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Introduction

The technological advance in various fields of application
renewed the interest in using DC power. This created a need for
power electronics converters to satisfy different specifications.

In some hybrid energy conversion systems, such as microgrids
with high green energy penetration (wind, photovoltaic, biogas),
hybrid vehicles, uninterruptible power supply, among other appli-
cations; power storage units such as banks of batteries and super-
capacitors are used [1-9]. The power exchange between these
storage units and the rest of the system must be performed
through bidirectional DC-DC converters aiming to control de
energy flux in both directions and to adapt different levels of volt-
ages [10-12]. The Dual Active Bridges DC-DC Converters (DABC)
are an interesting choice in these applications [13-16].

There are several published works concerning Single-Phase
Dual Active Bridges Converters (SPDABC) [17-20] and Three-Phase
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Dual Active Bridges Converters (TPDABC) [14,21-25]. The latter are
more frequently used when a higher density of power is needed.

In [14,26,27] some advantages of TPDABC are shown in opposi-
tion to SPDABC, among which the most relevant are lower peak
current in power semiconductors, lower effective current in filters
and a higher usage factor in the transformer.

Aiming to reduce losses with power semiconductors in TPDABC,
there are different suggestions, such as adding auxiliary circuits
[22,23] and/or using different modulation strategies [24,25].

This text widens the analysis presented previously in [28-32],
related to the impact of high frequency transformers, with differ-
ent individual connections: YY, AA, YA and AY, which allows dif-
ferent TPDABC configurations. Factors of merit are defined both
in transformers and power semiconductors, for each of the men-
tioned configurations. Additionally, analysis and assessment of
operation region limits with soft commuting of power semicon-
ductors. According to the factors mentioned, a comparison is made
to determine the advantages and disadvantages of each
configuration.

This work is organized as follows: In Section “Principle of oper-
ation and analysis of the TPDABC” the TPDABC principle of opera-
tion is presented and described. In Section “Evaluation of the
transformer rms current and VAgging”, the transformer rms currents
and transformer VAggin, are evaluated. In Section “Evaluation of
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stress in the Power semiconductors” the stress on the power semi-
conductors are analyzed. The soft-switching operation regions’
limits are determined in Section “Determination of soft-switching
operation regions”. In Section “Comparison and discussion of the
results” the TPDABC configurations’ performance are compared.
Finally, conclusions are drawn in Section “Conclusions”.

Principle of operation and analysis of the TPDABC

The topology of the TPDABC is presented in Fig. 1. The TPDABC
is a dc-dc bidirectional converter able to operate as boost or buck
converter. The topology consists of two three—phase active bridges,
represented by B; and B, in Fig. 1. Both active bridges are com-
posed of three legs of power semiconductors, which generate each
line voltage at each side of a high-frequency three-phase trans-
former, T,. These active bridges operate as either inverters or rec-
tifiers, depending on the power flow direction.

Power transfer is controlled through the phase-shift modula-
tion between the homologous voltages on both sides of the
three-phase transformer.

To facilitate the analysis of the TPDABC operating principle, all
the variables and parameters are referred to one side of the trans-
former and the transformer turn ratio is considered unitary (n=1).
In addition, high magnetizing inductances are considered, so that
they may be neglected in this analysis. The winding resistances
are also neglected due to its low values. This allows a simplified
representation of the transformer by means of an equivalent circuit
composed by only one inductance per phase, that represents the
sum of the leakage inductances at both sides of the transformer.

Four different three-phase transformers, with star-star (YY),
delta-delta (AA), star-delta (YA) and delta-star (AY) connections,
are considered as part of the TPDABC, giving place to the following
different configurations: TPDABCYY, TPDABCAA, TPDABCYA and
TPDABCAY, respectively.

The methodology used to analyze the operation principle of the
TPDABC is similar to that presented in [14], where TPDABCYY is
analyzed, based on the study of ideal voltages and current wave-
forms of each transformer phase.

