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ABSTRAK 

Keprihatinan terhadap sumber tenaga yang bersih dan mesra alam telah membawa kepada 

pembangunan sistem seperti sistem penyimpanan tenaga dan “smart grid” berasaskan 

tenaga yang boleh diperbaharui. Ciri-ciri pengasingan dan kecekapan pengurusan tenaga 

yang tinggi adalah penting dalam aplikasi tersebut, justeru itu ia membawa kepada 

tercetusnya keperluan kepada penukar DC-DC yang dua arah dan isolasi. Penukar dual-

active bridge (DAB) DC-DC telah menarik perhatian disebabkan mempunyai pelbagai 

kelebihan seperti pengasingan galvanik, kecekapan dan ketumpatan kuasa yang tinggi. 

Kajian ini membentangkan pembangunan penukar DAB DC-DC 20 kW dengan 

menggunakan perisian MATLAB/SIMULINK. Sistem DAB beroperasi pada frekuensi 

20kHz dengan menggunakan ‘Single Phase-Shift modulation’ (SPS). Penggunaan litar 

DAB pada aliran kuasa arah hadapan dan songsang bagi pelbagai sudut anjakan telah 

dianalisis semasa DAB dalam keadaan sistem terbuka. Kemudian, pengawal PI telah 

digunakan dalam sistem DAB dengan menggunakan kaedah Ziegler-Nichols (ZN) untuk 

menala parameter KP dan KI. DAB dengan pengawal PI  telah diuji untuk kategori variasi 

beban, perubahan beban, perubahan voltan keluaran yang diiginkan dan perubahan voltan 

masuk. Kesemua kategori ini telah digunakan untuk menganalisis tindak balas dinamik 

dari segi ‘settling time’, ‘rise time’ dan peratusan ‘overshoot’. Sistem DAB menunjukkan 

tindak balas terpantas apabila beban ditukar dari 10 kW ke 5 kW pada 200V dengan masa 

0.04s semasa kuasa mengalir ke arah hadapan. Manakala, semasa kuasa mengalir arah 

songsang, sistem DAB dapat bertindak balas dengan pantas apabila beban ditukar dari 10 

kW ke 5 kW pada 450 V dengan masa 0.03s. Kesimpulannya, pengunaan pengawal PI 

pada sistem DAB mampu menghasilkan tindak balas dinamik yang tinggi pada setiap 

kategori yang telah digunakan dalam kajian ini. 
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ABSTRACT 

The deep concern towards clean and environmentally friendly energy has brought to the 

development of renewable energy-based systems such as energy storage systems and 

smart grids. Therefore, the isolation features and high energy management efficiency are 

essential in those applications, thus sparking the need for the isolated bidirectional DC-

DC converter. The dual-active bridge (DAB) DC-DC converter has gained attention due 

to galvanic isolation, high efficiency and promising high power density. This thesis 

presents the development of a 20kW DAB DC-DC converter using 

MATLAB/SIMULINK software. The DAB system is operated at 20kHz switching 

frequency with single phase-shift (SPS) modulation. The DAB performance during 

forward and reverse direction for various phase-shift angles is analyzed in DAB open 

loop system. Then, the PI controller is employed in the DAB system by using Ziegler-

Nichols (ZN) for tuning the KP and KI parameters. The DAB with PI controller was tested 

for variation of loads, step-change of loads, step-change of desired output voltage and 

step-change of input voltage by analyzing the dynamic performance in terms of settling 

time, rise time and overshoot percentage. The system shows the fastest response when 

the load is changed from 10kW to 5kW at 200V with 0.04s during forward direction. 

While, with 0.03s, the system produces the fastest response when the load is changed 

from 10kW to 5kW at 450 V during reverse direction. In conclusion, the DAB system 

with PI controller is capable to produce a high dynamic response in the tested 

circumstances. 
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CHAPTER 1 

 

 

INTRODUCTION 

1.1 Background 

Renewable energy, often known as green energy comes from natural sources that 

are constantly replenished. This kind of energy is sustainable since it comes from 

something that cannot be depleted, such as the sun or moon, even though its capabilities 

are limited by time and weather. The most common renewable energy sources are solar, 

wind, tidal, wave, hydrogen fuel cell, geothermal and biomass energy as depicted in 

Figure 1.1. Renewable energy has always been considered new technology, despite the 

fact that it has long been utilized for heating, transportation, and lighting (Shin,2018). 

However the use of renewable energy is contingent on its availability and cost. 

 

Figure 1.1 Types of Renewable Energy 

 In this new era, industries are particularly concerned with achieving high power 

density while maintaining high efficiency. Power fluctuation will occur with renewable 

energy resources in a system due to some natural and environmental challenges(Chaththa 

& Colombage, 2015). Furthermore, because the bulk of renewable energy resources are 
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employed in the form of electric energy, there is a demand for energy storage in various 

applications. The energy storage system (ESS) is a device that is utilized to provide a 

smooth power supply to a load while reducing system fluctuation(Inoue & Akagi, 2007). 

This device converts electrical energy from power grid into a form that may be stored 

and converted back when needed where the majority applications of ESS are based on 

the DC type(George, 2015; Inoue & Akagi, 2007). Two-way power flow in an energy 

storage system causes a bidirectional DC-DC converter. 

Among available topologies of bidirectional DC-DC converter that gain more 

attention from researchers nowadays is the Dual Active Bridge (DAB)(Bhattacharjee & 

Batarseh, 2020; Song et al., 2018; Zeng et al., 2021). The DAB is preferred due to its 

advantages of lower current stress(Segaran, 2013), symmetric structure(Janaki & Jenitha, 

2019; Shi et al., 2018; Zeng et al., 2021), soft switching(George, 2015; Janaki & Jenitha, 

2019; Kavya et al., 2014), high power density(George, 2015), bidirectional energy 

flow(Everts et al., 2014), galvanic isolation(Janaki & Jenitha, 2019), and high-

performance. It well suited the DAB to applications such as electrical vehicles(Everts et 

al., 2014; Jauch & Biela, 2016; Waltrich et al., 2016), microgrid applications(Roggia et 

al., 2013; Zhao et al., 2014), and uninterruptible power systems, UPS(Alonso et al., 2010; 

Gorji et al., 2019).  

This project focuses on the controller for DAB DC-DC converter where the 

performance of forward and reverse direction are evaluated. The dynamic performance 

of the DAB system using a PI controller has also been analyzed in terms of settling time, 

overshoot and rise time. 

1.2 Problem Statement 

The use of DC-DC converter rapidly increases among the industries for medium 

and high power applications. Since many existing applications have bulky converters 

with high costs but low efficiency, a converter with high reliability, low weight, high 

power density and operates at high efficiency is necessary(Qin & Kimball, 2012). 

Furthermore, because there is only one way of power flow in a unidirectional power flow 

converter, energy management is less efficient. As a result, a bidirectional power flow 

converter is required to improve energy management efficiency(H. Zhang et al., 2019). 

Not every DC-DC converter performed well in bidirectional power flow to achieve 
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smooth power flow in high power applications due to significant switching losses, 

leakage, or other device stress(Geetha et al., 2019; Naayagi et al., 2012). Therefore, the 

DAB DC-DC converter is much preferable converter as it offers benefits such as high 

power density, bidirectional power flow, high efficiency, galvanic isolation, and less 

passive components. It also can guarantee lower switching losses, leakage or any device 

stress during the power flow conversion. 

1.3 Objectives 

The objectives of this project are: 

i. The design of the isolated DAB DC-DC converters. 

ii. To develop PI controller in DAB DC-DC converter. 

iii. To analyze the forward direction, reverse direction, and dynamic response of the 

DAB DC-DC converter. 

1.4 Scopes of Work 

This covers the simulation of a 20 kW isolated bidirectional DAB DC-DC 

system. A full-bridge insulated gate-bipolar transistor (IGBT) module in a DAB using 

single phase-shift (SPS) modulation are simulated in MATLAB/SIMULINK software. 

