs. Switching period.
fr = ωr/(2π). Resonant frequency.
F = fs/fr. Normalized frequency.
zr =

√
Lr/Cr. Characteristic impedance.

Xr = ωsLr − 1/(ωsCr). Equivalent impedance.
θ = ωst. Angular displacement at time t.

I. INTRODUCTION

DUE to a number of attractive benefits (e.g., ease of mod-
ulation, high density, and high efficiency), LC-type dual-

active-bridge (DAB) series-resonant converter (DABSRC) is a
highly competitive candidate used in high-power bidirectional
dc–dc applications such as energy storage systems [1]. In order
to improve its steady-state performance, some multidegree-of-
freedom modulation strategies have been proposed in [2]–[5]
aiming to achieve minimum-resonant-current operation, ex-
tension of zero-voltage switching (ZVS) region, reduction of
backflow power, improvement of overall conversion efficiency,
etc. However, a careful literature survey on improving its tran-
sient performance indicates that the previous works are mainly
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focused on feedback control design, while the transient proper-
ties of DABSRC and transient modulation strategies are rarely
discussed. In order to further optimize the transient perfor-
mance of DABSRC and to ensure reliable operation under large-
amplitude external disturbances such as pulsating loads [6], there
is an imminent need to acquire an in-depth understanding of
converter’s transient behavior and its relation to the transient
modulation strategy.

The widely used control methods for DAB converters are
proportional–integral (PI) based single-loop voltage control [7]
and dual-loop current control [8], [9]. However, although the
small-signal dynamic models established in [10]–[12] can help
to tune the PI controller, the interaction between the two tuning
parameters makes it difficult to simultaneously achieve fast
and stable performance over the entire operating range. The
peak-current-mode feedforward control solutions proposed in
[13] and [14] have better dynamic performance, but the high-
frequency (HF) inductor current must be sampled at least twice
the switching frequency. Thus, the utility of such methods
is quite limited, particularly in HF-operated DAB converters.
Recently, advanced model predictive control (MPC) has been
applied by researchers to achieve fast transient response in both
non-resonant DAB converter [6], [15] and DABSRC [16]. Fast
transient response allows the use of smaller output capacitors,
thereby reducing the requirement and volume of output filters,
and helps to alleviate the reliability problems associated with
the use of electrolytic capacitors. However, in exchange for fast
transient response, the feedback controller’s gain and bandwidth
must be increased, resulting in larger step changes of the control
variable, i.e., phase-shift angle.

In fact, a converter’s transient response is also heavily affected
by the transient modulation strategy when updating the control
variable(s). It has been observed that a sudden change in phase-
shift angle can lead to an excessive transient dc bias in the in-
ductor current of nonresonant DAB converter [17]. Similarly, for
DABSRC, the conventional transient single-phase-shift modula-
tion (CT-SPSM) can cause a rapid change of the voltage applied
to the series-resonant tank, thereby leading to HF transient
oscillations in the tank’s voltages and currents. In practice, such
HF transient oscillations will decay to zero due to the presence of
equivalent series resistance, but the settling time may be orders
of magnitude longer than a switching cycle. Also, the typically
large peak-to-peak amplitudes of the transient tank’s voltages
and currents can result in high transient voltage and current
stresses on the circuit components, which will degrade their
long-term reliability or expose the components to premature
failures.

To further improve the transient performance of DAB con-
verter, an important and fast-growing research theme is to
design suitable transient switching patterns that will drive the
converter’s voltages and currents to change according to some
predefined trajectories during transient states. For nonresonant
DAB converter, some optimized transient phase-shift modula-
tion strategies have been successfully proposed in [17]–[19]
which can achieve a dynamic volt-second balance in the energy
transfer inductor, thus enabling the inductor current to smoothly
reach a new steady state within one switching cycle under load

power changes. It is believed that the transient trajectories of
the resonant voltages and currents in DABSRC can also be
shaped by suitably designed the transient switching patterns.
However, unlike the piecewise-linear inductor current in con-
ventional single-inductor DAB converter, the resonant current in
DABSRC is a nonlinear function of phase-shift angle (control
variable) and cannot be immediately clamped because of the
inertia of the resonant network. Due to the inherent differences in
circuit characteristics, none of the previously proposed transient
modulation strategies are effective in attenuating HF transient
oscillations in DABSRC. In a closely related study [20], a
method known as “trajectory-prediction-based power transient
control” can be applied to suppress HF transient oscillations
in DABSRC, as it is able to actively alter the trajectory of the
resonant current. Unfortunately, this method was only validated
in open-loop conditions, possibly due to the high complexity of
its modulation law. Besides, similar to most existing state-plane
trajectory control methods that are proposed for other converter
topologies [21]–[26], a common drawback associated with them
is that rich feedback information and hence many sensors are
required for the trajectory planning and computation. This makes
them complex and costly to implement and also sensitive to
noise and measurement errors. So far, there seems to be no
simple and accurate transient modulation strategy reported in
the literature that can eliminate HF transient oscillations in a
real-time closed-loop controlled DABSRC.

To fill this gap, a novel trajectory-switching modulation
(TSM) strategy is proposed in this article. To verify its ad-
vantages over CT-SPSM, the transient performances under both
modulation strategies when applied to an MPC-controlled DAB-
SRC are presented and compared, and their simulation and
experimental results are systematically analyzed. The merits of
the proposed method and the main contributions of this article
can be summarized as follows.

1) It is compatible with fast and large-amplitude changes in
the phase-shift angle of DABSRC, enabling it to swiftly
reach a new steady state (ideally within about one switch-
ing cycle) following the external disturbances without
inducing noticeable HF transient oscillations.

2) Unlike existing trajectory control methods, no voltage and
current information is required for the implementation
of the proposed method, thus eliminating the need for
additional costly high-bandwidth sensors.

3) This article presents the first practical demonstration of
the closed-loop implementation of transient modulation
strategy in DABSRC and its effectiveness in suppressing
HF transient oscillations.

4) Unlike the existing feedback control designs with which
control bandwidth must be limited to prevent the occur-
rence of HF transient oscillations, the elimination of such
oscillations by the proposed method enables the imple-
mentation of high-gain, high-bandwidth fast controller in
DABSRC to achieve superior transient performance.

The rest of this article is organized as follows. Section II
describes the basic operation of SPSM. The principle of op-
eration of the proposed TSM strategy is presented in Section III.
In Section IV, detailed analyses in system modeling and MPC
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Fig. 1. Dual-active-bridge series-resonant converter (DABSRC). (a) Power
Stage. (b) AC equivalent circuit.

controller design are presented, followed by simulations and
experimental results in Section V. Finally, Section VI concludes
this article.

