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Abstract—

This paper discusses about the reactive power flow
calculation in a dual-active-bridge (DAB) following the
CP (conservative power) and PQ (instantaneous reactive
power) theories. Based on the results from reactive power
calculation, the optimal virtual turns ratio is determined
so as to draw equal reactive power from the primary and
secondary sides of the DAB-transformer. The equal sharing
of the reactive power makes the DAB system more efficient.
This paper also discusses about the computation of active
and reactive power flow based on experimental data. As
an example, a three winding transformer is selected for
the experimentation and the better turns ratio is pointed
out which can provide better efficiency.

I. INTRODUCTION

The basic three-phase Dual-Active-Bridge (DAB)
converter configuration is shown in Fig. 1. [1], [2],
[3] discuss the working principle of such converters.
The DAB converter consists of two three-phase two-
level converters and a three-phase high frequency
transformer. The three-phase transformer is in star-
star configuration with neutral point connected to
the DC-bus mid point. The two active bridges can
be operated in such a way that they have the
same switching frequency and the secondary bridge
switches 7y micro-second after the primary one.
There are many different topologies proposed by
researchers for the DAB. The wave shape of the
terminal voltage applied to the three-phase trans-
former depends on the DAB converter topology.
For example, square wave voltages are applied to
the transformer primary for the topology shown in
Fig. 1. The voltage and current harmonics present
can also transfer power along with the fundamental
components. If these harmonics increase the trans-
mitted power more than they increase the reactive
power, the conduction losses for a certain active
power are reduced. Here, it is assumed that the
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conduction losses give the major contribution to the
total losses for the desired operating conditions. The
other losses, namely the switching and core losses
are intentionally omitted. Therefore, the conduction
losses must be reduced in order to achieve higher
system efficiencies. Thus, by computing the reactive
powers the optimal virtual transformer turns ratio
is decided for a given transformer configuration
(i.e., start-star or delta-delta winding). The value of
leakage inductance can then be determined in order
to reach a certain active power flow. In this paper
the well-known PQ theory [4] is used to compute
the reactive power flow.

In the following paragraphs it is assumed that
the magnetizing inductance is much higher than
the leakage inductance and therefore it can be ne-
glected. The analysis in this paper has been carried
out for a positive active power flow (Fig. 1) from
the primary to the secondary side. However, the
presented concept is as well valid for an inverse
power flow.

In Section II, the framework for calculating the
reactive power in a dual-active-bridge is exposed.
Two different computation methods namely the CP
and PQ methods are presented in this section. A
comparative study is carried out between these two
methods in section III. Section IV deals with the
optimal virtual turns ratio of the transformer for
efficient power transfer. Section V concludes the

paper.

II. REACTIVE POWER CALCULATION FOR A
DUAL-ACTIVE-BRIDGE CONVERTER

Several theories have been proposed to calculate
the reactive power in a system with non-sinusoidal
voltages and currents. Among these four major theo-
ries are (i) Budeanu’s power theory, (ii) FBD theory,
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Figure 1: Three-phase dual-active-bridge DC-DC converter

(iii) CP theory and (iv) the pq theory. These theories
are summarized and compared in [5] [6]. In this
paper, the CP and the PQ theories are considered as
suitable and are used to compute the reactive power
flow in the DAB converter.

A. CP Theory

It is well known that the active power P, is defined
as the average value over one period as shown
below,

T T
Pt:%/o p(t)dIZ%/o u(t).i(t)dt

where u(r) and i(¢) can be scalars or vectors.

This principle is used to compute the reactive
power. The method introduces homo-variables of
the voltage and the current. Homo-voltages and
currents fulfil Kirchhoff’s Laws and are thus conser-
vative. This allows to calculate the reactive power
as,

1 T
O =7 [ ittt

where, #(t) is the homo-integral of the voltage given
by u(t) = as(uy(t) —Uy) Here, o = 2z, up(t) =
fé u(t)dt and U [ 18 its average value.

B. PQ Theory

The pq theory analyses the instantaneous powers
in an orthogonal reference frame («, 3, 0), which is
obtained by Clark Transformation from the original
(a, b, c¢) frame. This reference frame transformation
is done using the following relation.

