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I 

ABSTRACT 

MSc THESIS 

MODELLING AND ANALYSIS OF BIDIRECTIONAL DC-DC 

CONVERTER 

Rahmi İlker KAYAALP 

ÇUKUROVA UNIVERSITY 

INSTITUTE OF NATURAL AND APPLIED SCIENCES 

DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING 

Supervisor : Prof. Dr. Mehmet TÜMAY 

   Year : 2015, Pages 111 

Jury : Prof. Dr. Mehmet TÜMAY 

: Asst. Prof. Dr. Mehmet UğraĢ CUMA 

: Asst. Prof. Dr. Lütfü SARIBULUT 

Bidirectional dc-dc converters are used a lot of industrial areas such as 

electric vehicles, uninterruptable power supplies, fuel cells, solar panel cells as 

energy sources are searched in order to improve the quality of power at the 

transmission and distribution lines and other areas. All of these industrial 

applications give importance on system loss, efficiency drop, shortening the life of 

circuit elements. Thus, it should be improved control systems in order to prevent 

power losses as far as possible and efficiency of bidirectional power flow is very 

important for high quality electrical energy. Owing to different types of control 

methods provide bidirectional power flow and each of these has different algorithm. 

Nowadays, these control methods are improved by increasing complexity of 

mathematical equations or exchanging better equipments. In the light of these works, 

comparing of common used control methods provides contribution to efficiency 

studies at bidirectional dc-dc converter literature. The main aim of this thesis work, 

applying different phase shift control methods on single phase isolated bidirectional 

full bridge dc-dc converter and comparing these control methods on efficiency way 

by reducing cost with or without using snubber capacitors.     

In this thesis, Isolated Bidirectional DC-DC Converter topology is modelled 

and all controllers are written by FORTRAN programming language. 

According to the results, it is observed that efficiency results of DPS and EPS 

are almost equal and higher than SPS without using snubber capacitors. This 

statement shows the discovered and innovative way of this thesis work.  

Key words: Bidirectional DC-DC Converter, Phase Shift Control Methods, 

Efficiency, Comparison. 



II 

ÖZ 

YÜKSEK LİSANS TEZİ 

ÇİFT YÖNLÜ DOĞRU AKIM DÖNÜŞTÜRÜCÜSÜNÜN MODELLENMESİ 

VE ANALİZİ 

Rahmi İlker KAYAALP 

ÇUKUROVA ÜNİVERSİTESİ 

FEN BİLİMLERİ ENSTİTÜSÜ 

ELEKTRİK ELEKTRONİK MÜHENDİSLİĞİ ANABİLİM DALI 

DanıĢman : Prof. Dr. Mehmet TÜMAY 

   Yıl: 2015, Sayfa 111 

Jüri : Prof. Dr. Mehmet TÜMAY 

: Yrd. Doç. Dr. Mehmet UğraĢ CUMA 

: Yrd. Doç. Dr. Lütfü SARIBULUT 

Çift yönlü doğru akım dönüĢtürücüleri; elektrikli araçlar, kesintisiz güç 

kaynakları, yakıt hücreleri, güneĢ paneli hücreleri gibi iletim ve dağıtım hatlarında 

güç kalitesini iyileĢtirmek amacıyla kullanılmaktadır. Endüstriyel uygulamalarda 

sistem kayıpları, verimlilik düĢüĢü ve devre elemanlarının ömürleri giderek önemli 

hale gelmektedir. Bu yüzden güç kayıplarını olabildiğince önlemek için kontrol 

sistemlerinin geliĢtirilmesi gerekir ve bu bakımdan çift yönlü güç akıĢı, verimliliği 

yüksek kaliteli elektrik enerjisi için çok önemlidir. Farklı tipte kontrol metodları 

sayesinde çift yönlü güç akıĢı sağlanır ve bu kontrol metodlarının her biri farklı 

algoritmalara sahiptir. Son zamanlarda ise kontrol metodları, matematiksel 

denklemlerin kompleksliği artırılarak ya da sistemde kullanılan materyallerin yapıları 

değiĢtirilerek geliĢtirilmektedir. Bu çalıĢmalar doğrultusunda en sık kullanılan 

kontrol metodlarını karĢılaĢtırmak, çift yönlü doğru akım dönüĢtürücüsünün 

verimlilik çalıĢmalarına katkı sağlayacaktır. Bu tez çalıĢmasının ana amacı farklı faz 

kaydırıcı kontrol metodlarının tek faz izoleli çift yönlü tam köprü doğru akım 

dönüĢtürücüsü üzerine uygulanması ve bu kontrol metodlarının Ģok giderici 

kapasitörler kullanılmadan maliyet düĢürülerek verimlilik yönünden 

karĢılaĢtırmaktır. 

Bu tez çalıĢmasında izoleli çift yönlü doğru akım dönüĢtürücüsü topolojisi 

modellenmiĢ olup tüm kontrol metodları FORTRAN programlama diliyle 

yazılmıĢtır. 

Elde edilen sonuçlara göre Ģok giderici kapasitörler olmadan DPS ve EPS 

kontrol metodlarının verimlilik sonuçları neredeyse eĢit ve SPS kontrol metodundan 

yüksek olduğu tespit edilmiĢtir. Bu durum bu tez çalıĢmasının keĢfedilmiĢ ve 

yenilikçi bir yönünü göstermektedir.   

Anahtar Kelimeler: Çift Yönlü Doğru Akım DönüĢtürücüsü, Faz Kaydırmalı 

Kontrol Metodları, Verimlilik, KarĢılaĢtırma 
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1. INTRODUCTION 

1.1.Overview 

From the production of electrical energy to consumption of electrical energy 

in all stages (transmission and distribution are included), the existence of continuity, 

stable frequency and voltage values and  voltage and current pure sine waveforms are 

not a problem of power quality of having a rough definition. Power quality 

components (Continuity of supply of electrical energy, frequency, the effective value 

of voltage, sags and swells are temporary formed at voltage, sudden voltage changes, 

phase-to-phase imbalance, harmonic components in voltage and current waveforms, 

flicker) are continuously rated values remain constant (frequency, voltage, etc…) or 

not (sag and swells, sudden voltage changing, imbalance, flicker) or 100% continuity 

of supply (never be power block out) is an ideal situation that does not applied to any 

existing electrical system in the world. 

In recent years, different types of power hybrid electric vehicles, 

uninterruptable power supplies, fuel cells, solar panel cells as energy sources are 

searched in order to improve the quality of power at the transmission and distribution 

lines and other areas and those systems’ devices have been developed day by day. In 

these systems, for maximum efficiency in cases of charge and discharge via bi-

directional voltage system between storage elements and direct current way require 

independent power sources. That's why bidirectional dc-dc converters between 

different dc sources provide energy exchanging and control mechanisms. These 

restrictions on the systems reveal importance of energy efficiency (Lee et. al., 2006). 

Thus, researchers design a lot of different topologies and control methods for 

improving the converter system in literature. 

Generally bi-directional dc-dc converters are isolated and non-isolated stand and 

they are divided into various topologies. (buck, boost, buck-boost, cuk are non-

isolated; forward, push-pull and flyback are isolated.) These topologies are evaluated 

in order to use at maximum efficiency in systems which are improved to increase 

performance by changing some properties on it day by day and produced new 

topologies. Occurring power losses during energy transfer should be reduced for 
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working bidirectional dc-dc converter with maximum efficiency. For this, 

equipments of the system should be chosen by using the best way and it must be easy 

to operate and applicability. However, under these conditions, the resulted system is 

healthy and can work in an efficient manner. 

 

1.2.Purpose of Thesis 

Bidirectional dc-dc converter is proposed by Matsuo in 1984. In this study, 

two bidirectional dc-dc converters are connected to battery and it is used for 

increasing dc voltage between solar system and load (Matsuo et. al., 1984). 

In this thesis work, bidirectional dc-dc converter simulation studies are 

performed. A lot of topologies are worked with various control methods in literature. 

Therefore, these topologies and control methods are introduced firstly in order to 

emphasize place of this work in the literature. 

In recent years, working principles of bidirectional dc-dc converters are 

improved for increasing system efficiency. At this point, calculation of system 

components, mitigation of power losses and improvements on control methods play 

an important roles for developing bidirectional dc-dc converters. According to these 

studies, isolated full bridge dc-dc converter topology that is the most common used 

topology in literature is investigated in this thesis work. Moreover, new type of 

Proportional-Integral (PI) based control methods are researched and phase shift 

control methods are applied to the full bridge topology. These control methods are 

performed by using PSCAD/EMTDC simulation program and compared each other 

by measuring voltages and currents waveforms, triggering signals, power losses, 

efficiencies at different frequencies. Design of the system components are also 

calculated and modes of operation are defined for the main buck-boost structure by 

using these three different phase shift control methods that are Single Phase Shift 

(SPS), Extended Phase Shift (EPS) and Dual Phase Shift (DPS). 
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1.3.Outline of the Thesis 

After the introduction section, the outline of the thesis is organized as 

follows;  

In second chapter, BDC working principles and using areas of BDCs are 

introduced for defining importance of BDCs at power quality issue. Then, literature 

survey on BDC topologies and their control methods are presented. There are a lot of 

different BDC topologies in literature and common used topology is studied in this 

thesis in order to provide more contribution to literature. 

In the third chapter, firstly the circuit topology of the proposed BDC is 

investigated. Secondly, the design of circuit elements are presented. Thirdly, 

conduction and switching loss calculations are presented and finally, analysis of 

simulation parameters are defined in detail. 

The fourth chapter presents phase shift control methods and their simulation 

results with single phase full bridge BDC topology. In this chapter, input – output 

voltages, IGBTs, inductors and capacitors current waveforms are demonstrated by 

PSCAD/EMTDC simulation graphics. Moreover, system efficiencies are calculated 

for different frequency levels with power loss calculations in order to compare these 

control methods each other.    

In the fifth chapter, comparison of the phase shift control methods is 

presented with tables by giving system parameters, settling times of dc link voltages, 

switching and conduction losses and efficiencies at different frequency values. 

In the sixth chapter, conclusions of the thesis are given and the future work 

studies are discussed.  

Finally all references used in this thesis study are presented. 
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2. LITERATURE SURVEY 

2.1. Bidirectional DC-DC Converter 

Most of the existing bidirectional DC-DC converters classified as the generic 

circuit structure illustrated at Figure 2.1 that is characterized by current fed or 

voltage fed on one side. Bidirectional DC-DC converters work buck or boost type. 

Buck type converters decrease voltage from high voltage side to low voltage side and 

boost type converters increase voltage from low voltage side to high voltage side. 

 

Bidirectional

 DC-DC Converter
V1 V2

I1 I2

Forward Power Flow

I1<0 , I2>0

Backward Power Flow

I1>0 , I2<0
 

Figure 2.1. Illustration of Bidirectional Power Flow 

  

Switches that is located in the above box, provide bidirectional power flow in 

converter model. They carry current on both directions. It is usually used 

unidirectional semiconductor power switch MOSFET (Metal-Oxide-Semiconductor-

Field-Effect-Transistor) or IGBT (Insulated-Gate-Bipolar-Transistor) in parallel with 

a diode for double sided current flow. Because the double sided current flow power 

switch is not available.    

 In the literature, these converters usually used with fully controlled elements 

and generally used DC PWM control method. It produces stable or adjustable and 

isolated or non-isolated dc voltage. According to control method, it can be seen 
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fluctuations at output voltage. Also current waveform of input side shows 

fluctuations too. So, it can be summarized as follows.   