II. BASIC OPERATION OF SPSM

A. Circuit Description

Fig. 1(a) shows the power stage of a DABSRC, which con-
sists of two full-bridge converters, a series-resonant network
Lr–Cr–Rr, and a HF transformer. The transformer’s magne-
tizing inductance is assumed to be very large. The inductance
of Lr is composed of the transformer’s leakage inductance
and an auxiliary inductance. Rr is a lumped resistance, which
includes the ON-state resistances of power switches, resistances
of PCB tracks, winding resistances of magnetic components,
etc. In practice, the condition R2

r � 4Lr/Cr generally holds
true, hence the effect of Rr can be neglected. Therefore, the
ac equivalent circuit of DABSRC [see Fig. 1(b)] is generally
second-order and underdamped. Since Rr is small, the high-Q
resonant network is effective in suppressing higher harmonics
from the ac-link voltages (i.e., vab and vcd), thus producing
an approximately sinusoidal resonant tank current ir. On the
transformer’s secondary side, ir is rectified to produce i2 which
is smoothed by the output filter capacitor Co to produce a dc
load current IRL.

B. Steady-State Operation of SPSM

Single-phase-shift modulation (SPSM) is the simplest and
most commonly used modulation method for DABSRC. The
steady-state operation of SPSM can be explained by referring
to the waveforms shown in Fig. 2. To prevent short-circuit, the
two switches belonging to a bridge leg (i.e., {S1, S2}, {S3, S4},
{Q1, Q2}, and {Q3, Q4}) are switched complementarily with
a duty ratio of 50% at a fixed frequency. Since the dead time is
typically much shorter than one switching period, it is ignored in
the following analysis. Diagonal switches (i.e., {S1, S4}, {S2,
S3}, {Q1, Q4}, and {Q2, Q3}) are switched synchronously to

Fig. 2. Steady-state waveforms of DABSRC under SPSM.

produce square-wave voltages vab and vcd, across the primary-
side and secondary-side full bridges, respectively. It can be seen
that α determines the waveform of vLC , thus controlling the
direction and amount of the transmission power of DABSRC.
Whenα > 0, the net power flow is from the input voltage source
V1 to the loadRL, which is defined as forward power flow. When
α < 0 and the load RL is replaced by a dc voltage source V2,
reverse power flow, from V2 to V1, can also be achieved.

Referring to Fig. 1(b), the Lr–Cr series-resonant network
is excited by a multilevel voltage vLC = vab −Nvcd. Apply-
ing Kirchhoff’s voltage law (KVL) to the equivalent circuit in
Fig. 1(b) yields

vLC = Lr
dir(t)

dt
+

1

Cr

∫ t

0

ir(t)dt+ vCr(0)

⇒ 0 = Lr
d2ir(t)

dt2
+

1

Cr
ir(t). (1)

To solve (1), ir can be generally assumed to have the following
form:

ir(t) = Ai cos(ωr(t− ti)) +Bi sin(ωr(t− ti)) (2)

or

ir

(
θ

ωs

)
= Ai cos

θ − θi
F

+Bi sin
θ − θi
F

(3)

for t in the time interval [ti, ti+1], whereAi andBi are constants
to be determined. θi = ωsti is the angular displacement at time
ti, where i = 1, 2, 3, . . . indicates the ith trajectory-switching
point.

Substituting (3) into (1) gives

vCr

(
θ

ωs

)
=

1

Cr

∫ t

0

ir(t)dt+ vCr(0)

= vLC−
(
−Ai sin

θ−θi
F

+Bi cos
θ−θi
F

)
Zr. (4)
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Fig. 3. Steady-state state-plane diagram of DABSRC under SPSM.

Ai = ir(θi/ωs) and Bi = (vLC−vCr(θi/ωs))/Zr are ob-
tained by letting θ = θi in (3) and (4), which gives the general
analytical expressions of ir and vCr as

ir

(
θ

ωs

)
= ir

(
θi
ωs

)
cos

θ−θi
F

+

vLC−vCr

(
θi
ωs

)
Zr

sin
θ−θi
F

(5)

vCr

(
θ

ωs

)
= vLC ·

(
1−cos

θ−θi
F

)
+vCr

(
θi
ωs

)
cos

θ−θi
F

+ Zr ·ir
(
θi
ωs

)
sin

θ−θi
F

. (6)

The sine and cosine terms in (5) and (6) can be combined
by using trigonometric identities to give (7), which indicates
that the 2-D state-plane diagram shown in Fig. 3 is graphically
described by piecewise circular arcs

Z2
r i

2
r

(
θ

ωs

)
+

(
vCr

(
θ

ωs

)
− vLC

)2

= Z2
r i

2
r

(
θi
ωs

)
+

(
vCr

(
θi
ωs

)
− vLC

)2

. (7)

Due to the steady-state operation of SPSM, the waveforms
of ir and vCr are symmetrical comprising four distinct time
intervals in one switching cycle. It can be observed from Fig. 3
that point θ0(θ4) and point θ2 are symmetrical about the origin,
so as point θ1 and point θ3. Hence⎧⎪⎪⎨

⎪⎪⎩
ir

(
θ0
ωs

)
= −ir

(
θ2
ωs

)
, vCr

(
θ0
ωs

)
= −vCr

(
θ2
ωs

)

ir

(
θ1
ωs

)
= −ir

(
θ3
ωs

)
, vCr

(
θ1
ωs

)
= −vCr

(
θ3
ωs

)
.

(8)

By substituting (8) into (5) and (6), the values of ir(θi/ωs)
and vCr(θi/ωs) at different trajectory-switching points θi can be
solved exactly. For example,

ir

(
θ0
ωs

)
=

1

Zr

[
NV2 sec

( π

2F

)
sin

(
π−2α

2F

)
−V1tan

( π

2F

)]
(9)

vCr

(
θ0
ωs

)
=NV2

[
1−cos

(α
F

)
−sin

(α
F

)
tan

( π

2F

)]
(10)

and other instantaneous values of ir and vCr at any time can be
obtained accordingly.

Fig. 4. Conventional transient-state operation of SPSM (CT-SPSM) for
(a) δ > 0 and (b) δ < 0.