The performance of bidirectional power flow, which is forward and reverse direction are 

evaluated in open-loop mode and closed-loop system using PI controller. The Ziegler-

Nicholas (ZN) method were used to find the values of KP and KI  parameters. The DAB 

with PI controller were tested for variation of loads, step-change of loads, step-change of 

desired output voltage and step-change of input voltage by analyzing the dynamic 

performance in terms of settling time, rise time and overshoot percentage. 

1.5 Thesis Chapter Outline 

This thesis is entittled “Performance Analysis of Dynamic Control in Dual 

Active Bridge DC-DC converter” and it consists of five chapters. Chapter 1 briefly 

explains the introduction of renewable energy and DAB converter, problem statement, 

objectives of the project and project scope. Chapter 2 concentrates on the literature 

review, where it explains in-depth details the DC-DC converter, DAB DC-DC converter 
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and the PI controller. Then, Chapter 3 touches on the methodology of the project. This 

section describes the method and procedure,in designing a 20kW DAB DC-DC converter. 

The results and the analysis in term of dynamic response of the DAB system is covered  

in Chapter 4. Finally, Chapter 5 is the conclusion and recommendation of the project. 
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CHAPTER 2 

 

 

LITERATURE REVIEW 

2.1 DC-DC Converter 

A DC-DC converter is a particular kind of electric power converter device that 

changes the voltage level of a direct current (DC) source. A DC-DC converter's objective 

is to convert one voltage from one end to another voltage at the other end, allowing the 

user to use another voltage. DC-DC converters are utilized in a wide range of 

applications, including hybrid vehicle power supply, personal computers, 

telecommunication equipment, office equipment, and laptops as well as DC motor drives 

and other similar devices(Li et al., 2011). These converters can be operated at two 

operation modes: buck mode or boost mode. In buck mode, the load end voltage is less 

than the supply end voltage, while in boost mode, the load end voltage is greater than the 

supply end voltage(Das & Uddinchowdhury, 2017). There are two types of power flow 

in the DC-DC converter: unidirectional power flow and bidirectional power flow.  

2.1.1 Unidirectional DC-DC Converter 

A unidirectional DC-DC converter converts a supplied voltage into the desired 

voltage. The soft-switching technique of the unidirectional DC-DC converter. It also can 

improve the efficiency of inductors, capacitors, and other passive elements that can be 

reduced in size by increasing the driving frequencies of switching elements 

simultaneously. Simple control circuits, small capacitance auxiliary inductor, reduced 

size and weight, and big capacitance (Kanouda et al., 2009) without switching supply 

current are advantages of the unidirectional DC-DC converter with a simple control 

circuit. Unidirectional switches are employed when only one direction of voltage polarity 

can be developed to prevent current flow in the circuit until the switch is turned on in the 

desired direction. Due to its major disadvantages, the unidirectional converter is not a 
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choice for many industries. A DC component is present in both the input current and 

output voltage, saturation of the signal might be caused by an input transformer, and it is 

only used for lower power resistive load(Tiwari & Tiwari, 2018). 

2.1.2 Bidirectional DC-DC Converter 

When used in parallel, a buck-boost converter can only handle power flow in one 

direction, but a bidirectional converter allows power to flow both forward and backward. 

For a reliable and efficient system, many applications, such as electric vehicles, 

renewable energy storage systems, and fuel cell storage systems(Li et al., 2011), require 

the interfacing of energy storage with load and source. In today's industries, a 

bidirectional DC-DC converter is an extremely important device used to connect the 

battery and a supercapacitor as a storage device to improve system reliability. There are 

two different types of bidirectional DC-DC converters based on their isolation between 

the input and output sides(Das & Uddinchowdhury, 2017). 

1. Non-Isolated Bidirectional DC-DC converter 

2. Isolated Bidirectional DC-DC converter 

2.1.2.1 Non-Isolated Bidirectional DC-DC Converter 

This type of DC-DC converter (NIBDC) is commonly employed when the voltage 

needs to be stepped-up or down almost in minuscule ratios(less than 4:1). The input and 

output are connected directly without electrically separated like isolated converters. 

There are five main topologies of non-isolated converters(Gorji et al., 2019; Ravi et al., 

2018) such as buck converter, boost converter,buck-boost converter, Cuk converter, and 

single-ended primary inductance converter(SEPIC). Figure 2.1 shows the five types 

of  NIBDC. 

The buck converter is used for voltage step down/reduction. Due to this 

converter's conversion ratio also provides an output that is less than or equal to its input. 

The boost converter is the opposite topology of the buck converter, where the position of 

components in buck interchanged to step-up the voltage. The output voltage of this 

converter is greater than the input voltage.  
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More importantly, buck-boost converters provide controlled direct current output 

from an input power source with voltages that are either lower than the actual or higher 

than the controlled direct current output voltage (buck-boost converters). Combines 

elements of the buck converter and boost converter is become buck-boost converter. This 

converter inverts the polarity of the voltage either in increasing or decreasing the voltage 

magnitude.  

Cuk converters are a type of DC-DC converter with inductors in series with the 

converter's input and output ports instead of conventional converters. Depending on the 

application, the output voltage is either greater than or less than the magnitude of the 

input voltage. Buck-boost converters are similar in that the voltage is polarised, and the 

voltage conversion ratio is the same. Compared to other converters, such as buck 

converters, boost converters, and buck-boost converters, a cuk converter stores energy 

using more inductors and capacitors. 

Lastly, the SEPIC(Almohaisin et al., 2020) converter is a boost converter with a 

non-inverter output. This converter can either increase or decrease the voltage magnitude, 

but it does not invert the polarity of the voltage magnitude.  
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Figure 2.1 Types of  Non-Isolated Bidirectional DC-DC Converter(NIBDC) 

 

 

 



9 

2.1.2.2 Isolated Bidirectional  DC-DC Converter 

A high-frequency transformer provides isolation in bidirectional DC-DC 

converters. A high-frequency transformer in an Isolated Bidirectional DC-DC Converter 

(IBDC) produces galvanic isolation. Normally it happens because the input and output of 

the converter are electrically separated. The additional transformer adds significant costs 

and losses. The leakage inductance of the transformer is used as the major energy storing 

and transferring factor in the operation of the IBDC. Because of galvanic isolation, noise 

is reduced, personnel safety is improved, overload protection is provided, voltage 

matching between situations is provided, and the system is protected. As a promising 

method of achieving high gain boost capability, galvanic isolation is implemented by 

providing an additional degree of freedom to the converter's gain (i.e., the turn ratio of 

windings), allowing it to be used in applications with a wide range of input voltage and 

load regulation requirements. 

Several IBDC topologies include full-bridge, half-bridge, flyback converter, 

forward converter, push-pull converter, and dual active bridge converter(Alonso et al., 

2010). The flyback converter as shown in Figure 2.2 operates as a buck-boost converter 

but uses a transformer to replace the inductor to store the energy. It is possible to 

determine the converter's gain in forwarding power flow by applying the volt-second and 

charge-second balancing, equal to the flyback converter's voltage gain ratio. There are 

several things to keep in mind, including the fact that the transformer design technique 

must be followed and that a voltage clamp snubber is required to reduce the leakage 

current of the flyback(Gorji et al., 2019) transformer. There has much research ongoing 

to improve its voltage gain. 
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Figure 32.2 Flyback converter 

The forward converter in Figure 2.3 employs a rather more classical transformer 

to transfer energy directly between input and output in a single step for energy storage 

and delivery to the output(Ravi et al., 2018). This study presents additional research on 

bidirectional forward DC-DC converters. The transformer leakage inductance was 

employed as the resonant inductor to suggest a resonant version of the converter, based 

on the transformer leakage inductance. The most common type of forward converter is a 

push-pull type of converter(Gorji et al., 2019). However, the push-pull converter is one 

kind of unidirectional converter. Based on this, the basic bidirectional push-pull converter 

was proposed  to enable the power flow in both directions as shown in Figure 2.4.  

