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Abstract

Three-phase Dual-Active-Bridge converters use a three-phase transformer for isolation and voltage leveling. Due to fabrication, the
inductance in the transmission path of each phase may be different from each other. If the difference is large enough, the current
may be unevenly distributed among phases that lead to the unbalance in loss and heat distribution of power switches and transform-
ers. This paper proposes a simple current balancing method among phases for three-phase Dual-Active-Bridge converters due to
inductance mismatch in the transmission path. The method is based on first harmonic approximation and trigonometric calculation of
the phase shift for each phase. Simulation and experimental results show that the proposed method can help balance the phase current effectively.

Keywords: Three-phase dual-active-bridge converter; Unbalanced power distribution; Fundamental harmonics approximation; Trigonometrcs cal-

culation; Parameters mismatch.

Symbols

Symbols Units Description

Lig,Lyp, Ly nH total leakage inductance of phases

v degrees  phase shift angle

Oy degrees compensating angle

Vi,Va \'% terminal voltages

VAN Van \% instantaneous transformer voltages

V/{ N v;’;n \" fundamental component of Vay,vap
Abbreviations

DAB Dual-Active-Bridge

DAB3  Three-phase Dual-Active-Bridge

V2G Vehicle to Grid

EVSE  Electric Vehicle Supply Equipment

EV Electric Vehicle

SPS Single Phase Shift

Tém tit

Bo bién ddi ludng ciu 3 pha (Dual-Active-Bridge - DAB3) sit dung
mdy bién 4p ba pha d€ cach ly va thay ddi dién 4p. Do van dé ché tao,
thong sb clia dién cam trén dudng truyén tai ning lugng c6 thé khong
gidng nhau giita cac pha. Néu sy khac biét 2 dii 16n, st mit cin bang
dong dién gilta cdc pha c6 thé trd nén dang ké. Hé qua 12 su phan bd
vé tén hao va phat nhiét ciing tré nén khong nhu nhau trén cic van

ban dan. Bai bdo nay dé xuit mot phuong phap don gian dé xit Iy van
d& nay. Phuong phép nay dua trén viéc phan tich thanh phan co ban
ctia dong dién va tinh todn lugng gidc géc dich pha cho tiing pha. Két
quéa mo phoéng va thuc nghiém cho thiy, phuong phap dé xuét cé kha
ning gitp cin bing dong dién ba pha mot cich hidu qua.

1. Introduction

In vehicle-to-grid electric vehicle supply equipment (V2G
EVSE) applications, the electric power is required to flow bidi-
rectionally between the battery and the grid. In the charging
mode, the energy from the AC grid is rectified and transferred
to the battery in the electric vehicle (EV). In the V2G mode,
energy from the battery is inverted and injected into the grid for
doing several ancillary services such as frequency or voltage
regulation, load response, etc. In such applications, a bidirec-
tional DC/DC converter system is necessary to construct the
V2G EVSE.

Among various bidirectional DC/DC converter topologies,
Dual-Active-Bridge (DAB) appears to be a promising choice.
Firstly, it is a bidirectional topology that provides galvanic iso-
lation capability. For applications like V2G EVSE, isolation is
mandatory as listed in many technical standards. Secondly, as
already discussed in many articles [1, 2], DAB topology has
numerous interesting features, such as inherited soft-switching
that provides noise reduction capability; high power density,
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Figure 1: Three-phase dual active bridge converter topology.
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Figure 2: Thermal map at 9.3 kW of the DAB3 converter reported in
[3].

and high efficiency that allow better integration, etc. For high
power applications such as electric vehicle fast-charging sta-
tions, multi-phase DAB can help improve the power density
even further. Figure 1 shows a three-phase DAB (DAB3) con-
verter diagram.

The DAB3 shown in Figure 1 uses three single-phase trans-
formers for galvanic isolation and voltage matching. The induc-
tor Ly includes the primary-referred, total leakage inductance
of the transformers and the required external series inductor
(if any). For simplicity, the star-star connected transformer is
considered . Two active bridges are made of two three-phase,
voltage source inverters. Six-step modulation is applied for
both bridges. A phase shift angle is then created between the
two bridges to handle the power flow. Usually, the operation
analysis of the converter is based on the assumption that the
system parameters are identical for all three phases. Conse-
quently, the power is evenly distributed among phases.

