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Switching Sequence-Based Instantaneous Flux and

Current Control for Three-Phase Dual Active
Bridge DC-DC Converters

Apoorv Agarwal

Abstract—The three-phase dual-active bridge converter is a
promising topology for high-power dc—dc conversion applications.
Achieving good dynamic performance for DAB3 necessitates con-
trol strategies to eliminate dc bias in both transformer current and
magnetizing flux linkage during abrupt power changes. However,
existing state-of-the-art controls have limitations, such as neglect-
ing the transformer magnetizing flux, current overshoots in wide-
voltage gain scenarios, susceptibility to performance degradation
with parameter variations, requiring active feedback, or the need
for complex and computationally intensive controls. The article
addresses these challenges by proposing a switching sequence-
based instantaneous flux and current control to ensure no dc
bias or overshoot in current and magnetizing flux dynamics for
arbitrary load-angle changes in all voltage-gain scenarios. The
proposed scheme is independent of the system parameters or
operating voltages and is simple to implement. Furthermore, the
proposed control can provide seamless integration with established
start-up and power-OFF strategies by simultaneously controlling
the transformer magnetizing flux and the winding currents. A
comprehensive comparison with the conventional instantaneous
flux and current control is presented through both simulation and
hardware experiment results to validate the proposed control.

Index Terms—Current control, dc bias, flux control, overshoot,
switching sequence control, three-phase dual active bridge (DAB3),
wide-voltage gain.

1. INTRODUCTION

HE dual active bridge (DAB) converter has become a

popular choice for isolated dc—dc conversion with many
desirable characteristics such as galvanic isolation, bidirectional
power-flow, soft switching capabilities, and a straight-forward
control scheme [1], [2]. As a result, DAB converters have
been widely used in various applications. Examples include dc
distribution grids [3], [4], as the dc—dc conversion stage within
solid state transformers [5], railway electrification [6], electric
vehicles (EVs) [7], [8], [9], and grid-interfaced energy storage
systems [10], [11], [12], and dc-collector grids for integrating
solar and wind farms [13], [14]. For high-power applications,
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Fig. 1. Schematic and control structure of the three phase dual active bridge
(DAB3). (a) Schematic. (b) Conventional control structure under the SPS mod-
ulation.

the three-phase DAB (DAB3) offers significant advantages over
its single-phase counterpart. The DAB3 configuration, shown in
Fig. 1(a), results in lower current stress on individual compo-
nents and allows for the use of smaller and less expensive filter
capacitors compared to single-phase DAB [1].

The single-phase shift (SPS) modulation strategy is the most
common control method employed for DAB3 converters due
to its simplicity. The load-angle of the SPS modulation can
be dynamically changed to vary the transferred power in the
converter. A conventional control structure for regulating power
transferred/output current is shown in Fig. 1(b). Based on the
current feedback, the load-angle is adjusted through a closed-
loop controller, such as a PI or feedforward-based controller.
The load-angle is then implemented in the switching signals
of the DAB3 converter through a modulation control. How-
ever, the conventional modulation control impacts its transient
performance, leading to large overshoots and dc bias in the
transformer phase currents and magnetizing flux for abrupt
load-angle changes [15]. These effects can stress the power
semiconductor devices, saturate the magnetic components, and
deteriorate the converter’s performance.

Different modulation control strategies to implement the
load-angle changes have been proposed to achieve dc bias-free
control of current and flux linkage for the DAB3 converters.
Instantaneous current control (ICC) in [15] and [16] controls
the transformer current trajectory using three equal intermediate
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angles. It controls the transformer phase currents to reach a new
steady state within half a switching cycle without any dc bias.
To address the transient dc bias in the transformer magnetizing
flux linkage, an instantaneous flux and current control (IFCC)
method is presented in [17] and [18]. It supplements the ICC
method by introducing a double-sided SPS modulation, where
both primary- and secondary-side switching instants are phase-
delayed with a distribution factor. This factor is a function of
the port voltages and the distribution of inductance across the
primary and secondary sides of the transformer to achieve the
desired load-angle.

However, for applications where the dc-link voltages can vary
over a wide range, such as in the interactions of various energy
storage systems [7], [8], [9], [10], [11], [12], or the dc-collector
grids for renewable energy [13], [14], the [FCC method suffers
from a half-cycle current overshoot albeit no dc bias in abrupt
power dynamic conditions [26]. The overshoot can stress the
power semiconductor devices and cause magnetic saturation of
the series-connected inductor, hindering the reliable operation
of the converter. The authors present a model to determine and
utilize the overshoot current value to design the components, but
it can significantly oversize the converter with up to 50% more
current rating required in worst-case scenarios. Furthermore,
the load-angle distribution in IFCC requires knowledge of the
leakage inductances and feedback of port voltages, resulting in
a control that is susceptible to performance degradation with
parameter variations. Although IFCC is simple to implement,
it is limited by the current overshoots in wide-voltage gain
scenarios and sensitivity to system parameters.

Another set of complex controls to address robustness, im-
prove transient performance, and model system complexities
have been developed in [22], [23], [24], and [25]. Based on flux
control principles for six-step operation in electrical drives, a
control method in instantaneous dual flux control (IDFC) [22],
generalized instantaneous dual flux control (GIDFC) [23] and
instantaneous pulse pattern control (IPCC) [24] have been pro-
posed. While IDFC works for SPS modulation, GIDFC extends
it for TPS modulation for duty ranges between 1/6 and 1/3, and
IPCC fully encompasses SPS and the entire duty range of TPS.
All of these control methods independently regulate the primary
and secondary flux linkages with the desired load-angle and duty
cycles, achieving dc bias-free flux control. It demonstrates bet-
ter transient performance, settling within one sampling period,
and does not require information on the leakage inductances.
However, complex flux control techniques such as dead-beat
or model predictive control methods operating with high sam-
pling frequency are required. Also, the implementation of these
complex flux control techniques imposes a high computational
burden on the controllers. As noted in [24], the combination
of high computation demands and the high sampling frequency
restricts the method’s operable switching frequency to a few kHz
(10-15 kHz) on standard DSP-based microcontrollers, such
as with a single-core, 200 MHz clock implementation on the
TMS28377D microcontroller.