Fig. 2 shows the main ideal voltages and currents waveforms for
the different configurations evaluated in this work. In this figure,
for each of the configurations, different conduction intervals of
the phase currents have been defined. It can be observed, in the
same figure, that for TPDABCYY and TPDABCAA configurations,
six different current conduction intervals are defined whereas fiver
intervals are defined for TPDABCYA and TPDABCAY.

Analyzing the current waveform flowing through the leakage
inductance of each phase, its analytical expression can be obtained
for the intervals defined above as a function of 0 = wt; where
w = 27f, f, is the switching frequency and t is time.

Depending on the phase shift between homologous voltages at
each side of the three-phase transformer, ¢, it can be demon-
strated that the currents can be represented by two equations sys-
tems, for each configuration [28-30]. As an example, one of the
two equation systems corresponding to each of the configurations
analyzed is presented in Tables 1-3. The other equation system has
not been included in this work in order to avoid using too much
space.

In these tables, considering that n =1, d represents the con-
verter voltage conversion ratio, defined as:

Vs,
d= v, (M
where V is the dc voltage of bridge B, and V, is the dc voltage of
bridge B,. It operates in buck mode when d < 1 and in boost mode
when d > 1 [16].

The methodology used to determine the average power trans-
ferred by the converter is presented below. First, it is assumed that
the average value of current waveforms in steady state is zero,

Fig. 1. Representation of the Three-Phase Dual Active Bridge Converter.
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Fig. 2. Ideal waveforms for different configurations of the TPDABC. Voltage (up) and currents (down) at each transformer phase.

which means that the following relation is satisfied: i(0) = —i(m).
This relation allows obtaining the value of current at angle 0 °
and therefore calculating the currents for each transformer phase,
within the conduction interval. Once the current at each trans-
former phase has been obtained, the line currents and then the
average current are calculated at the converter output, I,. Multiply-

ing I, by the output voltage, V,, the expressions of the transferred
power, P, for each configuration is finally obtained, as shown in
Table 4.

From the expressions of the transferred power, it can be con-
cluded that the sign and magnitude of ¢, determine the flow direc-
tion and magnitude of the transferred power.
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Table 1

Analytical representation of the transformer phase currents, corresponding to the intervals defined in Fig. 2, for TPDABCYY) and

TPDABCAA configurations.

Interval TPDABCYY TPDABCAA
[L(0<0<¢) iyy(0) = i(0) + kq (1 +d)0 ian(0) = 1(0) + kod0
I (p<0<%) ivy (0) = iyy (¢) + ke (1 — d)(0 — ¢) ian(0) = A(<1>)
I: (3<0<%+9) ivy(0) =ivy(®) + k12— d)(0-%) ian(0) =iaa (%) + k2 (0-3)
IV: (3+¢<0<%) zw(()):iw(§+¢)+2k1(1—d)(o-¢—g) ian(0) =ipa(G+ o) +ka(0-%—¢)
Vi (ZE<0<E+9) ivy (0) = ivy (&) + ki (1 — 2d) (0 — ZF)
VI: (BF+ ¢ <0< ) ivy (0) = iyy (F+¢) + ki (1—d)(0 —ZT“—d))
i(0) ki (22— ¢d — Z) ky(md — 6¢d — T)
where: i(0) = initial condition of the currents, k; = V1/3®wLyy and k; = V1/3®Laa.

Table 2
Analytical representation of the transformer phase currents, corresponding to the
intervals defined in Fig. 2, for TPDABCAY configuration.

Interval TPDABCYA

L0<0<d) iva(6) = i(0) + k36

I (p<0<%) iya(0) = iya(¢) + k3 (1 —3d)(0 — ¢)
I (<0< iva(6) = iya (%) + ks (2 — 3d)(0 — %
IV: (ZE<0<E+4) iya(0) = iva () + ks (1 - 3d)(0 - &)
Vi(F+o<o<m) a(0) =ia(F+9) +ks(0-F—9)
i(0) ksm(d —2)

where: i(0) = initial condition of the current and ks = 54—.

Table 3
Analytical representation of the transformer phase currents, corresponding to the
intervals defined in Fig. 2, for TPDABCAY configuration.