Due to many reasons such as fabrication technique, different
manufactured lots, different impacts of environment on the
devices, etc., system parameters may not be identical. For ex-
ample, switching devices placed in different positions may
suffer from unequal cooling effectiveness that leads to diverse
increment of drain-source resistance of the switches; or three
single-phase transformers and inductors may have different
parameters due to the winding technique or nonidentical mag-
netic material that yields to the dissimilarity of the equivalent
series inductance, etc. In fact, in DAB-based topologies, Ly
plays an essential role in power transferring because it acts as
the energy container in the transmission. A slight difference in
the equivalent series inductance among three phases may lead
to serious problems.

For instance, in [3], L; was integrated into the transformers.
Integration is a good idea to downsize the converter, reduce the
production cost, and increase system reliability [4, 5]. However,
the integration depends a lot on the winding technique of the

transformers. As reported in [3], there was only 2% difference
at most in the values of L; among phases. From a practical view,
2% deviation in the leakage inductance is acceptable when
considering the tolerance of commercial power inductors which
is usually ranging from 10% to 15% [6]. However, the thermal
map captured by a thermal camera given in [3] (Figure 2)
showed that phase C that owns the smallest leakage inductance
seems to be the hottest one among three phases. This implies
that the power dissipation in phase C is greater than that of the
other two phases. As a consequence, a hot spot is formed and
the risk of over-heat is higher and sooner than normal. Besides,
the overall efficacy may be reduced. Therefore, it is necessary
to balance the loss distribution among phases when parameters
mismatching occurs.

Various balancing techniques for multi-phase DC/DC converter
can be found in the literature. Closed-loop control based tech-
niques [7, 8, 9] are usually applied for multi-phase buck/boost
converter where average current mode control is employed
for each phase, therefore, the current flowing in each phase
is always identical owing to the current regulation regardless
of the parameter mismatch. This approach is a good choice
for topologies where the imbalance current is DC. However,
for isolated DC/DC converter topologies like DAB3, multi-
phase LLC DC/DC, etc., the imbalanced current is pure AC,
therefore, it is difficult to apply such the methods.

Another approach was presented in [10] for multi-modular iso-
lated DC/DC resonant converters. Accordingly, an coupling
transformer was added to link the two modules aiming to bal-
ance the current between them. The additional transformer
was then integrated with the resonant inductors into a single
magnetic device to save space. However, this introduces further
effort on hardware redesign. Besides, this approach is difficult
to apply to the case of DAB3 converters. Similarly, in [11], the
transformer of a three-phase LLC DC/DC converter was re-
designed for balancing purpose. However, the special shaping
and designing technique of the transformer can increase cost
and complexity of production. Besides, only the magnetic core
was optimized for balancing purpose, the winding technique
which strongly affects the leakage inductance parameters was
not discussed in the study.

Some other researches do not redesign the hardware but modify
the control strategy to improve the unbalance current problem.
In [12], the current sharing for an unbalanced three-phase LL.C
resonant converter was undertaken by modifying the inner
phase shift among three phases. The inner phase shift was
calculated based on the root-mean-square values of phase cur-
rents; hence, this method required the phase current to be
measured. Using feedback control to deal with the unbalance
may be a good approach from the viewpoint of effectiveness.
However, considering the high operating frequency of the con-
verter (~200 kHz), sampling and processing the transformer
current may add burdens to the overall control system. In [13],
the imbalance of current of a DAB3 converter was resolved
by applying different phase shift for each phase of a DAB3.
However, the calculation of the phase shift was not presented
clearly in the article. Some other techniques are introduced for
DABS3 to solve the unbalance current problems [14, 15], how-
ever, similar to [13], these studies only dealt with the transient
unbalance caused by pulsating load changes. Studies on ap-
plying those techniques to balance the current in a DAB3 with
mismatched parameters are hardly to be found in the literature.
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In this paper, a simple method is introduced to balance the
phase current when there is mismatching in transferring induc-
tance in the transmission paths. The approach is similar to that
reported in [13] which uses modified phase shift angles for
each phase of the converter to balance the current unbalance
due to parameters mismatching. The proposed method is based
on the first harmonics analysis of the transmission power when
single phase shift (SPS) modulation control which mimics the
approach presented in [12] is employed. Then, the proposed
open-loop balancing rule is derived using trigonometric calcu-
lations. The rest of this paper is structured as follows: operation
principle of the converter under SPS is given in Section 2;
analysis and derivation of formula to determine the phase shift
are provided in Section 3; finally, simulation results presented
in Section 4 will confirm the proposed technique.