In [25], an artificial neural network (ANN) method-based
control is proposed to suppress the dc bias current in the
DAB3 converter with variable duty cycle (VDC) modulation.
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It finds optimal transition angles modeling the nonidealities,
such as the winding resistance of the transformer, in simulations,
thereby avoiding complex calculations and inaccuracies caused
by mathematical approximations, settling within one-third of the
switching frequency. However, a key limitation is its failure to
address the issues of dc bias in transformer magnetizing flux.
Furthermore, it also shows current overshoots for wide-voltage
gain scenarios, because it is based on a similar concept, like
ICC/IFCC, of implementing intermediate load-angles. A signif-
icant drawback of the ANN-based method is the necessity for
developing highly accurate simulation models mimicking ex-
perimental hardware and then performing extensive simulations
to acquire optimal datasets of transient variables to train the
ANNSs. Consequently, it also increases the control complexity
and requires high computational resources, which can be time-
consuming and expensive.

The ICC modulation has been further developed for non-SPS
modulation-based schemes in [19], [20], and [21]. A fast tran-
sient current control (FTCC) for DAB3 converter with VDC
modulation strategy is proposed in [19] and [20] and with
asymmetrical phase-shift (APS) modulation strategy is proposed
in [21]. They are based on similar concepts of applying inter-
mediate duty cycles as proposed in ICC and, thus, also show an
overshoot for wide-voltage variation scenarios. Furthermore, it
fails to address the dc bias in transformer magnetizing flux, and
its efficacy under power reversal conditions is unsubstantiated.

Different from the above methods, a few switching sequence-
based control methods [17], [27] for the DAB3 converter have
been proposed for start-up and power-OFF operations. The dc-
bias flux linkage can also be induced in these other transient
situations. A straight-path technique at zero load-angle is shown
in [17] by modifying the switching state sequence to ensure no dc
bias is induced. Von den Hoff and De Doncker [27] extended it to
get fully soft-switched start-up/power-OFF operations at nonzero
load-angles. However, these methods require a combination of
separate modulation techniques for steady-state operation and
start-up/power-OFF operations, making it a challenging aspect.

Table I tabulates a comparative summary of the existing and
the proposed current control strategies for the DAB3 converter.
The existing control strategies exhibit different shortcomings—
ranging from neglecting the transformer magnetizing flux to
current overshoots in wide-voltage gain scenarios, sensitivity
to parameter variations, requiring high control complexity, or
reliance on separate modulation strategies for start-up/power-
OFF operation. The article proposes a switching sequence-based
instantaneous flux and current control (SS-IFCC) for SPS mod-
ulated DAB3 converter to address all the above challenges col-
lectively. The proposed SS-IFCC has the following advantages:

1) Universal control: Tt ensures no dc bias or overshoot
in both current and magnetizing flux dynamics for arbi-
trary load-angle change and even power reversal scenarios
across the entire voltage-gain operating range.

2) A robust control: It is independent of the information of
system parameters or operating voltages to ensure zero
dc bias magnetizing flux. This independence eliminates
the reliance on precise measurements of inductor val-
ues, which can vary due to manufacturing tolerances,
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TABLE I
OVERVIEW OF THE EXISTING AND PROPOSED CURRENT CONTROL STRATEGIES FOR THE THREE-PHASE DAB CONVERTER

Reference Year Controls mag-  Wide-voltage Robust to sys- Control com- Start-up/Power-
netizing flux gain scenarios  tem parameters  plexity off strategy
ICC [15], [16] 2013-14 X X X Low X
IFCC [17], [18] 2020-21 v X X Low v
FTCC [19]-[21] 2017-23 X X X Low X
IDFC [22], GIDFC [23], IPCC [24]  2023-25 v Not shown v High Not shown
ANN-based control [25] 2025 X Not shown v High X
Proposed SS-IFCC - v v v Low
T (requires separate modulation strategy)
TABLE II

temperature fluctuations, and aging. It also avoids the need
for continuous feedback of input or output port voltages.

3) Straightforward control: It is simple to implement and
does not require high computation capabilities or employ
complex control techniques. It eliminates the need for
complex real-time calculations or intermediate/transition
load-angle estimations.

4) The start-up/power-OFF procedure for the DAB3 converter
proposed in [17] can be seamlessly integrated into the
proposed scheme.

A comprehensive comparison of the conventional IFCC
method with the proposed SS-IFCC method is provided. The
conventional IFCC method offers a simple implementation for
current and flux control for the DAB3 converter and does
not require high sampling frequencies, complex techniques,
or extensive training data. Extensive simulation and hardware
experiment results on a DAB3 converter for a battery system
with a wide voltage variation (270-400 V), operating at 50-kHz
switching frequency, are provided to validate and highlight the
advantages of the proposed SS-IFCC.

In Section II, the modeling of the current and flux trajec-
tory for the DAB3 is briefly revisited for better understanding.
Following this, the performance of the conventional IFCC under
wide voltage variation and its dependence on system parameters
knowledge is analyzed in Section III. The proposed SS-IFCC
method is described in Section IV, followed by the simulation
and experimental validation in Section V. Finally, the conclusion
is given in Section VI.

