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Abstract: This paper presents the performance of a three-phase bidirectional isolated DC-DC converter
(3P-BIDC) in wye-wye (Yy), wye-delta (Yd), delta-wye (Dy), and delta-delta (Dd) transformer
configurations, using enhanced switching strategy that combines phase-shift modulation and
burst-mode switching. A simulation verification using PSCAD is carried out to study the feasibility
and compare the efficiency performance of the 3P-BIDC with each transformer configuration,
using intermittent switching, which combines the conventional phase-shift modulation (PSM) and
burst-mode switching, in the light load condition. The model is tested with continuous switching
that employs the conventional PSM from medium to high loads (greater than 0.3 p.u.) and with
intermittent switching at light load (less than 0.3 p.u), in different transformer configurations. In all
tests, the DC-link voltages are equal to the transformer turns ratio of 1:1. This paper also presents the
power loss estimation in continuous and intermittent switching to verify the modelled losses in the
3P-BIDC in the Yy transformer configuration. The 3P-BIDC is modelled by taking into account the
effects that on-state voltage drop in the insulated-gate bipolar transistor (IGBTs) and diodes, snubber
capacitors, and three-phase transformer copper winding resistances will have on the conduction
and switching losses, and copper losses in the 3P-BIDC. The intermitting switching improves the
efficiency of the DC-DC converter with Yy, Yd, Dy, and Dd connections in light-load operation.
The 3P-BIDC has the best efficiency performance using Yy and Dd transformer configurations for all
power transfer conditions in continuous and intermittent switching. Moreover, the highest efficiency
of 99.6% is achieved at the light power transfer of 0.29 p.u. in Yy and Dd transformer configurations.
However, the theoretical current stress in the 3P-BIDC with a Dd transformer configuration is high.
Operation of the converter with Dy transformer configuration is less favorable due to the efficiency
achievements of lower than 95%, despite burst-mode switching being applied.

Keywords: three-phase bidirectional isolated DC-DC converter; burst-mode switching;
high-frequency transformer configurations; phase-shift modulation; intermittent switching;
three-phase dual-active bridge

1. Introduction

The bidirectional isolated DC-DC converter (BIDC), also known as the dual-active bridge (DAB),
has become a research interest in recent years [1] for energy storage applications in electric vehicle and
renewable energy systems, and solid-state transformers in all-electric-aircraft and ship applications [2–7].
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The advantages of a BIDC include bidirectional power flow, small filter components, low device
and component stresses, small number of components, and buck-boost operation capability. Many
publications have focused on the efficiency improvement of the single-phase BIDC (1P-BIDC) [5,8–13].
However, there is increasing interest in the three-phase BIDC (3P-BIDC) due to the advantages of
higher power density, lower switching stresses on the components, minimal backflow power, and
higher efficiency compared to the single-phase BIDC [6,7,14–22].

Figure 1 shows the schematic diagram of the 3P-BIDC. It consists of a high-frequency three-phase
transformer with a turns ratio of N:1. Bridge 1 is the high-voltage side (HVS) and bridge 2 is the
low-voltage side (LVS). The DC-DC converter operates in the buck mode when power is transferred
from bridge 1 to 2, and in the boost mode when power is transferred from bridge 2 to 1.
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Figure 1. A bidirectional isolated DC-DC converter topology.

Figure 2 illustrates that the HVS and LVS of the transformer can have Yy, Dd, Yd, or Dy
configurations. However, a typical configuration for the high-frequency transformer in the BIDC is Yy.
An isolated DC-DC converter with Yy transformer connection is shown to have low efficiency levels
when not operated in a DC-link voltage ratio of 1:1 [17]. The Dd transformer configuration possesses
the same symmetrical characteristics as the Yy transformer configuration and shares the same efficiency
characteristics. Symmetrical three-phase windings in Yy and Dd connections have no circulating
current flow in the transformer minimizing transformer loss. The 3P-BIDC can be operated in DC-link
voltage ratios other than 1:1 with minimized power loss over a wide range of power transfer when
the transformer configuration is Yd or Dy [15,16]. Moreover, the 3P-BIDC can operate in zero-voltage
switching across the full range of the output current within a certain DC-voltage ratio [15,16].
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The improvement of efficiency in a 3P-BIDC is also achieved through different switching techniques
other than the traditional phase-shift modulation (PSM), such as asymmetrical pulse width modulation
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cascaded with single-phase shift control [7], triangular and trapezoidal modulation [18], and burst-mode
control strategies [6,13,17,20,23–26]. Nevertheless, the high-frequency (HF) transformer configuration
in those cases has been Yy connection. There has not been any extensive research based on the
performance of a 3P-BIDC that adapts the transformer configurations other than the conventional
Yy connection with other switching strategies. The authors of [6] presented experimental results of
the 3P-BIDC using burst-mode switching strategy in medium-load operation. However, burst-mode
switching did not improve the efficiency of the 3P-BIDC in medium-load operation. The authors
further analyzed the performance of the 3P-BIDC in different transformer configurations with the
conventional PSM technique [16]. There has been a lack of analysis of the 3P-BIDC in other transformer
configurations even though the burst-mode switching has been proposed in many studies [17,20,23–28]
and is suitable for light-load efficiency optimization in Yy configuration [27]. Since the potential of
further improving the efficiency of the 3P-BIDC is significant, there is a need to investigate the effects
of different HF transformer configurations in switching techniques other than PSM techniques, such as
the burst-mode switching technique in light-load conditions.