2. Three-phase Dual-Active-Bridge converter

Three-phase Dual-Active-Bridge (DAB3) converters is a mem-
ber of the DAB converter family which contains two active
bridges and an isolated transformer. Figure 1 illustrates the
simplified diagram of the converter. Two three-phase inverters
are located at the primary and secondary sides of a three-phase
transformer. For high power applications, the inverters are usu-
ally built up by Silicon-Carbide Metal-Oxide-Semiconductor
Field-Effect Transistor (SiC-MOSFETSs), whereas the three-
phase transformer is usually formed by three single-phase
transformers aiming to simplify the production process. For
simplicity, the transformer with the star-star connection is as-
sumed.

Conventionally, the SPS modulation is employed to handle the
power flow in the converter. Ideally, the duty cycle of each
switch is 50% in complementary mode, and each phases is
120 degrees shifted from each other. Accordingly, two three-
phase square wave voltages are created at the two sides of
the transformer. A phase shift angle of y degrees between
the two bridges is then used to shift the secondary voltage
back or forth with regard to the primary voltage, and hence,
handling the power transmission. Figure 3 shows the simplified
diagram of the DAB3 converter. Notes that, all the voltages
shown in the diagram are referred to the neutral point of the
transformer. In this figure, Ly, is the total primary-referred
inductance (including the external series inductor, if any) of
the transformer in the corresponding phase where x € [a,b,c].
Figure 4 illustrates the theoretical phase voltage and current
waveform obtained by using the SPS modulation technique.
Let us make some assumptions:

* the system parameters are identical among phases (i.e.
Lya = Ly = Lie = Ly),

* the power is evenly distributed,

* and the power loss is ignored,

according to [3], the total power transmission through the trans-
former can be calculated by:

o nV1V2 _3_W
12 (4 n ) W

where Ly is the total primary-referred leakage inductance of the
transformer; f5 is the switching frequency; V| and V, are the
terminal DC voltages; and # is the transformer winding ratio.
Equation (1) is obtained by multiplying the output current and

N n

Figure 3: Simplified diagram of the DAB3 converter.
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Figure 4: Theoretical voltage and current waveform by SPS modula-
tion.

the output voltage at the steady state. The calculation of the
output current is undertaken by solving the transition currents
at each switching state. This calculation is simple and feasible
when all the phase parameters are identical. However, when
there is a parameter mismatch, solving equations for transition
currents become complicated.

Now, considers the fundamental component of the voltages
across the primary and secondary sides of, for example, phase
A transformer. The phase voltages have a four-level form,
and their primary-referred fundamental component can be ex-
pressed by:

v (1) = 2—7‘:‘ sin (27 f;t) )

2nV2
V(1) =

sin 2z fst — y) (3)
The superscript / implies the fundamental component of the
corresponding quantity. The transmission power between the

two sinusoidal systems having a phase displacement of y is:

Vi

,
o L8]]

4 xSV 4)

where X is the reactance between the two sinusoidal systems,
here X, = 2x fLy,; ‘VAfNH and VC{:,
fundamental components of primary and secondary voltages of
VI{NH = % and ‘ V,{; —

= =*. Substituting into (4),

are the modulus of the

phase A,
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Figure 5: Power versus phase shift characteristics.

the power transferred by the fundamental component through
phase A is:

{ = ax, SV 5)

If three-phase reactance is identical, the total fundamental
power transmission is calculated by:

f_ 6nV1 V2

P = X, siny 6)

Figure 5 illustrates the comparison between P and Py versus
phase shift angle y in the range from O degrees to 60 de-
grees. In this figure, the continuous line denotes the power
transmission determined by (1), whereas the dashed line shows
the power transferred by only the fundamental component ac-
cording to (6). As shown, there are mostly no differences be-
tween the two power characteristics. While the derivation of
P depends strongly on the transition currents which are deter-
mined by solving some highly parameter-dependent equations,
the yielding of P({ is relatively independent of phase B and
C parameters. Therefore, in the upcoming analysis, P)f with
X € |a,b,c] is employed to investigate the power distribution in
the occurrence of parameter mismatching problem.