II. MODELING OF TRANSFORMER CURRENT AND
FLUX IN DAB3

DAB3 converter is shown in Fig. 1(a), with primary and
secondary port dc-link voltages, V), and Vj, respectively. It
comprises two three-phase bridges linked by a star-connected
three-phase high-frequency transformer (HFT) having a turns
ratio N, and a series-inductors arrangement L, and L. The
gain of the converter d is represented by

d=V/(NV,). (1)

In the DAB3 SPS modulation strategy, both three-phase
bridges operate with a fixed 0.5-duty cycle. Each three-phase
bridge has six switching states (v) in a switching period, shown
in Table II. Each phase (q1, g2, g3) is 1 or O to represent when the

SWITCHING STATE OF A BRIDGE IN DAB3
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Fig.2. Simplified equivalent circuit of the DAB3 converter in o3 coordinates.

(a) Unity voltage vector of a three-phase bridge. (b) Simplified equivalent circuit
of the three-phase transformer.

upper or lower switch is conducting, respectively. These switch-
ing states (r) produce the three-phase voltages at transformer
terminals. When transformed into a3 coordinates, a space vector
k:n can represent each switching state, as shown in Fig. 2(a).
Thus, the transformed three-phase voltages in o coordinates
isu,. =V. k_; for each switching state r, where V' is the dc-link
voltage.

The three-phase transformer in the DAB3 converter can also
be modeled by an equivalent circuit in «f coordinates, as
shown in Fig. 2(b). L, L, and L)y, denote the primary-side
series, secondary-side series, and magnetizing inductance, all
referred to the primary side. The primary and secondary bridge
voltage vectors, U, = Vp.k:_; and vy = Vs.k:_;, are applied across
the circuit, phase-shifted with a load-angle ¢. It results in the
phase current Zp flowing through the primary-side inductance
and the voltage i), across the magnetizing inductance, thus
controlling the transferred power. The steady-state switching
waveform of the DAB3 converter with SPS modulation strategy
is shown in Fig. 3. The steady-state switching sequence is q =
®— O— @— ®— @— (©), referenced to the primary-side
bridge operation.

The transformer current and magnetizing flux trajectories in
a3 coordinates have been modeled in [15], [16], [17], [18], [26].
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Fig. 3.  Steady-state switching waveforms of DAB3.

The work is briefly reproduced to provide a foundation for the
proposed control. Using the equivalent circuit in Fig. 2(b), the
slope of the primary-side current change and magnetizing flux-
linkage change for given switching states m for the primary
bridge and n for the secondary bridge is

dipym/n _ ﬁp,m . ﬁs’,n 2)
dt Ly Lo
dPrt.im/n
% = ﬁM,m/n = )‘1 . ﬁp,m + )‘«2 . as’,n (3)

where, for Ly; > L,, L, the terms are

L L
L1:L2:LP+L/S:L, andklzf;kngp. (4)

In the DAB3 SPS operation, for a switching state n of the
primary bridge, the secondary bridge is switched from state m
to n, delayed with a load-angle ¢. Therefore, the variation of
the primary current and flux linkage between two successive
switching states of the primary bridge is

10} ) d{p,n/ﬂl 7T/3 — ) d{’p,n/n

Aip,man(as) = ﬁ dt 27Tf a (®)]
I — idJNLn/m ﬂ'/gi(bd/l;]\/f,n/n

A¢M,m—m(¢) = 27Tf dat + 27Tf dt (7)

=¢- Aw,n/m + (7-‘—/3 - (b) ’ Bw,n/n 3

where, ffiyn/m =c- [En —d- Em} ; )

— —

Bipm=c-(1—d)- [kn} ;¢ =2V, /(6nfL); (10)

v, . R

Ayinfm = 557 (Lsr-kn+L,,~d-km) (11)
(VA o

Bynn = s——(Ly + Ly - d)kn,. (12)

2nfL
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Moreover, as Er+1 = ET_ejfioo, it can be shown that
A;p,nﬁ(n+l)(¢) = Azp,(nfl)an-ejﬁoo((b)
Aﬁ]\/l,n%(n—l—l)((ﬁ) = Aq;;]\/l,(nfl)%n'ejm)o((zs)'

Thus, the steady-state trajectory of both the primary current
and magnetizing flux linkage form a regular hexagon shape
centered around the origin in «/3 coordinates with the length
of each edge determined by the load-angle ¢. The trajectories of
transformer currents and magnetizing flux linkage for different
d’s are shown in Fig. 4. The modeling shows the symmetric
trajectories of the current and flux linkage for the switching
states, which will be utilized to develop the proposed method.

13)
(14)

III. PERFORMANCE OF CONVENTIONAL IFCC

The conventional IFCC method proposed in [17] controls the
transient trajectory of the transformer current and the magne-
tizing flux to reach the new steady state without any dc bias.
For a load-angle change from ¢ to ¢o, three equal intermediate
load-angle of ¢y = @0 = P53 = ¢1J2r¢2 are implemented, as
shown in Fig. 5. It controls the transformer current dynamics
from the initial to the target trajectory without any dc bias. This
concept can be verified by calculating the transformer current in
the transient state using (6) and (13) as

ip,t2

ip,tl

ip5(d1) + Aips e (d)l ; ¢2> + Ay <¢1 i ¢2>

2

% —;%) = Zp,t?) - ;p,2(¢2)'

Further, to control the flux dynamics without any dc bias, it
implements a double-sided SPS modulation scheme, in which
the primary- and secondary-side switching instants are varied
with a distribution factor p

+ Afp,m< (15)

_ LW
S LV LY,

Using the double-sided SPS modulation with p-factor, the
dc-bias flux linkage component induced by the primary side
cancels out the component induced by the secondary side. Thus,
provided the port voltage and series-inductance values are accu-
rately known, the conventional IFCC ensures zero dc-bias flux
linkage for each switching step. However, the series-inductance
value measurement can have errors due to manufacturing toler-
ances, temperature fluctuations, and aging. Consequently, the
p-factor will deviate from its correct value, resulting in flux
overshoots and potentially saturating the transformer.