DC-DC Converters are classified as single domain, double domain and triple 

domain chopper circuits and these classification is shown in Figure 2.2. 

 

 
DC-DC CONVERTERS

 
 

Non-Isolated
 

 
Isolated

 

 
Bidirectional DC-DC Converters 

(with inverter circuit)
 

 
Buck

 

 
Boost

 
 

Buck-Boost
 

 
Cúk

 

 
Forward

 

 
Flyback

 

 
Half-Bridge

 

 
Cúk

 

 
Full-Bridge

 
 

Push-Pull
 

 
Buck-Boost

 

Unidirectional DC-DC 
Converters

 
Figure 2.2. Classification of DC-DC Converters with Block Diagrams 

 

Generally DC-DC converters are isolated and non-isolated stand and they are 

divided into various topologies. (usually buck, boost, buck-boost, cuk are 

nonisolated; forward, push-pull and flyback are isolated.) These topologies are 

evaluated in order to reach maximum efficiency in systems. Thus, changing materials 

of circuit elements and production of new topologies help to improve efficiency. 

Occurring power losses during energy transfer should be reduced for working 

bidirectional DC-DC converter with maximum efficiency. For this, equipments of 

the system should be chosen by using the best way and it must be easy to operate and 

applicability. Under these conditions, the resulting system is healthy and can work in 

an efficient manner.  

Bidirectional DC-DC converters are used in a lot of parts in industrial 

applications such as hybrid or electrical vehicles, renewable energy sources (solar 

and wind energy), power electronic equipments with battery systems, etc… 

Figure 2.3 shows using areas of dc-dc converters at industrial applications. 

According to necessity of the system using of DC-DC converters are changeable. So, 
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they can be used as unidirectional, bidirectional, isolated, non-isolated, half bridge, 

full bridge, three phase or cascade by creating different or new topologies with 

control methods. 

Fuel Tank

Engine Generator AC 

DC

DC Traction 
motor

Mechanical 
TransformationDC 3-AC 

DC

Battery 
Pack

DC
AC

wheel

wheel

(a) 

 

AC

Wind Turbine

Uncontrolled 
Rectifier

Id

Vd
S1

D

DDC-DC Boost

Vdc

3 phase

Ibat

Q1

Q2

Ia

Ib

Ic

Vab

Vbc

Load1

Load2

Load3

LC Filter

DC-DC Converter

Battery

(b) 

 

Solar cell 
array

DC
AC DC 

AC
AC 

DC

Utility

LoadHigh frequency transformer

DC-DC Converter DC-AC 
Inverter

 
(c) 
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Bidirectional 
DC-DC 

Converter 
(BDC)

Energy 
Storage DC-AC 

Converter

Isolation 
Barrier 

Line frequency 
transformer

AC 
Grid

 
(d) 

Figure 2.3. Using DC-DC converters of various industrial applications 

(a) General Configuration of an Electric Vehicle (NPTEL, Module 4, 

Lecture 9)  

(b) Power circuit topology of a variable speed stand-alone wind energy 

supply system (Hussein et. al., 2013) 

(c) Using of DC-DC converter with high frequency transformer at 

photovoltaic system (Shen et. al., 2011) 

(d) Basic structure of an energy storage device connected to an ac grid 

through a line frequency transformer (Karshenas et. al., 2011) 

 

Moreover, Figure 2.4 shows general usage of DC-DC, DC-AC and AC-DC 

converters with operational components such as mobile phone, laptops, desktops and 

television. Some electronic components include multiple DC-DC converters since 

they have different operating voltages. Therefore, the input and output voltages can 

be used by increasing or decreasing. Also different types of AC-DC and DC-AC 

converters are used for necessities of electronic devices. 
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Power Conversion Devices
Inside Electronic Equipments

Key Point: The different circuits of electronic 
equipment use different operating voltages, so 

they contain multiple DC-DC converters.

AC
AC rectification 
and smoothing 

circuits
DC

Unstable 
DC

DC-DC Converter DC

Stabilized 
DC

DC-DC Converter DC

AC-DC Power Supply

DC Input / DC Output

AC Input /
DC Output DC DC-AC Converter AC

Voltage and Current 
Conversion

Voltage and Current 
Conversion

Conversion from DC to AC
DC Input /
AC Output

The switching format is the most commmonly used, so such power 
supplies are called switching power supplies. Switching power 
supplies are used as power supply units in desktop PCs, office 
equipment, factory automation equipment and many other devices. 
There are various types including the case type, open frame type and 
circuit board type.

High voltages are required to illuminate the 
backlights of liquid crystal televisions, so 
current is converted to alternating current 
and the voltage is stepped up using a 
transformer. 

AC Input Devices

DC Input Devices

 

Figure 2.4. General Usage of DC-DC, DC-AC and AC-DC Converters (TDK Power 

Electronics World) 

 

2.2.  BDC Topologies 

Different types of bidirectional isolated DC-DC converter topologies are 

studied by researchers. These studies provide to obtain maximum efficiency for 

fulfilling different application needs. But some topologies are common used because 

their analysis and practicability are simple. Therefore, these different bidirectional 

dc-dc converter topologies are introduced briefly at this chapter. 

 In the literature, the mostly used topologies are summarized at Tan et. al., 

2011. According to this study, energy storage system topology, full bridges and half 

bridges topologies are given with their working principles. Moreover, its 

experimental setup consists of three-phase PWM converter with Li-ion battery bank 

at the low voltage side and single phase shift control method is used. 

First of all, common used topology is full bridge, voltage source BDC. Figure 

2.5 shows the converter model and this topology is studied in this thesis work 

without snubber capacitors. 
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P

N:1

V1 V2

S1

S2

S3

S4

S5

S6

S7

S8

C1 C2L1 L2

 
Figure 2.5. Full Bridge, Voltage Source BDC Topology 

 

Figure 2.5 demonstrates full bridge topology with high frequency isolation 

transformer that is proposed in (De Doncker et. al., 1991) and (Kheraluwala et. al., 

1992). The DC-DC converter provides zero voltage switching (ZVS) by using 

parasitic or external snubber capacitors to minimize losses. It can be used electric 

double layer capacitors and batteries. Thus, this topology usually preferred for 

various applications. The bidirectional isolated DC-DC converter has an optimal 

operating point when the voltage ratio of input and output voltages is equal to 

transformer turn ratio. It is also capable of high power transfer when using simple 

phase shift method. This method is useful, even for the half-bridge bidirectional 

isolated DC-DC converters. This converter is not suitable for low power applications. 

Because it gives poor efficiency. Therefore, for example, EV and HEV use this 

topology in order to obtain better efficiency. 

Figure 2.6 presents bidirectional isolated DC-DC converter based on a series 

resonant converter that has been considered as an interface between a low voltage 

bus (11-16 V) and a high voltage bus (220-447 V) in HEVs and EVs (Krismer et. al., 

2005). The drawback of the converter is that the series capacitor has to handle the 

full-load current, leading to increasing volume and cost. 
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S1

S2

P = 2 kW

N:1

V1 V2

11-16 V 220-447 V

C1

S3

S4

C3
L1 L2 C4

S5

S6

S7

S8

C2

 
Figure 2.6. Bidirectional isolated DC-DC converter based on a series resonant 

converter 

V1

8-16 V 255-425 V

V2

N:1

P = 5 kW

20 kHz

S1

S2

S3

S4

S5

S6

S7

S8

C1

C2C3 C4L1 L2

S9

L3

 
(a) 

V1 V2

N:1

P = 3 kW

55 kHz

8.5-15 V 250-450 V

S1

S2

S3

S4

S5

S6

S7

S8
C1 C5

C2C3 C4L1 L2

L3

R

D

 
(b) 

Figure 2.7. Full bridge bidirectional isolated DC-DC converter with a current source 

converter at low voltage side and a voltage source converter at high 

voltage side. 

(a) Employing an active-clamp snubber 

(b) Employing a passive-clamp snubber 

 

 Figure 2.7 shows the current source (boost) full-bridge converter with an 

active-clamp snubber (Wang et. al., 1998) and a passive clamp snubber (Zhu et. al., 
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2006) to fulfill high power, high current and a high voltage conversion ratio of a 

fuel-cell vehicle system. Moreover, the authors of (Wang et. al., 1998) proposed the 

dc-link inductor should be placed at the low voltage battery side to improve the 

battery charging efficiency and minimize the ripple current. But, the low voltage side 

of the converter suffer from high transient voltage that necessitates the active or 

passive clamping snubbers. 

Figure 2.8 explains the bidirectional isolated dc-dc converter employed for an 

EDLC energy storage system (Rufer et. al., 2002). The voltage source converter is 

connected to the high voltage side, while the current source converter is connected to 

the EDLC bank with a decoupling inductor. Although ZVS is achieved at the high 

voltage side, the conduction loss in the current source converter is non-negligible due 

to the series connection of a diode with each IGBT. 

100 V

EDLC
Bank

33 kW

20 kHz

High Voltage Side

Low Voltage Side

S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

S11

S12

L1

L2

C1

C2

C3

D1

D2

D3

D4

D5

D6

D7

D8

Figure 2.8. An EDLC energy storage system for elevators, employing a combined   

voltage and current source bidirectional isolated DC-DC converter       

 

20 kHz

P=1.6 kW

12 V 340 V

S1

S2

S3

S4

C1

C2

C3

C4

C5

L

Figure 2.9. Half-bridge bidirectional isolated DC-DC converter for battery and fuel 

cell  applications 

 



2. LITERATURE SURVEY                                                    Rahmi Ġlker KAYAALP 

 

13 

10 – 15 V

150 – 400 V
20 kHz

P=2 kW

S1

S2

S3

S4

L1

L2

L3

C

D1

D2

 
Figure 2.10. Asymmetrical bidirectional isolated dc-dc converter with a low 

component count for fuel cell electric vehicles 

 

Figure 2.9 indicates half bridge bidirectional isolated DC-DC converter for 

battery and fuel cell applications (Li et. al., 2003), (Peng et. al., 2004). The low 

voltage side is a current source half bridge converter that functions as a boost 

converter and an inverter. The high voltage side is a voltage source half bridge 

converter. Lossless snubber capacitors are used to achieve ZVS in the converter. A 

20 kHz high frequency transformer isolates the low voltage side and the high voltage 

side. Power is transferred by the simple phase shift method, in a similar way with the 

full bridge DC-DC converter. The half bridge topology has a minimum count of 

active devices and ZVS is achieved without additional active devices. It has the same 

total device rating as the full bridge topology and a reasonable ripple DC current at 

the low voltage side.  

If the battery voltage is lower than 12 V, it may be reasonable to employ this 

topology. But, the half bridge topology may not be suitable for connection with 

higher battery voltages because MOSFETs with a higher blocking voltage will be 

required, thus increasing device loss. Also the split DC capacitors in the half bridge 

topology have to withstand the rated current value. This would be a burden for the 

capacitors at the low voltage low voltage, high current side. Additionally, voltage 

balancing circuits may be required for the split capacitors on low-voltage and high-

voltage sides. The buck and boost operations of the converter in (Figure 2.9) have 

been verified at the rated power of 1.6 kW. Also an efficiency of more than 94% was 

achieved at the rated power. 