 

Figure 42.3 Forward converter 
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Figure 52.4 Push-pull converter 

The DAB DC-DC converter is one of the isolated bidirectional DC-DC converter 

topology. The DAB is widely employed applied in many power electronic applications. 

The DAB topology is attractive because it has many advantages such as  zero-voltage 

switching (ZVS), bidirectional power flow, high power density with high frequency, low 

component stresses, symmetric structure with galvanic isolation and reliable control (Gao 

et al., 2019; Rahmoun et al., n.d.) 

2.2 Dual Active Bridge Converter 

DAB converter is one of the DC-DC converters that has isolated bidirectional 

power flow. It was first introduced in the early 1990s(Doncker et al., 1991). This 

converter has been a popular architecture for bidirectional applications such as 

electric/hybrid vehicles, solar applications, battery storage systems, and DC microgrid 

systems in recent years. 

The DAB converter consists of two H-bridges and is interfaced through a high-

frequency transformer (Janaki & Jenitha, 2019; Segaran, 2013; Shi et al., 2018) as shown 

in Figure 2.5. Figure 2.6 shows the equivalent circuit of the converter. Each bridge of the 

converter has four power switches. The weight and volume of the passive magnet device 

are reduced by combining a high-frequency transformer with high-frequency switching 

circuits. The high-frequency transformer provides galvanic isolation. In addition to 

providing galvanic isolation, the high-frequency transformer also has some leakage 

inductance in both its primary and secondary windings, which contributes to its overall 

performance. It is possible to achieve soft switching using leakage inductance positioned 

at the transformer, which results in low rebate switching loss and excellent power 

efficiency(Qin & Kimball, 2012). The transformer’s leakage inductance is also the main 
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key element in the power transfer between the source and the load, and it is also used as 

an energy storage element. 

 

Figure 2.5 Topology of DAB DC-DC Converter 

Source: Alonso et al (2010) 

 

Figure 62.6 Equivalent circuit of DAB DC-DC Converter 

Source: Alonso et al (2010) 

A fixed 50% duty cycle(Mou et al., 2020) was applied to the two H-bridges to 

generate a high-frequency square-wave voltage at its transformer terminals (±vi,±vo) and 

to control the direction of power flow(Inoue & Akagi, 2007; Segaran, 2013) via the 

phase-shift between the two bridges. Based on Figure 2.5, Vi is the input voltage, Vo is 

the output voltage, n is the turn ratio of the transformer, Φ represents the phase-shift 

between primary and secondary part, Lk is the leakage inductance, and S1-S8 is 

controllable power semiconductor switches. There are three key aspects to control the 

DAB DC-DC converter which are phase-shift, frequency, and duty ratio. All of these 

must be regulated concurrently. The duty cycle can be calculated by using the Equation 

2.1. 
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d = 
T_High

period
× 100% 2.1 

Nonetheless, in this thesis, the duty cycle and the switching frequency are both 

set at 50% for the sake of simplicity. ZVS is achieved when the energy saved by the Lk, 

exceeds the total energy needed for the bidirectional power flow. In DAB, antiparallel 

diodes and snubber capacitors were used to link the eight switches to provide ZVS and 

direct current commutation. The switches were coupled by a snubber capacitor and an 

energy transfer inductance resonance. There are two sets of diagonal switches on each 

bridge that operate in two-totem, resulting in a square-wave. The filter capacitors on the 

input and output sides see a substantial amount of ripple current. The ZVS operation is 

possible when the voltage conversion ratio (k) is one. The voltage conversion ratio can 

be calculated as Equation 2.2. 

 

2.3 Power Flow Analysis in DAB 

Figure 2.7 illustrates the schematic diagram of bidirectional power flow of DAB 

converter. The direction of power flows can be changed by altering the phase-shift 

between the two bridges. Power transmitted from primary to secondary is referred to 

positive power, whereas power transferred from secondary to primary is referred to 

negative power. All switches have a duty ratio of 50%(Farooq & Ullah, 2019; Mou et al., 

2020). The two totem-poled switching devices on each bridge create complementary 

square-wave pulses. 

The switching frequency of a device is referred to Fs. Increasing the value of Fs 

can reduce the size of passive components. Only Lk can construct an isolation transformer 

at high switching frequencies, because magnetic inductor losses are negligible. The DAB 

DC-DC converter has long been considered as a bidirectional converter since it may be 

used in both directions(Gorji et al., 2019) which are forward and reversed direction. 

k  = 
nVo

Vi
 2.2 
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Figure 72.7 Schematic diagram of bidirectional power flow of DAB converter 

Source: J. Zhang (2008) 

The converter has forward power flow and reverse power flow based on the 

current directions as below(J. Zhang, 2008): 

⚫ Forward Power Flow  i1<0,i2>0 

⚫ Reverse Power Flow  i1>0,i2<0 

In Figure 2.8, the pulse of SA1 is leading SC1 by 90° during the forward direction 

of power flow, while in Figure 2.9, the pulse of SA1 is lagging SC1 by 90° during the 

reversed direction of power flow. Time interval of the pulse waveform can be determined 

using Equation 2.3.   

where angle is desired angle, Fs is switching and time is the time interval between the 

pulse. SA1 and  SB1 represent the switches in primary bridge and,   SC1 and SD1 represent 

the switches in secondary bridge. SA1 and SD1, have the same polarity of signal with some 

phase-shift value. While, SB1 and SC1 is compliment from the  SA1 and SD1 respectively. 

The switches at primary is activated first followed by the secondary bridge. Figure 2.8 

shows the output waveform of power flow from primary bridge to secondary bridge while 

Figure 2.9 shows the output waveform of power flow from secondary bridge to primary 

bridge.  

Time(s) = Angle(in degree) x (
1

Fs
÷ 360) 

2.3 



15 

 

Figure 82.8 Output waveform of DAB in forward direction 

 

Figure 92.9 Output waveform of DAB in reversed direction 

The leakage inductance current, iLk  in Figure 2.8 and Figure 2.9 can be calculated 

using Equation 2.4. 

𝑑𝑖𝑙𝑘(𝑡)

𝑑𝑡
=

𝑉𝑝𝑟𝑖(𝑡) − 𝑉𝑠𝑒𝑐(𝑡)

𝐿𝑘
 

2.4 
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2.4 Phase Shift Modulation in DAB Converter 

Various modulation strategies have been used to control the DAB converter 

switches. There are certain qualities to each strategy that must be taken into account. 

Bidirectional controller performance has been a major focus of many scientists in recent 

years. The majority of these works have focused on phase-shift control techniques and 

their adaptations.Four phase-shift control methods are available, including the single 

phase-shift technique (SPS)(Farooq & Ullah, 2019; Mou et al., 2020), the extended 

phase-shift method (EPS)(Zhao et al., 2012), the double phase-shift method (DPS)(Bai 

& Mi, 2008), and the triple phase-shift method (TPS)(Krismer & Kolar, 2009). There are 

benefits and downsides to each form of control. 

When using SPS techniques, the angle between the low and high voltage bridges, 

which determines the power direction, is included into the calculation. When employed 

together, the two-dimensional modulation systems EPS and DPS constitute a powerful 

duo. A three-dimensional design technique, on the other hand, is the TPS approach(Mou 

et al., 2020). It is only possible to regulate one phase angle in the SPS technique. Two 

levels of specifications need to be changed for DPS. In order for the bridges to operate 

effectively, these two parameters must be adjusted(Farooq & Ullah, 2019). In this study, 

more analysis of TPS has been undertaken to increase the overall efficiency of DAB and 

eliminate circulating currents. The difficulties of implementing TPS and DPS techniques 

limits their capacity to manage the dynamics of the DAB in the closed loop. To regulate 

DAB converters by feedback control, the SPS methodology has been extensively 

characterized in the scientific literature. Because the theoretical and practical analysis of 

the SPS technique is straightforward and easy to manage(Mou et al., 2020), we employed 

it for our project studies.It is theoretical and experimental analysis is quite very simple 

and easy to handle(Farooq & Ullah, 2019). 