TPDABCAY
iay(0) = i(0) + ka(3 +d)0

Interval

) =1i(0)
I (p<0<F+9) iay(0) = iav(¢) + ka(3 —d)(0 — ¢)
m: Z+¢<0<%) iy (0) =iay(§+ ) +ka(3 —2d)(0— o —5)
IV: (ZF<0<E+9) iay (0) = iay () — 2kad (0 — 21
Vi(ZE+o<0<m) isy(0) = iay (3 + ¢) — kad(0 — 5 - §)
i(0) ke(2d — 7 — dp)

where: i(0) =initial condition of the current and ks = 5.

Table 4
Power and stress of the power semiconductors in TPDABC.

With the aim to compare the different evaluated configurations,
its maximum power has to be the same. Therefore, it is necessary
to determine the equivalent leakage inductances for each case,
resulting in the following equalities,

LYA LAY

V3 V3

where Lyy, Laa, Lya and Lyy, are the equivalent leakage inductances
needed for the transformers connected in YY, AA, YA and AY,
respectively.

LAA

Ly =3 = (2)

Evaluation of the transformer rms current and VAggsing

In this work all the obtained expressions are plotted in p.u., for
which the following base values are defined: base voltage: V, = V1,
base current: I, =V;/(wly), and base power: P, =V,l, =
V2 /(wLyy).

With the purpose of comparing the different TPDABC configura-
tions, some factors of merit related with the transformer are
defined as follows.

Evaluation of the rms transformer phase current

The rms transformer phase current, i(6), can be calculated as
follows:

Configuration Phase shift P It VARating > Irms S lsw
TPDABCYY 0<p<t B v v I v
SO<3 7 JLW d¢( % ViBroly |1 Nerermmdl VIBnoby | Sl |P1
T pgn v? & Vi V2v2 __ v 2V,
5<¢<H aiydl¢—% 7% Vi oly 2 Vamsnoiy 2 ViBimoly 2 ol |P2
TPDABCAA 0<p<t iy v T e w
Se<3 (JL\\ d¢( ”) ENcToRv Trels Nz Tl |P1
TP vi 2 1 P A ST 2v,
AL A Ty d(3¢ - T 6 VRl 2 277': (r)LM 2 V2437 0Laa 30l |P2
TPDABCYA 0<p<? vi T ) V2(3d+V3)v} (V3+3)v 2v;
<P<3F ol d(¢-F) V2A3 olyy Wm)l 1 oy, M 3oLy, |81
Icgpgm V(3 x v VA(V3devI)VE (V33), 2,
FSe<3 arsd(3r —2¢-% VB noly, 2 “Siveon, M 27V s Jolys |82
TPDABCAY -ZI<¢<0 W V2(V3d+3)V3 . (B+V3)Vi v,
3= r)LM d(¢+§) ezl Ww)lh Doy 1 oLy |11
0<¢p<T 3 v VA(VIEVB)VE (V33)V, . vy
3 (7L,W (¢ \/2437r<ul,w] 2 W]z 27VR layJ2 3oLy |92
where :

- \/n3 (Sdz —10d + 5) +d(727¢3 + 54¢2n), = \/n3 (Sdz —9d + 5) + d(754¢3 +81¢%7m — 9¢n2),

- \/n2(15d2 - 15d+5) +d(81¢2 727¢7r), my = \/7r3(15d2 - 12d+5) +d(—81¢3 1162¢%7 — 54</>7r2),

iy = \/nZ(Sd2 —15d + 15) +d(81q§2 +27¢n),
—2m+d(3¢ — 2m)| + 3¢ + 27m(d — 1)),

g =mn(d-

3+ 2d 1),
g =m(d-2|+ - 1)),

= WB (50 —15d+15) +d(~81¢% + 81¢°n + 27¢m2),
Pz = 2 +d(6¢ — 3m)| + |6¢ + 7(2d - 3)),

8y = [E+d(B¢ - 2m)| + 3¢ +27(d —
@ = 21 +d(3¢ — 1) + 3¢+ (¥ — 1)].

Dl
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s = lf/nfwme 3)
ms — 2TE o bl

where angle 27 represents a switching period.