Figure 2.10 shows a 2 kW asymmetrical half bridge bidirectional isolated 

DC-DC converter (Chiu et. al., 2006). The efficiency of the converter varies between 

88% and 96% for power transfer between 200 W (10%) and 2 kW (100%). This 
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converter topology is asymmetrical, and the low voltage side switches are subjected 

to a higher voltage stress which would make the topology inappropriate for 

applications to batteries with higher voltage rating. In addition, two inductors are 

required at the low voltage side and a series blocking capacitor is required to prevent 

transformer saturation. A significant increase at the capacitor size may not be 

acceptable for high power applications. 

 

2.3. BDC Control Methods 

In bidirectional DC-DC converter literature, a lot of various control methods 

are tried for improving system efficiency. Generally they use pulse width modulation 

(PWM) method and using control methods are single (traditional) phase shift (SPS) 

(Zhao et. al., 2010), extended phase shift (EPS) (Reddy et. al., 2013), dual phase shift 

(DPS) (Bai et. al., 2008), triple phase shift (TPS) (Wu et. al., 2012), PWM plus phase 

shift (PPS) (Dehong et. al., 2004), direct current slew rate control (DCSR) (Lingyu 

et. al., 2014), sliding mode control (SMC) (Wang et. al., 2015), phase-shifting shoot-

through bivariate coordinated control  (PSBCC) (Zhao et. al., 2012), etc… 

In addition to these control methods, it can be created various control 

methods or novel switching signals generation methods (Meral et. al., 2009). But 

above control methods are commonly used. 

General expressional, how can be done transistor triggering is demonstrated 

at Figure 2.11 for introducing aim. 

C

Controller

Gating Signal to Q1

Gating Signal to Q2

Pulses

NOT
GateVdc

Vdcref

 
Figure 2.11. General Control Method for triggering transistors in Bidirectional DC-

DC Converters 
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Figure 2.11 presents block diagram of triggering signals for IGBTs. Firstly, 

measured value is extracted from reference value and then it can be evaluated by 

control method. Then, switching pulses are produced. If the two IGBTs are named 

with Q1 and Q2, Q2 should be taken opposite signal. So, the not gate is needed for the 

opposite signal. 

Phase-Shift control methods (SPS, EPS and DPS) will be studied detailed at 

4
th

 Chapter and other control methods can be introduced below. 

Triple phase shift (TPS) control is used for improving system efficiency to be 

better than SPS, EPS and DPS. (Wu et. al., 2012) defined three phase shift angles in 

the paper. The first phase shift angle between the primary control signal and the 

corresponding secondary control signal. For example, if all switches are named like 

Figure 3.1 between Q1 and S1 in dual active bridge topology, the second is the phase 

shift between the diagonal control signals in the primary power circuit. Moreover, Q1 

and Q4 produce the third phase shift angle between the diagonal control signals in the 

secondary power circuit, also between S1 and S4 too. Additionally, one period of the 

converter is separated into eight stages and these stages are described in this paper.  

Briefly, phase shift angles are produced for defining TPS by using different 

methods and its mathematical complexity is harder than DPS. But it is useful for 

possible arbitrary parameters change in nonlinear systems. 

PWM plus phase shift control (PPS) is used in the reference (Dehong et. al., 

2004). In this control method, PWM control and phase-shift control are combined to 

reduce current stress, conduction losses and expand ZVS range. Compared with SPS 

control, PPS control can reduce RMS currents of the converter. The losses of the 

converter can also decrease. Moreover, converter can achieve ZVS in larger load 

variation. In PPS control, all switch devices are assumed as ideal switches with 

paralleled diodes and capacitors. The inductance is composed of the leakage 

inductance of the transformer and additional series inductance. Also the values of DC 

link capacitors must be chosen large in order to obtain small voltage ripples.  

This paper used variation of half bridge topology and its control block 

diagram is shown at Figure 2.12. In this figure, UC3875 generates signal g1 and g2. 

Signal g1 has leading phase according to the error signal of command power (Po*) 
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and actual power (Po) to signal g2. Signal g1 and g2 connect to UC3525 respectively. 

Signal g1 has the same phase vgs1 and signal g2 has the same phase as vgs3. The 

signal NV2/V1 modulates the duty cycles of vgs1 and vgs3. By inverting vgs1 and 

vgs3, it can be get other two gate signals. 

 

NV2

V1

UC3875 UC3525

UC3525

g1

g2

g3

g4

CD40106
6N137

CD40106
6N137

CD40106
6N137

CD40106
6N137

g5

g6 g8

g7

IR2110

IR2110

g9

g10

g11

g12

Vgs1

Vgs2

Vgs3

Vgs4

Po* Po
 

Figure 2.12. PPS control block diagram (Dehong et. al., 2004) 

 

Direct current slew rate control (DCSR) is given in reference (Lingyu et. al., 

2014). This control method provides lower conduction loss, lower peak current. The 

proposed topology consist of current-fed half bridge with active clamping circuits 

and a three-level half bridge topology. 1kW prototype is built and DCSR control 

method is employed. Working principle of DCSR is similar with DPS but (Lingyu et. 

al., 2014) explained implementation is easy with using the proposed topology. 

Therefore, control strategy based on the proposed topology, the voltages of HVS 

power devices are balanced perfectly. 

S1, S2, S3 and S4 are defined as high voltage side switches, Q1, Q1a, Q2, Q2a are 

defined as low voltage side switches according to proposed topology in Figure 2.13. 
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Figure 2.13. DCSR control block diagram (Lingyu et. al., 2014) 

 

 Sliding mode control (SMC) is used in reference (Wang et. al., 2015). This 

control method is based on extended state observer (ESO). In this paper, it is studied 

mismatch disturbance rejection problem of the DC-DC buck converter. A novel 

sliding control composed of following two steps. First, ESO is employed to estimate 

the mismatched and matched disturbances, respectively. SMC is then designed for 

DC-DC buck converter system based on the disturbance observation. This control 

structure is shown in Figure 2.14, where the voltage and current information can be 

obtained from sensors, and the control output will generate PWM signal.  

 

SMC PWM
DC-DC 
Buck 

Converter
Vs(t)

Vr

Vs(t)

ESO
-1/RoC

iL(t)

iL(t)

iL(t)

d2(t)

d1(t)

μ(t)

 
Figure 2.14. SMC control block diagram (Wang et. al., 2015) 

 

Phase-shifting shoot-through bivariate coordinated control (PSBCC) is used 

in reference (Zhao et. al., 2012). This control method is used full bridge bidirectional 

DC-DC converter passive clamp circuit with two unique switched impedance 

networks on both sides and it is named by Z-source isolated bidirectional DC-DC 

converter (SZIBDC). This topology is useful for preventing current backflow and 
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extra two switches (G11-G12), (G21-G22) are used at both directions. Moreover, boost 

factors α and β are used for defining control modes of PSBCC. Figure 2.15 shows the 

PSBCC block diagram and effect of control strategy is given. 

 

U1 U2

Z-source
network Inverter

High-Frequency
Transformer

Rectifier
Bridge

Filter
 Network

Phase-Shifting
Shoot-Through

Modulator

Phase-Shifting
Shoot-Through

Control Algorithm

Control Status 
Identification

Voltage
Sample

D1

G11=1
G12=0

G21=1
G22=0 S11, S12, S13, S14  S21, S22, S23, S24

-U2

U2ref

∆U2SF

α β 

αp βp

Figure 2.15. PSBC control block diagram (Zhao et. al., 2012) 
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3. MODELLING OF BIDIRECTIONAL DC-DC CONVERTER 

 

In this chapter, single-phase full-bridge bidirectional isolated buck-boost dc-

dc converter topology is given and its designing parameters are calculated. 

Mathematical analysis of power losses are also included. 

  

3.1 Circuit Topology 

 

Single-phase full-bridge bidirectional isolated buck-boost DC-DC converter 

topology (Figure 3.1) contains high frequency isolated transformer in order to 

provide smooth current flowing and the transformer is generally used 1:1. Therefore, 

1:1 isolated transformer is used at this study. Authors sometimes use transformers 

with different winding ranges. For example, 6:1 transformer studied at three-phase 

system (Tan et. al., 2010). Moreover, one of the two full-bridge construction includes 

4 IGBTs and the other H-bridge has 4 IGBTs too. Totally 8 IGBTs are triggered by 

cosine signals. These signals can be different (1 or 0) according to control method 

algorithm that is created to fulfill the working necessities. Moreover, conditions of 

switches are represented by power flow ways. For PF1: A1 and B2 are ON, A2 and B1 

are OFF. For PF2: A1 and B2 are OFF, A2 and B1 are ON. R1=R2=20ohm. In this 

thesis, snubber capacitors did not use for triggering. The effect of the snubber 

capacitors decrease switching losses. Thus, the aim of the study is comparing 

efficiencies of phase shift control methods and snubber capacitors can be great 

affected to efficiency study on phase shift control methods. Namely, the effect of 

snubber capacitors will be explained for the efficiency at this chapter. Also, two 

inductors and two dc link capacitors are used at this circuit topology. Describing of 

inductors and capacitors will be calculated at Section 3.2.   

The aim of the converter is converting DC voltage to another DC voltage by 

increasing (boost mode) or decreasing (buck mode). These operation modes are 

important for working of the converter because characteristics of current and voltage 

waveforms change their shapes according to these modes. 
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Figure 3.1. Circuit Topology of Single-Phase Full-Bridge Bidirectional Isolated 

Buck-Boost DC-DC Converter 

 

If the system works at low to middle power rating applications, MOSFETs 

can be used instead of IGBTs. When only MOSFETs are used in the circuit, both 

stage A and stage B of the converter can be snubberless. Hence, it provides 

minimizing switching losses. Like high voltage side of the Fig 2.8, from Table 3.1, it 

can be clearly seen that if symmetrical (zero voltage switching + zero current 

switching) ZVS+ZCS soft-switching techniques could be achieved in a BDC, 

regardless of the direction of power flow (Chen et. al., 2010).  

 Power Flow 1: ZVS for Inverting Stage A, ZCS for Rectifier Stage B. 

 Power Flow 2: ZVS for Inverting Stage B, ZCS for Rectifier Stage A.  

 

Table 3.1. Soft Switching Technique Combination According to the Applied Power 

Devices (Chen et. al., 2010) 

BDC Type 

As Input 

Inverting 

Choppers 

As Output 

Rectifier 

Switches 

Preferred soft-

switching techniques 

(For inverting 

choppers + For 

rectifier switches) 

MOSFET+MOSFET MOSFET MOSFET (SR) ZVS+ZCS 

MOSFET+IGBT (with anti-

paralleled diode) 

MOSFET 

Anti-paralleled 

Diode (IGBT 

disabled) 

ZVS+ZCS 

IGBT MOSFET (SR) ZCS+ZCS 

IGBT(with antiparalleled 

diode)+ IGBT(with 

antiparalleled diode) 

IGBT 

Anti-paralleled 

Diode (IGBT 

disabled) 

ZCS+ZCS 
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3.2. Defining of Circuit Elements 

3.2.1. Inductance Calculation 

The inductor design has a significant impact on a system performances, such 

as realization of complementary control ZVRT (Zero Voltage Resonant Transition) 

soft switching, device switching loss, system volume, inductor power loss, etc… It is 

necessary to optimize the inductance with all the design considerations. 

The relationship between inductor peak current Ipeak, minimum current Imin, 

and inductor RMS current IRMS can be expressed in 3.1-3.5, where Ts is the switching 

period, ILoad is load current, P is the load power and ∆I is the inductor current ripple. 

 

 ∆I sw

in

ooin T
V

V

L

VV





2

1
 (3.1.) 