2.4.1 Single Phase Shift Modulation   

The SPS is the basic modulation in DAB converter, which only has one variable 

of phase-shift that needs to be controlled(Mou et al., 2020). In SPS modulation, the phase 

angle, Φ, is adjusted between the square-wave pulse at primary and secondary which 

limited to [-π/2,π /2] for maximum power. The power transfer relation of the DAB  can 

be calculated as in Equation 2.5. 
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where n is the ratio of the transformer, Vi is the input of the DAB converter, Vout is the 

output voltage, Lk is leakage inductance, Fs is switching frequency, and Φ is a phase shift 

between the input voltage and output voltage of the DAB converter. 

By rearrange the formula in Equation 2.5, the parameter of the Lk can be also 

identified (George, 2015). SPS modulation is a high-efficiency modulation with a voltage 

conversion ratio equal to unity. The transformer saturation may occur in traditional SPS 

control because the DAB converter's power flow is primarily dependent on the 

transformer Lk. 

 Figure 2.10 illustrates the output waveform of SPS. S1, S2, S3 and S4 represent 

the switches in primary bridge and,   S5, S6, S7, and S8 represent the switches in secondary 

bridge. S1 and S4, have the same polarity of signal. While, S2 and S3 is compliment from 

the  S1 and S4  respectively.In secondary bridge it consists of S5, S6, S7, and S8 switches. 

The pulse switching of S5 and S8 is shifted with a particular value of Φ.   

 

Figure 102.10 SPS output waveform 

Source : George (2015) 

 

 

𝑃 =
𝑛𝑉𝑖𝑛𝑉𝑜𝑢𝑡𝛷(1−

𝛷

𝜋
)

2𝜋𝐹𝑠𝐿𝑘
  

2.5 
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The leaking inductor’s value determines the phase angle,Φ of the converter.The 

phase-shift angle can be calculated using Equation 2.6.   

where Φ is phase shift angle and Fs is switching frequency.   

2.5 Overview of the PI Controller 

Good plant models are required to obtain excellent controller performance. Non-

linear and time-varying systems are typically required due to high switching frequency 

power converters(Jaleel, 2013; Oviedo et al., 2006). However, many power converters 

favor a linear, time-invariant system design instead. It is possible to implement closed-

loop control using the open-loop control paradigm, but it requires several feedback loops 

between the system’s input and output (Arab & Mp, 2012; Rao & Mishra, 2014). 

An important principle in closed-loop systems as shown in Figure 2.11 is to keep 

the difference between the actual output and its reference as little as possible. A closed-

loop controller is needed when a power converter’s output voltage must be regulated, 

while source/load disturbances must be accounted for. 

 

Figure 112.11 Basic closed-loop of DAB DC-DC converter 

Quality control measures are necessary to ensure the safety and efficiency of built 

plants. The PID controller is perhaps the most basic and most effective process control 

used to control the processes. The PID controller controls through three parameters: 

Proportional controller, Integral controller (I), and Derivative controller (D). The process 

can become more efficient(Oviedo et al., 2006; Rao & Mishra, 2014). In a closed-loop 

system, the P controller is the most common. When compared to other controllers, this 

Φ=(Time(s) × 360°)÷Fs 
2.6 
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one responds more quickly. Even though the steady-state error decreases as the 

proportional gain factor rises, Kp. P control will never be able to eliminate the system’s 

steady-state error(Temel et al., 2012). 

To establish the small-signal model around a steady-state operating point, 

discover the converter’s control-to-output transfer function, describe the expected loop 

gain based on design criteria, and build the controller transfer function to match the 

desired loop gain. For this reason, the PI controller is commonly utilized in industries for 

power converter applications that require steady-state error when the reference is a dc 

signal. 

2.5.1 History of PI controller 

Elmer Sperry created the PID controller in 1911, the first controller development. 

A completely programmable pneumatic controller wasn’t created until 1933 when Taylor 

Instrumental Company (TIC) unveiled its first pneumatic controller. Control experts 

eliminated the steady-state error is proportional controllers a few years later who reset 

the point to a fake number to ensure the error was not zero(Temel et al., 2012). The 

proportional-Integral controller was developed at the beginning of this “integrated” error 

resetting. A derivative action was introduced in 1940 by TIC, which decreased 

overshooting problems. Ziegler and Nichols(Arab & Mp, 2012) tuning rules weren’t 

developed until 1942, and it wasn’t until this time that engineers were able to determine 

and adjust PID controller values. Using proportional and integral terms as PI control 

might be a version of PID control. 

The PI controller is an excellent choice in terms of construction, affordability, and 

ease of use. The simple closed-loop PI controller is shown in Figure 2.12. Using the PI 

controller, controls on/off and P might work together without being affected by forced 

oscillations or steady-state mistakes(Oviedo et al., 2006; Rao & Mishra, 2014). There is 

just one limitation to using a PI controller: it does not enhance the reaction time and does 

not react quickly to disturbances. However, it is most typically employed in various 

industries, particularly where reaction time is not a factor(Jaleel, 2013). 
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Figure 122.12 Block diagram of PI controller 

 The transfer function of the PI controller from the Figure 2.12 can be expressed 

as in Equation 2.7. 

where KP  is proportional gain and Ti is integral time constant. 

There a few techniques that was employed to tune the PI parameters. The 

advantages and disadvantages of tuning method is tabulated in Table 2.1 

Table 2.1 Types of  tuning method and it’s advantages and disadvantages 

Method Advantages Disadvantages 

Manual Tuning Online Method,no math 

expression 

Required more time and 

practices,required 

experiences 

Ziegler-Nicholas Online method,proven 

method,more accurate 

Trial and error,process 

upset,very aggressive tuning 

Cohen-Coon Good process models Good only for first 

order,offline method 

Software tools Support Non-steady state 

tuning,consistent tuning 

Some cost required,training 

needed,consume time 

 

2.5.2 Ziegler-Nichols Tuning Method 

Ziegler and Nichols were pioneers of the Ziegler-Nichols technique and presented 

it to industry in the 1940s (Arab & Mp, 2012). Ziegler–Nichols (ZN) is a conventional 

tuning method in finding the estimated working value of KP, KI and KD. Natural heuristics 

may be used to tune PID controllers using this way. This method was introduced by 

Hs = 𝐾𝑝 + (1 +
1

sTi
 ) 2.7 
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Ziegler and Nichols in 1942 and has been extensively used in many applications due to 

its simplicity. 

This process begins with . All gains are set to zero, and then the KP value is slowly 

increased until a stable and consistent oscillation is reached. The value of the ultimate 

gain, KU and the oscillation period, TU can be measured from the response (Arab & Mp, 

2012).Then, the value of KP, KI and KD can be calculated based on Table 2.2. 

Table 2.2 Ziegler-Nichols Method  

Ziegler-Nichols Method 

Control Type KP KI KD 

P KU/2 - - 

PI KU/2.2 1.2KP/TU - 

PID 0.60KU 2KP/TU KPTU/8 

 

 



22 

CHAPTER 3 

 

 

METHODOLOGY 

3.1 Introduction 

This chapter explains about the simulation work of 20kW DAB DC-DC converter 

using MATLAB/SIMULINK software. Using modulation, the PI controller is employed 

as the controller for DAB closed-loop system. 