C. Transient-State Operation of SPSM

During transient states, the phase-shift angle of DABSRC is
generally updated from its initial value α in the current cycle
to α+ δ before the end of the next switching cycle, where δ is
the angle increment or decrement. However, there is no standard
implementation method for updating the phase-shift angle and it
mainly depends on how a pulsewidth modulation (PWM) modu-
lator is implemented in a microprocessor. The most conventional
transient-state operation of SPSM (i.e., CT-SPSM) is illustrated
in Fig. 4, where the transient low-level duration of vcd will be
increased (δ > 0) or decreased (δ < 0) by |δ|, i.e., the turn-ON

instances ofQ1 andQ4 are adjusted from pointMo to pointMn,
in order to realize a desired new phase-shift angle α+ δ.

Despite its popularity, the impact of CT-SPSM on the tran-
sient behavior of DABSRC, however, has not been thoroughly
investigated in the literature. To better examine the large-scale
transient behavior of DABSRC under CT-SPSM, open-loop
simulations (with both sides of the converter connected to dc
voltage sources and other converter parameters specified in
Table I) were performed on Powersim (PSIM) software, and the
results are presented in Fig. 5. In Fig. 5(a) and (b), the converter
is operated in forward power modes; in Fig. 5(c), the direction
of power flow changes from the forward mode to the reverse
mode.

It is evident from the simulation results shown in Fig. 5
that CT-SPSM generally leads to large-amplitude HF transient
oscillations which exist in all resonant tank voltage and current
waveforms (e.g., ir, vCr, and vLr). The oscillations are caused
by the excitation of the resonant tank by a step change in vLC re-
sulting from a step increase or decrease of the low-level duration
of vcd. Since the resonant tank will absorb or release abundant
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TABLE I
HARDWARE SPECIFICATIONS AND SIMULATION PARAMETERS USED

energy at that transient moment, the periodic tank-energy bal-
ance will be broken suddenly. Taking the frequency spectrum of
the transient resonant current ir, as shown in Fig. 6, reveals that
it contains an additional component at the resonant frequency
fr which is superimposed with the dominant component at the
switching frequency fs. The switching frequency component is
known to originate from the forced response of the second-order
Lr–Cr–Rr resonant tank due to the terminal voltages vab and
vcd, while the resonant frequency component emerges from the
natural response of the resonant tank when excited by a step
change in vLC .

By the effect of the beat phenomenon, the superposition of
the two sinusoidal components produces a resultant wave with
an envelope that fluctuates at the beat frequency fB = fs − fr
[27]. For all the simulated cases shown in Fig. 5, the switching
frequency fs and the resonant frequency fr are 50 and 41.8 kHz,
respectively, hence the theoretical beat frequency is 8.2 kHz,
which closely matches with the frequency of the envelopes of the
simulated transient waveforms. For a second-order Lr–Cr–Rr

resonant circuit, its natural response will decay exponentially
with a time constant 2Lr/Rr, accompanied by a decaying
amplitude of the envelope, as the short-lived burst of energy
is dissipated by Rr.

It should be noted a large step change in δ will lead to large-
amplitude HF transient oscillations which will impose high
voltage and current stresses on all the power stage components of
DABSRC, and may even damage them. These oscillations reflect
the main drawback of CT-SPSM and the problem is typically
avoided by gradually updating the phase-shift angle so that
the phase-shift angle is varied by a small increment/decrement
between two consecutive switching cycles. Clearly, this is not
a desirable solution as it leads to slow converter’s dynamic

Fig. 5. Simulated transient responses under CT-SPSM. (a) Step-load increase:
α = π/6, δ = π/6, and α+ δ = π/3. (b) Step-load decrease: α = π/3, δ =
−π/6, and α+ δ = π/6. (c) Step change of power flow direction: α = π/6,
δ = −π/3, and α+ δ = −π/6.

response. The problem must be mitigated by designing a new
transient-state modulation method.

III. PROPOSED TRAJECTORY-SWITCHING MODULATION

STRATEGY FOR DABSRC

As the impedance, and hence the natural response, of the
resonant tank usually cannot be altered, a more effective method
for the suppression of HF transient oscillations is to modify
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Fig. 6. Frequency spectrum of resonant current ir under different states.

the resonant tank’s forced response by actively shaping its
input excitation (vLC) with an appropriate transient switching
sequence. The following subsections will describe the designs
of the proposed transient switching sequences for the cases of
increasing and decreasing power in Figs. 7 and 8, respectively.
The superscript associated with the phase angle θ, e.g., “I” in
θI
0, is used to denote the operation mode under TSM.

A. Increasing Power (δ > 0)

The case of δ > 0 corresponds to an increase of power. By
referring to an example of updating a positive value of δ under
TSM, as shown in Fig. 7(a), there are two modulation parameters
involved, i.e., the transient phase-shift angle (β1) between vab
and vcd and the positive pulse width (ϕ1) of vcd, which can be
adjusted during transient state to alter the trajectories of vCr

and ir while vab is kept unchanged as a 50% duty-cycle square
wave. Both parameters,β1 andϕ1, are modulated via a multistep
process during each switching cycle to update the phase-shift
angle from the original steady-state value α to the new steady-
state value α+ δ. By means of a multistep updating process, a
sudden surge of injected energy to the resonant tank is therefore
prevented. On the contrary, for CT-SPSM, as previously depicted
in Fig. 4, only the transient phase-shift angle is modulated (i.e.,
β1 = α+ δ) while the duty cycle of vcd is always kept as 0.5,
which causes a sudden injection of energy to the resonant tank
that triggers the undesirable HF transient oscillations.

According to [22], the instantaneous tank energy (eT ) is
given by eT = (CrvCr

2 + Lrir
2)/2, which is proportional to

the square of the radius of the state-plane trajectory associated
with the current state. The underlying principle of TSM can
be explained by referring to the state-plane diagram shown
in Fig. 7(b). Since eT can be modified by modulating β1 and
ϕ1, i.e., by turning ON and OFF the secondary-side switches in
appropriate ways, the transient trajectories of ir and vCr should
accordingly be altered in a deterministic way (by modulating
β1 and ϕ1) to enable them to acquire their new steady-state
trajectories at a specified time, e.g., at the end of one switching
cycle, and once they enter the new state trajectories (without
oscillation), they should remain there until the next transient
event/command occurs. If ir and vCr can reach their new steady
states in one switching cycle, oscillations are eliminated and
settling time is shortened significantly. Therefore, in order to
eliminate HF transient oscillations, the boundary values of vCr

and ir at the beginning and the end of the transient process,
i.e., θI

4/ωs and θI
8/ωs, should be equal to their original and new

steady-state values corresponding to the phase-shift angle α and
α+ δ, respectively. This can be achieved by finding the solutions
for β1 and ϕ1 that satisfy the boundary conditions at θI

4/ωs

and θI
8/ωs. Once these solutions are found, an optimal transient

switching sequence (as well as transient state-plane trajectories)
can be constructed that completes the transient process in one
switching cycle.