From (3) and the current expressions given in Tables 1-3, the
rms transformer phase current can be obtained, I, for all ¢ inter-
vals and for each converter configuration, as shown in Table 4.

In Fig. 3(a) the rms transformer phase current for each con-
verter configuration have been plotted as functions of the output
average current, for different values of d. It can be concluded that
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(c) Summation of the rms currents in the power semiconductors of both
bridges corresponding to one phase of the converter.

the configuration with the lowest rms current, for the converter
operating at buck mode and for a wide range of output average
current, is TPDABCYA; whereas for the converter operating at
boost mode, the configuration with the lowest rms current value
is TPDABCAY.

Evaluation of the transformer VAgqting

To calculate the transformer VAgqing, the following expression is
proposed [33]:
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(d) Summation of the currents in the power semiconductors, at the
switching instants, of both bridges corresponding to one phase of the
converter.

Fig. 3. Evaluation of the transformer and semiconductors stress as functions of the output average current for different values of d. TPDABCYY: dash-dotted line; TPDABCAA:

plus symbol; TPDABCYA: circle line; TPDABCAY: dashed line.
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VARating = 3( 5 (4)

where Vo, oI, and Vi, o In, pairs are the rms phase voltage
and current in both sides of the transformer.

The rms phase voltage for the transformer connected in Y and A,
based on V;, can be calculated as follows:

For the windings connected in Y:

V2
VYrms = th (5)
For the windings connected in A:
2
Vi = \@vl- (6)

The analytical expressions that represent the transformer
VAgaing for each converter configuration can be determined by sub-
stituting the previous expressions of the rms voltage and current in
(4), that are shown in Table 4.

In the Fig. 3(b) the transformer VAgqing has been plotted as func-
tion of I, for different values of d. From this figure, it can be
observed that when the converter operates in buck mode, the

R.O. Ntifiez et al./Sustainable Energy Technologies and Assessments 23 (2017) 1-10

transformer VAgqing is lower in the TPDABCYA, for the entire cur-
rent operating range, whereas it is lower for TPDABCAY operating
in boost mode.

Evaluation of stress in the Power semiconductors

To evaluate the stress in the power semiconductors, the rms
current value that flow through the semiconductors are calculated
as a factor of merit related with the conducting losses. Moreover,
the summation of the current values that flow through the semi-
conductors at the switching angles are calculated as factor of merit
related with the switching losses. These factors allow the compara-
tion of the different TPDABC configurations.

Evaluation of rms current in the power semiconductors

The conduction losses in power semiconductors are functions of
the square values of the rms current flowing through them [34]. To
estimate these losses, for the different configurations analyzed in
this paper, a factor of merit, Y I,ns, is defined in this subsection.
This factor of merit is calculated by summing the expressions of
the converter rms phase current flowing through the semiconduc-
tors of each bridge. An increase in this factor means an increase in

Table 5 h icond duction 1
Conditions to operate the TPDABC under soft-switching mode. the semicon PCtorS powgr con u.Ctlon osses. . .
- - The analytical expressions of line currents, iy(0) and a i,(0), can
Leg Bridge By Bridge B, be used in Eq. (3) to calculate its rms value.
a ix(m) > 0 iu(¢) >0 The cited factor calculations for each TPDABC configuration are
b iy(m-%) =0 iy(p-3) >0 shown in Table 4 and they are plotted in Fig. 3(c) as function of the
i 4 i 4 . . .
¢ i(n—%) >0 (¢ —%) >0 average output current for different values of d. From this figure it
can be concluded that for a wide range of the output average
Table 6
Limits of the soft-switching regions for different TPDABDC configurations.
Configuration of the converter Interval 1 Interval 2
Bridge B; Bridge B, Bridge B; Bridge B,
TPDABCYY - TPDABCAA L g%no 7;7) I >%n(1 7d2) I, gﬁ(637376) I > %(4#77)
TPDABCYA d<? d>1 bg%(gf%) 122@(172(12)
TPDABCAY d<2 d>3 ,2<@(17%) [2>an(972d2)
< v >

For the configurations TPDABCYY and TPDABCAA, the intervals 1 and 2 are limited by 0 < I, < 0.524 and 0.524 < [, < 0.611, respectively, whereas for configurations
TPDABCYA and TPDABCAY, these intervals are limited by 0 < I, < 0.302 and 0.302 < I < 0.605, respectively.