3.2 Project Overview 

Figure 3.1 depicts the flowchart of the project. Starting of the process is 

developing DAB configuration with SPS modulation for both direction using 

MATLAB/SIMULINK software. When the DAB open-loop system were succeed, the 

development of closed-loop system was carried out using PI controllers. The DAB DC-

DC converter is controlled by a PI controller in order to attain the dynamic response of 

the system. The performances of DAB open-loop and closed-loop systems are analyzed, 

and all analysis is finally documented in the thesis.  
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Figure 133.1 Flow chart of the project  
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3.3 Simulation Design of The Project 

Figure 3.2 illustrates complete configuration of DAB DC-DC converter that was 

design using MATLAB/SIMULINK. This system consists of three parts which are SPS 

modulation,DAB configuration and PI controller. 

 

Figure 143.2 Simulation circuit of  DAB converter with SPS and PI controller 

3.3.1 DAB Circuit Description 

Forward direction and reversed direction for DAB configuration is displayed in 

Figure 3.3 and Figure 3.4 respectively. In the forward direction of power flow, a DC 

SPS Modulation 

DAB 

Configuration 

PI controller 
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source of the inverter circuit in the primary side supplied power to the rectifier circuit on 

the secondary side through a high-frequency transformer with leakage inductance, Lk.  In 

contrast, since DAB is capable of bidirectional power flow, the DC source at secondary 

side allowed the power to be transferred from the secondary to the primary side as 

demanded. In this circuit, eight IGBT switches were chosen since IGBT is an electronic 

switch that can give high efficiency while also being a quick switching device when 

compared to other electronic switching devices. S1 and S2  represent the switches in 

primary bridge and,   S3 and S4  represent the switches in secondary bridge. 

 

Figure 153.3 DAB configuration in forward direction 

Figure 163.4 DAB configuration in reversed direction 

Table 3.1 tabulates the proposed design parameters of this project. The DAB 

circuit was constructed at rated power,P of 20kW with the voltage input,Vin is 500V for 

forward direction and 250V for reversed direction. Output voltage,Vout is 250V for 
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forward direction and 500V for reversed direction. The formula of transformer ratio as 

shown in Equation 3.1. 

Input capacitor is 1μF, input resistor is 1mΩ, and output capacitor is 1μF. The 

same parameters have been used for reversed direction configuration. 

Table 3.1 Parameters of DAB converter 

Lk is leakage inductance when two windings of a transformer are not perfectly 

linked together, a small amount of inductance is created and it is a key element for power 

transferring. There is an inductive impedance in series with the primary winding for any 

magnetic flux that does not link the primary winding to the secondary winding. The value 

of Lk can be calculated using Equation 3.2. 

 

 

 

 

𝑁1

𝑁2
 = 

𝑉1

𝑉2
 3.1 

Parameters Values 

Rated Power(kW) 20 

Input Voltage,Vin(forward) 500V 

Input Voltage,Vin(reversed) 250V 

Switching frequency,Fs 20kHz 

Input of Capacitor,Cin 1 μF 

Input Resistor,Rin 1m Ω 

Ratio of transformer,n 2:1 

Duty ratio(%) 50% 

Leakage inductor,Lk 78μH 

Output of Capacitor,Cout 1 μF 

Output of Resistor,Rout(forward) 3.125 Ω 

Output of Resistor,Rout(reversed) 12.5 Ω 

𝐿𝑘 =
𝑛𝑉𝑖𝑛𝑉𝑜𝑢𝑡𝛷(1−

𝛷

𝜋
)

𝑃2𝜋𝐹𝑠
  

3.2 
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Fs in the formula is known as switching frequency placed in transformer. The Fs 

in the transformer is the rate at which the switching device is switched on and off. When 

the value of Fs is increased the related component’s size become decreases. In this 

project, the Fs is set to a fixed value of 20 kHz. Output resistor,Rout is calculated by using 

the formula in Equation 3.3. 

 

3.3.2 Single Phase Shift Modulation 

Figure 3.5 and 3.6 show the SPS modulation technique for both forward and 

reversed direction that developed by using pulse generator. The pulse generator is used 

to generate pulses in DAB configuration. The NOT block is used to make the complement 

signals for S1 and S3 pulse switching. 

 

Figure 173.5  SPS modulation for forward direction 

 

Figure 183.6  SPS modulation for reversed direction 

Rout = 
𝑉𝑜𝑢𝑡2

𝑃(𝑟𝑎𝑡𝑒𝑑)
 3.3 
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Figure 3.7 shows the settings of pulse generator for S1 and S2. While, Figure 3.8 

shows the settings of pulse generator for S3 and S4. Period for the simulation is 

(1/20  kHz) where 20kHz is the switching frequency for both pulse generators. The value 

of duty cycle(pulse width) is fixed to 50% for both pulse generators. The phase delay 

represents the value of Φ in DAB where the unit is in second(s). The phase delay can be 

calculated using Equation 2.6. 

 

Figure 193.7 Pulse generator settings for S1 and S3 

 

Figure 203.8 Pulse generator setting for S3 and S4 
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In forward direction, the primary pulse must lead the secondary pulse with a 

certain value of Φ. In this design, the switches in primary side is set to 0° without any 

phase shift. While, the switches in secondary side is set to 90° for producing maximum 

power. For this setting, it shows that S1 leading S3 with 90°. Meanwhile for the reversed 

direction, primary side is set to 90° and secondary side is set to 0°. For this setting, it 

shows that S1 lagging S3 with 90°. 

3.3.3 PI Controller 

Figure 3.9 shows the block diagram of DAB DC-DC converter with a voltage 

loop PI controller. When the output voltage, Vout, is compared to the voltage reference, 

Vref, the voltage error, Ve, is obtained, as seen in the block diagram. The PI controller 

tuning the suitable Φ to generate the signal of IGBT in the DAB converter. Then, the Φ 

will assured that the system produced the desired Vout. 

 

 

Figure 213.9 Block diagram of DAB DC-DC converter 

Figures 3.10 and 3.11 depict the PI controller configuration in DAB for forward 

and reverse direction, respectively. This controller section replaced the pulse generator 

that was used in open-loop system. For primary bridge, all switches is set to 0° and the Φ 

in secondary bridge is determined by PI controller automatically.  
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Figure 223.10 PI controller for forward direction 

 

 

Figure 233.11 PI controller for reversed direction 

The appropriate KP and KI gains were tuning using ZN approach. KP gain is 

adjusted from zero until obtaining the reached the stable oscillation, as shown in Figure 

3.12. The maximum gain, KU and oscillation period produced from the waveform 

correspondingly is 8 and 21.261ms. Then, both values of KP and KI gain can be 

determined by using the formula in Table 2.2. 
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Figure 243.12 Tuning process of KP and KI gains using ZN approach 

The transient response is the measure of how well a system responds toward a 

sudden change. Figure 3.13 explains the parameters involved in transient response in 

graphical form. The settling time, rise time, and overshoot of the DAB converter must be 

taken into account to provide a dynamic response. Settling time means when the response 

curve reaches and maintains a specified proportion of the final value (typically 5% or 

2%) of the response time. Meanwhile, rise time is a duration for a signal to rise from a 

lower value to a higher one, where the measurement was taken from 10% to 90% of the 

steady-state value. The overshoot is defined when signals and functions overreach their 

intended range. The percentage of overshoot can be calculated using Equation 3.4. 

Tu 
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Figure 253.13 Graph of Transient Response  

 

 

3.3.4 Desired Output Voltage Step-Change 

In this simulation work, the step block is used to step-change the value of Vref as 

presented in Figure 3.14. The step block can be setup either for step-up or step-down 

voltages. The PI controller will make the necessary modifications and generate the 

appropriate signals for the DAB system for each voltage change. This method is applied 

for both directions to analyze the dynamic response. 

Overshoot(%) = 
𝑉𝑚𝑎𝑥 − 𝑉𝑟𝑒𝑓

𝑉𝑟𝑒𝑓
 × 100% 3.4 
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Figure 263.14 Desired output voltage step-change configuration 

The parameter settings for the step block are shown in Figure 3.15. For example, 

when the system want to step-down the output voltage from 250V to 50V, the initial value 

is fixed to 250V and the final value need to set to 50V. The step time of 0.2 determined 

the time change from the initial value to the final value occurred at simulation time of 

0.2s. 