Under TSM, the transient process which begins at θI
4/ωs

and ends at θI
8/ωs can be divided into four intervals, namely,

θI
5 − θI

4 = β1, θI
6 − θI

5 = π − β1, θI
7 − θI

6 = β1 + ϕ1 − π, and
θI
8 − θI

7 = 2π − β1 − ϕ1. It is assumed that the terminal volt-
agesV1 andV2 are constant during the transient process, which is
reasonable given the very short duration, i.e., one switching cy-
cle, of the transient process. To determine the instantaneous val-
ues of vCr and ir at the intermediate points between θI

4/ωs and
θI
8/ωs, i.e., ir(θ

I
5/ωs)∼ir(θ

I
8/ωs) and vCr(θ

I
5/ωs)∼vCr(θ

I
8/ωs), (5)

and (6) are applied to an iterative manner. The lower bound-
ary values can be found from the original steady-state values
ir(θ

I
4/ωs) = ir(θ

I
0/ωs) and vCr(θ

I
4/ωs) = vCr(θ

I
0/ωs) from (9) and

(10), respectively. The upper boundary values can be found after
four iterations as

ir

(
θI
8

ωs

)
= − 4NV2

Zr
cos

(
2β1+ϕ1−4π

2F

)
sin

(ϕ1

2F

)

+
NV2

Zr
sec

( π

2F

)
sin

(
5π−2α

2F

)
− V1

Zr
tan

( π

2F

)
(11)

vCr

(
θI
8

ωs

)
=4NV2sin

(
2β1+ϕ1−4π

2F

)
sin

(ϕ1

2F

)

+NV2

[
1−sec

( π

2F

)
cos

(
5π−2α

2F

)]
. (12)

As the objective is to eliminate HF transient oscillations,
ir(θ

I
8/ωs) and vCr(θ

I
8/ωs) must be equal to their new steady-state

values at θI
12/ωs. Hence

ir

(
θI
8

ωs

)
= ir

(
θI
12

ωs

)

=
1

Zr

[
NV2sec

( π

2F

)
sin

(
π−2α−2δ

2F

)
−V1tan

( π

2F

)]
(13)

vCr

(
θI
8

ωs

)
= vCr

(
θI
12

ωs

)

=NV2

[
1−cos

(
α+δ

F

)
−sin

(
α+δ

F

)
tan

( π

2F

)]
(14)

which are obtained by replacing α by α+ δ in both (9) and (10).
Combining (11) with (13), and (12) with (14), gives

sec
π

2F
sin

2π+δ

2F
cos

2α+δ−3π
2F

= 2sin
ϕ1

2F
cos

2β1+ϕ1−4π
2F

(15)

sec
π

2F
sin

2π+δ

2F
sin

2α+δ−3π
2F

= 2sin
ϕ1

2F
sin

2β1+ϕ1−4π
2F

. (16)
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Fig. 7. Proposed TSM for δ > 0. (a) Mode I. (c) Mode II. 2-D state-plane diagrams under TSM (δ > 0). (b) Mode I. (d) Mode II.

Fig. 8. Proposed TSM for δ < 0. (a) Mode III. (c) Mode IV. 2-D state-plane diagrams under TSM (δ < 0). (b) Mode III. (d) Mode IV.
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Fig. 9. Feasible solution region of (18).

Dividing (16) by (15) and simplifying the resulting equation
leads to

β1 =
π + 2α+ δ − ϕ1

2
. (17)

Finally, substituting β1 from (17) into (15) or (16) yields

ϕ1 = 2F · arcsin
[
1

2
sec

( π

2F

)
sin

(
2π + δ

2F

)]
. (18)

Thus, (17) and (18) give the closed-form solutions for ϕ1

and β1 that satisfy the boundary conditions for producing
oscillation-free transition from the original to the new steady
states. It is evident that both ϕ1 and β1 are functions of F ,
α, and δ only, which greatly simplifies the implementation of
TSM as no sensing is required for other converter parameters,
such as N , V1, V2, ir, vCr, which are typically required by
the existing trajectory control methods. The problems of high
implementation complexity and high cost, which characterize
the existing trajectory control methods, are thus overcome by
the proposed TSM method. Finally, it should be noted that,
although two operation modes are depicted in Fig. 7, there is
no fundamental difference between them. This is evident from
the above analysis, which does not distinguish the two operation
modes in the mathematical derivation of (17) and (18); thus, the
same equations are applicable to both operation modes, which
again highlights the simplicity of the proposed method.

B. Decreasing Power (δ < 0)

The feasible solution region of (18) for ϕ1 > 0 is plotted in
Fig. 9, where the dashed lines define the maximum allowable
δ in each execution of TSM. It can be seen that there is no
feasible solution when δ < 0 and F is small, although the
proposed method still works well for large F . To enlarge its
feasible operating region, therefore, the proposed TSM method
is modified as shown in Fig. 8(a) for δ < 0, where the roles of vab
and vcd are reciprocated. With the modified TSM method, when
power is decreased, i.e., δ < 0, vcd is kept unchanged as a 50%
duty-cycle square wave at fixed frequency, while the positive
pulse width ϕ3 of vab and the phase-shift angle β3 between
vab and vcd are modulated to eliminate HF transient oscillations
during transient state. It can be shown that by following the same
method of analysis as detailed in Section III-A, the solutions for
β3 and ϕ3 can be determined as given by (19) and (20). Again, it
should be noted that there is no fundamental difference between

the two operation modes, i.e., Mode III and Mode IV, depicted in
Fig. 8; thus, the same equations are applicable to both operation
modes.