3. Power balancing method

Analysis in the last section assumed an identical reactance of
three phases. However, due to many reasons, such as winding
technique, magnetic material performance variation, etc., the
reactance may be different. As a consequence, for the same
phase shift angle y, the phase owning the smallest reactance
will have the highest power flow, and vice versa. Therefore, in
order to balance the power among phases, different phase shift
angles are used for different phases. Let y,, W}, and y, are the
actual phase shift angles of the corresponding phases, from
(5), the fundamental power in each phase can be expressed by:

2nViVa .

P({ = X, sin y,

o 2nViVs .

P, = 22X, sin Y, @)
2nV1V2 .

Pcf e 22X, siny,

Notably, in DAB3 converter control systems, there is usually
only one current controller to regulate the current at the receiv-
ing side. The output of the controller is the bridge phase shift

y. Therefore, it is more convenient to derive y,, Y, and Y,
from y as:

Y=Y+ 6X7vx € [a7b7c] 8)

where 0, is the phase deviation of y, compared to y. It is
also the compensating phase angle that the controller must
provide to compensate for the parameter mismatch. If 8, is
small enough, sin Y, can be approximated by:
sin Y, = sin(y + &)

~ sin Y + O, cos Y 9)

Substituting (9) into (7), we have:

2nViVo siny + §,cos Y

P/~
“ 2 X,
be% 2nV;V2 siny + §ycosy (10)
T Xp
Pl 2nViVs ' siny+ 8. cosy
¢ 2 X,

Aiming for power to be evenly distributed among phases, the
phase deviation &, is designed so that:

siny+§,cosy  siny+,cosy  siny+O.cosy  siny

Xq Xp Xe <X >
an
where (X) is the average reactance, determined by:
X +Xp +X
(x) = %

Solving (11) for &,, we have:

_ Xa—(X)
Oy = ) tan Y
@:b&gﬂmw (12)
S = X &§X> tan y/

Values of d, determined by (12) depends on how large X is
deviated from (X) and how big the common bridge phase shift

Oy [deg]

0.1

0.05

: o (P
5 X s

Figure 6: Dependence of 8, versus reactance deviation and bridge
phase shift.
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Table 1: System parameters.
Parameter Symbol Value Unit
Input voltage Vi 400 v
6 V2 Output voltage Vs 320~420 %
Transformer ratio n 1:1
Total leakage inductance (expected) ILy, 5 nH
° Ne Reactance deviation e 10 ~ 30%
Switching frequency s 100 kHz
Phase shift angle 74 0~ 30 degrees

Figure 7: Current control loop diagram with the proposed power
balancing technique.

y is. That dependency is demonstrated in Figure 6. In the
figure, X* is the relative deviation of X, from (X),

Xa_<X>

YT

It is easy to observe that the phase shift deviation Jy is directly
proportional to the relative reactance deviation. When the rela-
tive reactive deviation is 10% and the bridge phase shift y is 60
degrees, the phase deviation of the corresponding phase is as
large as 10 degrees. In this case, the assumption of small signal
Oy is not violated as the approximation error is insignificant:
_siny o) _ 0945954,
siny+d,cosy  0.95
Even when the relative reactance deviation is 20%, and the
phase shift is 60 degrees, the aforementioned assumption is
still acceptable as the error is around 5%:
_sin(y o) 098 g 03g,
siny+o,cosy  1.04
Of course, the approximation error will be smaller when the
reactance deviation and/or the control phase shift are small. In
fact, in order to limit the reactive power transferring through the
transformer, the control phase shift angle is usually designed
in the range from -30 degrees to +30 degrees. Therefore, the
approximation error by (9) can be ignored, and rule (12) can
be employed to compensate for the mismatching of reactance
in the transmission path.
Figure 7 demonstrates the implementation of the current con-
trol loop together with the proposed power balancing technique.
The proposed technique is implemented as a post-processing
processing procedure after a new phase shift angle is calcu-
lated by the current controller. According to (12), the relative
reactance deviation can be calculated in advance, therefore,
only tan ¥ must be computed in the run-time. By the utiliza-
tion of a floating-point processing unit, or CORDIC algorithm,
or look-up table technique, the tangent function can easily be
calculated just in several CPU cycles [16].