 

Figure 273.15 Parameter settings of step block 

3.3.5 Input Voltage Step-Change 

For the test cases of input voltage step-change, the DC source supply is replaced 

with the signal builder block together with controlled voltage source as displayed in 

Figure 3.16.  



34 

 

Figure 283.16 Input Voltage step-change configuration 

The changes of DC input voltage can be setup directly in signal builder and the 

changes are displayed in graph form as shown in Figure 3.17. From the Figure 3.17, it 

shows that input voltage of 500V drops to 300V at 0.2s. After 0.03s, the DC supply back 

to the initial value of 500V. In this cases, the capability of PI controller is tested to see 

whether it can maintain the desired Vout after the disruption. The controlled voltage source 

block is used to set the initial DC input voltage as illustrated in Figure 3.18.  
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Figure 293.17 Parameter settings for signal builder 

 

 

Figure 303.18 Controlled Voltage Source settings 
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3.3.6 Load Step-Change 

In load step-change, the resistor at the load side is changed and controlled using 

repeating sequence blocks and switches. The load step-change configuration for DAB is 

illustrated in Figure 3.19 where two load resistors is used. For example, when the load is 

setup to step from 20kW to 10kW, the value of load resistors respectively is 3.125Ω and 

6.35Ω. The repeating sequence blocks is used to set the disturbance time and the switches 

is employed to ON/OFF the selected resistor. 

 

Figure 313.19 Load step-change configuration 
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CHAPTER 4 

 

 

RESULTS AND DISCUSSION  

4.1 Introduction 

The 20 kW DAB DC-DC converter with SPS modulation was simulated using 

MATLAB/SIMULINK. In an open-loop system, the performance of the DAB system is 

analyzed during forward and reverse direction for various phase-shift angles. Then, the 

DAB with PI controller is evaluated under several conditions which are desired output 

step-change, load step-change, and input voltage step-change. All conditions are assessed 

in terms of dynamic response including settling time, rise time and overshoot percentage.  

4.2 DAB Output for Various Phase-Shift Angle in Forward Direction (Open-

Loop and Closed-Loop System) 

The various phase-shift angle is observed for DAB open loop system and closed-

loop system in forward direction as illustrated in Table 4.1. The angle is altered manually 

in an open-loop system, but in a closed-loop system, the PI controller manages the angle 

to ensure that the DAB system is operating at an appropriate angle when Vref is changed. 

The outputs of open-loop system is used as a reference to ensure the DAB is well 

functioning in closed-loop system. From Table 4.1, the output results of both systems are 

approximate for the same value of Φ. In this design, the power transfer is maximum at 

90°, and the value of Φ is proportional to the amount of power, where, as the Φ is 

increases, the power increases as well. 
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Table 4.1 Various phase-shift angles for forward direction 

DAB System Phase shift 

angle 

Time 

shifting 

Parameters 

Φ(°) sec(μs) Vout(V) Iout(A) Pout(kW) 

Open-

Loop system 

90 12.5 249.2 79.74 19.87 

45 6.25 201.2 64.42 12.96 

15 2.08 105.8 33.81 3.577 

5 0.69 39.08 12.38 0.483 

Closed-

Loop system 

90 12.5 248.5 79.53 19.76 

45 6.25 201.2 64.37 12.95 

15 2.08 105.5 33.77 3.563 

5 0.69 38.44 12.3 0.472 

The switching pulse for DAB open-loop system in forward direction is depicted 

in Figure 4.1. As the forward direction is analyzed at maximum power, the primary pulse 

always leading the secondary pulse by 90°. Figures 4.2 illustrates the DAB output 

waveform for open-loop system at 90°, where Vout is 250V, Iout is 80A, and Pout is 20kW. 

The settling time for the response is 16.263ms and the rise time is 5.808ms.  

 

Figure 324.1 Output waveform of switching pulse in DAB converter open-loop system 

at at 90° (forward direction) 

S4 

S3 

S2 

S1 

90° 
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Figure 334.2 Output waveform of DAB converter open-loop system at 90°(forward 

direction) 

 In DAB closed loop system, the same pattern of switching pulse is produced 

when the system is tested at maximum output voltage of 250V during forward direction. 

The S1 at the main bridge is leading S3 at the secondary bridge with 90° as presented in 

the Figure 4.3. Figure 4.4 shows the DAB closed-loop system, where the PI controller 

able to regulate the Vout as required with 250V of Vout, 80A of Iout and 20kW of Pout. It 

shows that, the PI controller tuned suitable Φ automatically in regulating the desired 

output. The rise time for the systems is 6.086ms, and the settling time is 16.305ms. 

250V 

80A 

20kW 
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Figure 344.3 Output waveform of switching pulse in DAB converter closed-loop 

system at 90°(forward direction) 

 

Figure 354.4 Output waveform of DAB converter closed-loop system at 90° (forward 

direction) 

 

 

S1 

S2 

S3 

S4 

90° 

250V 

80A 

20kW 



41 

4.3 DAB Output for Various Phase Shift Angle in Reversed Direction (Open-

Loop and Closed-Loop System) 

The various phase-shift angle is also observed for DAB open loop system and 

closed-loop system in reverse direction as illustrated in Table 4.2. From Table 4.2, the 

output results of both systems are approximate for the same value of Φ. In this design, 

the power transfer is maximum at 90°, and the value of Φ is proportional to the amount 

of power, where, as the Φ is decreases, the power decreases as well. 

Table 54.2 Various phase shift angles for reversed direction 

For reverse direction, the switching pulse for DAB open-loop system is depicted 

in Figure 4.5. As the system is evaluated at maximum power, the primary pulse always 

lagging the secondary pulse by 90°. The DAB output waveform for open-loop system at 

90° during reverse direction is illustrated in Figures 4.2, where Vout is 500V, Iout is 40A, 

and Pout is 20kW.  

 

DAB System Phase shift 

angle 

Time 

shifting 

Parameters 

Φ(°) sec(μs) Vout(V) Iout(A) Pout(kW) 

Open-

Loop system 

90 12.5 497.5 39.8 19.8 

45 6.25 402.4 32.19 12.95 

15 2.08 211.4 16.91 3.574 

5 0.69 77.66 6.21 0.482 

Closed-

Loop system 

90 12.5 496.4 39.7 19.71 

45 6.25 401.9 31.5 12.67 

15 2.08 210 17.3 3.633 

5 0.69 78.77 6.15 0.484 
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Figure 364.5 Output waveform of switching pulse in DAB converter open-loop system 

at 90° (reverse direction) 

 

Figure 374.6 Output waveform of DAB converter open-loop system at 90°(reverse 

direction) 

In DAB closed loop system, when the system is tested at maximum output voltage 

of 500V during reverse direction, the switching pulse produced is identical with the 

output from open-loop system. The S3 at the secondary bridge is leading S1 at the primary 

bridge with 90° as presented in the Figure 4.7. Figure 4.8 shows the DAB closed-loop 

system during reverse direction, where the PI controller able to regulate the Vout as 

S2 
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required with 500V of Vout, 40A of Iout and 20kW of Pout. It shows that, the PI controller 

tuned suitable Φ automatically in regulating the desired output. The systems have a rise 

time of 5.808ms and a settling time of 16.263ms. 

 

Figure 384.7 Output waveform of switching pulse in DAB converter closed-loop 

system at 90°(reverse direction) 

 

Figure 394.8 Output waveform of DAB converter closed-loop system at 90° (reverse 

direction) 
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4.4 Dynamic Response Performance 

4.4.1 Step-change of Desired Output Voltage for 20 kW DAB system 

4.4.1.1 Forward direction 

Table 4.3 depicts the dynamic response of the DAB DC-DC converter under two 

different voltage conditions: step-up voltage and step-down voltage. This is 

accomplished by testing the DAB system under several reference voltages, Vref, such as 

50V-100V, 100-150V, 250V-50V, and 150V-100V. In step-up voltage, the fastest 

settling time to reach steady-state response within the necessary error band is 12.452ms 

when the voltage is changed from 50V to 100V. The slowest settling time is produced 

when the voltage is stepped from 100V to 250V with 15.876ms. In term of rise time, it 

produces quickest rise time with 0.643ms when the voltage is changed from 50V to 100V. 