β3 =
π − 2α− δ − ϕ3

2
(19)

ϕ3 = 2F · arcsin
[
1

2
sec

( π

2F

)
sin

(
2π − δ

2F

)]
. (20)

C. Unified Form of TSM

The following relationships can be summarized from Figs. 7
and 8:

1) θI
5 − θI

3 = (π − α) + β1

2) θI
9 − θI

7 = π − (β1 + ϕ1 − π) + (α+ δ)
3) θII

5 − θII
3 = (π − α) + β2

4) θII
9 − θII

6 = (π − β2 − ϕ2) + π + (α+ δ)
5) θIII

4 − θIII
2 = α+ (π − β3)

6) θIII
8 − θIII

6 = (π − (ϕ3 − β3)) + (π − (α+ δ))
7) θIV

5 − θIV
2 = α+ π + β4

8) θIV
8 − θIV

6 = (π − β4 − ϕ4) + (π − (α+ δ)).
By combining the above relationships with (17) and (19), β1,

β2, β3, and β4 can be eliminated, thus resulting in⎧⎪⎪⎪⎨
⎪⎪⎪⎩
θI
5 − θI

3 = θI
9 − θI

7 = (3π − ϕ1 + δ)/2

θII
5 − θII

3 = θII
9 − θII

6 = (3π − ϕ2 + δ)/2

θIII
4 − θIII

2 = θIII
8 − θIII

6 = (3π − ϕ3 − δ)/2

θIV
5 − θIV

2 = θIV
8 − θIV

6 = (3π − ϕ4 − δ)/2

(21)

which can be unified as

θI
5 − θI

3 = θI
9 − θI

7 = θII
5 − θII

3 = θII
9 − θII

6

= θIII
4 − θIII

2 = θIII
8 − θIII

6 = θIV
5 − θIV

2 = θIV
8 − θIV

6

= (3π − ϕ+ |δ|)/2. (22)

Similarly, the pulsewidthϕ of the transient-modulated square-
wave voltage, i.e., vab for δ < 0 and vcd for δ > 0, defined by
(18) and (20), can be unified as

ϕ = 2F · arcsin
[
1

2
sec

( π

2F

)
sin

(
2π + |δ|

2F

)]
. (23)

Consequently, a unified form of the proposed TSM method
given by (22) and (23) is obtained, which is applicable to all
four operation modes depicted in Figs. 7 and 8. Fig. 10 shows
its implementation in a microprocessor by modifying the instan-
taneous values of the period (PRD) and counter-compare (CMP)
registers and generating a floating triangular carrier signal during
transient states.

Although the presented analysis and discussion focus on the
case of forward power flow, the results are equally applicable
to other cases, including increase/decrease of power in reverse
power flow and reversal of power flow direction, as all these cases
can be treated from the viewpoint of increasing or decreasing the
phase-shift angle δ. For example, when a DABSRC transitions
from forward power flow to reverse power flow, a negative
change of δ, i.e., δ < 0, is involved, and such a scenario is
readily handled by (19) and (20), or the unified equations (22)
and (23).
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Fig. 10. Unified form of TSM and its switching processes.

To verify the effectiveness of the proposed TSM method, the
open-loop transient responses of a DABSRC under TSM are
simulated, and the results are presented in Fig. 11. To enable
a fair comparison with the results shown in Fig. 5, the same
converter parameters are used and the same cases involving
both δ > 0 and δ < 0 are simulated. It is clear that, under the
action of TSM, the transient resonant current ir and resonant
capacitor voltage vCr converge rapidly to their new steady-state
values within one switching cycle without causing any visible
HF transient oscillations. To verify this point, the transient
state-plane diagrams of ir and vCr for all three cases under
CT-SPSM and TSM are plotted in Fig. 12 for a better visualiza-
tion. It is clear from these plots that ir and vCr under CT-SPSM
generally undergo many cycles of oscillations before settling at
their new steady-state trajectories, whereas ir and vCr under
TSM are seen to approach their new steady-state trajectories
smoothly and directly with essentially no oscillations. Thus,
the voltage and current stresses experienced by the converter’s
power stage components are significantly reduced, leading to a
major improvement in their long-term reliability.

IV. MODEL PREDICTIVE CONTROL DESIGN FOR DABSRC

The block diagram of a typical closed-loop controlled DAB-
SRC is shown in Fig. 13. The objective of the controller is
to maintain a constant output voltage V2 in the presence of
external disturbances, such as load variations, by modulating
the phase-shift angle α[n] between vab and vcd. A PWM mod-
ulator is cascaded with the controller and is used to gener-
ate the required gating signals based on the controller’s out-
put, i.e., the target phase-shift angle, for realizing TSM or
CT-SPSM.

In general, a high-gain controller leads to a smaller steady-
state tracking error, but it also gives rise to a more abrupt
and larger transient variation in α[n], which tends to produce
undesirable large-amplitude HF transient oscillations when CT-
SPSM is used. Consequently, CT-SPSM is only suitable for
use with a low-gain controller, which will introduce only a
small change in α[n] in every switching cycle to produce a
smooth but slow dynamic response of DABSRC. To evaluate

Fig. 11. Simulated transient responses under TSM. (a) Phase-shift angle is
changed from π/6 to π/3 and back to π/6. (b) Phase-shift angle is changed
from π/6 to −π/6.

its practical advantages, therefore, TSM should be combined
with a high-gain, fast controller such as MPC controller which
will subject the TSM-based PWM modulator to more stringent
operating requirements and thereby verifying its superiority in
performance. MPC controller has recently been proven to be
a powerful controller with fast reference tracking ability [6],
[15], [16]. When applied to DABSRC, its main function is to
determine an optimal phase-shift angle α[n] that minimizes a
cost function (e.g., output voltage tracking error) over a given
prediction time horizon (e.g., one switching cycle) with the aid
of the converter’s dynamic model. In this section, an MPC con-
troller will be designed for a DABSRC with the specifications
given in Table I.

By using fundamental harmonic approximation (FHA)
method [1], the transferred power P of a DABSRC can be
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Fig. 12. Transient state-plane diagrams under CT-SPSM and TSM. (a) α =
π/6, δ = π/6, andα+ δ = π/3. (b)α = π/3, δ = −π/6, andα+ δ = π/6.
(c) α = π/6, δ = −π/3, and α+ δ = −π/6.

Fig. 13. Block diagram of a typical closed-loop controlled DABSRC.

approximated by

P =
1

Ts

∫ Ts

0

vab(t)ir(t)dt
FHA≈ 8NV1V2 sinα

π2Xr
(24)

where Xr is the equivalent impedance of the series-resonant
network.

At the output node in Fig. 1(a), a first-order differential
equation (25) can be formulated that describes the dynamic
behavior of V2, where ī2 = P/V2 is the average value of i2
over one switching period.

Co
dV2

dt
= ī2 − IRL =

8NV1 sinα

π2Xr
− V2

RL
. (25)

Discretizing (25) by using forward Euler approximation
yields (26), which can be used to predict the converter’s output
voltage at the next time step.