Burst-mode switching technique enables intermittent power transfer during a light-load operation
in single-phase and three-phase bidirectional isolated DC-DC converters [17,20]. The burst-mode
strategy is a method used to improve the light-load efficiency of power converters by minimizing
the switching losses. The method also significantly improves light-load efficiency of other types of
DC-DC converters [23–28]. In burst-mode strategy, the transistors are turned ON and OFF cyclically at
a certain fixed frequency to produce a burst of pulses that can be transferred to the output.

This paper presents the feasibility of operation and compares the efficiency performance of a
3P-BIDC with different HF transformer configurations, namely, Yy, Yd, Dy, and Dd, when it is operated
in continuous and intermittent switching. The 3P-BIDC is modelled in PSCAD by taking into account
the effects that on-state voltage drop in the IGBTs and diodes, snubber capacitors, and three-phase
transformer copper winding resistances will have on the conduction and switching losses, and copper
losses in the 3P-BIDC. Theoretical current stress and loss analyses of the 3P-BIDC in Yy and Dd
transformer configuration are also presented. The theoretical loss analysis is coherent with the loss
measured in the simulated model.

2. 3P-BIDC with Different Transformer Configurations and Different Power Transfer

The operating principles of the 3P-BIDC based on PSM is explained mode by mode in [17,21].
The power transfer equations used in this section are based on [1,15,16]. In this paper, the 3P-BIDC
in Yy, Yd, Dy, and Dd connection are designed to operate in a transformer turns ratio of 1:1. If the
DC-link voltage ratio deviates from the transformer turns ratio, the DC-DC converter will not perform
well. This type of analysis is presented in [17]. For the sake of simplicity, this paper only discusses the
comparison of the 3P-BIDC in different transformer configurations with the DC-link voltage ratios
equal to the transformer turns ratio.

2.1. Wye-Wye (Yy) Connection

Figure 2a shows the Yy connection at the HVS and LVS of the HF transformer, which is a typical
transformer configuration for the 3P-BIDC in Figure 1. The power transfer equation for the 3P-BIDC in
Yy connection for the phase-shift angle range of 0 ≤ δ ≤ π

3 is,

Po = PYy =
V1NV2

2π fsLYy
δ
(2

3
−
δ

2π

)
, (1)

where V1 and V2 are the HVS and LVS DC-link voltages, respectively, f s is the continuous switching
frequency, δ is the phase-shift angle between the ac phase voltages of bridges 1 and 2 in radians, N is
the transformer turns ratio, and LYy is the per phase leakage inductance of the transformer in the
Yy connection.
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2.2. Wye-Delta (Yd) and Delta-Wye (Dy) Connection

Figure 2b presents the three-phase transformer in Yd connection. The HVS of the transformer is
connected in wye (Y) and the LVS of the transformer is connected in delta (d). The power transfer
equation for phase-shift angles in the range of 0 ≤ δ ≤ π

3 is,

Po = PYd =
V1NV2

2π fsLYd

(
δ−

π
6

)
(2)

Figure 2c presents the three-phase transformer in Dy connection. This connection is simply the
Yd connection operated in reversed direction. The LVS of the transformer is connected in delta (D) and
the HVS of the transformer is connected in wye (y). The power transfer equation for phase-shift angles
in the range of −π3 ≤ δ ≤ 0 is,

Po = PDy =
V1NV2

2π fsLDy

(
δ+

π
6

)
(3)

Since that the transformer configuration of Dy is the Yd configuration in reverse, the phase angle
is also the opposite of Yd. The leakage inductance of the 3P-BIDC in Yd and Dy connection designed
to operate in buck and boost mode is calculated in Equations (4) and (5) as,

LYd = LY + N2Ld (4)

LDy = N2LD + Ly (5)

According to [15,16], the 3P-BIDC can operate under soft-switching mode when the DC-link
voltage ratio x is in the range of 3

2 ≤ x ≤ 2 and 1
2 ≤ x ≤ 2

3 for Dy and Yd configurations, respectively.

2.3. Delta-Delta (Dd) Connection

Figure 2d presents the three-phase transformer in Dd connection. Both the primary and secondary
side of the transformer are connected in delta connection. The phase shift equation is shown in
Equation (6) for phase-shift angles of 0 ≤ δ ≤ π

3 as,

Po = PDd =
V1NV2

2π fsLDd
δ
(
2−

3δ
2π

)
(6)

The leakage inductance, LDd of the 3P-BIDC is equal to LYy. The 3P-BIDC in Dd connection is
designed to operate with a DC voltage ratio of 1:1.