4. Results and Discussion

Aiming to demonstrate the effectiveness of the proposed bal-
ancing technique, simulation study is conducted. The induc-

tance is made different from each other intentionally. Simula-
tion is carried out under several conditions of deviation and
operation conditions. Parameters of the simulating system are
summarized in Table 1. In this simulation study, the total leak-
age inductance of phases A, B, and C are intentionally made
different from the designed value. In particular, there are three
investigated cases as follows:

4.1. Case study 1: L;, =5 uH, Ly, = Ly, = 6.5 uH

In this case study, the phase A leakage inductance is assumed
to be as good as designed, however, phases B and C have the
same inductance and are 30% greater than that of phase A.
The average leakage inductance is thus 6 uH. The deviation
of inductance in each phase compared to the average one is
20%, 8.3%, and 8.3%, respectively. In practice, this case study
is likely to occur where one phase owns a leakage inductance
that is significantly smaller than the other two phases, although
the deviation may be not as large as being considered.

Figure 8(a) shows the phase current waveform when the phase
shift is 30 degrees for all three phases and the voltage conver-
sion ratio is 1:1. As expected, phase A current is the largest
among three phases. Its peak current is 10 amperes (or 13.7%)
greater than that of phases B and C. The root-mean-squared
(RMS) of the three phases are 55.1, 49.3, and 49.1 amperes,
respectively. If the switches have same ON resistance, this cur-
rent deviation causes about 25% more dissipation on phase A
than phases B and C.

The difference in phase currents is remarkably reduced by
applying the proposed balancing technique, as shown in Fig-
ure 8(b). Phase A current remains the largest one among three
phases, however, the gap to other phases reduces to only 3.9
amperes, which is about 2.56 times smaller than the latter case.
In terms of RMS current, the difference is even smaller. The
RMS current of phases A, B, and C are 50.2, 51.9, and 50.1 am-
peres for each phase, respectively, which means the most lossy
phase dissipates only 7.3% more than the other two phases
(assuming switching devices owning same ON resistance).
Compared to the latter case, the loss is reduced significantly
by 3.4 times.

Figure 9 illustrates the effect of the proposed balancing tech-
nique on RMS currents under various cases of phase shift an-
gles. As seen in Figure 9(a), phase B and C RMS currents are
mostly same because their inductances are identical, whereas,
phase A RMS current is the largest one in all cases of phase
shift angles. When the proposed balancing method is applied,
the difference in RMS currents among phases is expressively
reduced as shown in Figure 9(b). When the phase shift is
smaller than 20 degrees, the three phase RMS currents can
be considered as equal. When y is greater than or equal to 20
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Figure 8: Phase current in Case study 1 when y = 30 degrees: (a)
under the original SPS modulation; (b) when the proposed balancing
technique is applied.

degrees, the distinction between phase RMS currents is less
than 3.6%. Therefore, it can be concluded that, the proposed
balancing technique is effective in the case where one phase
has significantly smaller inductance than other phases.

4.2, Case study 2: L, = Ly, =5 uH, L. = 6.8 uH

In this case study, the phase A and B leakage inductances are
assumed to be SpH as designed, however, phase C has a notably
larger inductance of 6.8 pnH. The average inductance is 5.6 nH,
and thus, the deviation compared to the average one is 10.7%,
10.7%, and 21.4%, respectively. In practice, this case study
is also likely to occur where one phase owns a significantly
larger leakage inductance than the other two phases, although
the deviation may be not as large as being considered.