During step-down voltage conditions, the DAB system have fastest recovery time 

when the voltage is changed from 230V to 150V with 10.428ms. While, when the voltage 

is stepped from 250V to 50V, it results the slowest settling time with 18.765ms. The 

fastest fall time is produced when the voltage is changed from 230V to 150V with only 

0.862ms. The average settling time for the forward direction during step-up is 13.5 

milliseconds, while the average settling time for step-down is 12.9 milliseconds. 

Table 64.3 Results of dynamic response during step-up and step- down voltage for 

forward direction 

Conditions Vref(V) Rise time(ms) Settling time(ms) 

Step-up  

voltage 

50-100 0.643 12.452 

50-250 0.689 12.576 

100-150 9.955 13.765 

100-250 2.299 15.876 

150-250 6.286 12.832 

Conditions Vref(V) Fall time(ms) Settling time(ms) 

Step-down 

voltage 

250-50 4.218 18.765 

230-150 0.862 10.428 

250-100 1.451 11.529 

150-100 1.652 10.751 

100-50 3.531 12.876 

Figure 4.9 depicts the output waveform for step-up Vref from 100V to 250V in 

forward direction. The current and the power increased when the voltage increased, as 
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shown in Figure 4.9. According to the Table 4.3, the settling time for step-up condition 

of 100V to 250V is 15.876ms and rise time is 2.299ms. DAB dynamic performance is 

proved by changing the reference voltages in simulation and seeing how quickly the 

output voltages adapt and change to the target value in less than 10ms of rise time 

 

Figure 404.9 Output waveform of DAB converter for step-up Vref from 100V to 250V 

in forward direction 

Figure 4.10 illustrates the output waveform for step-down Vref from 250V to 50V 

in forward direction. The current and the power decreased when the voltage decreases, 

as shown in Figure 4.10. The settling time for this condition is 18.765ms and producing 

4.218ms of rise time. DAB dynamic performance is proved by changing the reference 

voltages in simulation and the output voltages able to adapt and change to the target value 

in less than 4.5ms of rise time. 
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Figure 414.10 Output waveform of DAB converter for step-down Vref from 250V to 

50V in forward direction 

 

4.4.1.2 Reversed Direction 

The dynamic response of the DAB DC-DC converter of Vref step change for 

reverse direction is presented in Table 4.4. In step-up voltage, the fastest settling time to 

reach steady-state response within the necessary error band is produced when the voltage 

is changed from 50V to 100V with 11.765ms. The slowest settling time is produced when 

the voltage is stepped from 100V to 150V with 14.654ms. In term of rise time, it produces 

quickest rise time with 0.20ms when the voltage is changed from 50V to 100V. 

During step-down voltage conditions, the DAB system have fastest settling time 

when the voltage is changed from 230V to 150V with 11.564ms. While, when the voltage 

is stepped from 250V to 50V, it results the slowest settling time with 15.743ms. The 

fastest fall time is produced when the voltage is changed from 230V to 150V with only 

0.996ms. The average settling time for reversed direction during step-up is 13.1234ms, 

while average settling time for step-down is 13.2948ms. 
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Table 74.4 Results of dynamic response during step-up and step- down voltage for 

reversed direction 

Conditions Vref(V) Rise time(ms) Settling time(ms) 

Step-up  

voltage 

50-100 0.620 11.765 

50-250 0.789 12.978 

100-150 5.565 14.654 

100-250 3.334 13.659 

150-250 9.672 12.561 

Conditions Vref(V) Fall time(ms) Settling time(ms) 

Step-down 

voltage 

250-50 4.302 15.743 

230-150 0.996 11.564 

250-100 2.049 12.598 

150-100 1.632 12.897 

100-50 3.979 13.672 

Figure 4.11 illustrates the output waveform for step-up Vref from 150V-250V in 

reversed direction. The current and the power increased when the voltage increased, as 

shown in Figure 4.11. According to the Table 4.4, the settling time for step-up conditionn 

is 12.561ms and rise time is 9.672ms. DAB dynamic performance is proved by changing 

the reference voltages in simulation and seeing how quickly the output voltages adapt 

and change to the target value in less than 10ms.  
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Figure 424.11 Output waveform of DAB converter for step-up Vref from 150V to 250V 

in reverse direction 

Output waveform of step-down Vref from 230V-150V is shown in Figure 4.12 for 

reversed direction. The current and the power decreased when the voltage decreases, as 

shown in Figure 4.12. The settling time for this condition is 11.564ms and rise time is 

0.996. DAB dynamic performance is proved by changing the reference voltages in 

simulation and the output voltages able to adapt and change to the target value in less 

than 4.5ms of rise time. 
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Figure 434.12 Output waveform of DAB converter for step-down Vref from 230V to 

150V in reverse direction 

 

4.4.2 Step-change of Input Voltage for 20 kW DAB system 

4.4.2.1 Forward Direction 

Table 4.5 represents the dynamic response of the DAB DC-DC converter for Vin 

step-change value which is from 500V to 300V in forward direction. This is executed  by 

testing the DAB system under several reference voltages, Vref  such as 250V, 200V, 

150V, 100V, and 50V. During forward directionn, fastest settling time to achieve steady-

state response within the necessary band is 10.987ms when the Vref is 250V.The slowest 

settling time is when the Vref is 50V with 14.882ms. In terms of overshoot percentage, 

the highest overshoot is 25% when the Vref is 200V. While, the lowest overshoot 

percentage is produced when the Vref is 50V with 5.9%.  

Table 84.5 Results of dynamic response during input voltage, Vin step-change for 

forward direction 

Vin Step Change Vref(V) Settling time(s) Overshoot(%) 

 

(500V-300V-

500V) 

250 10.987 - 

200 13.187 25 

150 12.767 10.67 

100 12.8097 6 

50 14.882 5.9 

17.3kW

230V 

75A 

150V 

50A 

7.5kW 
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 Figure 4.14 shows output waveform for Vin step change from 500V-300V in 

forward direction. When Vin falls to 300V at 0.2s, the output voltage, current and the 

power decreased as shown in Figure 4.14.  According to table 4.5, the settling time to 

reach steady-state response within the necessary error band is 10.987ms when Vref is 

250V. DAB dynamic performance is proved by changing the reference voltages in 

simulation and seeing how quickly the output voltages adapt and reached to the target 

value in less than 15ms of settling time.  

 

Figure 444.14 Output waveform of Vin step-change for forward direction 
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4.4.2.2 Reversed Direction 

Table 4.6 shows the dynamic performance of the DAB DC-DC converter for Vin 

step-change value which is from 250V to 200V in reversed direction. During reversed 

direction, the fastest settling time is 12.753ms when the Vref is 100V with an overshoot 

of 8.4%. While, the slowest settling time is 16.498ms when the Vref is 250V. In terms of 

overshoot percentage, the highest overshoot is 25% when the Vref is 200V. While, the 

lowest overshoot percentage is produced when the Vref is 50V with 8.1% .   

 Table 94.6 Results of dynamic response during input voltage, Vin step-change for 

reverse direction 

Vin Step Change Vref(V) Settling time(s) Overshoot(%) 

 

(250V-200V-

250V) 

250 16.498 - 

200 13.201 25 

150 12.798 11.33 

100 12.753 8.4 

50 15.588 8.1 

Figure 4.15 shows the output waveform for Vin step change from 250V-200V in 

reversed direction. When Vin falls to 200V at 0.2s, the output voltage, current and the 

power decreased as shown in Figure 4.15. In this condition, the settling time to reach 

steady-state response within the necessary error band is 16.498ms when Vref is 250V. 