3. 3P-BIDC Simulation Model and Burst-Mode Strategy

In light-load conditions, the converter is operated in such a way that the PSM is combined with
burst-mode switching to generate an intermittent power transfer. In medium to high-load conditions,
only the PSM is employed. The PSM strategy is a continuous switching operation of the 3P-BIDC, while
the combination of PSM and burst-mode switching results in intermittent operation of the 3P-BIDC in
light-load condition.

Figure 3 presents the theory of generating the burst-mode signals. Note that m is the conducting
period and n is the non-conducting period of the burst-mode signal in percentage. The burst-mode
strategy is generated by multiplying two signals. The continuous signal of 20 kHz is multiplied with a
low frequency signal of 20 Hz. The product is an intermittent signal with a low frequency of 20 Hz.
If a 50 ms low frequency signal with a duty cycle of 30% is multiplied with a train of a 50 µs signal of
duty cycle 50% each, 300 gate pulses with a period of 50 µs and duty cycle 50% will last for 15 ms and
there will be no gate pulses for 35 ms, the average output power will be reduced.
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Figure 3. Generation of burst-mode signals by multiplying a continuous 20 kHz signal with one cycle
of 20 Hz signal with a conduction period, m, of 30%.

Figure 4 presents the last two cycles of gating signals for T11 and T21 that are transitioning from
the conducting period to the non-conducting period. The gating signals have a switching frequency of
20 kHz and are phase-shifted by π/6. The burst mode signal in red has a frequency of 20 Hz. Therefore,
T11 and T21 will be switching at 20 kHz when the burst mode signal is in the high state. The intermittent
operation is applied for power transfer less than 0.44 p.u. of the rated power.
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Figure 4. Gating signals to switches T11 and T21 at δ = 30◦ when multiplied with the burst signal.

The phase-shift angle ranges from 0 to π/6 for power transfer from zero to the rated power using
continuous operation. Moreover, with the same phase-shift angle, when intermittent operation is
applied, the average DC output power is reduced.

Figure 5 shows the simulation model of the 3P-BIDC connected to a battery bank. The HF
transformer is varied according to Figure 2. The simulation model considers losses such as copper
and switching losses in order to represent a practical converter. The battery is modelled with an
internal resistance, Rint, of 5 mΩ. A resistor Rs is connected in series with the transformer to represent
copper loss in the transformer windings. On-state collector-emitter voltage of 1.85 V and forward
voltage drop of 2.17 V are considered in the IGBTs and diodes, respectively. The IGBT model number is
SKM75GB12V with maximum voltage and continuous current ratings of 1.2 kV and 114 A, respectively.

Table 1 shows the 3P-BIDC simulation model parameters. Each design differs in the value of
the DC-link voltages, range of phase-shift angle, and the leakage inductances. When the converter is
operated in Yd or Dy, the DC-link voltage supply that is connected to the wye side of the transformer
is supplied with 520 V and the DC-link voltage that is connected to the delta side of the transformer
is supplied with 300 V. This is to allow the 3P-BIDC to operate in buck and boost mode respectively.
The rated power of 3 kW is designed to be achieved at δ = π/6 for Yy and Dd connections. On the other
hand, the rated power of 3 kW is achieved at δ = π/3 for Yd and at δ = 0 for Dy connections.
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the Yy transformer connection.

Table 1. 3P-BIDC Circuit Parameters.

Parameters Symbol Values

Rated Power PR 3 kW

Dc-link voltage at bridge 1 V1
300 Vu,w

520 Vv

Dc-link voltage at bridge 2 V2
300 Vu,v

520 Vw

Range of phase-shift angle δ −
π
3 ≤ δ ≤

π
3

Switching frequency f s 20 kHz
Dc-link capacitors C1, C2 3 mF
Snubber capacitors C11–C26 6 nF

Transformer turns ratio N:1 1:1

Transformer leakage inductances/phase
La, Lb, Lc

36.5 µHu (0.15 p.u)
216 µHv (0.31 p.u)

LA, LB, LC
36.5 µHu (0.15 p.u)
216 µHw (0.31 p.u)

Transformer winding resistance/phase Rs 15 mΩ (0.0005 p.u)
u Applies to Yy and Dd configuration, v Applies to Yd configuration, w Applies to Dy configuration. u Based on
300 V, 3 kW and 20 kHz. v,w Based on 520 V, 3 kW and 20 kHz.

Considering the power transfer from bridge 1 to 2, the input (Pi) and output (Po) power are
calculated as,

Pi = V1I1 (7)

and
Po = V2I2 (8)

where I1 and I2 are the average current at bridges 1 and 2, respectively. The efficiency of the DC-DC
converter is determined as the ratio of the input and output power. Note that, when the power is
transferred from bridge 2 to 1, Equations (7) and (8) can be interchanged.