Further, the three equal intermediate load-angles proposed
in the conventional IFCC method can only guarantee zero dc
bias in the transformer current for the step load-angle change
and do not account for transient currents. The authors in [26]
have shown that the conventional IFCC modulation can have
a current overshoot under wide-voltage gain scenarios (d # 1).
The overshoot can stress the power semiconductor devices and

p (16)



AGARWAL AND BHATTACHARYA: SS-IFCC FOR THREE-PHASE DUAL ACTIVE BRIDGE DC-DC CONVERTERS

Py
Y

i ()

(@)

Fig. 4.
(d) Transformer flux.

q ﬂl | | ﬁii \ \ |
1
QL] | - L B
1l > > >
\
B, 1 b P, b, “pb,
q, | \ T - - \ |
Q | | I | | | | | | | [
2 > < > < »
L Py B, | P PP, |
9 i3 | ! R T T T
ol 1% 2l .
3 T T —»
0 = 2x = 4x bm 2
3 3 3 3
Fig.5. Switching signals for double-sided SPS modulation based conventional
IFCC [17].
0]
R = 8 Overshoot i
i, (0,)= 1, A g Initial (¢,)
- . trajectory Target (¢,)
Initial ((25/) ’ ey ‘/ 7 Trajectory |
Trajectory { SR g
* S s ’ : «
- - i 5(0, =P,
Target (éz)*» Z,,-r;(o',") L M’) i it
Trajectory ! trajectory
B Overshoot
(a) (b)
Fig. 6. Trajectories of transformer currents with a load-angle change (¢o >

¢1) in af coordinates for d #1 with conventional IFCC [26]. (a) Conventional
IFCC: d > 1. (b) Conventional IFCC: d < 1.

cause magnetic saturation of the series-connected inductor. The
transformer phase currents and flux still reach the new steady
state within half a switching cycle without any induced dc bias.

Fig. 6 shows the transformer current in the o3 coordinate
system with the conventional IFCC method for a load-angle
change (¢ > ¢1)withd > 1 and d < 1. The transformer current
trajectory reaches the new steady state within about half a
switching cycle, showing fast settling of the transformer currents
irrespective of the value of d. No dc bias is induced in the currents
in any case. However, the transient current trajectory can have
an overshoot, denoted by the green vector. In [26], a model is
presented to determine the overshoot current value for known
system parameters and load-angle step-change scenarios. It is
proposed that the value be utilized to select the core saturation
peak current rating of the series-connected inductors and the

6343

Trajectories of steady-state transformer currents and flux in o5 coordinates for different gains. (a) Current d = 1. (b) Current d > 1. (c) Current d < 1.

peak current through the devices for a robust design and opera-
tion of the converter.

However, the conventional IFCC can cause a worst-case
overshoot of up to 50% more than the rated current operation
for scenarios such as when power reversal is needed for a
DAB3 converter operating with nonunity voltage gain and induc-
tance distributed on one side. It requires significantly oversized
series-connected inductors and devices for a robust converter
operation. Thus, this article proposes a new modulation scheme
to ensure no dc bias or overshoot in current and magnetizing
flux dynamics for arbitrary load-angle change in all unity and
nonunity voltage-gain scenarios.

IV. PROPOSED SWITCHING SEQUENCE-BASED INSTANTANEOUS
FLUX AND CURRENT CONTROL

The IFCC modulation ensures the current/flux trajectories in
af coordinates from the initial trajectory reach the target trajec-
tory without any dc bias. However, the problem in the control
is the unknown positions of the current and flux trajectories
during the intermediate load-angles. Thus, a current overshoot
is observed with IFCC modulation in nonunity gain scenarios.

The proposed SS-IFCC scheme addresses the problem. It is
based on modifying the initial two switching states of the steady-
state switching sequence of the converter when a load-angle
change is initiated. As previously mentioned, the steady-state
switching sequence of a DAB3 converterisq = (©)— O)— @—
®— @— (&), referenced to the primary-side bridge operation.
In the proposed SS-IFCC, upon a required load-angle change
from ¢1 — ¢2, the switching states @ and @ are interchanged
from the steady-state switching sequence and operated with ¢
and ¢, respectively. In the proposed scheme, this switching se-
quence change is initiated at the start of the switching sequence,
i.e., after the switching state (5) of the previous switching period.

During the first transient switching state (1), the current/flux
trajectories in a3 coordinates are driven to the origin (0) from the
initial trajectory. Subsequently, in the transient next switching
state (6), these current/flux trajectories in o3 coordinates are
driven to the target trajectory, ensuring that no dc bias is induced.
Thus, the current/flux coordinates are always encapsulated by
the maximum of the trajectories, preventing any overshoot.

