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Abstract: In this study, the operation, design and comparison of single, extended and dual phase shift control methods on bidirectional DC-
DC converters are discussed. The major components (DC link capacitors and inductors) are derived for different phase shifting methods
in order to obtain maximum efficiency. Triggering signals, voltages and current waveforms are compared for buck-boost conditions through
PSCAD simulation results on the single-phase full-bridge converter topology with isolation transformer.
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1. Introduction

Bidirectional DC-DC Converters (BDCs) are used for increasing,
decreasing or multiplexing a voltage that is took from DC supplies
in order to obtain stable or variable DC voltages. For this reason,
especially nowadays, BDCs are very common at power electronics
and industrial many electronic applications such as transportation
vehicles industry, portable electronic equipments, renewable
energy systems and small dimensions that need to be fit. Thanks to
these features, BDCs reduce cost and increase efficiency for
improving performance of the power electronic systems.

In recent years, a lot of topics have been worked by many
scientists for improving system efficiency on the BDCs and these
studies are generally about phase shift control methods and their
different variations. In literature, the most commonly used control
method is single phase shift method [1 - 5] among phase shift
control methods. Moreover, there are several comparison articles
about Single (Traditional) Phase Shift (SPS), Extended Phase Shift
(EPS) and Dual Phase Shift (DPS) in [6 - 10]. However, various
topologies are improved that are used in several applications,
isolated BDCs are usually based on single-phase, full-bridge
topology. Therefore, these P1 based phase shift control methods are
applied to single-phase, full-bridge topology with isolation
transformer.

In this paper, the aim of this study is to obtain and observe of
differences at phase shift control methods by using 20 kHz/1:1
isolation transformer. The operation principles of the system play
an important role to improve efficiency of BDC topologies in
available literature. Thus, three different phase shift control
methods are applied to full bridge isolated BDC topology by
creating triangular signals, and simulation results show that the
most efficient controller method is DPS, EPS and SPS,
respectively. These results show the validity of theoretical
analysis.
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2. Modelling and Controller
2.1. Bidirectional DC-DC Converter Topology

The proposed converter is shown in Fig. 1 and it is designed as [11,
12].
Single-Phase Full-Bridge Bidirectional Isolated Buck-Boost DC-DC Converter
Power Flow 2
Sudatolbl
Power Flow 1
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Figure 1. Circuit Topology of Single-Phase Full-Bridge Bidirectional
Isolated Buck-Boost DC-DC Converter

In this 15kW converter model, efficiencies of phase-shift
control methods are calculated by without using snubber capacitors
in order to clearly understand of which control method is better
than the others. Because these capacitors have positive effect
(50%) on efficiency of the converter. Additionally, two dc-link
capacitors are used for limiting of inrush current and achieving to
zero voltage switching (ZVS). This application cause to hard-
switching. Thus, this converter is also called dual active bridge
passive-clamp circuit. Converter is operated by power flow 1 and
power flow 2 and comparison of phase shift methods are
performed both of the two directions.

Auxiliary inductors and dc-link capacitors are calculated
according to buck and boost phase-shift angles of SPS, but
capacitor values can be reduced if the system is operated by EPS
and DPS respectively.
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In equation (2.1) should be V2>V1 and single phase shift angle
o is used for calculating auxiliary inductances Li and L2
(L=Ltranst2L1 or L=Lwranst2L2 , Lrans iS the inductance of high
frequency transformer) based on power of the converter P, turn
ratio N and @ = 2zf by considering buck and boost modes [11].

Equation (2.2) and (2.3) provide to calculate dc-link capacitors.
Where AV, is peak-to-peak voltage ripple of the buck mode of the
converter output (1 to 2% of the output voltage) for (2.2) and f is
switching frequency, Tswis 1/f. Moreover, AlLis the peak-to-peak
current ripple. At equation (2.3), D is duty cycle and AV, is peak-
to-peak voltage ripple of the boost mode of the converter output.
Other parameters are the same as equation (2.2).

The converter and simulation parameters are shown at Table 1
and Table 2.