 

o

Load
V

P
I   

(3.2.) 

 

 Loadpeak II  ∆I 

 

(3.3.) 

 

 LoadIImin  ∆I 

 

3

2
2 I

II LoadRMS


  

 

(3.4.) 

 

 

(3.5.) 

 

Where (Zhang, 2008): 

∆I : Inductor current ripple 

Vin : Input voltage 

Vout : Output voltage 

Tsw : Switching period 

IRMS : Inductor root mean square current 
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Ipeak : Inductor peak current 

Imin : Inductor minimum current 

ILoad : Load current 

 

The optimization of the inductor design should satisfy the following 

conditions: zero voltage switching condition under all operating conditions and 

lowest volume. 

Data sheets often give a range of recommended inductor values. If this is the 

case, choose an inductor from this range. The higher the inductor value, the higher is 

the possible maximum output current because of the reduced ripple current. 

Normally, the low inductor values cause to the small size. Note that if the 

inductor value decrease, the peak current increases. 

For device data sheets, where no inductor range is given, an inductor that 

satisfies both buck and boost mode conditions must be chosen. Select the largest 

value of inductance calculated from either equations (3.6) and (3.7). 

Buck Mode: 

For buck mode, the following equation is a good estimate for the right 

inductance value. 

 

outinswind

outinout

IVFK

VVV
L






max

max )(
 

(3.6.) 

 

Where: 

Vinmax : Maximum input voltage 

Vout : Desired output voltage  

Iout : Desired maximum output current 

Fsw : Switching frequency of the converter 

Kind : Estimated coefficient that represents the amount of inductor ripple current 

relative to the maximum output current. 

A good estimation for the inductor ripple current is 20% to 40% of the output 

current, or 0.2<Kind<0.4. (Green M., 2012) 
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Boost Mode: 

For boost mode following equation is a good estimate for the right 

inductance. 

 

outoutswind

inoutin

IVFK

VVV
L






2

min

2

min )(
 (3.7.) 

 

Where: 

Vinmin : minimum input voltage 

Vout : desired output voltage  

Iout : desired maximum output current 

Fsw : switching frequency of the converter 

Kind : estimated coefficient that represents the amount of inductor ripple current 

relative to the maximum output current. 

A good estimation for the inductor ripple current is 20% to 40% of the output 

current, or 0.2<Kind<0.4. (Green M., 2012) 

There is a formula that is used in (Inoue et. al., 2007) for calculating input 

and output inductors with phase-shift angle. 

 








 




 )(21

wL

NVV
P  (3.8.) 

 

Where; V1 and V2 are input and output voltages while considering buck and 

boost modes, N is high frequency transformer turn ratio, L is sum of the transformer 

leakage inductance and auxiliary inductor, δ is a phase shift angle and finally w is 

equal to 2πf. δ is presented to 5.78μs (charging mode) and 7.35μs (discharging mode) 

at (Tan et. al., 2012). Thus, δ can be chosen between 4μs and 8μs for buck and boost 

modes of the converter.  
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Using the below equation for calculating inductors at buck and boost modes; 

 

2

21

2

))((
2










fP

NVV
LLL AuxiliaryTrans  (3.9.) 

 
 

 

For Buck Mode: 

P=15kW, V1=200V, V2=160V, N=1, δ=4.6, f=20kHz, LTrans=1.6μH  L1=18μH 

For Boost Mode: 

P=15kW, V1=100V, V2=160V, N=1, δ=5.1, f=20kHz, LTrans=1.6μH  L2=12μH 

L1 and L2 are equal to LAuxiliary  at equation (3.9.). 

 

3.2.2. DC Link Capacitors Calculation 

Firstly, the basic capacitor equation which is known. Capacitor current, ic can 

be expressed as capacitor value, C times derivative of the voltage across this 

capacitor, Vcap. 

 

dt

dV
Ci

cap

cap   (3.10.) 

 

Extracting the capacitance C can be calculated as; 

 

cap

cap

dV

dti
C   

(3.11.) 

 

At equation (3.11.) dVcap is voltage ripple across the capacitor and it is known 

for a design. Generally, small capacitor values give rise to bigger voltage ripple and 

this bigger voltage ripples cause to transfer more harmonics at the ac side load. 

Therefore, both small capacitor and low harmonics to the load are necessary. 

Obviously, a contradiction occurs and designers should consider this condition. 
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However, the ripple voltage of the converter is generally determined and the 

equation (3.12.), (3.13,) can be used for buck and boost modes in order to calculate 

input and output capacitors. In this way, creating of two capacitor values is possible 

if it is used C1=Cinput, C2=Coutput for buck mode and C1=Coutput, C2=Cinput for boost 

mode.  

Input capacitor (Cinput) and output capacitors (Coutput) are calculated as (Rafiq M. and 

Ul Hasan M. F., MSc Thesis); 

 

o

swL
input

V

TI
C






8
 (3.12.) 

 

o

sw
output

V

DTI
C


 0

 
(3.13.) 

 

For Buck and Boost Modes: 

∆IL should be calculated for finding Cinput. Thus, equation (3.1.) should be 

used firstly. 

 

20000

1

200

160

1018

160200

2

1
6







LI  
(3.14.) 

 ∆IL = 44.4A 

And by using equation (3.12.); 

 

mFCinput 70
200001096.38

4.44
3







 (3.15.) 

 

Equation (3.18.) should be used for calculating Coutput. But, duty cycle D should be 

calculated firstly and equation (3.16.) presents duty cycle formula.  

 

o

in

V

V
D


1  

 

(3.16.) 
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           975.0
160

20002.0
1 


D                                                                           (3.17.) 

 

And substituting this value into equation (3.13.); 

 

mFCoutput 180
200001096.3

975.062.14
3









 

(3.18.) 

Consequently, C1=70mF , C2=180mF for buck and boost modes of SPS control. 

 

3.2.3. Effect of Snubber Capacitors 

Generally, larger capacitances cause to reduce turn-off losses, but it should 

reduce turn-on losses too. The present aim is reducing the total of turn-off and turn-

on losses. The snubber design can be simply done with energy equation that is charge 

balance of Cv
2
 and 1/2Li

2 
shown at (3.19.) (Zhang, 2008). 

 

22

2

1
iLvC   

(3.19.) 

 

Here v is capacitor voltage and i is inductor current. 

This calculation can be done for small capacitance values or total elimination 

of snubber capacitors, which is good for power MOSFETs. But this charge balance is 

insufficient to minimize the switching loss for significant IGBT tail current. For this 

case, an experimental research was made to determine better snubber capacitors at 

turn-on and turn-off losses under hard and soft switching conditions (Zhang, 2008). 

In this study, five cases were tested experimentally for snubber capacitor 

optimization. 0.14μF, 0.1μF, 0.068μF, 0.033μF and 0F capacitors were tried. The 

prototype with 0.068μF gave the best efficiency result. Figure 3.2 shows turn-on and 

turn-off energy vs. current with various capacitance values (Zhang, 2008).  
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                         (a)                                                   (b)  

Figure 3.2. Turn-on and turn-off energy vs. current with various capacitance values 

(a) Turn-on energy vs. current 

(b) Turn-off energy vs. current          

 

According to the above graphics, using the most efficient snubber capacitor 

(0.068μF) affects 50% of the system performance. Therefore, if it is wanted to 

compare different phase shift control methods on efficiency, nonuse of snubber 

capacitors will be given better results at turn-off condition. In this way, this study 

measures efficiencies with or without using snubber capacitors. 

 

3.2.4. Power Loss Calculations 

3.2.4.1. IGBT and Diode Losses 

 

The IGBT and diode losses as well as the power losses in any semiconductor 

component can be divided in three groups: 

(a) Conduction Losses (Pconduction) 

(b) Switching Losses (Psw) 

(c) Blocking leakage losses usually neglected 

Therefore; 

 

SWConductiontorSemiconduc PPP                                                                                  (3.20.) 
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3.2.4.1.1. Conduction Losses 

 

 Important parameters can be read from the datasheet of IGBT, for calculating 

conduction losses of IGBT and anti-parallel diode. The instantaneous value of the 

IGBT conduction losses are; 

 

)()()()()(
2

0 tirtiutitutP CCCCECCECT   
(3.21.) 

 

The average IGBT current value is Icav and value of IGBT current is Icrms . 

Then the average power losses can be expressed as; 
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   
(3.22.) 

 

Same approximation, the instantaneous value of the diode conduction losses is 

 

)()()()()(
2

0 tirtiutitutP DDFDDDCD   
(3.23.) 

 

If the average diode current is IDav and the rms diode current is IDrms, the 

average diode conduction losses across the switching period (TSW=1/fSW) are 
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(3.24.) 
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3.2.4.1.2. Switching Losses 

 

The switching losses are obtained from production of switching energies and 

the switching frequency fsw.  

swoffTonTswT fEEtP )()(   (3.25.) 

 

 

swoffDonDswD fEEtP )()(   
(3.26.) 

  

Where the energy during on and off period can be written as, 

 

refref

inin
refononM

IV

IV
EE


  

(3.27.) 
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(3.28.) 

  

Erefon and Erefoff can be taken from datasheet of IGBT in order to calculate 

switching losses of both IGBT and diode. 

Total losses; 

 

swoffTonTcrmsCcavCEswTCTT fEEIrIuPPP )(
2

0   (3.29.) 

 

swoffDonDDrmsCDavDswDCDD fEEIrIuPPP )(
2

0   

 

(3.30.) 
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4. CONTROL METHODS AND SIMULATIONS 

 

In this thesis, the simulation model of the system is studied by using 

EMTDC/PSCAD 4.2.0 Professional software. In order to investigate the performance 

of Bidirectional Isolated DC-DC Converter, Single Phase Shift (SPS), Extended 

Phase Shift (EPS) and Dual Phase Shift (DPS) control methods are modeled, 

simulated and analyzed in PSCAD 4.2.0 program. All control methods are developed 

in FORTRAN language.  

 

4.1. Simulation Model 

 

The simulation results are obtained from the system given in Figure 4.1 by 

using PSCAD software in a way to compare the phase shift control methods effect on 

performance of the bidirectional isolated dual active bridge DC-DC converter. 
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Figure 4.1. Simulation Model of Isolated Bidirectional DC-DC Converter 

 

In this part of the thesis, modeling and analysis of different phase shift control 

methods are studied and simulated. Effects of phase shift control methods are 

compared on the performance of bidirectional DC-DC converter. Therefore, a lot of 

different cases should be examined in order to understand which phase shift control 

method is better than the others. Initially, each of the control methods will be 

introduced with the circuit parameters, triggering signals, switching states, buck-
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boost modes and calculation of phase shift angle codes. Moreover, all cases are given 

after the simulation results. Then, comparison results are given with tables in fifth 

chapter before conclusion.  

 

4.2. Single Phase Shift (SPS) Control 

 

SPS is common used control method for bidirectional dc-dc converters in 

literature. These researchers (Xie et. al., 2010), (Chan et. al., 2003), (Mi et. al., 

2008), (Zhao et. al., 2010), (Qin et. al., 2012), (Zhao et. al., 2014), (Wen et. al., 

2014), (Kheraluwala et. al., 1992), (Inoue et. al., 2007), (Tan et. al., 2012), (Bai et. 

al., 2008) used SPS control method. 