4. 3P-BIDC Simulation Results

4.1. Operating Waveforms

This section presents the results obtained from the simulation of the 3P-BIDC model with
different transformer configurations operated in continuous and intermittent switching, in the
PSCAD environment. Table 2 presents the DC-link voltage at bridges 1 and 2 with different
transformer connections.
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Table 2. DC-link voltages at bridge 1 and bridge 2.

Scenario
Dc-Link Voltage Transformer Connection

V1 (V) V2 (V) HVS LVS

1 300 300 Wye Wye
2 520 300 Wye Delta
3 300 520 Delta Wye
4 300 300 Delta Delta

Figure 6a–d shows the AC voltage and current waveforms of phase A in bridges 1 and 2 in Yy, Yd,
Dy, and Dd transformer connections when the 3P-BIDC is operated using PSM at the rated power.
In Figure 6a, the voltage levels of 200 V and 100 V at bridges 1 and 2 correspond to vap = vas =

2
3 V1

and vap = vas =
1
3 V1 in Yy transformer configuration. AC root mean square (RMS) current of 10 A

flows in both the primary and secondary sides of the transformer. In Figure 6b, the voltage values
of 347 V and 173 V at bridge 1 correspond to vap = 2

3 V1 and vap = 1
3 V1, respectively. The voltage

value of 300 V at bridge 2 corresponds to vAB = V2. The peak AC current of 5.2 A is seen on the HVS,
which is within the rated current of the converter. For the Dy connection, at the rated power of 3 kW,
the voltage value of 300 V at bridge 1 corresponds to vab = V1. The voltage values of 347 V and 173 V
at bridge 2 correspond to vas =

2
3 V2 and vas =

1
3 V2, respectively. This results in a peak AC current

value of 6.6 A at HVS, well within the rated current. The DC-link voltage ratios are 0.58 and 1.73 when
the transformer is connected in Yd and Dy configurations, respectively. In Figure 6d, the voltage levels
of 520 V at both bridges 1 and 2 correspond to vab = V1 and vAB = V2.
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operating in phase-shift modulation (PSM) at the rated power. (a) Yy. (b) Yd. (c) Dy. (d) Dd.

Figure 7a shows the AC voltage waveform of the 3P-BIDC in Yy transformer configuration for a
full cycle of burst-mode with the conducting period of m = 30% and the non-conducting conducting
period of n = 70% at δ = π

6 . Figure 7b shows the time-expanded waveform of Figure 7a from the
final conducting period to the non-conducting period. During the non-conducting period, AC voltage
shows a time decaying oscillation with the maximum voltage of 50 V and the rms voltage of 35.4 V.
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4.2. Efficiency in Various Transformer Configurations

This section presents the light-load efficiency performance of the 3P-BIDC. The efficiency
improvement that compares between continuous and intermittent mode is observed and evaluated at
light-loads of 0.12 p.u. and 0.24 p.u. of the rated power.

Figure 8 presents the relationship between the phase-shift angles of −π3 ≤ δ ≤
π
3 and the output

power between±1 per unit, for charging and discharging power. It can be seen that the phase-shift angle
required to achieve the output power from 0 to 1 p.u. changes with different transformer connections.
The power is transferred from primary side to secondary side in Yy and Dd transformer connections
when 0 ≤ δ ≤ π

6 . The rated power is achieved at δ = π
6 . In Yd and Dy configurations, the power is

transferred from the primary side to the secondary side when π
6 ≤ δ ≤

π
3 and −π6 ≤ δ ≤ 0, respectively.
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Figure 8. Phase-shift angle versus output power curve of the 3P-BIDC with different
transformer configurations.

Figure 9 presents the efficiency versus output power curve of the 3P-BIDC with various transformer
configurations in the continuous operation. The 3P-BIDC in Yd configuration achieved higher efficiency
below 0.28 p.u. and above 0.81 p.u. of the rated power as compared to the other transformer
configurations. The figure also shows that at 0.12 p.u. the efficiency of 3P-BIDC in Yy configuration is
83.6% and in Yd configuration it is 89.4%. Moreover, at 0.20 p.u., the efficiency of the 3P-BIDC in Yy
configuration is 90% and in Yd configuration it is 93%. There is a significant drop in efficiency in the
3P-BIDC during light-load operation (<0.3 p.u.) for all transformer configurations. The 3P-BIDC has
poor efficiency when connected to the Dy transformer.
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Figure 9. Efficiency versus output power curve of the 3P-BIDC with different transformer configurations
in continuous operation.