V2[n+ 1] = V2[n] + V2
′[n]Ts

= V2[n] +
8NV1 sinα

π2XrCofs
− V2[n]

RLCofs
. (26)

In order to accurately track the output reference voltage V2,ref

and minimize output voltage deviation, a quadratic cost function
J can be introduced and formulated as J = [V2,ref − V2[n+
1]]2, which should be minimized to determine the optimal
control variable (i.e., phase-shift angle) for the next time step.
Based on the gradient descent method, the cost function J can
be minimized when its gradient (∇J) is equal to zero

∇J = 0. (27)

Hence, the optimal phase-shift angle can be expressed as

α[n+ 1]=arcsin

[
π2XrCofs
8NV1[n]

[
V2,ref−V2[n]+

V2[n]

RLCofs

]]
.

(28)
Then, the measured load current IRL[n] can be used instead

of the term V2[n]
RL

in (28) to add a load-current feed-forward path
for further enhancing dynamic response. This gives a modified
expression of the predicted phase-shift angle α[n+ 1]

α[n+ 1]=arcsin

[
π2XrCofs
8NV1[n]

[
ve[n]+

IRL[n]

Cofs

]]
(29)

where ve[n] = V2,ref − V2[n] is defined as the error voltage.
Expanding (29) in a 1-D Taylor series around the steady-state

operating point, and removing higher order nonlinear terms,
leads to

α̂=W

[
v̂e[n]+

ÎRL[n]

Cofs

]/√
1−

[
W

[
ve[n]+

IRL[n]

Cofs

]]2
(30)

where W is given by W = π2XrCofs
8NV1[n]

, and the symbolˆdenotes
small-signal quantities.

However, the idealized equation (30) cannot be directly used
for closed-loop control due to the HF noise associated with
ve and the presence of some unmodeled effects (e.g., power
losses, sensing errors, power harmonics, etc.), which may affect
the closed-loop regulation and even stability of the converter
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Fig. 14. Closed-loop design. (a) Overall control block diagram. (b) Bode plot
of loop gain T (s).

system. A PI compensator is required to compensate for the
unmodeled effects as well as to act as a low-pass filter for
attenuating HF noise and ensuring closed-loop stability. The
overall transfer function of the MPC controller with the inclusion
of PI compensator is therefore given by

GMPC(s) =

W

[
v̂e[n]

(
Kp+

Ki

s

)
+
ÎRL[n]

Cofs

]
√

1−
[
WIRL[n]

Cofs

]2 . (31)

Here, the proportional gain Kp plays a dominant role in
determining the closed-loop performance of the converter, such
as bandwidth, response speed, and stability. As discussed, some
unmodeled effects always exist, thus an integral gain Ki should
be included to eliminate steady-state error without significantly
altering the dynamic properties of the converter.

Next, (25) is perturbed and linearized to yield the small-signal
differential equation relating phase-shift angle α̂ (i.e., δ) and
output voltage V̂2

Co
dV̂2

dt
=

8N
π2Xr

(
V1α̂ cosα+ V̂1 sinα

)
− V̂2

RL
. (32)

Taking the Laplace transform of (32) and setting V̂1 = 0yields
the control-to-output transfer function GV2α(s)

GV2α(s) =
V̂2(s)

α̂(s)
=

8NV1RL cosα

π2Xr (1 + sCoRL)
. (33)

Fig. 14(a) shows the overall control block diagram of the
proposed MPC controller, where the transfer functions of the
constituent blocks are defined as follows:

GPI(s) = Kp +
Ki

s
(34)

Gc(s) = W

/√
1−

[
WIRL[n]

Cofs

]2
(35)

Gd(s) = e−sTd . (36)

Note that Td is the inherent time delay introduced by the zero-
order hold effect in digital implementation andGd(s) represents
its Laplace transform. Gc is the modulation gain relating error
voltage to phase-shift angle.

Finally, the closed-loop transfer function of an MPC-
controlled DABSRC, i.e., transfer function from V̂2,ref (s) to
V̂2(s), is given by

G(s) =
T (s)

1 + T (s)
(37)

where

T (s) =
GPI(s)Gc(s)Gd(s)GV2α(s)

1−Gc(s)Gd(s)GV2α(s)/ (RLCofs)
(38)

is the loop gain.
To verify the effectiveness of the proposed TSM method under

different controller configurations, two sets of PI parameters are
designed to yield two control loop bandwidths with a crossover
frequency of 158 and 550 Hz, respectively, and the correspond-
ing PI parameters are {T1: Kp = 0.02, Ki = 0.005} and {T2:
Kp = 0.07, Ki = 0.01}. The bode plots of T1 and T2 are shown
in Fig. 14(b). It can be seen that both controller configurations
are well designed with abundant phase margins, i.e., of 88.9◦ for
T1 and 86.1◦ for T2, and hence good stability.

Additionally, TSM, which only operates during transient
states, does not alter the pole locations prescribed by the con-
troller, and hence does not affect the stability of the designed
closed-loop DABSRC. However, since it is unnecessary to
trigger TSM when δ is very small (as it will not give rise to
large-amplitude transient oscillations), a minimum threshold δth

can be set below which TSM will not be triggered.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

The objective of this section is to validate the effectiveness
of the proposed TSM under various dynamic conditions by
comparing it to CT-SPSM. A scaled-down laboratory prototype,
as shown in Fig. 15, has been constructed for the purpose. The
hardware specifications and simulation parameters are listed
in Table I. Two types of experiments are performed in this
section: Open-loop and closed-loop, and their implementation
flowcharts are shown in Fig. 16, where z−1 denotes a unit
delay in z-Transform. Hence, the current phase-shift angle is
α[n] = z−1α[n+ 1] and the increment is δ=α[n+ 1]−α[n].
For open-loop experiments [see Fig. 16(a)], no feedback loop
is implemented and step changes in the phase-shift angle are
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Fig. 15. Photograph of the experimental DABSRC prototype.

Fig. 16. Implementation flowcharts. (a) Open-loop configuration. (b) Closed-
loop configuration.

directly applied to DABSRC through a human–machine inter-
action (HMI) software. When δ 
= 0, the phase-shift angle is
updated by CT-SPSM or TSM according to the decision of the
“TSM Selector,” otherwise it waits for the next command. For
closed-loop experiments [see Fig. 16(b)], the phase-shift angle
is computed by the MPC controller designed in Section IV. As
TSM should be activated during transient state only, a minimum
|δ|=δth is defined above which TSM is activated, otherwise
CT-SPSM is activated instead. It should be noted that, due to
the finite bandwidth of the MPC controller, the rate of change
of the phase-shift angle in closed-loop experiments is always
slower than that in open-loop experiments; thus, it can be said

that open-loop experiments enable us to test the performances
of CT-SPSM and TSM under extreme operating conditions
involving abrupt and large-amplitude changes in the phase-shift
angle.