SPS control is operated by creating phase shift angle between Stage A IGBTs 

triggering signals and Stage B IGBTs triggering signals in Figure 4.1. In other words, 

when Q1 and Q3 are 1, Q2 and Q4 are 0. The same condition is valid for Stage B 

(when S1 and S3 are 1, S2 and S4 are 0.) But it contains addition of phase angle at the 

current or voltage waveform.  

These triggering signals are produced with reference signal that is created by 

addition of P and I parameters. These parameters are PI (Proportional-Integral) 

control parameters and P value is obtained from multiplication of Error and Kp 

constant value. But I is produced by addition of previous I value and multiplication 

of Ki, Ts and Error. Then, cos(wt) signal defines IGBT triggering signals according to 

conditions which are changeable. It can be bigger or smaller than 0 and IGBTs take 1 

and 0 values according to these conditions.  

In SPS control, reference signal is extracted from cosine function. In this way, 

phase shift angle is created between Stage A and Stage B of the bidirectional dc-dc 

converter. Fortran codes are demonstrated at 4.2.4. part. 

Moreover, SPS simulation and its control block diagram are shown at Figure 

4.2 and Figure 4.3 respectively. 
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Figure 4.2. PSCAD Simulation of SPS Control  
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Figure 4.3. SPS Control Block Diagram 

 

4.2.1. Triggering Signals 

In SPS control method, IGBTs triggering signals can be showed at Table 4.1 

and Figure 4.4. 

 

Table 4.1. Triggering Signals of IGBTs at SPS Control 

  

Stage A Stage B 

Q1 Q2 Q3 Q4 S1 S2 S3 S4 

1 0 1 0 1 0 1 0 
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Figure 4.4. Triggering Signals of IGBTs at SPS Control Method 

 

4.2.2. Switching States for Buck-Boost Modes  

 The switching cycle can be broken into 4 main intervals. During each of these 

4 intervals, two IGBTs on each of the bridges conduct. During the transitions 

between intervals, certain capacitors and diodes also conduct. In order to illustrate 

the logic behind this, the following diagrams and tables are given. The circuit 

diagrams are incomplete and intervals continue. Thus, the circuits which have same 

current ways, are omitted and these diagrams given at Figure 4.5 and Figure 4.6. 
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(a) Interval 1 (Inductor Current Negative, Vtrs=V1 , Vtrp=-V2) 
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(b) Interval 1 (Inductor Current Positive, Vtrs=V1 , Vtrp=-V2) 
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(c) Transition from interval 1 to Interval 2 (Ind. Current Negative, Vtrs=V1 , Vtrp=V2) 
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(d) Interval 2 (Inductor Current Positive, Vtrs=V1 , Vtrp=V2) 
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(e) Transition from Interval 2 to Interval 1’ (Ind. Current Negative, Vtrs=-V1, Vtrp=V2) 
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(f) Interval 1’ (Inductor Current Positive, Vtrs=-V1 , Vtrp=V2) 
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(g) Interval 1’ (Inductor Current Negative, Vtrs=-V1 , Vtrp=V2) 

Figure 4.5. SPS Switching States Current Diagrams for Buck-Boost Modes 
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Figure 4.6. Current and Voltage Waveforms During Intervals (Electronics 

Stackexchange Web Page) 
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Figure 4.6 parameters can be defined according to below equations for theoretical 

analysis. (Vp=Vtrs , Vs=Vtrp , iL=IL1 , Vi=V1 , V0=V2) 

 

4.2.3. Simulation Cases and Results 

Simulations are performed for the Table 4.2. Cases are changeable according 

to power flow way, buck-boost modes and parameters of circuit components. 

 

Table 4.2. Cases of SPS Control Simulation; PF1: Power Flow 1, PF2: Power Flow 2 

Converter 

Parameters 
V1 V2 C1 C2 L1 L2 n f 

PF1 
Buck 

Case1 200V 160V 70mF 180mF 18μH 12μH 1:1 20kHz 

Case2 300V 100V 70mF 180mF 18μH 12μH 1:1 10kHz 

Boost Case3 100V 160V 70mF 180mF 18μH 12μH 1:1 20kHz 

PF2 Buck Case4 160V 200V 70mF 180mF 18μH 12μH 1:1 20kHz 

Boost 
Case5 160V 100V 70mF 180mF 18μH 12μH 1:1 20kHz 

Case6 300V 100V 70mF 180mF 18μH 12μH 1:1 10kHz 

 

Simulation Results of Case 1: 

V1=200V, V2=160V, C1=70mF, C2=180mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 
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Figure 4.7. DC Link Voltages 
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Figure 4.8. Transformer Voltages and Primer Inductor Current with phase-shift angle 

(Period is T=t1+t2+t3+t4+t5+t6) 
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Figure 4.9. Transformer Voltages and Primer Inductor Current when the dc-link 

settling 
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Figure 4.10. DC-Link Input and Output Currents 
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Figure 4.11. Input and Output Power Waveforms 

 

Also, it is examined harmonics at primary side of the transformer and load 

side of the converter for this case. 

 

 

Figure 4.12. Harmonics Spectrum at Primary Side of Transformer 
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Simulation Results of Case 2: 

V1=300V, V2=100V, C1=70mF, C2=180mF, L1=18μH, L2=12μH, n=1:1, f=10kHz 
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Figure 4.14. DC Link Voltages 
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Figure 4.15. Transformer Voltages and Primer Inductor Current before the dc-link 

settling 
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Figure 4.16. Transformer Voltages and Primer Inductor Current when the dc-link 

settling 
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Figure 4.17. DC-Link Input and Output Currents 
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Figure 4.18. Input and Output Power Waveforms 
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Simulation Results of Case 3: 

V1=100V, V2=160V, C1=70mF, C2=180mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 
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Figure 4.19. DC Link Voltages 
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Figure 4.20. Transformer Voltages and Primer Inductor Current with phase-shift 

angle (Period is T=t1+t2+t3+t4+t5+t6) 
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Figure 4.21. Transformer Voltages and Primer Inductor Current when the dc-link 

settling 
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Figure 4.22. DC-Link Input and Output Currents 
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Figure 4.23. Input and Output Power Waveforms 
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Simulation Results of Case 4: 

V1=160V, V2=200V, C1=70mF, C2=180mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 
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Figure 4.24. DC Link Voltages 
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Figure 4.25. Transformer Voltages and Primer Inductor Current before the dc-link 

settling 
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Figure 4.26. Transformer Voltages and Primer Inductor Current when the dc-link 

settling 
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Figure 4.27. DC-Link Input and Output Currents 
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Figure 4.28. Input and Output Power Waveforms 
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Simulation Results of Case 5: 

V1=160V, V2=100V, C1=70mF, C2=180mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 
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Figure 4.29. DC Link Voltages 
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Figure 4.30. Transformer Voltages and Primer Inductor Current before the dc-link 

settling 
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Figure 4.31. Transformer Voltages and Primer Inductor Current after the dc-link 

settling 
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Figure 4.32. DC-Link Input and Output Currents 
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Figure 4.33. Input and Output Power Waveforms 
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Also, it is examined harmonics at primary side of the transformer and load 

side of the converter for this case. 

 

 

Figure 4.34. Harmonics Spectrum at Primary Side of Transformer 

 

 

Figure 4.35. Harmonics Spectrum at Load Side 
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Simulation Results of Case 6: 

V1=300V, V2=160V, C1=70mF, C2=180mF, L1=18μH, L2=12μH, n=1:1, f=10kHz 
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Figure 4.36. DC Link Voltages 
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Figure 4.37. Transformer Voltages and Primer Inductor Current before the dc-link 

settling 
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Figure 4.38. Transformer Voltages and Primer Inductor Current after the dc-link 

settling 

 

 0.9570 0.9575 0.9580 0.9585 0.9590 0.9595 

-0.30 

-0.20 

-0.10 

0.00 

0.10 

0.20 

0.30 
Idc2 Idc1

 

Figure 4.39. DC-Link Input and Output Currents 
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Figure 4.40. Input and Output Power Waveforms 
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4.2.4. Fortran Codes of SPS 

      #LOCAL REAL xVdc1_Err 

      #LOCAL REAL xP_dcdc 

      #LOCAL REAL xI_dcdc 

      #LOCAL REAL xRefdcdc 

 

      #LOCAL INTEGER xS1 

      #LOCAL INTEGER xS2 

      #LOCAL INTEGER xQ1 

      #LOCAL INTEGER xQ2 

 

      #LOCAL REAL xyA 

      #LOCAL REAL xyB 

      #LOCAL REAL xyphaseshift 

      #LOCAL REAL xfreq 

 

      #LOCAL INTEGER DCCounter 

         

      ! !!!!!!!!!!!!!!!! INPUTS !!!!!!!!!!!!!!! 

      xVdc1ref=$i1l 

      xVdc1=$i2l 

      xKp_dcdc=$i3l 

      xKi_dcdc=$i4l 

      xLimP_dcdc=$i5l 

      xLimN_dcdc=$i6l 

      xTs=$i7l 

      xTime=$i8l 

      xfreq=$i9l 

       

      ! !!! Taking Datas from Memory !!!!!!! 

      xI_dcdc = STORF(NSTORF) 

      DCCounter = STORI(NSTORI) 

 

      DCCounter=DCCounter + 1 

      IF (DCCounter == 50) THEN 

            DCCounter = 0 

       

      xVdc2_Err = xVdc2ref – xVdc2Fil 

      xP_dcdc = xKp_dcdc * xVdc2_Err 

      xI_dcdc = xI_dcdc + xKi_dcdc * xTs * xVdc2_Err 

      xRefdcdc = xP_dcdc + xI_dcdc 

 

      IF (xRefdcdc > xLimP_dcdc) THEN    

            xRefdcdc = xLimP_dcdc   

      ENDIF 

 

      IF (xRefdcdc < xLimN_dcdc) THEN 

            xRefdcdc = xLimN_dcdc 

      ENDIF 

      ENDIF 

           

      xyA=COS(6.283185307179586476925286766559*xTime*xfreq) 

      IF (xyA>=0) THEN 

      xS1=1 

      xS2=0 

      ELSE 

      xS1=0 

      xS2=1 

      ENDIF 

 

      xyB=COS(6.283185307179586476925286766559*xTime*xfreq-xRefdcdc) 

      IF (xyB>=0) THEN 

      xQ1=1 

      xQ2=0 

      ELSE 

      xQ1=0 

      xQ2=1 
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      ENDIF 

 

      ! !!!!!!!! Saving Datas !!!!!!!!!!!!!!!!!! 

      STORF(NSTORF) = xI_dcdc  

      STORI(NSTORI) = DCCounter  

 

      ! !!!!!!!! OUTPUT !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

      $o1r= xS1 

      $o2r= xS2 

      $o3r= xQ1 

      $o4r= xQ2 

      $o5r= xRefdcdc 

 

      NSTORF = NSTORF+1 

      NSTORI = NSTORI+1 

  

 4.3. Extended Phase Shift (EPS) Control 

EPS control method is harder than SPS control and it is not common in 

literature. These researchers (Zhao et. al., 2012), (Reddy et. al., 2013), (Shi et. al., 

2013) used EPS control method in their studies.  

(Zhao et. al., 2012) studied comparison of SPS and EPS by investigating 

current stress and backflow power experimentally with mathematical models. It 

emphasized EPS that gives better efficiency results than SPS. Additionally, (Reddy 

et. al., 2013) specified EPS reduces current stress, expands regulating range and 

enhances regulating flexibility. Lastly, (Shi et. al., 2013) indicates EPS improve the 

efficiency 30% more than the SPS experimentally at 10kW IBDC prototype for 

energy storage systems. 