Figure 10 presents the improvement in 3P-BIDC efficiency of different transformer configurations
when intermittent switching is employed. Figure 10a shows that when the 3P-BIDC is connected in Yy
or Dd transformer configuration, higher efficiency is achieved with m = 30% compared to m = 10%
from power 0.12 p.u. to 0.3 p.u. in terms of improving the converter efficiency. An efficiency as
high as 99.6% is achieved at the power transfer of 0.29 p.u when intermittent operation is employed
with m = 30%. Figure 10b shows that in Yd transformer configuration, the 3P-BIDC efficiency using
intermittent switching with m = 10% is higher compared to m = 30% from power transfer of 0.12 p.u. to
0.21 p.u. For example, at the power transfer of 0.16 p.u., the efficiency of the 3P-BIDC with intermittent
switching m = 10% is 96%, whereas the efficiency of the 3P-BIDC with m = 30% is 94.1%. At the
power transfer of 0.22 p.u., it is seen that the efficiency of the 3P-BIDC with m = 30% outperforms
the efficiency of the 3P-BIDC with m = 10%. At the power transfer of 0.29 p.u., the efficiency of
the 3P-BIDC with m = 10% is 95.7%, whereas the efficiency of the 3P-BIDC with m = 30% is 97%.
Figure 10c shows that the 3P-BIDC in Dy transformer winding configuration obtained higher efficiency
improvements with m = 10% at the power transfer of 0.03 p.u. to 0.25 p.u. For example, at the power
transfer of 0.18 p.u., the efficiency of the 3P-BIDC with m = 10% is 90.3%. At the power transfer of
0.25 p.u., m = 10% reached the maximum range of δ = π

3 and the intermittent switching is operated
with m = 30%. The overall efficiency of the DC-DC converter in Dy transformer configuration is
low compared to the efficiency performance of the DC-DC converter in Yy, Dd, and Yd transformer
configurations, which are above 95% in the light-load conditions. The authors of [6] showed that no
improvement in efficiency of the 3P-BIDC is achieved when the converter is operated in intermittent
switching for medium load. However, the simulation results in Figure 10 show that the efficiency of the
3P-BIDC significantly improved during light-load operation with intermittent switching. Therefore,
the intermittent switching is suitable for light-load operation of the 3P-BIDC.
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Tables 3 and 4 summarizes the efficiency improvement and power loss reduction of the 3P-BIDC
with Yy, Yd, Dy, and Dd transformer configurations that are observed at light-load power transfers
of 0.12 p.u., 0.24 p.u., and 0.29 p.u, accordingly. As shown in Table 3, the efficiency improvements
of the 3P-BIDC achieved in Yy and Dd transformer configurations at light-load power transfers of
0.12 p.u, 0.24 p.u, and 0.29 p.u are higher compared to the efficiency improvement achieved in Yd
transformer configuration. The DC-DC converter in Dy transformer configuration achieved high
efficiency improvements. However, the overall efficiency remained below 95% in intermittent switching.
Table 4 is consistent in showing that the DC-DC converter achieved the highest power loss reduction
in Dy transformer configuration at light loads. However, the power loss of the DC-DC converter in
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Dy transformer configuration when in intermittent operation is higher than the power losses of the
DC-DC converter in Yy, Dd, and Yd transformer configurations.

Table 3. Efficiency improvement with continuous and intermittent operation in different
transformer configurations.

Po (p.u)

Transformer Configurations

Yy and Dd Yd Dy

Efficiency (%) EI (%) Efficiency (%) EI (%) Efficiency (%) EI (%)
A B A B A B

0.12 83.6 95.6
(m = 30%) 12 89.6 93.5

(m = 10%) 3.9 67.0 87.0
(m = 10%) 20

0.24 92.6 99.2
(m = 30%) 6.6 94.9 97.0

(m = 30%) 2.1 81.8 90.9
(m = 10%) 9.1

0.29 96.0 99.6
(m = 30%) 3.6 96.0 97.3

(m = 30%) 1.3 87.8 91.2
(m = 30%) 3.4

A—Continuous mode, B—Intermittent mode, EI (%)—Efficiency improvement as a percentage.

Table 4. Power loss reduction with continuous and intermittent operation in different
transformer configurations.

Po (p.u)

Transformer Configurations

Yy and Dd Yd Dy

Power Loss (p.u.) PLR
(p.u.)

Power Loss (p.u.) PLR
(p.u.)

Power Loss (p.u.) PLR
(p.u.)A B A B A B

0.12 0.024 0.006
(m = 30%) 0.018 0.014 0.010

(m = 10%) 0.004 0.049 0.02
(m = 10%) 0.029

0.24 0.018 0.002
(m = 30%) 0.016 0.014 0.008

(m = 30%) 0.006 0.048 0.02
(m = 10%) 0.028

0.29 0.013 0.001
(m = 30%) 0.012 0.014 0.008

(m = 30%) 0.006 0.044 0.03
(m = 30%) 0.014

A—Continuous mode, B—Intermittent mode, PLR (p.u)—Power loss reduction in per unit.