Fig. 7 shows the switching waveforms for the proposed SS-
IFCC method. The corresponding transformer current and flux
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trajectory in the af coordinates is shown in Fig. 8. Utilizing the
symmetric nature of the current/flux trajectories, the switching
state (1) operated with initial load-angle (¢), drives the tra-
jectories (Afpﬁﬁl(gbl)) to origin from the end position of the
switching state (5). Then, the switching state (6) operated with
target load-angle (¢2), drives the trajectories (Afp}g)ﬁg(qbg)) to
the target trajectory from the origin. After, it continues with the
remaining steady-state switching sequence of @) — 3) — @) —
(5) with the target load-angle and repeats with the normal steady-
state switching sequence. The proposed SS-IFCC is applied only
when a load-angle change is required; the steady-state switching
sequence and thus, steady-state operation, remain unaffected.

In the proposed SS-IFCC, current or flux positions are always
known and bound; thus, no overshoot exists, irrespective of the
change in load-angle and the gain (d) of the converter. The zero
dc bias feature can be verified by calculating the transformer
current and flux positions using (6) and (13) as

0
ip,5(61) + Aip g1 (61) + A0y 56(d2) = ip1(¢2) a7)
0
1;M,5(¢1) + AJM}GHI((bl) +AJM,SHG(¢2) = JM,1(¢2)-
(18)

Also, the proposed SS-IFCC method is simple to implement.
The switching actions required are already known, correspond-
ing to the switching state and load-angle as shown in Table II
and consequently, straightforward to implement in the controller.
Furthermore, the proposed method is effective independent of
load-angle, system parameters, and input and output port volt-
ages. Using the symmetric nature of the current and flux trajecto-
ries, both are simultaneously controlled without the need for any
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i0s (1 > 0,2 < 0).

additional factor. Thus, the proposed SS-IFCC method provides
a robust control compared to the conventional IFCC method,
which is sensitive to inaccuracies in port voltage measurements
or manufacturing tolerances of the series-connected inductor
values.

The SS-IFCC method also functions for the power reversal
scenarios with zero dc bias and overshoot in currents and flux for
any arbitrary gain of the converter. The switching waveforms of
SS-IFCC for the power reversal scenario are shown in Fig. 9 with
¢1 > 0, ¢ < 0. With the proposed SS-IFCC, switching state (1)
operates with the positive load-angle (¢; > 0) and the switching
state (6) operates with the negative load-angle (¢2 < 0), seen in
the g3 and Q3 waveforms between 27 and 87 /3.

In [17], two different techniques are combined, one in a soft
magnetization/demagnetization technique for the start-up and
power-OFF operation, and another technique in a double-sided
SPS-based IFCC method for the load-angle changes during op-
eration. However, the start-up and power-OFF operations in [17]
can be seamlessly integrated with the proposed SS-IFCC, with
both based on modifying the switching sequences.

For start-up with SS-IFCC, state (1) is skipped, initiating
the switching sequence from state (6) and continues with the
remaining steady-state switching sequence of @) — 3) — @) —
() and repeating with normal steady-state switching sequence.
The SS-IFCC start-up switching signals with the load-angle
¢ of 0 are shown in Fig. 10(a). As previously noted, state (6)
drives the current/flux trajectories from the origin to the steady
state, as shown in Fig. 11. Similarly, for power-OFF operation,
the SS-IFCC utilizes only the first switching state (1) in the
sequence, which drives the current/flux trajectories to the origin
before all the switches are turned OFF. The SS-IFCC power-OFF
switching signals are shown in Fig. 10(b), assuming a load-angle
¢ of 0 before the converter is powered-OFF.

The proposed SS-IFCC does have a tradeoff with all its
advantages. It imposes additional switching instances compared
to the conventional IFCC method, indicated by the arrows in
Fig. 7. It shows six additional switching instances—two on the
primary and four on the secondary bridge, when the load-angle is
changed from ¢; > 0to ¢2 > 0. It can be observed that three of
the instances, q1 J, g3 T, @3 T (indicated by blue arrows), occur
at zero-current, showing zero current switching (ZCS) and one
other instance, ¢ | (indicated by brown arrows), shows zero
voltage switching (ZVS) with the topology operation as ana-
lyzed using [1], [27]. Thus, only two instances,Q; T, Q3 J (in-
dicated by red arrows), are hard-switched. A similar analysis for
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Fig. 10.  Switching signals for start-up and power-OFF with the proposed SS-
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Fig. 11.  Trajectories of transformer magnetizing flux in o8 coordinates for
start-up and power-OFF with the proposed SS-IFCC.

other load-angle change scenarios, such as power reversal (see
Fig. 9), also shows only one additional hard-switched instance,
with the rest being soft-switched. Furthermore, these additional
one/two hard-switched instances and other soft-switched in-
stances in the proposed SS-IFCC method are applied in the tran-
sient state only, when aload-angle change is required; the steady-
state switching sequence and thus, steady-state operation, re-
mains unaffected. Consequently, there is no loss in steady-state
operation efficiency with the proposed SS-IFCC method.
However, even with a constant reference signal, minor noise
from sources like switching ripple, component imperfections,
and sensors can cause the feedback signal to fluctuate. This
fluctuation leads to a small, nonzero error signal, which in turn
causes the controller’s output (load-angle) to oscillate minimally
around its ideal value. Without a mitigation strategy, these small
oscillations would incessantly trigger the proposed scheme,
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Fig. 12.  Control structure of the unified modulation control.

leading to unnecessary switching actions and continuously al-
tering the current and flux trajectory, thereby compromising
efficiency and stability. This issue is not unique to the pro-
posed method; other dc-bias-free control strategies for DAB3
converters face similar challenges from steady-state load-angle
oscillations.