1 1 1
o (v v [
Xo - § 1 _% _% Xb
xg 0 \/75 _\/73 X

where x can be the instantaneous value of voltage
or current.

The inverse transformation is,

1 9 0
X, V2 X
R T 2 (O Y G 0
B =\3 v T2 2 Xo
Xe L 1 _\3 B
V2 2 2

In the orthogonal reference frame, the power
parts of p(t) belonging to active, reactive and zero-
sequence power can clearly be separated and are
given by

p(t) = ugia+ugig+ugio =P+ p(t)+ P+ po(t)
= B+pt)

and
q(t) = ugia—uaip = Qpg+qpqe(t)

In the above power equations, P, Py, F; and Q,,, de-
note DC quantities and p(t), po(t), p:(t) and gpy(t)
are AC quantities having an average of zero over
one period 7;. Thus, the following two equations
hold good [5].

and
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Opg = 7/(; q(t)dt

III. COMPARISON BETWEEN CP AND PQ
THEORY

The reactive powers drawn from both sides of
the converter are calculated using the CP and PQ
theories. In this case an experiment is conducted
on a 1:1 transformer (details are given in Ap-
pendix) to compare the results obtained using CP
and PQ theories. Fig. 2 shows the experimental
results of the reactive powers calculated using CP
and PQ methods respectively. Here, Q| and Q; are
the reactive powers drawn from the left and right
sides of the DAB converter respectively and the net
reactive power drawn by the transformer is indicated
as Qr. Looking at the figure, one can say that the
reactive powers calculated with the CP approach
differs slightly from the one computed with PQ
method. However, it can also be noted that the
reactive power calculated using the CP method is
always greater than the one using PQ method. The
point which goes against the use of PQ method is
that it is only applicable in three phase systems,
whereas the CP method can be used in single phase
systems as well.

The DAB model is also simulated in MATLAB
to do a comparetive study between the CPT and PQ
methods for calculating the reactive power flow. Fig.
3 shows the simulated results of the reactive powers
computed using the CP and PQ methods. Similar to
the experimental result (Fig. 2), O and O, are the
reactive powers drawn from the left and right sides
of the DAB respectively and Qy is the net reactive
power drawn by the transformer. As it is discussed
earlier, the reactive power from CPT method is more
compared to the one from PQ method. Fig. 4 shows
the ratio of Q. and Q, over the phase shift angle
for different ratio of input voltages. The DC voltage
U, is varied from 500 — 1200V and U, is varied
from OV to 700V. The maximal ratio is reached at
O~ 339 for U; = 800V as well as U, = 700V and
the value of the ratio is 1.1.

IV. OPTIMAL VIRTUAL TRANSFORMER TURNS
RATIO

The virtual turns ratio n, of the transformer is
a free design parameter. If the stray-factor in the
secondary side o> is small, it corresponds approxi-
mately to the physical turns ratio i.e., % The idea

is to compute the ratio Q%q between the transmitted
active and reactive power for different n,, over the
phase shift angle. A higher % factor means that
more active power can flow for the same reactive
power. In other words, the reactive power flow is
reduced for the same active power. Thus, the system
efficiency is improved in the case of a high P’)
factor. The reactive power can be calculated in
different ways proposed by researchers. In this paper
the PQ theory is used to calculate the reactive power
demand of the DAB for different turns ratio over the
phase shift angle. Fig. 5 shows the Q}:t"l curves for
square-wave voltages.

It is very clear from the figure (Fig. 5) that the
ratio between active and reactive power is increasing
with a higher value of turns ratio n,. If n, = g—; is
selected, then the Z factor is an envelope indicating
the highest ratio between the activeand reactive
power for every phase-shift angle. The analytical
reason behind this is given below.

The conduction losses on both sides of the trans-
former are proportional to the magnitude of the ap-
parent power squared. Thus, it is beneficial to have
the smallest possible sum of apparent power mag-
nitudes squared, i.e., S% +S%. The reactive power
delivered by the primary and secondary sides can
be expressed as a function of the reactive power
demand of the DAB system. This is as shown below.