The 3P-BIDC has the best performance when operated with Yy and Dd transformer configuration
with a DC voltage ratio that is equal to the transformer turns ratio. The Yd transformer configuration
may also be suitable for applications with different DC voltage ratios such as 520 V and 300 V. On the
other hand, the Dy transformer configuration is unfavorable due to the efficiency achievements of
lower than 95% despite intermittent switching being applied. Note that this paper has not observed
the efficiency performance of the 3P-BIDC when the DC voltage ratio of the 3P-BIDC is not the same as
the transformer turns ratio.

4.3. Analysis of Current Stress in Transformer and IGBT Switches

A stress analysis was conducted on the modelled three-phase transformer and switches to compare
the amount of current stresses on each of the different transformer configurations with the turns ratio
of 1:1. This section theoretically analyses the current stress in the transformer and switches of 3P-BIDC
in different transformer configurations, based on the method in [15]. This theoretical analysis is then
compared with the simulation results.

Table 5 shows the equations used to theoretically calculate the transformer rms current and the
switch rms and transient currents in the 3P-BIDC in the various transformer configurations. The variable
d represents the voltage conversion ratio. In this analysis, d is always equal to 1. This shows that the
voltage conversion ratio is equal to the transformer turns ratio in all transformer configurations.
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Table 5. Transformers RMS current and switch RMS and transient currents.

Transformer
Configurations

Range of Phase
Shift Angle (rad) ITrms

∑
Irms

∑
Isw

Yy 0 ≤ δ ≤ π
3

V1√
243πωLYy

r1
2V1√

243πωLYy
r1

∣∣∣∣ 2V1
9ωLYy

∣∣∣∣p1

Yd 0 ≤ δ ≤ π
3

V1√
243ωLYd

m1
(
√

3+3)V1

27ωLYd
m1

∣∣∣ 2V1
3ωLYd

∣∣∣g1

Dy −
π
3 ≤ δ ≤ 0

V1√
243πωLDy

j1 (3+
√

3)V1

27ωLDy
j1

∣∣∣∣ 2V1
3ωLDy

∣∣∣∣q1

Dd 0 ≤ δ ≤ π
3

V1

9
√
πωLDd

r1
6V1√

243πωLDd
r1

∣∣∣ 2V1
3ωLDd

∣∣∣p1

Figure 11 presents the different current stresses in the transformers and switches versus the output
average current of the 3P-BIDC in per unit terms based on the converter rated current. In Yy, Dd,
and Dy, the base current is 10 A and in Yd, the base current is 6 A. The base current is multiplied by 2
for analysis that involves summation of currents in both sides of the converter.

This analysis is conducted for the power transfer range of 0 to the rated power, where the average
current at the DC side ranges between 0 and 1 p.u. Figure 11a shows the rms phase current of the
transformer. It is shown that the current stress increases significantly with the output average current
in Dd transformer configuration. It exceeds the rated current at the output average current of 0.76 p.u.
Figure 11b shows the summation of the rms current of one phase in bridges 1 and 2, which is used to
determine the conduction current stress on the semiconductor switches. The rms current stress of the
switches exceeds 1 p.u. from very low output current for Yd, and from output current of 0.42 p.u. for
Dd transformer configurations.

The Yy transformer configuration results in lowest conduction current stress on the switches.
Figure 11c shows the summation of the current of one phase in bridges 1 and 2 during a switching
instant. The Yd and Dy transformer configurations are the least sensitive to the changes in output
average current. However, the rms current stresses in the transient modes of the 3P-BIDC in Yd,
Dy, and Dd transformer configurations exceed 1 p.u. for all output current range, which indicates
high switching current stress for those transformer configurations. The switching current stress in Yy
transformer configuration is the lowest of all the four types of transformer configurations and does not
exceed the rated current except only after 0.82 p.u. of average output current. Therefore, it can be seen
that the Yy transformer configuration is most suitable for 3P-BIDC in terms of low current stress when
d is 1.
where

r1 =
√
π3(5d2 − 10d + 5) + d(−27δ3) + 54δ2π, p1 =

∣∣∣2π+ d(3δ− 2π)
∣∣∣+ ∣∣∣3δ+ 2π(d− 1)

∣∣∣,
m1 =

√
π2(15d2 − 15d + 5) + d(81δ2 − 27δπ), g1 = π

(∣∣∣∣∣d− 2
3

∣∣∣∣∣+ |2d− 1|
)
,

j1 =
√
π2(5d2 − 15d + 15) + d(81δ2 + 27δπ), q1 = π

(
|d− 2|+

∣∣∣∣∣2d
3
− 1

∣∣∣∣∣).
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Figure 11. Current stresses in 3P-BIDC. (a) Transformer rms phase current. (b) Summation of the rms
currents in one phase of bridges 1 and 2. (c) Summation of currents at switching instants in one phase
of bridges 1 and 2.
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Figure 12 presents the comparison of the theoretical analysis and the simulated analysis of the
3P-BIDC in Yy transformer configuration. In Figure 12a, the stress analysis in the rms current of the
transformer in the simulation differs only by 1% to the theoretical results. Figure 12b shows that the
highest error percentage of the analysis is 8% by comparing the summation of the rms currents in the
switches that corresponds to one phase of bridges 1 and 2.
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5.1.3. Snubber Loss 

The 3P-BIDC is assumed to have snubber loss if zero-voltage switching (ZVS) is not achieved. 
The snubber loss is calculated as, 
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where X is the number of switches that is involved in snubber loss and V2 is the DC-link voltage at 
the secondary side. 