Figure 10 depicts the effect of the proposed balancing tech-
nique on RMS currents in this case study. As expected, when
the original SPS modulation is employed, phase C which owns
the largest leakage inductance exhibits the smallest RMS cur-
rent compared to other phases as seen in Figure 10(a). In partic-
ular, when the phase shift is 30 degrees, phase B RMS current
is 18.7% greater than that of phase C, and the distinction is
9.2 amperes. When the proposed balancing technique is ap-
plied, the RMS current deviation is greatly reduced as shown
in Figure 10(b). The biggest current difference of 3.6 amps
(equivalent to 6.9%) is observed when the phase shift is 30 de-
grees. In other words, the current unbalance is suppressed by

about three times compared to that before applying the pro-
posed method. Therefore, in this case study also, it can be
concluded that the proposed technique is effective in dealing
with the current unbalance due to the inductance mismatch.

4.3. Case study 3: L;, = 4.0 uH, L, = 5.0 uH, Ly, = 6.0 uH

In this case study, the leakage inductances are assumed to be
4uH, S5uH, and 6uH, respectively. The average inductance is
5.0puH, and thus, the deviation compared to the average one is
20%, 0%, and 20%, respectively. In practice, this case study
is unlikely to occur because the assembling engineers usually
tend to pick components having similar parameters as much
as possible. However, it is worth having this case investigated
as the "worst" case to demonstrate the effect of the proposed
balancing technique.

Figure 11 exhibits the phase RMS currents in various cases
of phase shift angles with and without the proposed balancing
method applied. As expected, when the original SPS modu-
lation is used, phase A which owns the smallest leakage in-
ductance has the highest RMS current, whereas, phase C that
owns the largest inductance has the smallest RMS current as
seen in Figure 11(a). In particular, when the phase shift is 30
degrees, phase A RMS current is 67.6 amperes which is 11.8
amperes (equivalent to 21.1%) greater than that of phase C.
When the proposed method is applied, the RMS currents are
greatly balanced as shown in Figure 11(b). The largest current
difference is only 4.1 amps (equivalent to 6.95%) observed
at the phase shift of 30 degrees. Compared to that without
the proposed method, the current unbalance is three times re-
duced. Therefore, in this "worst" case study either, the same
conclusion as the two latter cases can also be made.

4.4. Discussion

In summary, from the three investigated cases above, the pro-
posed balancing technique can help to reduce the RMS current
unbalance effectively in the cases where one phase has notably
greater/smaller inductance than the others, or even the case
where three inductance are greatly different from each other. In
all cases, the unbalance is reduced by around 3 times at most
when the reactance deviation is as large as 20%. Although
bringing significant benefit, the method uses only some simple
calculations that can be accomplished just in several tens of
CPU cycles. In addition, no extra sensors or measurements are
required to provide further information to the calculation in
the run-time. With this little effort, the conduction loss can be
better distributed among phases without adding extra cost or
burden to the whole control system.

However, the proposed balancing technique required the total
leakage inductance parameters of all phases to calculate the
compensating phase angle. If the inductance is falsely mea-
sured or drifted, or changed during run-time, the effects of the
proposed technique will be reduced. Besides, this technique
could be feasible to microprocessors supporting floating-point
or fixed-point units. For the lower specs processors, a look-up
table might be used to compute the trigonometric functions.
Besides, the proposed method is based on the fundamental har-
monics. Although the analysis shows a good matching between
the transferred power computing by the fundamental and the
actual components, there is still mismatch between them. Be-
sides, the calculation ignores the core loss of the transformers,
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Figure 11: Phase RMS current in Case study 3 with different phase shift angle: (a) under the original SPS modulation; (b) when the proposed

balancing technique is applied.

tance in the transmission paths. The approach is to compensate
for the parameter mismatch by adding an appropriate devia-

and the switching loss is also not taken into account. In the
future works of this study, those factors will be addressed and

trade-off with the computation burden.

tion angle into the phase shift of each phase. The calculation
of compensating angles is simple and feasible to deploy in
mid-range micro-processors. Simulation results show that, the

proposed technique is effective in reducing the unbalance by

5. Conclusion

three times, owing to that, the power is better distributed among
phases, and the overall system performance could be enhanced.

This paper proposes a power balancing technique base on the
fundamental harmonics approximation of the power transfer

for three-phase DAB converters that have nonidentical induc-
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