A. Open-Loop Tests

Fig. 17(a) and (b) shows the open-loop experimental transient
responses of a DABSRC under CT-SPSM and TSM, respec-
tively, when the phase-shift angle is increased from π/6 to π/3.
As can be seen from Fig. 17(a), under CT-SPSM, the resulting
HF transient oscillations continue for approximately 40 cycles
before ir reaches the new steady state. More importantly, the
original and the new steady-state amplitudes of ir are 2.00 and
3.90 A, respectively, but its peak transient amplitude can reach
as high as 5.70 A, leading to high current stress on the power
stage components. On the contrary, as shown in Fig. 17(b), ir
reaches the new steady state in about one switching cycle under
TSM without causing any visible transient oscillations.

Fig. 18 shows the measured transient responses when the
phase-shift angle is decreased from π/3 to π/6, while Fig. 19
shows the measured transient responses when the direction of
power flow is reversed by changing the phase-shift angle from
π/6 to −π/6. Similar as before, with CT-SPSM, ir suffers from
severe HF transient oscillations under these conditions, resulting
in peak transient current amplitudes that are significantly higher
than the steady-state values. On the contrary, no visible transient
oscillations are observed in the case of DABSRC under TSM as
the trajectory of ir has been planned to transit smoothly from
the original to the new steady state in about one switching cycle.

As a result, it can be concluded that TSM has demonstrated an
excellent performance in suppressing HF transient oscillations
even under abrupt and large-amplitude changes in the phase-shift
angle. This verifies its suitability for adoption in closed-loop
design with fast controller such as MPC controller. The objective
of the next subsection is to verify the performance of TSM under
closed-loop conditions when regulated by an MPC controller.

B. Closed-Loop Tests

In practice, DABSRC is generally operated in closed-loop
configuration; therefore, the performance of TSM under closed-
loop conditions is of greater practical interest and should be thor-
oughly verified. Thus, both simulation and experimental results
are presented for a closed-loop DABSRC implemented with
TSM. To highlight the merits of TSM, comparisons are made
with a closed-loop DABSRC implemented with CT-SPSM. As
discussed previously, MPC controller is selected as the feedback
controller in these simulations and experiments due to its fast
control action which is intended to introduce large-amplitude
changes in the phase-shift angle when performing closed-loop
regulation [16]. For all the simulations and experiments pre-
sented in this subsection, the output voltage of DABSRC is
regulated by MPC controller under step-load changes between
1 and 2.2 A.

Figs. 20 and 21 show the simulated transient responses of
DABSRC implemented with CT-SPSM and TSM for two sets
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Fig. 17. Open-loop experimental results when the phase-shift angle is changed from π/6 to π/3. (a) Under CT-SPSM [c.f. simulation results in Fig. 5(a)].
(b) Under TSM [c.f. simulation results in Fig. 11(a)].

Fig. 18. Open-loop experimental results when the phase-shift angle is changed from π/3 to π/6. (a) Under CT-SPSM [c.f. simulation results in Fig. 5(b)].
(b) Under TSM [c.f. simulation results in Fig. 11(a)].

of PI parameters. Fig. 20 corresponds to the slow-loop con-
figuration T1, whereas Fig. 21 corresponds to the fast-loop
configuration T2. As expected, it can be observed from these
simulation results that DABSRC under CT-SPSM generally
suffers from severe HF transient oscillations during step-load
changes, whereas DABSRC under TSM exhibits no or only very
weak transient oscillations during the same step-load changes as
the trajectories of ir and vCr are controlled by TSM to reach their
new steady-state values rapidly. However, due to the inclusion
of parasitic elements in the simulated DABSRC which are not
considered in the derivation of (23), there exists an incomplete
suppression of HF transient oscillations by TSM in Figs. 20 and
21, leading to the existence of some small-amplitude residual
oscillations in ir and vCr. Another important observation is
that, by comparing Figs. 20 and 21, faster control loop (T2)
tends to cause more severe HF transient oscillations (i.e., higher
transient peak amplitudes of ir and vCr) under CT-SPSM,

whereas the performance of TSM is less sensitive to control loop
bandwidth as a result of the cycle-by-cycle planning of the tra-
jectories of ir and vCr in response to changes in the phase-shift
angle.

Figs. 22 and 23 show the experimental results corresponding
to the simulated cases depicted in Figs. 20 and 21. Generally, the
experimentally measured transient responses under CT-SPSM
and TSM for both slow-loop and fast-loop configurations match
closely with the simulated transient responses. For CT-SPSM, a
transient peak amplitude of 4.6 A is observed for ir, i.e., 15%
higher than the steady-state amplitude of 4.0 A, under step-load
increase 1 A → 2.2 A, and it takes approximately 0.50 ms to
reach the new steady state under the slow-loop configuration.
Under the fast-loop configuration, the transient peak amplitude
of ir has increased to 7.2 A, i.e., 71% higher than the steady-state
amplitude of 4.2 A, and it takes a much longer time (0.32 ms) to
reach the new steady state. These observations again highlight
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Fig. 19. Open-loop experimental results when the phase-shift angle is changed from π/6 to −π/6. (a) Under CT-SPSM [c.f. simulation results in Fig. 5(c)].
(b) Under TSM [c.f. simulation results in Fig. 11(b)].

Fig. 20. Simulated step-load transient responses under MPC with T1 (Kp = 0.02 and Ki = 0.005). (a) Load step-up. (b) Load step-down.

the incompatibility of CT-SPSM with high-gain (fast) controller
as it tends to introduce more severe HF transient oscillations as
the control loop bandwidth increases and the phase-shift angle
changes more rapidly. Under step-load decrease 2.2 A → 1 A,
a severe undershoot is observed in ir at the onset of transient
response, and the degree of undershoot is observed to worsen
with increasing control loop bandwidth, i.e., up to 1.3 A (72%)
undershoot is resulted under the fast-loop configuration, to the

extent that large spikes are produced on the output voltage V2

leading to a degradation in the output voltage quality. These
transient voltage spikes are associated with the loss of ZVS,
as shown in Fig. 23(c), resulting from small phase-shift angles
under MPC+CT-SPSM. For step-load decrease, ir takes 0.24 ms
and 0.22 ms, respectively, to reach the new steady state under the
slow-loop and fast-loop configurations. It should be noted that
the above observations also apply to vCr (since ir = Cr

dvCr

dt )



SUN et al.: TOTAL SUPPRESSION OF HIGH-FREQUENCY TRANSIENT OSCILLATIONS IN DABSRC BY TRAJECTORY-SWITCHING MODULATION 6525

Fig. 21. Simulated step-load transient responses under MPC with T2 (Kp = 0.07 and Ki = 0.01). (a) Load step-up. (b) Load step-down.