The converter operated at 0.12 p.u. is assumed to have hard-switching in bridge 1. Therefore, 
the number of switches that experience snubber loss, X, is 6. Since ZVS occurs at 0.34 p.u., the snubber 
loss is neglected. 
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In practical conditions, the turn-off switching loss is not negligible. If ZVS turn on is achieved, 
turn-on switching loss is negligible. The average turn-off switching loss is directly proportional to 
the square of the switching current and the switch current fall time [29],  
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where ܫୗ୛ is the turn-off switching current and ௙ܶ is the switching current fall time. However, in 
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5. Power Loss Estimation

This section presents the estimated power loss distribution and calculation details of the 3P-BIDC
at light-load conditions of 0.12 p.u. and 0.34 p.u. of the rated power in the continuous mode of
operation and comparing it with the light-load conditions of 0.12 p.u. and 0.34 p.u. of the rated power
with a Yy transformer connection. The types of losses considered in the simulation model are copper
losses, conduction losses, and snubber losses. Note that snubber losses are not considered in the power
loss calculations in intermittent operation.

5.1. Distribution of Losses

5.1.1. Copper Loss

The transformer winding resistance is modelled as 15 mΩ in each phase of the transformer. The
winding resistance give rise to practical copper loss in the windings of the transformer. The total
copper loss is calculated as,

Pcu = 3
[
I1

2R1 + I2
2R2

]
(9)

The rms current across the LVS, I1 and the rated current across the HVS, I2 at 0.12 p.u is 1.2 A.
Therefore, the total copper loss is 0.13 W.

5.1.2. Conduction Loss

Conduction loss includes loss during the conduction of an IGBT and a diode of the model
SKM75GB12V. In every switching cycle, only three switches and three diodes conduct. The conduction
loss of the 3P-BIDC is calculated as,

Pcond = 3(VCE + VF)
(
Iavg

)
(10)

where VCE is the on-state collector-emitter voltage of the conducting IGBT, VF is the forward voltage
drop of the conducting diode, and Iavg is the average current.
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5.1.3. Snubber Loss

The 3P-BIDC is assumed to have snubber loss if zero-voltage switching (ZVS) is not achieved.
The snubber loss is calculated as,

Psnub = XCsV2
2 fs (11)

where X is the number of switches that is involved in snubber loss and V2 is the DC-link voltage at the
secondary side.

The converter operated at 0.12 p.u. is assumed to have hard-switching in bridge 1. Therefore,
the number of switches that experience snubber loss, X, is 6. Since ZVS occurs at 0.34 p.u., the snubber
loss is neglected.

5.1.4. Switching Loss

In practical conditions, the turn-off switching loss is not negligible. If ZVS turn on is achieved,
turn-on switching loss is negligible. The average turn-off switching loss is directly proportional to the
square of the switching current and the switch current fall time [29],

PSW =
T f

48Cs
ISW

2 (12)

where ISW is the turn-off switching current and T f is the switching current fall time. However, in the
simulation, only on-state voltage drop and diode forward voltage drop are considered. Therefore, T f
is very short, rendering the switching loss negligible.

5.1.5. Total Power Loss

The total power loss PLoss in the 3P-BIDC is calculated as the summation of copper Pcu, conduction
Pcond, and snubber Psnub losses,

PLoss = Pcu + Pcond + Psnub (13)

The total estimated power loss at 0.12 p.u. and 0.34 p.u. at the rated power is 74.7 W (0.025 p.u.)
and 25.3 W (0.008 p.u.), respectively.

5.2. Numerical Calculation of Losses

This sub-section provides the numerical calculation of losses in the 3P-BIDC at the power transfer
of 0.12 p.u. and 0.34 p.u. at the rated voltage. The power loss is calculated when only PSM and
intermittent operation are employed. From Figure 10, it can be seen that the onset of ZVS is around
0.34 p.u. of power transfer. Hence, no snubber loss is accounted for at the power transfer of 0.34 p.u.

5.2.1. Power Loss at 0.12 p.u (δ = 4◦) in Continuous Mode

• Copper loss

Pcu = 3
[
I1

2R1 + I2
2R2

]
Pcu = 3

[
1.22(0.015) + 1.22(0.015)

]
= 0.13 W (0.000043 p.u.)

• Conduction loss

Pcond = 3(VCE + VF)
(
Iavg

)
Pcond = 3(1.85 + 2.17)(0.816)

= 9.8 W (0.0033 p.u.)