01 =x0:0>=(x—1)Q

where, Q1 and Q, are the reactive power delivered
from side 1 and side 2 respectively and Q is
the reactive power demand of the DAB. The total
apparent power can be expressed as,

Storal = ST +835 =2P2 + Q*{x* + (x— 1)?}

The above expression of total power is minimum for
x=1/2. This means that an equal sharing of reactive
power from both the converter sides of the DAB
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Figure 2: Experimental results of reactive powers calculated with the CP and PQ methods over the phase

shift angle ¢

Q [kVar]

L L L L L L L N
0 20 40 60 80 100 120 140 160 180

¢ [deg]

(a) Using CP method (simulated)

Q [kVar]

(b) Using PQ method (simulated)

Figure 3: Simulated results of reactive powers calculated with the CP and PQ methods over the phase

shift angle ¢

makes the conduction losses minimum. The equal
reactive power sharing is possible if the turns ratio
of the transformer n, = U;/U,. If this virtual turns
ratio is not reached then one side of the transformer
needs to provide more reactive power. This results in
higher total conduction losses. In a system with lot
of input and output voltage variations, it is beneficial
to choose n;, corresponding to the ratio of averaged
input and output voltages.

An experiment is carried out on an existing three
winding transformer to select the better winding pair
on the basis of P/Q plot. In other words, a winding
pair of the three winding transformer is selected
which makes the DAB system more efficient. In

this case a three winding transformer with turns
ratio 1:1:+/3 is selected for the experimentation
and from the results the better pair of windings are
selected. The initial part of the experiment is carried
out between the first and second windings that is
for 1:1 turns ratio (the third winding is left uncon-
nected). Similarly, the later part of the experiment
is conducted with the first and third windings, i.e.,
for 1: \/§ turns ratio. The instantaneous active and
reactive powers are computed in the & — f3 reference
frame for both the converter sides and for both
the cases. These instantaneous powers are stored
for a single operating cycle of the DAB and then
the average of each active and reactive powers are
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Figure 4: The ratio of Q. and Q,, over the phase shift angle for different ratio of input voltages
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Figure 5: Ratio P,/Q; for different turns ratios over the phase shift angle ¢ (from experimental data)

noted down. Next, the net active power flow from
one side of the DAB converter to the other side
for one operating cycle of the DAB is also noted
down. Similarly, the reactive power consumed by
the transformer is also computed. The variation of
P/Q with respect to the phase angle for the two
turns ratios are shown in Fig. 5. Looking at this plot,
one can easily identify that the turns ratio 1:+/3
provides maximum efficiency compared to the other
one.

The figure also shows the simulated waveform
with 1:+/3 turns ratio. This is to show that the
shape of the experimental curve matches with the
simulated one. However, simulated curve tells about
higher value of active power transfer compared to
the experimental one. This is due to the looses
associated with the practical transformer.

V. CONCLUSION

In this paper the CP and PQ theories are discussed
and applied to the dual active bridge converter in
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Figure 6: Photo of the experimental DAB setup

order to calculate the reactive power flow. For the
computations it was assumed that the magnetiz-
ing inductance is much higher than the leakage
one and hence it can be neglected. Following the
pq framework, the P,/Q; factor is computed for
different virtual turns ratios in order to determine
the optimal value of the ratio. This optimal value
of turns ratio gives best possible efficiency of the
dual active bridge converter. Here it is shown that
n, = Uy /U, results in lowest total reactive power
demand and hence small conduction losses. This is
dueto the fact that in this case the reactive power
is fed equally from both the converter sides. This
demand is for the leakage inductance only as the
magnetizing inductance is neglected.

An experiment is also conducted on an existing
transformer to select a turns ratio from a set of two
which provides maximum efficiency. The selected
transformer has three windings with 1:1: \/§ as the
turns ratio. From the experimental data, the active
power flow and the reactive power consumed are
computed and the ratio of P and Q is plotted with
respect to the phase angle ¢. Looking at this plot,
one can easily select the turns ratio which provides
maximum power transfer and hence maximum effi-
ciency.

VI. APPENDIX

The specifications of the experimental setup are
as given below.

Power rating: 1kVA, Voltage rating (rms) : 400V,
DC bus voltage of the DAB converter: 200V
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