DAB dynamic performance is proved by changing the reference voltages in simulation 

and seeing how quickly the output voltages adapt and reached to the target value in less 

than 17ms of settling time.  

Based on the simulation findings, due to this increase in load current and voltage 

control, more power is required from the source, resulting in an increase in power 

consumption(Sedaghati et al., 2016). 
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Figure 454.15 Output waveform of Vin step-change for reverse direction 

 

4.4.3 Step-change of Loads 

4.4.3.1 Forward direction 

Table 4.7 tabulates the dynamic response’s results of load step-change under 

several variations of Vref load step variations in forward direction. For forward direction, 

the resistor values used are 3.125Ω for 20kW, 6.25Ω for 10kW, and 12.5Ω for 5kW. In 

step-up conditions, the slowest settling time is 101.336ms when the load is changed from 

5kW to 20kW at 150V with an overshoot of 3.6%. While, the system gives faster recovery 

during transient when the load is stepped from 5kW to 10kW at 200V with 39.675ms and 

has overshoot percentage of 5.5%. In step-down conditions, when the load changed from 

10kW to 5kW at 200V, it produces fastest setting time with 36.659ms and 5.5% of 
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overshoot. Then, the slowest settling time with 88.77ms is produced when the load from 

20kW is stepped-down to 5kW at 250V. 

Table 104.7 Results of dynamic response during load step-change for forward 

direction under several variations of Vref 

 

 

 

 

 

 

 

 

  

 

Figures 4.16 presents the output waveform of load step-change for forward 

direction. The system is changed from 10kW to 20kW to 10kW at 250V of Vref. In first 

condition, when the system changes from 10kW to 20kW at 0.2s, the settling time is 

58.780ms with 6.4% of overshoot. While in second condition, when the system is 

stepped-down from 20kW to 10kW, it produces 60.057ms of settling time with 3.4% of 

overshoot. 

 

Vref(V) Voltage 

Step- 

Change 

Conditions 

(kW) 

Settling 

time(ms) 

Overshoot 

(%) 

250 Step-up  5-10 51.658 6.4 

5-20 65.488 6.68 

10-20 58.780 6.4 

Step-down 20-10 60.057 3.4 

20-5 88.772 2 

10-5 39.995 6.4 

200 Step-up 5-10 39.675 5.5 

5-20 60.659 6 

10-20 64.34 4.5 

Step-down 20-10 49.044 3.8 

20-5 50.954 2.65 

10-5 36.659 5.5 

150 Step-up 5-10 99.046 3.6 

5-20 101.336 3.6 

10-20 42.366 2.3 

Step-down 20-10 50.954 2.5 

20-5 45.987 3.4 

10-5 65.078 3.6 
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Figure 464.16 Output waveform of load step-change for forward direction 

 

4.4.3.2 Reversed Direction 

The dynamic response’s results of load step-change under several variations of 

Vref load step variations in reverse direction is summarized in Table 4.8. For reverse 

direction, the resistor values used 12.5Ω for 20kW, 25Ω for 10kW, and 50Ω for 5kW. In 

step-up conditions, the system gives faster recovery during transient when the load is 

stepped from 5kW to 10kW at 500V with 37.671ms and has overshoot percentage of 

6.36%. While, when the load is changed from 5kW to 20kW at 500V, it takes longest 

time to regulate back to the desired output by producing 82.192ms with an overshoot of 

3.6%. In step-down conditions, when the load changed from 10kW to 5kW at 450V, it 

produces fastest setting time with 30.593ms and 4.5% of overshoot. Then, the slowest 

settling time with 76.712ms is produced when the load from 20kW is stepped-down to 

10kW at 500V. 
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Table 114.8 Results of dynamic response during load step-change for reversed 

direction under several variations of Vref 

 

 

 

 

 

 

 

 

 

 

Figures 4.17 presents the output waveform of load step-change for reverse 

direction. The system is changed from 20kW to 10kW to 20kW at 500V of Vref. In first 

condition, when the system changes from 20kW to 10kW at 0.2s, the settling time is 

76.712ms with 44% of overshoot. While in second condition, when the system is stepped-

up from 10kW to 20kW, it produces 63.976ms of settling time with 6.8% of overshoot. 

Based on the simulation findings, whether there are rises or drops of 20 percent 

from the load power, the PI controller still has capability to control or regulate the system 

at the desired output for any step-changes circumstances (Sedaghati et al., 2016). 

 

Vref(V) Voltage 

Step- 

Change 

Conditions 

(kW) 

Settling 

time(ms) 

Overshoot 

(%) 

500 Step-up  5-10 37.671 6.36 

5-20 82.192 7 

10-20 63.976 6.8 

Step-down 20-10 76.712 44 

20-5 56.164 21 

10-5 35.616 6.36 

450 Step-up 5-10 40.153 4.5 

5-20 53.537 5.5 

10-20 52.103 4.65 

Step-down 20-10 50.191 40 

20-5 51.147 23 

10-5 30.593 4.5 

400 Step-up 5-10 66.922 3.93 

5-20 70.746 3.6 

10-20 53.537 1.93 

Step-down 20-10 49.713 23.5 

20-5 49.713 30 

10-5 52.103 3.93 
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Figure 474.17 Output waveform of load step-change for reversed direction 
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CHAPTER 5 

 

 

CONCLUSION 

5.1 Conclusion 

The 20 kW DAB DC-DC converter with a 20 kHz switching frequency has been 

designed and effectively tested in an open-loop system and a closed-loop system using a 

PI controller. The DAB system with SPS modulation was successfully developed using 

MATLAB/SIMULINK. The system has been tested for various phase-shift angles in both 

forward direction and reverse direction, and produce the approximate results between 

open-loop and closed-loop system. Hence, it shows that the DAB with PI controller is 

functioning well. 

Furthermore, the dynamic response of the DAB system is evaluated in terms of 

step-changes of load, input voltage and desired output voltages for both directions. For 

load step-change, the system shows the fastest response when the load is changed from 

10kW to 5kW at 200V with 36.659ms during forward direction. Meanwhile, the system 

shows the fastest response when the load is changed from 10kW to 5kW 450V with 

30.593ms during reverse direction. For input voltage step-change, the fastest dynamic 

response during forward direction is depicted at 250V with 10.987ms, and at 300V, it 

produces the lowest percentage of overshoot with 0%.  For input voltage step-change, the 

fastest dynamic response during reverse direction is depicted at 100V with 12.753s, and 

at 200V, it produces the lowest percentage of overshoot with 8.4%. In terms of overshoot 

percentage, the lowest percentage with 2% and 1.93% are produced when the desired 

output was changed correspondingly from 20kW to 5kW during forward and 10kW to 

20kW during the reverse direction. 

 Then, the fastest rise time and fall time during forward direction are produced 

when the desired output was changed from 50V to 100V and 230V to 150V, respectively. 
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While, for the reverse direction, the fastest rise time and fall are produced when the 

desired output was changed from 50V to 100V and 230V to 150V. From aforementioned 

results, it shows that the PI controller has the capability to control the dynamic response 

in the proposed DAB system and in conclusion, all three proposed objectives of this 

project are accomplished. 

5.2 Recommendation 

The knowledge and the experience from this thesis will be further established in 

future work. A few suggestions and ideas can be implemented for future research based 

on this topic. The PI controller's performance is the first consideration. The PI controller's 

performance may be compared to other types of controllers, such as sliding mode, fuzzy 

logic or other non-linear controllers. Besides, instead of using conventional ZN tuning, 

the auto-tuning methods of KP and KI parameters can be considered since auto-tuning can 

produce better results and performances. Finally, the hardware of the DAB DC-DC 

converter should be created to learn the converter's performance in order to validate the 

simulation findings.
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