Table 1. Circuit Parameters of The DC-DC Converter for Buck Mode

Control Methods SPS EPS DPS
200V, 200V, 2000V,
Rated DC Voltages Vi, Vo 160 V 160 V 160 V
. . 70 mF, 56 mF, 46 mF,
DC-Link Capacitors Cy, C, 180mE | 14ame | 120 mF
. 18 uH, 18 pH, 18 puH,
Auxilary Inductors Ly, Ly 12 12 12
Transform_er Turn N 11 11 11
Ratio
Switching Frequency 20 kHz 20 kHz 20 kHz

Table 2. Circuit Parameters of The DC-DC Converter for Boost Mode

Control Methods SPS EPS DPS
100 V, 100 V, 100 V,
Rated DC Voltages Vi, Vs, 160 V 160 V 160 V
. . 180 mF, | 144 mF, | 120mF,
DC-Link Capacitors C, C 70 mE 56 MF 46 mF
. 12 pH, 12 pH, 12 pH,
Auxilary Inductors Ly, Lo 18 uHl 18 uH 18 uH
Transformer Turn N 11 11 11
Ratio
Switching Frequency 20 kHz 20 kHz 20 kHz

The rated DC voltage values are selected close to each other. Its
reason is not only improving the converter performance at these
voltages but also defining suitable operating range between
dynamic voltage restorer (DVR) and shunt hybrid active power
filter (SHAPF) at unified power quality conditioner (UPQC)
systems.

2.2. Phase-Shift Control Methods

2.2.1. Single Phase Shift Control (SPS):

SPS is conventional control method and it is the most widely
used control method in researches. Because, its theoretical and
experimental analysis are simple.

Triggering signals are defined by creating § between Stage A
(Q switches) and Stage B (S switches). It provides SPS control at
Fig. 1. Also Fig. 2 and Fig. 3 show the phase shift angles between
rated voltages against inductor current waveforms. Where, period
is T = ti+ta+ta+tat+ts+is .

Moreover, Table 3 gives switching states (ON conditions) of
SPS control.
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Figure 3. Phase shift angle of Boost Mode at SPS Control, Power Flow 2.

Table 3. Switching States of Buck Mode SPS Control for Power Flow 1.

t t t3 ty ts ts
Ds,D, Q3,Q2 Q3,Q2 D1,D4 Q1,Qs Q1,Qq4
Ds,Dg S1,54 De,D7 De,D7 $2,53 Ds,Ds

2.2.2. Extended Phase Shift Control (EPS):

Compared with SPS, EPS can greatly improve efficiency. It
reduces current stress and backflow power considerably. Thus, it
gives good results even it works wide input and output voltage
ranges under light and medium loads. Also its implementation is
harder than SPS, but easier than DPS.

In EPS control, Qi1-Qz, Qs-Qs, S1-S2-Ss-Ss switches have
different phase angles. Fig. 4 and Fig. 5 demonstrate simulated
waveforms of the rated voltages and inductors current.

Where, period is T = ti+to+ts+ts+ts+ts and Table 4 gives the
switching states (ON conditions) of EPS control.
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Figure 4. Voltage and Current Waveforms of Buck Mode at EPS Control,
Power Flow 1.
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Table 4. Switching States of Buck Mode EPS Control for Power Flow 1.

t t 3 ts ts t

D2,Q4 Q2.Dq Q2,Qs3 Qu.Ds Q1.Qa
Ds,Ds S1,54 Ds.D; S2,.5s Ds,Dg

- \itrp |

= Vtra |

<l
i
|_—

)

o

a

°
—
—

= VL2 |

- virs |

o
°
@
3
—
~—~
|
|~
_—

= VL1

=IL2

=Ll

. \ \ \
-0.140 \ \ \

oito \ N A \74 \

Figure 5. Voltage and Current Waveforms of Boost Mode at EPS Control,
Power Flow 2.
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2.2.3. Dual Phase Shift Control (DPS):

When the voltage range of two side of the transformer increase,
the current stress becomes higher values. This condition gives rise
to use higher volt-ampere rating components. In order to minimize
the weight and size, switching frequency must be increase. Under
this condition, increase of the current stress cause to switching
losses and great reduction in efficiency. Therefore, requirement of
good performance, DPS control method must be use instead of
increasing switching frequency. DPS control has complex
calculation and its modelling is harder than the SPS and EPS. If it
is taken dead band effects into consideration, the complexity of
DPS control would have risen.

All of the switching legs have different phase shift angles at
DPS control method. In other words, Q1-Q2, Q3-Q4, S1-S2, S3-
S4 switches have different angles each other. Fig. 6 and Fig. 7 also
present rated voltages against inductors current waveform for buck
and boost modes.