• Snubber loss
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Psnub = XCsVb
2 fs

Psnub = (6)
(
6× 10−9

)
(300)2

(
20× 103

)
= 64.8 W (0.0216 p.u.)

PLoss = Pcu + Pcond + Psnub

= 0.13 W + 9.8 W + 64.8 W
= 74.73 W (0.025 p.u.)

5.2.2. Power Loss at 0.34 p.u. (δ = 10◦) in Continuous Mode

• Copper loss

Pcu = 3
[
I1

2R1 + I2
2R2

]
Pcu = 3

[
3.632(0.015) + 3.632(0.015)

]
= 1.19 W (0.0004 p.u.)

• Conduction loss

Pcond = 3(VCE + VF)
(
Iavg

)
Pcond = 3(1.85 + 2.17)(2)
= 24.12 W (0.008 p.u.)

PLoss = Pcu + Pcond + Psnub

= 1.19 W + 24.12 W + 0 W
= 25.31 W (0.008 p.u.)

The losses in intermittent operation are calculated with the same equation as in continuous operation.
However, since that this intermittent operation is carried out with m = 30%, the calculated total power
loss is multiplied by a factor of 0.3. The phase-shift angles to achieve the power transfer 0.12 p.u. and
0.34 p.u. in the intermittent operation are higher than when only continuous operation is employed.

5.2.3. Power Loss at 0.12 p.u. (δ = 7◦) in Intermittent Mode

• Copper loss

Pcu = 3
[
I1

2R1 + I2
2R2

]
Pcu = 3

[
1.182(0.015) + 1.182(0.015)

]
= 0.125 W (0.000042 p.u.)

• Conduction loss

Pcond = 3(VCE + VF)
(
Iavg

)
Pcond = 3(1.85 + 2.17)(1.4)

= 16.9 W (0.006 p.u.)

• Snubber loss



Energies 2020, 13, 2836 17 of 20

Psnub = XCsVb
2 fs

Psnub = (6)
(
6× 10−9

)
(300)2

(
20× 103

)
= 64.8 W (0.0216 p.u.)

PLoss = Pcu + Pcond + Psnub

= 0.13 W + 9.8 W + 64.8 W
= 74.73 W (0.025 p.u)

PLoss = 0.3[Pcu + Pcond + Psnub]

= 0.3[1.125 W + 16.9 W + 64.8 W]

= 24.5 W (0.008 p.u.)

5.2.4. Power Loss at 0.34 p.u. (δ = 19◦) in Intermittent Mode

• Copper loss

Pcu = 3
[
I1

2R1 + I2
2R2

]
Pcu = 3

[
4.92(0.015) + 4.92(0.015)

]
= 2.16 W (0.00072 p.u.)

• Conduction loss

Pcond = 3(VCE + VF)
(
Iavg

)
Pcond = 3(1.85 + 2.17)(2.8)
= 33.8 W (0.0071 p.u.)

PLoss = 0.3[Pcu + Pcond + Psnub]

= 0.3[2.16 W + 33.8 W + 0 W]

= 10.77 W (0.004 p.u.)

Considering the Yy transformer winding configuration, Figure 13 presents the calculated total
loss, compared with the total loss measured from the simulation model, in continuous and intermittent
mode of operations focusing on the power levels 0.12 p.u. to 0.34 p.u. The figure shows that the
minimum power loss is obtained at the power transfer of 1.02 kW, which also indicates the onset of
ZVS [19], hence snubber loss can be negligible.
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Figure 14a,b presents the copper, conduction, and snubber losses in per unit terms in the continuous
mode of operation. The copper loss increases as the output power increases. This is because there is a
higher rated current flow through the transformer, resulting in higher I2R losses.
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Figure 15a,b presents the copper and conduction per unit losses in intermittent operation. It is
shown that the intermittent operation applied at 0.12 p.u. and 0.34 p.u. reduced the amount of losses
by 3–4%. This is because the number of switching cycles are reduced, therefore reducing the total
losses in the output.
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6. Conclusions

This paper presented the operational feasibility and efficiency performance evaluation of the 3 kW
3P-BIDC in Yy, Yd, Dy, or Dd transformer winding configuration using the combination of PSM and
burst-mode switching to improve the low power transfer efficiency of the converter. The 3P-BIDC
achieved the highest efficiency performance in Yy and Dd transformer configurations in light-load
power transfers in intermittent operation. However, the Yd transformer configuration is suitable and
can result in high efficiency when the DC voltage is not equal on either side of the 3P-BIDC. It is not
preferred to operate the 3P-BIDC with a Dy transformer connection as it results in the overall poorest
3P-BIDC efficiency performance amongst the other transformer configurations. The theoretical current
stress analysis shows that the 3P-BIDC operated with Yy transformer configuration results in the
lowest current stress in the transformer and switches. Moreover, the loss analysis is comparable to the
stress and loss measured in the simulation model for the 3P-BIDC in Yy transformer configuration.
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