To address this issue, a unified modulation control scheme is
implemented, as shown in Fig. 12. It implements a quantizer,
which reflects that in a digital implementation, the load-angle
can only change in discrete steps. If the noise-induced oscilla-
tions are smaller than this minimum step size, the load-angle
remains constant, effectively ignoring the noise. Further, it inte-
grates the proposed SS-IFCC method for the transient operation
with a simple, feedback-free, traditional scheme for the steady-
state operation. The scheme differentiates between transient and
steady-state operations, based on a minimum threshold for the
load-angle change, denoted as |0¢,|, using a window detector.
If the change in load-angle is larger than |d¢,.|, the proposed
SS-IFCC method is activated to ensure fast, precise transient
response. Conversely, if the change is smaller than the threshold,
the system is considered to be in a steady state, and a straight-
forward scheme is employed. The straightforward scheme can
be chosen as Method 1 in [15], which changes the load-angle
of all phases at the same edge. Although it can cause large
flux and current overshoots for large load-angle changes, it is
well-suited to provide dc-bias suppression for small adjustments
in load-angle (< |d¢,|), and effectively avoids the incessant
switching caused by noise.

The threshold value of |0¢,| is carefully selected based on
the system’s sensitivity, ensuring that load-angle changes in
steady-state operation do not significantly impact power flow.
This unified approach ensures seamless performance across
both transient and steady-state operations, with the proposed
SS-IFCC offering its advantage for larger load-angle changes,
providing a straightforward implementation, universal applica-
bility across all voltage gain scenarios, and inherent robustness
as it functions independently of converter parameters.

V. SIMULATION RESULTS AND HARDWARE DEMONSTRATION
A. Simulation Results

The DAB3 converter is simulated using the PLECS circuit
simulation software with the parameters listed in Table III to val-
idate the analysis and compare the performance of the proposed
SS-IFCC method with the conventional [IFCC method. A DAB3
converter for a battery system with a wide voltage variation
(270400 V) is considered. Three scenarios with two nonunity
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Fig. 13.  Simulation Results: Transformer primary currents for different case scenarios. (a) Conventional IFCC control, Case 1. (b) Conventional IFCC control,

Case II. (¢) Conventional IFCC control, Case III. (d) SS-IFCC control, Case I. (¢) SS-IFCC control, Case II. (f) SS-IFCC control, Case III.

TABLE III
DAB3 SPECIFICATIONS

Parameter Value

Rated Power, P 2 (kW) at ¢ = 40°
Primary DC-link Voltage, V), 270-400 (V)
Secondary DC-link Voltage, Vs 270-400 (V)
Switching frequency, fs 50 (kHz)

Turns Ratio, N 1

Magnetizing inductance, Ly, 3 (mH)
Transformer leakage inductance, Ljj, 11 (uH)
Primary-side series inductance, L 50 (uH)
Secondary -side series inductance, Lg 50 (uH)

voltage gain and different inductance distributions are simulated.
An equal distribution of the inductances on the primary and
secondary sides (L, = Ly = 50 pH) is considered for the first
two cases—Case I: V), = 270 V, V, = 400 V (d = 1.48), with
a load-angle change from 0° — 40° and Case II: and V), =
400 V, Vs =270 V (d = 0.675) with 40° — —40°. Case III
considers the scenario where all the inductance is distributed
to the primary side for d = 0.675 and load-angle change of
40° — —40° to demonstrate the worst-case current overshoot.
In all cases, an inherent leakage inductance of 11 pH resulting
from the HFT is considered, to match the parameters used in the
hardware.

The simulation results for the conventional IFCC method are
shown in Fig. 13(a)—(c). Due to different port voltages and
the inductance distribution, different distribution p-factors are
implemented for each scenario: p = 0.4 for Case I, p = 0.6
for Case II, and p = 1 for Case III. Results show that a large
overshoot current with no dc bias is induced in the primary
current during the load-angle changes with the conventional
IFCC method in a nonunity voltage gain scenario. Compared
to the 5.37 A peak current operation for the rated power, a
current overshoot of 5.55 and 7.01 A is noted for the first
two scenarios, resulting in a ~3% and = 30% higher rating,
respectively. In case III, where all inductance is distributed to
the primary side, a current overshoot of 7.92 A is observed,

Initial (¢) 21?2 Target (¢,) Initial (¢,) @ % Target (¢,)
tranisent ) tranisent ;
0
0.6 -0.625
20.625 0 0.625 -0.625 0 0.625
.. (mWB) Y, (mWB)
(a) (b)
Fig. 14.  Simulation results: Trajectories of transformer magnetizing flux (a3

coordinates), for Case 11, with inductor measurement error (—5%:primary side,
+5%:secondary side). (a) Conventional IFCC control. (b) SS-IFCC control.

resulting in a =50% higher rating required compared to the same
baseline. Significantly oversizing the series-connected inductors
and devices with up to 50% higher peak current rating would
be required to account for these scenarios with the conventional
IFCC method.

Fig. 13(d)—(f) shows the simulation results with the proposed
SS-IFCC method present excellent control performance. Com-
pared with the IFCC method, no current overshoot occurs with
the proposed method. The three-phase currents are simultane-
ously driven to the origin(zero) in the first switching state, then
to the target steady state, avoiding any dc bias or overshoot.