Where, period is T = ti+to+ts+ta+ts+te+tr+ts at Fig. 6 .
Moreover, Table 5 gives the buck mode switching states (ON-OFF
conditions) of DPS control at single phase full bridge dual active
BDC topology.

Table 5. Switching States of Buck Mode DPS Control for Power Flow 1.

time t t t3 s ts ts t7 ts
ON Qs Q2 Ss S, Qs Q: S4 S,
OFF S, Q S, S1 Qs Q: Ss Sz
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Figure 6. Voltage and Current Waveforms of Buck Mode at DPS Control,
Power Flow 2.
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Figure 7. Voltage and Current Waveforms of Buck Mode at DPS Control,
Power Flow 2.

2.2.4. Triggering Signals of Control Methods

Fig. 8, Fig. 9 and Fig. 10 demonstrates triangular triggering gate
signals of IGBTs with 50% duty cycle ratio for SPS, EPS and DPS
respectively. Phase shift angles of triggering signals are based on
PI calculation in controller system algorithm.

For SPS control method, phase shift angle (o) can be calculated
by using equation (2.1). But phase shift angle of EPS can be
calculated by using equation (2.4).

At Fig. 4, Vs is a three level voltage and it has the same rising
edge with Vira. D is defined as high level ratio of the three-level
pulse width modulation (PWM) voltage waveform, based on the
basic analysis [9] where;

0 < D <1, 6=rn-Drr (2.4) and DT=t1+t2+ts+ts+ts Or

DT=T-t4.
For calculating phase shift angles of DPS control, two conditions
should be analysed based on the same way with [8]:

0<D, <D, <land

0< D2<D:1<1

Where D1 and D2 are the inner and outer phase shift ratios,
respectively. Ths is the half switching period and Virs and Virp are the
ac output voltages of Stage A and Stage B.
From Fig. 6:

D1Ths=t1 or D1Ths=ts and D2Ths=ts+t7 (2.5) and (2.6)

The average transmission power and the current stress of IBDC

with DPS control can be presented as:
Ths

j Vil (D)dt 27
hs 0
o = max {1 ()]} 2.8)

The voltage conversion ratio is defined as k=Vi/NV2 and k is
assumed k<1 . For the other condition, k<1 . Based on the basic
analysis [13], [14], [15] the average transmission power and current
stress of IBDC with DPS control are derived as:

If0<D1<D2<1;
p_ %[D 1-D,)— 2} @.7)
If0< D2<D1<1;
';\::I/_Z D,(1- D, —%D ) (2.8)
=[1.(t)| = 4fLKk DEA-D)+2D,]

Where fs is the switching frequency and L is the sum of transformer
leakage inductance and auxiliary inductor L1. Additionally, when the
load is set as resistance R, from (2.7) it can be derived,;
If0<D1<D:<1;

p_ NViR [02(1_ Dz)—% Df}

2f.L (2.10)
If0< D2<D1 <1

_ NV;R 1

=21 Db b 211)

S
Similarly, it can be also calculated phase shift angle of SPS control
method by using phase shift ratio D [16] and it can be expressed as;

NV,R
P=2%L 212)
Y,
e = g 1 (K—1+2D) 213)
_ NV,R
V, =~ D(@-D) 2.1
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Figure 8. Triggering gate signals of SPS control method
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Extended Phase Shift