EPS control method is operated by creating phase shift angles between Stage 

A and Stage B of the dc-dc converter in Figure 4.1.  Moreover, one more phase shift 

angle should be defined between the one of the full bridges. It can be changeable to 

rectifier or inverter side. In short, there are two phase shift angles and first angle 

represents between of the S type IGBTs and Q type IGBTs. The other one can be 

represented between of the S1-S2 leg and S3-S4 leg or Q1-Q2 leg and Q3-Q4 leg. In this 

way, IGBTs are triggered with 1 or 0. Triggering signals are shown at part 4.3.1. and 

switching states (direction of current against minor time intervals) are demonstrated 

at part 4.3.2. Moreover, EPS simulation and its control block diagram are shown at 

Figure 4.41. and Figure 4.42 respectively. 
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Figure 4.41. PSCAD Simulation of EPS Control 
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Figure 4.42. EPS Control Block Diagram
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4.3.1. Triggering Signals 

In EPS control method, IGBTs triggering signals can be showed at Table 4.3 

and Figure 4.43. 

 

Table 4.3. Triggering Signals of IGBTs at EPS Control 
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Figure 4.43. Triggering gate signals of EPS control method 
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When one period is divided into 6 parts and comparing with square pulses 

and triangular pulses, it can be obtained the below switching states (Xiaolong S. et. 

al., 2013) that is shown at Table 4.4. 

 

Table 4.4. Switching States of EPS Control with 6 parts. (Xiaolong et. al., 2013) 

t1 t2 t3 t4 t5 t6 
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4.3.2. Switching States for Buck-Boost Modes 

The switching cycle can be broken into 8 main intervals and operation modes 

are explained below the Figure 4.44 that shows switching states of EPS control. 
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(b) Mode 2 
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(f) Mode 6 
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(g) Mode 7 
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(h) Mode 8 

Figure 4.44. EPS Switching States Current Diagrams for Buck-Boost Modes  

(Biao Z. et. al., 2012)  

 

These operation modes are explained by benefiting from (Biao Z. et. al., 2012) 

and switching cycle can be divided into eight operation modes which are explained 

as follows based on power flow 1 (from Stage A to Stage B). 

1) Mode 1 (t0 - t1): Figure 4.44(a) shows the equivalent circuit of mode 1. Just before 

t0, Q2 and Q3 are conducting. The current iL is in negative direction. At t0, Q3 is turned 

OFF and Q4 is turned ON at zero current, and D4 starts to conduct. On the secondary 

side (Stage B), the current is carried from L1 to V2 by D6 and D7. The voltage across 

L1 is clamped at nV2, and the current iL1 decreases linearly. This mode ends up when 

Q2 is turned OFF. During this mode, the current of L1 is  

 

)()()( 0

1

2
011 tt

L

nV
titi LL   (4.1) 

 

2) Mode 2 (t1 – t1’): Figure 4.44(b) shows the equivalent circuit of mode 2. If current 

iL1 is still in negative direction at t1 then at t1, Q2 is turned OFF and Q1 is turned ON 
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at zero current, iL1 is carried from L1 to V1 by D6 and D7. The voltage across L1 is 

clamped at V1 + nV2 and iL1 decreases linearly. This mode ends up with iL1 decreasing 

to zero. During this mode iL1 is 
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3) Mode 3 (t1’ – t2): Figure 4.44(c) shows the equivalent circuit of mode 3. At t1’, the 

polarity of iL1 changes from negative to positive. And because the driving signals Q1, 

Q4, S2 and S3 are already on, so Q1, Q4, S2 and S3 start to conduct. The voltage across 

L1 is clamped at V1 + nV2, and iL1 increases linearly. This mode ends up when S2 and 

S3 are turned OFF. During this mode, iL is the same with (2). 

 

4) Mode 4 (t2 – t3): Figure 4.44(d) shows the equivalent circuit of mode 4. At t2, S2 

and S3 are turned off and S1 and S4 are turned on at zero current. D5 and D8 start to 

conduct. The voltage across L1 is clamped at V1 - nV2 , and iL1 still increases linearly 

due to V1   nV2 . This mode ends up when Q4 is turned OFF. During this mode iL1 is 
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5) Mode 5 (t3 – t4): Figure 4.44(e) shows the equivalent circuit of mode 5. At t3, Q4 is 

turned OFF and Q3 is turned ON at zero current, D3 starts to conduct. On the 

secondary side, the current is carried from L1 to V2 by D5 and D8. The voltage across 

L1 is clamped at -nV2 and the current iL1 decreases linearly. This mode ends up when 

Q1 is turned OFF. During this mode, the current of L1 is 
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6) Mode 6 (t4 – t4’): Figure 4.44(f) shows the equivalent circuit of mode 6. If current  

iL1 is still in positive direction at t4, then at t4, Q2 is turned OFF and Q1 is turned ON 

at zero current, iL1 is carried from L1 to V1  by D2 and D3. On the secondary side, the 

current is carried from L1 to V2  by D5 and D8. The voltage across L1 is clamped at -V1 

-nV2, and iL1 still decreases linearly. This mode ends up with iL1 decreasing to zero. 

During this mode iL1 is 
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7) Mode 7 (t4’ – t5): Figure 4.44(g) shows the equivalent circuit of mode 7. At t4’, the 

polarity of iL1 changes from positive to negative. And, because the driving signals of 

Q2, Q3, S1 and S4 start to conduct. The voltage across L1 is clamped at -V1 - nV2 and 

iL1 increases linearly. This mode ends up when S1 and S4 are turned OFF. During 

this mode, iL1 is the same with (5). 

 

8) Mode 8 (t4’ – t5): Figure 4.44(h) shows the equivalent circuit of mode 8. At t5, S1 

and S4, are turned OFF and S2 and S3 are turned ON at zero current. D6 and D7 start 

to conduct. The voltage across L1 is clamped at –V1 + nV2 and iL1 still increases 

linearly due to V1   nV2. This mode ends up when S3 is turned OFF. During this 

mode, iL1 is 
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Above analysis are operated with sinusoidal square pulses. If analysis are 

operated with triangular signals, time intervals can be changed. But calculation of 

inductor current values do not change. 
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4.3.3. Simulation Cases and Results 

Simulations are examined for the Table 4.5. Cases are changeable according 

to power flow way, buck-boost modes and parameters of circuit components. 

 

Table 4.5. Cases of EPS Control Simulation; PF1: Power Flow 1, PF2: Power Flow 2 

Converter 

Parameters 
V1 V2 C1 C2 L1 L2 n f 

PF1 
Buck 

Case1 200V 160V 56mF 144mF 18μH 12μH 1:1 20kHz 

Case2 300V 100V 56mF 144mF 18μH 12μH 1:1 10kHz 

Boost Case3 100V 160V 56mF 144mF 18μH 12μH 1:1 20kHz 

PF2 Buck Case4 160V 200V 56mF 144mF 18μH 12μH 1:1 20kHz 

Boost 
Case5 160V 100V 56mF 144mF 18μH 12μH 1:1 20kHz 

Case6 300V 100V 56mF 144mF 18μH 12μH 1:1 10kHz 

 

Simulation Results of Case 1: 

 For this case study, the chosen parameters are; 

V1=200V, V2=160V, C1=56mF, C2=144mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 
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Figure 4.45. DC Link Voltages 
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Figure 4.46. Voltage and Current Waveforms of Buck Mode at EPS Control 
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Figure 4.47. DC-Link Input and Output Currents 
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Figure 4.48. Input and Output Power Waveforms 

 

Also, it is examined harmonics at primary side of the transformer and load 

side of the converter for this case. 

 

 

Figure 4.49. Harmonics Spectrum at Primary Side of Transformer 

 

 

Figure 4.50. Harmonics Spectrum at Load Side 
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Simulation Results of Case 2: 

V1=300V, V2=100V, C1=56mF, C2=144mF, L1=18μH, L2=12μH, n=1:1, f=10kHz 
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Figure 4.51. DC Link Voltages 
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Figure 4.52. Voltage and Current Waveforms of Buck Mode at EPS Control 
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Figure 4.53. DC-Link Input and Output Currents 
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Figure 4.54. Input and Output Power Waveforms 

 

Simulation Results of Case 3: 

V1=100V, V2=160V, C1=56mF, C2=144mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 
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Figure 4.55. DC Link Voltages 
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Figure 4.56. Voltage and Current Waveforms of Boost Mode at EPS Control 
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Figure 4.57. DC-Link Input and Output Currents 
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Figure 4.58. Input and Output Power Waveforms 
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Simulation Results of Case 4: 

V1=160V, V2=200V, C1=56mF, C2=144mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 

0.00 0.50 1.00 1.50 2.00 2.50 3.00 

-0.050 

0.000 

0.050 

0.100 

0.150 

0.200 

0.250 
Vdc2 Vdc1

 
Figure 4.59. DC Link Voltages 
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Figure 4.60. Voltage and Current Waveforms of Buck Mode at EPS Control 
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Figure 4.61. DC-Link Input and Output Currents 
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Figure 4.62. Input and Output Power Waveforms 

 

Simulation Results of Case 5: 

V1=160V, V2=100V, C1=56mF, C2=144mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 
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Figure 4.63. DC Link Voltages 
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Figure 4.64. Voltage and Current Waveforms of Boost Mode at EPS Control 
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Figure 4.65. DC-Link Input and Output Currents 
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Figure 4.66. Input and Output Power Waveforms 

 

Also, it is examined harmonics at primary side of the transformer and load 

side of the converter for this case. 

 

 

Figure 4.67. Harmonics Spectrum at Primary Side of Transformer 
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Figure 4.68. Harmonics Spectrum at Load Side 

 

Simulation Results of Case 6: 

V1=300V, V2=100V, C1=56mF, C2=144mF, L1=18μH, L2=12μH, n=1:1, f=10kHz 
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Figure 4.69. DC Link Voltages 
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Figure 4.70. Voltage and Current Waveforms of Boost Mode at EPS Control 
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Figure 4.71. DC-Link Input and Output Currents 
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Figure 4.72. Input and Output Power Waveforms 
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4.3.4. Fortran Codes of EPS 

  #LOCAL REAL xVdc2_Err 

      #LOCAL REAL xP_dcdc 

      #LOCAL REAL xI_dcdc 

      #LOCAL REAL xRefdcdc 

 

      #LOCAL INTEGER xQ1 

      #LOCAL INTEGER xQ2 

      #LOCAL INTEGER xQ3 

      #LOCAL INTEGER xQ4 

      #LOCAL INTEGER xS1 

      #LOCAL INTEGER xS2 

 

      #LOCAL REAL xyA 

      #LOCAL REAL xyB 

      #LOCAL REAL xyC 

      #LOCAL REAL xyphaseshift 

      #LOCAL REAL xfreq 

         

      ! !!!!!!!!!!!!!!!! INPUTS !!!!!!!!!!!!!!! 

      xVdc2ref=$i1l 

      xVdc2=$i2l 

      xKp_dcdc=$i3l 

      xKi_dcdc=$i4l 

      xLimP_dcdc=$i5l 

      xLimN_dcdc=$i6l 

      xTs=$i7l 

      xTime=$i8l 

      xfreq=$i9l 

      xRefA=$i10l 

      xRefB=$i11l 

 

      ! !!! Taking Datas from Memory !!!!!!! 