Another scenario was simulated for Case II to examine the
impact of inductance measurement errors, introducing a —5%
and +5% error in the primary-side and secondary-side inductor
measured values, respectively. The transformer magnetizing flux
in af coordinates is shown in Fig. 14 for both the conventional
IFCC and the proposed SS-IFCC methods. Fig. 14(a) shows that
the conventional IFCC method exhibits a transient overshoot
in the transformer magnetizing flux for the load-angle change
when an error (—5%: primary side, +5%: secondary side) in the
inductor’s measured value is present. The overshoot is due to
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Fig. 15. Experimental setup.

the inaccuracies in the determined distribution p-factor, which
is based on precise inductance measurements. If the flux linkage
overshoot exceeds the limit value of the saturation flux linkage,
the transformer core will saturate. In contrast, the proposed
SS-IFCC method shown in Fig. 14(b) effectively controls the
magnetizing flux within the bounds. The robustness to inductor
measurement error of the proposed method is by virtue of
its independence from port voltage feedback and inductance
distribution information, demonstrating the superior resilience
of the proposed SS-IFCC method.

B. Hardware Demonstration

The proposed SS-IFCC modulation strategy is implemented
and validated on a ~2-kW rated hardware setup of the DAB3
converter, as shown in Fig. 15, with the same specifications as
for the simulations, as listed in Table III. The two three-phase
bridges employ 650 V SiC devices. Two bidirectional dc power
supplies: Chroma 62180D-1200 and ITECH IT6018C-1500-40
are utilized for the input/output port voltages. The proposed SS-
IFCC control and conventional IFCC are implemented on a TI
F28379D DSP-based microcontroller (single-core) with a 200-
MHz system clock frequency. In the DSP implementation, the
EPWM module with its four compare registers is implemented to
set the PWM signals. With switching action within a switching
state fixed ((@- Table II), interrupts are generated at strategic
points to drive the modifications of the PWM signals, without
affecting the control execution time or any glitches. A star—star
configuration is used for three single-phase HFTs, and external
series-inductors are utilized to achieve the series inductances on
both the primary and secondary sides. The turns ratio N of the
HFT is chosen as 1, according to the dc-link voltages on either
side of the converter, to ensure ZVS for the maximum power
range. The gain of the converter varies according to the dc-link
voltages of the ports. Both HFTs and series-inductors are built
using ferrite material 3C95 with E-shaped cores E80/38/20 and
E65/32/27, respectively. The maximum flux density (Bmax) of
the core is designed to be 0.2 T. The primary and secondary
winding of the HFT is made up of 19 turns, and the inductor
winding is made of 9 turns with cores having an air gap. The
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inductors and the device’s current rating are sized to allow for
the current overshoots in the conventional IFCC method.

Similar to simulations, two scenarios with different nonunity
voltage gains are considered: i) d = 1.48: V, =270V, V, =
400 V, with a load-angle change of ¢ = 0° — 40°, showing
power step-up and ii) d = 0.675: V,, = 400 V, V; = 270 V, with
aload-angle change of ¢ = 40° — —40°, showing power rever-
sal. Fig. 16 shows the experimental results with the conventional
IFCC and the proposed SS-IFCC method for the two scenarios.
The instantaneous output port current flowing into the capac-
itor 4.5, a representative average output dc current flowing
to the output port Ipc, along with the transformer primary
currents I, p, ., and the transformer magnetizing voltages at the
primary windings of the transformer V,,,_ /1, t/n,¢'n» as indicated
in Fig. 1(a), are measured and plotted in the time domain. In addi-
tion, the three-phase transformer currents and transformer mag-
netizing flux linkage are represented in the a3 coordinates for
the different scenarios. The flux linkage is derived by integrating
the measured voltages V,,,—a/n b'n,c'n, divided by the number of
turns. Blue and red colored waveforms present the steady-state
trajectories, whereas green waveforms represent the transient
trajectory with the method implemented—conventional IFCC
or the proposed SS-IFCC method.

Fig. 16(a), (c), and (d) shows the experimental results with the
conventional IFCC method for d = 1.48, ¢ = 0° — 40°. Based
on inductor distribution and port voltages, a p-factor of 0.4 is
employed. The average output dc current I steps up at the
triggered instant shown by the dotted vertical line, reflecting the
step-up in the power, with the voltage being held constant by
the bidirectional power supply. The ripple in the instantaneous
output port current /4. s increases with the load-angle. Although
the conventional IFCC method achieves the transient control
of the transformer currents reaching the new steady-state with
no dc bias, a current overshoot of 5.52 A [see Fig. 16(a)] is
observed, exceeding the peak current operation of 5.37 A at
rated power (an increase of ~3%). With the conventional IFCC,
the trajectories of transformer currents and magnetizing flux
[see Fig. 16(c) and (d)] reach the new steady-state by applying
three intermediate load-angles during the transient. It is realized
without any dc-bias in transformer currents or magnetizing flux-
linkages, but shows a current overshoot.

Fig. 16(g), (1), (j) shows the same conditions of d = 1.48,
¢ = 0° — 40° with the proposed SS-IFCC method. The ripple
of the instantaneous output port current /4. ; changes according
to the switching state and the rectified HFT currents. Even
though the instantaneous output port current /. s exhibits an
irregular pattern, the capacitor at the output port filters the ripple,
with the average output dc current /¢ supplied to the output
port. Notably, no current overshoot or dc bias is observed in the
transformer currents. With the proposed method, the transient
current and flux trajectories in o3 coordinates [Fig. 16(i), (j)]
move to the origin from the initial trajectory and then to the
target trajectory without any dc bias or overshoot and are always
enclosed in the maximum value envelope.