3. Comparison of Efficiencies
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P \ / \ / \ / \ 3.1. Efficiency Analysis of Phase Shift Control Methods
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ontf \ / \ / \ / — When the investigating of power waveforms at control methods.
@ It can be obtained input and output power of the IBDC. After the
e y \ ; \ ; \ ; simulated power waveforms, efficiencies can be calculated by
o1\ / \ / \ / \ / H H
881\ / \ / \ / \ / using equation (3.1).
0.00 \ / \ / \ / \ /
33
10 4° Q3 n= Pin _ (Pm _ Pout) «100= I:)in _ Ptotalloss %100
309\ / \ / \ / \ / P P 1)
oI\ / \ / \ / \ /
020 1\ / \ / \ / \ /
oeo T\ / \ / \ / \ /
0.20
e 1 isefficiency, Pin is input power, Pout is output power and Protalioss
D:‘E 7 \ 7 \ / \ / \ contains all of the switching and conduction losses. Input-output
sulf \ / \ / \ / \ power waveforms are shown at Table 6, Table 7 and Table 8 for
0.00 -y - -
83 SPS, EPS and DPS buck and boost conditions respectively. P1 is
140, 51 input power and P2 is output power at Table 6, 7 and 8.
5% 7 \ 7 \ 7 \ T \
3% / \ / \ / \ / \ Table 6. Input-Output Power Waveforms of SPS for Buck & Boost
b — : ! ! ! ! = Modes.
-0.40
- sS
0.80 \ / \ \ / \ T
060 \\ / \\ II \\ II \\ II
o4 \ / \ / \ / \ / Pl o2
0.00 \ I \ 1 \ I \ I 0.0060
-0.20
-0.40 0.0050 Il 4
= S3
e ettt
o / \ / \ / \ / \ 00630
e/ /7 /1 \ muek | o= LA AT
0% 00010 v v |
-0.40 |
1.40 - s4 o |
}:58 00010 |
00 \ / \ / \ / \ / 20020
0.40 \ / \ / \ / \ /
520 \ / \ / \ / \ / 000%
:g'ig 1.15%0 1.1562 11304
0.55475 0.55478 0.55480 0.55483 0.55485 0.55488 0.55490 0.55493
Figure 9. Triggering gate signals of EPS control method G
0.0050
5 0.0040
. Dual Phase Shift 0.0030
T ; o g :
1.00 4—- 0.0010 ¥ L
05 Bogst 0.0000 \ \ \ \ \ \
020 ] ; 0.0010
5 00020
140 e -0.0030
1'§g <0.0040 ‘
a8 _/ \ / \\ / \ / \ 22122 22124 22126
0.40
0.20
0.00
-0.20
-0.40 @
] - : Table 7. Input-Output Power Waveforms of EPS for Buck & Boost
05 / \ / \ / \ / \ Modes.
0.40 +
e \ / \ / \ /
o ] EPS
Q4
1.40 o
120 ] - wr2
i / \ / \ s \ = i
1 — / \ / \ / \ / ovon
e —_— — — winl)
sig 0.0050
e ‘ Buck |
i —\ 1\ )\ = = e
0.40 \ 7 \ 7 \ / \ ]
o — 1 \ / A t \ / oouzs
-0.20
-0.40 -0.0080
; 52 0.0075
X 1.4120 T4122 14124
.80 4
5 Sy (S S Sy A W
) / \ / \ / \ / \
00 \ / |} / \ 1
-0.2(
040 B P1 = P2
1.40 _53
1281 0.020
RS
é Boost 0,000
-1:10 sS4 ) 0010
1.20
1.00 1 -0.020
g7 7§
0.20
2% 7 1.3654 13556 13658

0.6624

0.6625

Figure 10. Triggering gate signals of DPS control method

This journal is © Advanced Technology & Science 2013

IJAMEC, 2016, 4(3), 68-73 | 72



Table 8. Input-Output Power Waveforms of DPS for Buck & Boost
Modes.

- p1 - P2
0.0030
0.0020
0.0010
0.0000
-0.0010
Buck 00020
-0.0030
-0.0040
-0.0050
-0.0060
-0.0070
1.2384 1.2386 1.2388
-p1 = P2
0.0150 -
0.0100
0.0050 £
Boost 0.0000
-0.0050
-0.0100
-0.0150
1.3370 1.3372 1.3374

After the evaluating these waveforms, efficiencies can be
expressed for buck and boost modes of the SPS, EPS and DPS in
Table 9.

Table 9. Efficiencies of Phase Shift Control Methods for Buck & Boost
Modes.

Efficiencies of Phase Shift Control Methods
SPS EPS DPS
Buck 24.3% 80.4% 79.9%
Boost 36.4% 62.8% 62.6%

4. Conclusions

In conclusion, the research on an efficiency analysis of
phase-shift control methods (SPS, EPS and DPS) gives us
feasible results. Because the worst control method is SPS but
results of EPS and DPS are similar at buck and boost modes.

But this case is correct at upside of the power waveforms only.
However the underside of the power waveform of EPS buck
mode has a lot of notches to reverse direction. Moreover EPS
boost mode power waveform shows bigger phase shift ratio than
the DPS boost mode power waveforms. In addition, not using of
snubber capacitors cause to give low efficiency results. Thus, if
it is wanted to be increase efficiency, snubber capacitors should
be used and they are important for the single phase dual active
bridge IBDC topology. This condition can be researched at
future works for relative applications.

Consequently, EPS is better than SPS and it can be said that
the best control method is DPS among EPS and SPS on this
comparison of efficiency study paper.
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