Fig. 22. Experimental step-load transient responses under (a) MPC+CT-SPSM and (b) MPC+TSM (T1: Kp = 0.02, Ki = 0.005).

so the transient waveforms of vCr are omitted here due to space
constraint.

On much the contrary, regardless of control loop bandwidth,
no visible overshoot and undershoot are observed in ir (as well
as vCr) during step-load increase and decrease when TSM is
applied instead of CT-SPSM. For example, under the slow-loop
configuration T1, ir is observed to reach the new steady state

smoothly and rapidly in approximately 0.10 and 0.08 ms during
step-load increase and decrease, i.e., 80% and 67% reduction
compared to CT-SPSM, respectively. It is also observed that the
settling time of ir under TSM remains more or less the same
for both slow-loop and fast-loop configurations, thus verifying
the insensitivity of TSM’s operation to controller configuration,
making it ready for integration with any fast controller for
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Fig. 23. Experimental step-load transient responses under (a) MPC+CT-SPSM and (b) MPC+TSM. Zoomed-in waveforms of vab, vcd, and ir under
(c) MPC+CT-SPSM and (d) MPC+TSM (T2: Kp = 0.07, Ki = 0.01).

TABLE II
PERFORMANCE COMPARISON OF CT-SPSM AND TSM UNDER

OPEN-LOOP CONDITIONS

realizing oscillation-free fast dynamic performance of DAB-
SRC for many emerging power electronic applications requiring
stringent bus voltage regulation, such as power supplies for data

TABLE III
PERFORMANCE COMPARISON OF CT-SPSM AND TSM UNDER

CLOSED-LOOP CONDITIONS
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Fig. 24. Effect of variation in F on the feasible solution region of TSM.

Fig. 25. Open-loop PSA results for an increase in phase-shift angle from π/6
to π/3. (a) Peak overshoot/undershoot. (b) Settling time.

centers and electric vehicles. As exemplified in Fig. 23(d), the
zoomed-in waveforms of vab, vcd, and ir confirm the proper
operation of TSM during transient states, indicating once again
that the operation of TSM is decoupled from the actual controller
configuration, thus providing greater flexibility in the design
and implementation of fast controller for DABSRC while ensur-
ing the realization of oscillation-free transient responses in all
cases.

To facilitate a comparison between CT-SPSM and TSM,
all simulation and experimental results discussed above are

Fig. 26. Closed-loop PSA results for a step-load increase from 1 to 2.2 A. (a)
Peak overshoot/undershoot. (b) Settling time.

summarized in Tables II and III. The main results are presented
in the last two columns, where POS and PUS stand for “peak
overshoot” and “peak undershoot,” respectively, and ST stands
for “settling time.” It is evident from the tabulated results that
the POS/PUS and ST associated with TSM are significantly
lower compared to the figures associated with CT-SPSM, which
confirms the effectiveness of TSM in suppressing HF transient
oscillations and achieving fast convergence to new steady states.
Except for a few cases, there is generally close agreement
between the simulated and experimental results with the slight
discrepancies predominantly due to parasitic components,
parameter deviations, dead-time effects, power losses, etc.

C. Parameter Sensitivity Analysis

In practice, the values of the resonant components can deviate
from their nominal values due to manufacturing tolerances,
temperature effects, component aging, etc. From (23), it can be
seen that the transient modulation parameterϕ is a function of the
normalized frequency F (F = fs/fr). Although fs is constant
for a fixed-frequency operated DABSRC, variations inLr and/or
Cr can lead to changes in fr, and hence F . To understand the
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effect of variation in F , the feasible solution region of TSM for
different F values are plotted in Fig. 24, from which it can be
seen that the maximum allowable δ in each execution decreases
with decreasing F , implying that when this occurs the operation
of TSM is limited to small step changes in phase-shift angle in
each execution.

To further evaluate the performance of TSM under parameter
variations, a detailed parameter sensitivity analysis (PSA) is
performed, whereby the transient responses of DABSRC are
simulated for differentCr under both open-loop and closed-loop
conditions, and the corresponding POS/PUS and ST are recorded
and plotted in Figs. 25 and 26, respectively. Fig. 25 depicts
the open-loop PSA results for an increase in phase-shift angle
from π/6 to π/3, whereas Fig. 26 depicts the closed-loop PSA
results for a step-load increase from 1 to 2.2 A, where Cr,N

is defined as the normalized resonant capacitance with respect
to the nominal capacitance. Despite the wide-range variation of
Cr, it is evident that the POS/PUS and ST resulting from TSM
remain consistently lower than those resulting from CT-SPSM,
which confirms the effectiveness of TSM even after taking the
effect of parameter variation into consideration.

VI. CONCLUSION

A new sensorless trajectory control method known as TSM is
proposed to mitigate the problem of HF transient oscillations
in DABSRC arising from CT-SPSM. As these HF transient
oscillations typically take many switching cycles to decay before
the converter reaches its new steady states, a truly fast dynamic
response cannot be achieved by employing high-gain controller
alone without considering the design of the underlying tran-
sient modulation strategy in parallel. In fact, it can be seen
from Figs. 22 and 23, an inappropriately designed transient
modulation strategy is likely to worsen the dynamic response
of DABSRC, especially when a higher gain controller is em-
ployed. As demonstrated by both simulations and experiments,
this study has shown that, by combining the proposed TSM
method with a high-gain controller such as MPC controller,
oscillation-free dynamic response can be readily achieved in
DABSRC without requiring costly sensors and complex trajec-
tory calculations, such that the transient peak-to-peak ampli-
tude of resonant current is reduced and time-optimal transient
performances can be obtained. This article represents the first
attempt in the related literature to highlight the role of transient
modulation and its importance in achieving high-quality and
ultrafast dynamic response in DABSRC under both open-loop
and closed-loop conditions. However, a limitation of the current
study is that the proposed TSM strategy is only applicable to
single-sided LC-type DABSRC, and more research effort is
needed to generalize the proposed method to other topologies of
the DAB converter family. In spite of this limitation, the insights
gained from this article will lay the foundation for the future
development of more advanced transient modulation strategies.
In the future, efforts will be made to extend this concept to
dual/triple-phase-shift modulation schemes and other variants
of resonant DAB converters.
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