For the other scenario of d = 0.675, ¢ = 40° — —40°,
Fig. 16(b), (e), (f) show the results with the conventional IFCC
method. A p-factor of 0.6 is employed for the scenario. The
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af3 coordinates, for different gains and load-angle change. (a) Conventional IFCC, d = 1.48, 0° — 40°, time domain. (b) Conventional IFCC, d = 0.675, 40° —
—40°, time domain. (c) Conventional IFCC, d = 1.48, 0° — 40°, current trajectory. (d) Conventional IFCC, d = 1.48, 0° — 40°, flux trajectory. (¢) Conventional
IFCC, d = 0.675, 40° ——40°, current trajectory. (f) Conventional IFCC, d = 0.675, 40° — —40°, flux trajectory. (g) Proposed SS-IFCC, d = 1.48, 0° — 40°,
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trajectory.

instantaneous output port current /4. s and the average output dc
current I pc change from positive to negative values, reflecting
the reversal in the power. A distinct current overshoot of —7.15
[see Fig. 16(b)] is observed, significantly exceeding the peak
current operation of 5.37 A at rated power (an increase of over
30%), and thus, oversized inductors and devices with higher
peak current rating are employed in hardware. While the trans-
former current and magnetizing flux-linkage trajectories reach

the steady-state without any dc-bias, a high current overshoot
can be observed in the transient trajectories. The transformer
magnetizing flux is well bounded in the maximum envelope of
¢ =0°.

Similarly, the experimental results with the proposed SS-
IFCC method for d = 0.675, ¢ = 40° — —40° are shown in
Fig. 16(h), (k), (I). As observed before, with the load-angle
change with SS-IFCC method, the instantaneous output port
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current /4., exhibits an irregular pattern, the capacitor at the
output port filters the ripple, supplying the average output dc
current Ipc to the output port, which inverts to demonstrate
reversal in power. Consistent with previous results, no current
overshoot or dc bias is observed in the transformer currents for
this scenario as well, with the SS-IFCC method. The trajectories
[see Fig. 16(i), (j)] exhibit a similar behavior, moving to the
origin from the initial trajectory and then to the target trajectory
without any dc bias or overshoot and enclosed in the maximum
value envelope.

In all cases, the proposed SS-IFCC method ensures the tran-
sient current and flux trajectories reach the target trajectory with-
out any dc bias and overshoot. The results validate the proposed
SS-IFCC method and highlight its universal control across the
entire voltage-gain operating range in contrast to the conven-
tional IFCC, which exhibits current overshoots. Furthermore,
the proposed method demonstrates robust control as it operates
independently of the system parameters’ knowledge, unlike the
conventional IFCC, where the p-factor value is required to be
determined based on the inductor ratios and operating port
voltages. Also, the current overshoots with the conventional
IFCC method obtained through the experimental results closely
match the simulation results. The small differences arise due to
nonidealities of the hardware setup, such as transformer winding
resistance and dead time.

Furthermore, in the experiment results, it can be observed that
the transient time with the conventional IFCC method is around
1/2 of the switching period (1/2 x Tg) for both scenarios. In
comparison, with the SS-IFCC method, the current and flux
trajectory simultaneously reach the target steady state within
two switching states or 1/3 of the switching period(1/3 x Tyy),
able to decrease the transient time by 33%.

After the load-angle change, a few minor oscillations can
be observed in the hardware demonstration for both the con-
ventional IFCC method and the proposed SS-IFCC method. It
can also be inferred from the thicker target trajectories of the
current (in red color) in the o3 coordinates for both scenarios,
especially in the case of power step-up, as shown in Fig. 16(c)
and (i). These minor oscillations are due to the effect of non-
negligible dead-time and winding resistance of the transformer,
present in the hardware implementation. During the dead-time
interval, current zero crossings lead to voltage-time errors being
applied to the transformers’ stray inductance. In the hardware
implementation, a dead-time of 150 ns with 50-kHz switching
frequency using SiC MOSFETS is implemented. It is important to
note that for applications employing devices, such as IGBTs or
IGCTs with lower switching frequencies, the dead-time could
constitute a considerable portion of the switching period, thus
requiring careful consideration to achieve genuine dead-beat
behavior. However, a detailed exploration of solutions for this
specific challenge falls outside the scope of this article.

The converter starts up and powers OFF with a load-angle of
¢ = 0°. The start-up and power-OFF trajectories with the SS-
IFCC method are shown in Figs. 17 and 18, respectively. Even
at aload-angle of ¢ = 0°, the current trajectory is not fixed to the
origin as there is a current flowing because of the effects of dead-
time, and is depicted in Fig. 17(a). The measured flux trajectory
in power-OFF shown in Fig. 18(b) exhibits oscillations when
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Fig. 17. Trajectories of (a) transformer currents and (b) magnetizing flux for
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Fig. 18.  Trajectories of (a) transformer currents and (b) magnetizing flux for

power-OFF with the proposed SS-IFCC.

moving to the origin due to the LC resonance between the switch
capacitance and the inductor. Nonetheless, the trajectory reaches
the steady state without any dc bias or overshoots, validating the
seamless integration of the start-up and power-OFF strategies
with the proposed SS-IFCC method.

VI. CONCLUSION

The article presented a highly dynamic control in SS-IFCC
for DAB3 converter, which utilizes the switching sequences to
eliminate the dc bias and overshoots in transformer currents
and magnetizing flux dynamics for large and abrupt power
changes. In contrast to the state-of-the-art methods, the SS-
IFCC stands out due to it is straightforward implementation,
universal applicability across all voltage gain scenarios, and
inherent robustness as it functions independently of converter
parameters. Comprehensive validation through both simulation
and hardware experimental results, including a comparison with
conventional IFCC, confirms the superior dynamic performance
and robustness of the proposed SS-IFCC scheme for DAB3
converters. The methodology of the proposed SS-IFCC method
for the DAB3 converter can potentially be extended to differ-
ent winding configurations and multilevel bridge-based DAB3
converters.
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