 

      xI_dcdc = STORF(NSTORF) 

       

      xVdc2_Err = xVdc2ref – xVdc2Fil 

      xP_dcdc = xKp_dcdc * xVdc2_Err 

      xI_dcdc = xI_dcdc + xKi_dcdc * xTs * xVdc2_Err 

      xRefdcdc = xP_dcdc + xI_dcdc 

 

       

      IF (xRefdcdc > xLimP_dcdc) THEN    

            xRefdcdc = xLimP_dcdc   

      ENDIF 

 

      IF (xRefdcdc < xLimN_dcdc) THEN 

            xRefdcdc = xLimN_dcdc 

      ENDIF 

             

      xyA=COS(6.283185307179586476925286766559*xTime*xfreq) 

      IF (xyA>=0) THEN 

      xQ1=1 

      xQ2=0 

      ELSE 

      xQ1=0 

      xQ2=1 

      ENDIF 

 

      xyC=COS(6.283185307179586476925286766559*xTime*xfreq + xRefA) 

      IF (xyC>=0) THEN 

      xQ3=0 

      xQ4=1 

      ELSE 

      xQ3=1 

      xQ4=0 

      ENDIF 
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      xyB=COS(6.283185307179586476925286766559*xTime*xfreq - xRefdcdc ) 

      IF (xyB>=0) THEN 

      xS1=1 

      xS2=0 

      ELSE 

      xS1=0 

      xS2=1 

      ENDIF 

 

      ! !!!!!!!! Saving Datas !!!!!!!!!!!!!!!!!! 

      STORF(NSTORF) = xI_dcdc   

 

      ! !!!!!!!! OUTPUT !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

      $o1r= xQ1 

      $o2r= xQ2 

      $o3r= xQ3 

      $o4r= xQ4 

      $o5r= xRefdcdc 

      $o6r= xS1 

      $o7r= xS2 

 

      NSTORF = NSTORF+1 

 

4.4. Dual Phase Shift (DPS) Control 

 DPS control method is rarely used at isolated bidirectional dc-dc converter 

applications. This method has different types and these types are presented as some 

novel controls in the literature. (Bai et. al., 2008), (Zhao et. al., 2012), (Zhao et. al., 

2013) are used DPS control method.  

 (Bai et. al., 2008) used novel DPS control for eliminating reactive power and 

increasing system efficiency. (Zhao et. al., 2012) studied power characterization of 

DPS experimentally and lastly (Zhao et. al., 2013) includes current stress optimized 

switching strategy with mathematical equations experimentally. Consequently, all of 

these studies emphasize DPS control is more effective than traditional (conventional) 

phase shift control.  

  In DPS control method, four different phase shift angles are produced for 

switching strategy. In other words, groups of (Q1-Q2), (Q3-Q4), (S1-S2), (S3-S4) have 

different phase shift angles. PI parameters are same with extended and single phase 

shift controls. In this way, IGBTs are triggered with 1 or 0. Triggering signals are 

showed at part 4.4.1. and switching states (direction of current against minor time 

intervals) are demonstrated at part 4.4.2. Then simulation cases and Fortran codes of 

DPS are presented at part 4.4.3. and 4.4.4. respectively. Moreover, EPS simulation 

and its control block diagram are shown at Figure 4.73. and Figure 4.74 respectively. 
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Figure 4.73. PSCAD Simulation of DPS Control 
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Figure 4.74. DPS Control Block Diagram 

 

4.4.1. Triggering Signals 

In DPS control method, IGBTs triggering signals can be showed at Table 4.6 

and Figure 4.75. 
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Table 4.6. Triggering Signals of IGBTs at DPS Control 

 

 
Figure 4.75. Triggering gate signals of DPS control method 

 

 

4.4.2. Switching States for Buck-Boost Modes 

 In DPS control, the switching state issue is studied only in (Bai et. al., 2008) 

with soft switching strategy. Therefore, switching states are divided into 8 parts and 

Stage A Stage B 

Q1 Q2 Q3 Q4 S1 S2 S3 S4 

1 0 1 0 1 0 1 0 
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each part are explained by ZCS/ZVS are ON or OFF conditions. These time intervals 

are presented below without showing current flow in the converter circuit. 

 

Q1
Q2

Q4
Q3

S1
S2

S4
S3

Vp

Vs

IL

t0 t1t2 t3 t4t5t6 t7 t8  
Figure 4.76. Voltage and current waveforms of DPS control (Bai et. al., 2008) 

  

Figure 4.76. demonstrates time intervals for DPS control method and these 

time intervals are customized at 4.4.3. part, (Figure 4.78.)  

 

These time intervals are represented ON-OFF conditions of switches and 

arrangement of hard and soft switchings. 

1) t = t0 :  
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Q1 turns ON and Q2 turns OFF. Q2 is hard switched OFF while Q1 is switched ON at 

zero current (ZCS ON) since current flows through the anti-paralleled diode, not in 

Q1. 

2) t = t1 :  

S4 turn ON and S3 turn OFF. S3 is hard switched OFF while S4 is ZCS ON. 

3) t = t2 : 

S1 turn ON and S2 turn OFF. S2 is hard switched OFF while S1 is ZCS ON. 

4) t = t3 : 

Q3 turn ON and Q4 turn OFF. Q4 is hard switched OFF while Q3 is ZCS ON. 

5) t = t4 : 

Q2 turn ON and Q1 turn OFF. Q1 is hard switched OFF while Q2 is ZCS ON. 

6) t = t5 : 

S3 turn ON and S4 turn OFF. S4 is hard switched OFF while S3 is ZCS ON. 

7) t = t6 : 

S3 turn ON and S4 turn OFF. S4 is hard switched OFF while S3 is ZCS ON. 

8) t = t7 : 

Q4 turn ON and Q3 turn OFF. Q3 is hard switched OFF while Q4 is ZCS ON. 

 Therefore, all the turn-off actions are hard switching, while all the turn-on 

actions are ZCS. 

 

4.4.3. Simulation Cases and Results 

Simulations are carried out for the Table 4.7. Cases are changeable according 

to power flow way, buck-boost modes and parameters of circuit components.  

 

Table 4.7. Cases of DPS Control Simulation; PF1: Power Flow1, PF2: Power Flow2 

Converter 

Parameters 
V1 V2 C1 C2 L1 L2 n f 

PF1 
Buck 

Case1 200V 160V 46mF 120mF 18μH 12μH 1:1 20kHz 

Case2 300V 100V 46mF 120mF 18μH 12μH 1:1 10kHz 

Boost Case3 100V 160V 46mF 120mF 18μH 12μH 1:1 20kHz 
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PF2 Buck Case4 160V 200V 46mF 120mF 18μH 12μH 1:1 20kHz 

Boost 
Case5 160V 100V 46mF 120mF 18μH 12μH 1:1 20kHz 

Case6 300V 100V 46mF 120mF 18μH 12μH 1:1 10kHz 

 

Simulation Results of Case 1: 

V1=200V, V2=160V, C1=46mF, C2=120mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 
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Figure 4.77. DC Link Voltages 
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Figure 4.78. Voltage and Current Waveforms of Buck Mode at DPS Control 
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Figure 4.79. DC-Link Input and Output Currents 
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Figure 4.80. Input and Output Power Waveforms 

 

Also, it is examined harmonics at primary side of the transformer and load 

side of the converter for this case. 

 

 

Figure 4.81. Harmonics Spectrum at Primary Side of Transformer 

 

 

Figure 4.82. Harmonics Spectrum at Load Side 
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Simulation Results of Case 2: 

V1=200V, V2=160V, C1=46mF, C2=120mF, L1=18μH, L2=12μH, n=1:1, f=10kHz 
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Figure 4.83. DC Link Voltages 
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Figure 4.84. Voltage and Current Waveforms of Buck Mode at DPS Control 
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Figure 4.85. DC-Link Input and Output Currents 
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Figure 4.86. Input and Output Power Waveforms 

 

Simulation Results of Case 3: 

V1=100V, V2=160V, C1=46mF, C2=120mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 
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Figure 4.87. DC Link Voltages 
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Figure 4.88. Voltage and Current Waveforms of Boost Mode at DPS Control 
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Figure 4.89. DC-Link Input and Output Currents 
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Figure 4.90. Input and Output Power Waveforms 

 

Simulation Results of Case 4: 

V1=160V, V2=200V, C1=46mF, C2=120mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 
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Figure 4.91. DC Link Voltages 
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Figure 4.92. Voltage and Current Waveforms of Buck Mode at DPS Control 
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Figure 4.93. DC-Link Input and Output Currents 
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Figure 4.94. Input and Output Power Waveforms 

 

Simulation Results of Case 5: 

V1=160V, V2=100V, C1=46mF, C2=120mF, L1=18μH, L2=12μH, n=1:1, f=20kHz 
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Figure 4.95. DC Link Voltages 
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Figure 4.96. Voltage and Current Waveforms of Boost Mode at DPS Control 
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Figure 4.97. DC-Link Input and Output Currents 
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Figure 4.98. Input and Output Power Waveforms 

 

Also, it is examined harmonics at primary side of the transformer and load 

side of the converter for this case. 

 

 

Figure 4.99. Harmonics Spectrum at Primary Side of Transformer 

 

 

Figure 4.100. Harmonics Spectrum at Load Side 
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Simulation Results of Case 6: 

V1=300V, V2=100V, C1=46mF, C2=120mF, L1=18μH, L2=12μH, n=1:1, f=10kHz 
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Figure 4.101. DC Link Voltages 
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Figure 4.102. Voltage and Current Waveforms of Boost Mode at DPS Control 

 

 0.83585 0.83590 0.83595 0.83600 0.83605 0.83610 0.83615 

-0.30 

-0.20 

-0.10 

0.00 

0.10 

0.20 

0.30 
Idc2 Idc1

 

Figure 4.103. DC-Link Input and Output Currents 
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Figure 4.104. Input and Output Power Waveforms 

 

4.4.4. Fortran Codes of DPS 

  #LOCAL REAL xVdc2_Err 

      #LOCAL REAL xP_dcdc 

      #LOCAL REAL xI_dcdc 

      #LOCAL REAL xRefdcdc 

 

      #LOCAL INTEGER xS1 

      #LOCAL INTEGER xS2 

      #LOCAL INTEGER xS3 

      #LOCAL INTEGER xS4 

      #LOCAL INTEGER xQ1 

      #LOCAL INTEGER xQ2 

      #LOCAL INTEGER xQ3 

      #LOCAL INTEGER xQ4 

 

      #LOCAL REAL xyA 

      #LOCAL REAL xyB 

      #LOCAL REAL xyC 

      #LOCAL REAL xyD 

      #LOCAL REAL xyphaseshift 

      #LOCAL REAL xfreq 

         

      ! !!!!!!!!!!!!!!!! INPUTS !!!!!!!!!!!!!!! 