35
e Limits TPDABCYY
|| ¢ Limits TPDABCAA |
2.5¢ J

Operating point (0.4, 1.8)

d[pu]

% 01 02 03 04 05 06
I [pu]
(a) Configurations TPDABCYY and TPDABCAA: (A) hard

switching and (B) soft switching.
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switching; TPDABCAY: (C) hard switching and (D) soft switch-
ing.

02

Fig. 4. Soft-switching operation regions as functions of relation between the voltage and the output average current.
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current, when the values of d < 1 (buck mode of operation), the
rms currents are smaller in the TPDABCYA configuration, whereas
for values of d > 1 (boost mode of operation), they are lower for
TPDABCYY configuration.

Evaluation of the summation of currents at the switching angles

Since to switching losses in the power semiconductors are func-
tions of the current value flowing through them at the switching
angles [34], this paper proposed the evaluation of the summation
of these currents in both bridges as a factor of merit related with
these losses.

This factor of merit for the different configurations is shown in
Table 4 and they are plotted as functions of the output average cur-
rents, for different values of d in Fig. 3(d).

In Fig. 3(d), it can be observed that for (d < 1), this factor is
lower for a wider range of output average current in the TPDAB-
CYA configuration. When d > 1 the switching losses are lower in
the TPDABCAY.

Determination of soft-switching operation regions

A strategy to reduce semiconductors’ switching losses consists
in operating the converter under soft-switching mode [34,35].

The conditions to operate the TPDABC under soft-switching
mode are shown in Table 5 [14]. When these constrain are not ful-
filled, the converter operates under hard-switching mode.

In the following, the limits for soft-switching operation are
determined and compared for each TPDABC configuration.

By evaluating the inequalities shown in Table 5, the limits of the
soft-switching regions for both bridges (B; — B;) and for each con-
figuration considered in this work can be determined, which are
presented in Table 6.

By analyzing the expressions in Table 6, it can be concluded that
for TPDABCYA and TPDABCAY configurations, when operating
within interval 1, the soft-switching operation conditions are

Table 7
Comparisons between configurations of the TPDABC.

non-dependent of I, whereas in interval 2, the limits are function
of 12.

The limits of the soft-switching operation regions for the ana-
lyzed configurations are shown in Fig. 4.

In Fig. 4(a), it can be observed that the TPDABCYY and
TPDABCAA configurations can operate under soft switching mode
in the whole range of I, only when d = 1.

From Fig. 4(b), it can be observed that the TPDABCYA configu-
ration can operate under soft-switching mode in the whole range
of I, and for the following interval of d : J < d < 2. In the case of the
TPDABCAY configuration, the soft-switching interval corresponds
tod:3<d<2.

The soft—-switching operation regions for the four TPDABC con-
figurations analyzed in this paper are validated by simulation. The
parameters of the simulated converter are: V;=1p.u, V=
1.8 p.u, f =20kHz, Lyy = 0.89 pH.

Fig. 5 shows the transformer voltages and currents, transistor
and diode currents for one phase of the bridges and the output
average current waveforms for each configuration, whose operat-
ing point corresponds to the mark depicted in Fig. 4, given by
IL=04pu.andd=1.8.

Table 5 indicates that the converter operates under soft switch-
ing mode in both bridges when the anti-parallel diode is conduct-
ing when the transistor turn-on signal is activated. Thus, by
analyzing the results of Fig. 5, it can be concluded that TPDABCYY,
TPDABCAA and TPDABCYA operate under hard-switching mode,
while TPDABCAY operates under soft-switching mode in both
bridges. These results are in close agreement with the operating
regions derived above.

Comparison and discussion of the results

In order to compare the performance of the different TPDABC
configurations analyzed in this paper, shown in Fig. 3 and Fig. 4,
Table 7 presents a comparative summary of the analytical results,
represented by the factors of merit defined in this work.