      XVdc2ref=$i1l 

      XVdc2=$i2l 

      xKp_dcdc=$i3l 

      xKi_dcdc=$i4l 

      xLimP_dcdc=$i5l 

      xLimN_dcdc=$i6l 

      xTs=$i7l 

      xTime=$i8l 

      xfreq=$i9l 

      xRefA=$i10l 

      xRefB=$i11l 

      xRefC=$i12l 

 

      ! !!! Taking Datas From Memory !!!!!!! 

      xI_dcdc = STORF(NSTORF) 

       

      xVdc2_Err = xVdc2ref – xVdc2Fil 

      xP_dcdc = xKp_dcdc * xVdc2_Err 

      xI_dcdc = xI_dcdc + xKi_dcdc * xTs * xVdc2_Err 

      xRefdcdc = xP_dcdc + xI_dcdc 

 

      IF (xRefdcdc > xLimP_dcdc) THEN    

            xRefdcdc = xLimP_dcdc   

      ENDIF
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      IF (xRefdcdc < xLimN_dcdc) THEN 

            xRefdcdc = xLimN_dcdc 

      ENDIF 

 

      xyA=COS(6.283185307179586476925286766559*xTime*xfreq + xRefA ) 

      IF (xyA>=0) THEN 

      xS1=1 

      xS2=0 

      ELSE 

      xS1=0 

      xS2=1 

      ENDIF 

      xyC=COS(6.283185307179586476925286766559*xTime*xfreq + xRefB ) 

      IF (xyC>=0) THEN 

      xS3=0 

      xS4=1 

      ELSE 

      xS3=1 

      xS4=0 

      ENDIF 

      xyB=COS(6.283185307179586476925286766559*xTime*xfreq - xRefdcdc ) 

      IF (xyB>=0) THEN 

      xQ1=1 

      xQ2=0 

      ELSE 

      xQ1=0 

      xQ2=1 

      ENDIF 

      xyD=COS(6.283185307179586476925286766559*xTime*xfreq - xRefdcdc + xRefC ) 

      IF (xyD>=0) THEN 

      xQ3=0 

      xQ4=1 

      ELSE 

      xQ3=1 

      xQ4=0 

      ENDIF 

      ! !!!!!!!! Saving Datas !!!!!!!!!!!!!!!!!! 

      STORF(NSTORF) = xI_dcdc   

      ! !!!!!!!! OUTPUT !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

      $o1r= xS1 

      $o2r= xS2 

      $o3r= xS3 

      $o4r= xS4 

      $o5r= xRefdcdc 

      $o6r= xQ1 

      $o7r= xQ2 

      $o8r= xQ3 

      $o9r= xQ4 

 

      NSTORF = NSTORF+1 
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5. COMPARISON OF CONTROL METHODS 

In this thesis, efficiency of different phase shift control methods is compared 

for bidirectional DC-DC dual active bridge converter topology. Main contribution of 

this thesis, which control method is better than the others by nonusing of snubber 

capacitors and reducing experimental cost. In this way, the bidirectional DC-DC 

converter is created by using different inductors and capacitor values for each control 

method and operated by different voltage levels with different frequencies for 

observing current-voltage-power waveforms, DC link settling times and calculating 

efficiencies. Moreover, effect of snubber capacitors on efficiencies will be explained 

at Table 5.1 and 5.2. 

These results are obtained in simulations about comparing phase shift 

controller methods. (Kayaalp et. al., 2015) 

 Generally, increasing of switching frequency has positive effect on system 

performance (increasing efficiency) at all of the controller methods. This 

condition is valid for all of the buck and boost modes. 

 Basically, reducing switching frequency cause to reducing dc-link settling 

time. Also this is valid for all of the control methods and buck-boost modes. 

 SPS has easy implementation than EPS and DPS. Thus, if the mathematical 

complexity is increase in a one control method, it can be reached that 

feasibility of this control method will be harder. 

 On the other hand, if the mathematical complexity is increase in a control 

method, efficiency of this control method will be increase. 

 Therefore, arrangement of mathematical complexity is SPS<EPS<DPS. 

 Arrangement of feasibility cost is SPS<EPS<DPS. 

 Arrangement of efficiencies is SPS<EPS=DPS. 

The above arrangements are valid for general expressions. But in this thesis, 

only the last statement is differently obtained and it is summarized in Table 5.1. that 

shows the efficiency results with or without using snubber capacitors.  
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Table 5.1. Comparison of Efficiency Simulations on SPS, EPS and DPS. 

(Snubberless)  

Power 

Flow 

Operating 

Modes 
V1-V2 fsw SPS EPS DPS Cases 

1 Buck 200V-160V 20kHz 25.9% 85.2% 78.5% Case 1 

1 Buck 300V-100V 10kHz 24.1% 33.3% 55.5% Case 2 

1 Boost 100V-160V 20kHz 25.8% 65.0% 50.0% Case 3 

2 Buck 200V-160V 20kHz 27.2% 73.5% 75.0% Case 4 

2 Boost 100V-160V 20kHz 22.8% 64.0% 61.2% Case 5 

2 Boost 100V-300V 10kHz 25.0% 33.3% 37.8% Case 6 

 

Note: High switching isolated transformer voltage ratio is n=1:1 and Kp=400, 

Ki=0.02 in all simulations. Also, resistance is 20Ω both power flows. 

 Efficiencies are calculated with (5.1). 

 

100100
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






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totallossin

in

outinin

P

PP

P

PPP
                                                  (5.1) 

 

 It can be reached these statements using the Table 5.1. 

 If the average efficiencies of control methods are calculated by using the 

above cases results, it is obtained nSPS=25.13%, nEPS=59.05% and 

nDPS=59.67%. 

 At these conditions, efficiencies of EPS and DPS almost equal. Thus, if we 

do not want to use snubber capacitors, EPS is enough for increasing the 

performance and it is not necessary doing extra calculations for DPS. 

 On the other hand, if switching frequency is lower than 20kHz, positive effect 

of DPS against EPS and SPS can be seen gradually. 

 Also, decreasing of switching frequencies has negative effect on system 

performance and it can be seen by comparing case1/case2 or case5/case6 for 

buck and boost modes. 

 Changing of power flow ways are not suitable for increasing or decreasing 

efficiencies. Both directions give the similar results. 
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Moreover, Table 5.2. shows the efficiencies of control methods with using 

snubber capacitors. 

 

Table 5.2. Comparison of Efficiencies on SPS, EPS and DPS with using snubber 

capacitors. 

Power 

Flow 

Operating 

Modes 
V1-V2 fsw SPS EPS DPS Cases 

1 Buck 200V-160V 20kHz 92.4% 95.5% 97.9% Case 1 

1 Buck 300V-100V 10kHz 90.8% 94.7% 96.2% Case 2 

1 Boost 100V-160V 20kHz 90.3% 93.2% 96.6% Case 3 

2 Buck 200V-160V 20kHz 91.9% 96.2% 98.2% Case 4 

2 Boost 100V-160V 20kHz 90.5% 95.3% 97.6% Case 5 

2 Boost 100V-300V 10kHz 89.8% 93.8% 96.4% Case 6 

 

Note: Csnubber=0.068μF is connected to parallel with each IGBT and diode pairs in all 

simulations. 

 Owing to snubber capacitors, system performance can be increased and 

arrangement of efficiencies is SPS<EPS<DPS. Because connection of 

snubber capacitors can decrease switching losses.   

 Other statements (nonusing of snubber capacitors) are valid for the Table 5.2. 
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6. CONCLUSION 

In this thesis, comparison of single phase shift, extended phase shift and dual 

phase shift control methods are operated in a single phase full bridge isolated 

bidirectional DC-DC converter topology. Innovative way of this thesis work is 

discovering of which control method is better than the others by examining 

efficiencies without using snubber capacitors. In the light of this aim, obtained 

results show that SPS has lower efficiency values than EPS and DPS and efficiencies 

of EPS and DPS occurred similar results. In addition, effect of snubber capacitors 

gives better performance results for all of the control methods and DPS effect is 

better than EPS and SPS effect. 

Simulations are applied in PSCAD/EMTDC and voltage-current waveforms 

are validated with theoretical analysis. Firstly, this customization works began with 

finding of common used bidirectional dc-dc converter topology and control methods. 

Secondly, calculation of converter parameters (capacitors, inductors, transformer 

windings) and calculation of phase shift angles for control methods. Thirdly, 

simulations are operated and their results are compared with literature results. 

Therefore, simulation results are validated with theoretical and experimental 

analysis. Finally, power losses are calculated for each control methods by benefiting 

from simulation results and efficiencies are obtained by using or without using 

snubber capacitors. 

In the thesis, control methods are compared without using snubber capacitors 

by decreasing costs, while the rate of input and output voltages are not high and it is 

found that EPS can be preferred instead of DPS. EPS has more advantage than DPS 

in both feasibility way and mathematical complexity. Thus, this condition emphasize 

the importance of this thesis.  

In literature, some researches that took the high rate of input and output 

voltages, using of snubber capacitors became unavoidable to increase efficiency (Tan 

et. al., 2012), or it is possible to increase efficiencies by using different switching 

components even if the rate of input and output voltages is 1 (Akagi et. al., 2015). 

But snubber capacitors are not necessary for some conditions that efficiency is not as 
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important (Zhao et. al., 2012 , Bai et. al., 2008). These experimental studies are 

compared with the thesis results at Table 6.1.  

 

Table 6.1. Comparison Table of Other Studies with This Thesis 

Parameters 
Tan et. al., 

2012 

Akagi et. al., 

2015 

Zhao et. al., 

2012 

Bai et. al., 

2008 
This Thesis This Thesis 

V1 305V-355V 750V 140V-300V 205V 200V 100V 

V2 50V-59V 750V 0V-180V 270V 160V 300V 

Transformer 

Turn Ratio 
6:1 1:1 2:1 N:1 1:1 1:1 

Switching 

Frequency 
20kHz 20kHz 10kHz 10kHz 20kHz 10kHz 

Power 

Ratings 
6kW 42kW 5kW 5kW 15kW 15kW 

Snubber 

Capacitors 
Used Used Not used Not Used Not Used Used 

Control 

Method 
SPS SPS EPS DPS EPS EPS 

Switching 

Components 

IGBTs and 

MOSFETs 

SiC 

MOSFET/SBD 
IGBTs IGBTs Ideal IGBTs Ideal IGBTs 

Efficiency 96.5% 98.7% 90.2% 89.5% 85.2% 96.4% 

 

 Table 6.1. shows the below statements. 

 Increment of the rate of input and output voltages cause to decrease of 

converter efficiency. 

 Using of snubber capacitors or new switching components (SiC 

MOSFET/SBD) conduce to increase of system performance. 

 If power rating of the system increase, the system efficiency can be 

decreased. 

 Moreover, different type of transformer turn ratios are used to obtain 

maximum efficiency. 

 Case1 and Case5 of control methods also include harmonic spectrum for 

primary side of the transformer and load side. Harmonics can be decreased at 

load side and this condition is valid for all control methods. If switching 

frequency is below the 20kHz, harmonics will reduce further. 
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 The thesis results demonstrate EPS control method can be preferred instead 

of DPS and SPS. Because literature generally created below of 15kW 

prototype in experimental studies. 

 

Industrial Applications: There are different types of bidirectional DC-DC 

converters such as module type (0W-600W), open frame type (isolated or non-

isolated), enclosed type and vehicle dc-dc power supplies in industrial applications. 

BRUSA which is the only industrial production company for EVs, made the most 

efficient bidirectional dc-dc converter in the world and its (BDC546) efficiency is 

98.9% (BRUSA Web Page). It operates 150-750V at high voltage side and 50-600V 

at low voltage side. It uses CAN bus (Controller Area Network) controller system 

and has a water cooled cooling system. Its switching frequency is 41kHz, weight is 

25.2kg, power rating is 180kW and its price is $35,715 (Metricmind Web Page). 

 

Suggestions and Future Work: In the light of this thesis, a lot of researches can be 

studied for increasing converter efficiency by improving new control methods or 

changing material of switching components in the future. In short, application of 

phase-shift control methods can be used at converters of renewable energy sources 

such as photovoltaic systems, wind energy and electric vehicles at near future.  
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