Configuration | Operation Mode | /7, | VAgaing | 1 Typs | 2 Isw | Soft switching
Boost 2 1 2 2 1
TPDABCYY Unitary 3 3 3 2 2
Buck 1 2 2 2 1
Boost 3 3 2 2 1
TPDABCAA Unitary 4 3 3 2 2
Buck 3 2 2 2 1
Boost 1 1 1 1 1
TPDABCYA Unitary 1 1 1 1 1
Buck 4 4 4 4 4
Boost 4 4 4 4 4%
TPDABCAY Unitary 1 1 1 1 1
Buck 1 1 1 1 1

Score: Most unfavorable (1) to most favorable (4). f(} < d <3). ¥(

Qe

a
N
>
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In the first column of Table 7, the different configurations of
TPDABC have been arranged, in the second column their different
modes of operation, while in the first row the different factors of
merit, mentioned above, have been arranged.

A valuation, between 1 and 4, has been established for each
mode of operation and configurations, depending on the factors
of merit defined in this paper. The highest valuation, 4, was
assigned to the mode of operation and configuration which pre-
sents the best factor of merit. On the other hand, the minimum
value, 1, was assigned to the mode of operation and configuration
which presents the worst factor of merit.

Analyzing the valuations from the third to the sixth column of
Table 7, it can be concluded that the star-delta and delta-star con-
figurations present the maximum values for the Buck and Boost
modes, respectively.

In addition, as already mentioned in Fig. 4, the TPDABCYA and
TPDABCAY configurations operating in Buck and Boost modes,
respectively, can operate under soft-switching mode in the full
range of the average output currents and for the range of variation
of the voltage conversion ratio determined in Section “Determinat
ion of soft-switching operation regions”. This is represented in the
seventh column of Table 7 with a valuation equal to 4, which cor-
responds to the maximum valuation, for these two configurations.

It is important to note that when the TPDABC converter oper-
ates bidirectionally, it can work in one direction in Buck mode
and in the other one in Boost mode, being able to operate under
soft-switching mode in both directions using TPDABCYA or
TPDABCAY configurations, respectively.

According to the results presented in Table 7, it can be con-
cluded that the TPDABCYA and TPDABCAY configurations are the
most convenient options, even when the voltage conversion ratio
varies within a certain range.

Conclusions

The operation of the Three-Phase Dual Active Bridge Converters
(TPDABC) was analyzed and compared for different configurations
that arise from using transformers with different types of connec-
tions: star-star, delta—delta, star-delta and delta-star.

Factors of merit were proposed and calculated to assess the dif-
ferent modes of operation for each configuration analyzed in this
paper. These factors allow a relative assessment of losses in power
semiconductors and transformer windings as well as the volume
size of transformers.

From the analysis carried out, it can be concluded that for the
same average power transferred by the converter, there are lower
power losses in the semiconductors, lower losses in the trans-
former windings and a lower transformer volume size is required
in the case of the Three-Phase Dual Active Bridge Converter whit
star—delta connection (TPDABYA) when it operates in buck mode,
for a wide range of average output current. The same occurs when
the converter operates in boost mode for the case of the Three-
Phase Dual Active Bridge Converter whit delta-star connection
(TPDABAY).

In addition, the limits of the soft-switching regions were deter-
mined, for each configuration, as function of the average output
current and voltage conversion ratio. From these results it was con-
cluded that both bridges of the TPDABC can operate under soft—
switching mode over the entire range of average output current
when the voltage conversion ratio is in the region defined by
1< d <3 for the TPDABYA configuration, and 3 <d <2 for the
TPDABAY configuration. On the other hand, it has been shown that
the Three-Phase Dual Active Bridge Converter whit star-star and
delta-delta connections can operate under soft-switching mode
in the full operating range only when d = 1.

The above results allow the selection of the most convenient
transformer connection for each application. Therefore, when there
is a need to adapt two dc busbars with different voltage values,
transferring power bidirectionally, with minimum power losses
with a lower transformer volume size, over a wide range of power
and allowing a certain range of variation in the voltage conversion
ratio, it is more convenient to use the TPDABYA or TPDABAY con-
figurations, properly designing the transformer turns ratio.
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