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 2 

sources. The following alternative energy sources introduced are widely developed clean 

electricity generation systems. 

 

1.1.1 Hydro Energy 

 

Over the last 100 years, hydro power has been the most mature renewable energy 

source generating electricity around the world [3,4]. The hydroelectric energy takes a 

large amount and is still being exploited. Hydro power generation using rivers and dams 

has been recognized as an excellent source of renewable energy source. Hydro power 

depends on the kinetic energy of a flowing fluid to generate electricity. The structure of a 

micro-hydro generation system is shown in Fig. 1.1. There is an increase of interest in the 

U.S.A. to harness the main rivers such as the Mississippi River. However, considering the 

environmental damage and risk of relocation of human beings, it becomes more difficult 

to be constructed due to the political issues. After that it comes with the wind energy, 

solar energy, and fuel cells. Hence, these areas will take a greater amount of the 

electricity generation mix to break the dependence on oil and coals.  

 

Fig. 1.1 System structure for a micro-hydro generation system 
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1.1.2 Wind Energy 

 

The amount of the wind energy is infinite. It is clean, renewable, and widely 

distributed. Wind energy is the next most popular source of green energy around the 

world. The wind electricity has been commercialized for the last decades [3]. The wind 

energy production forecast by 2011 is more than 200 GW. The European Wind Energy 

Association (EWEA) projects 150,000 MW by 2020. The United States holds the second 

largest share of wind power in the world followed by China and India where the wind 

industry is also booming. Wind turbines are widely used to convert the kinetic wind 

aerodynamic energy into electricity. Different scales of the wind turbines can be utilized 

from a few hundred watts residential use to several megawatt electric grid utility. The 
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1.1.3 Solar Energy 

 

Solar energy, heat coming from the sun, has been harnessed by human beings and 

considered a truly renewable energy source. By using photovoltaic and heat engine, 

sunlight can be converted into electricity. The conventional PV with power conditioning 

system is shown in Fig. 1.3. This green energy-solar photovoltaic is growing rapidly, 

even though in a small base, to a total global capacity of 40,000 MW at the end of 2010. 

The simplicity of the technology and flexibility of installation make PV a greater 

potential for worldwide growth. So far substantial research and development (
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In conclusion, dc-dc converters play a very important role in the application of 

renewable energy system and it’s practically utilization. They ensure the efficient and 

flexible interconnection of different energy storage systems and loads. In the following 

study, the focus is on the dc-dc converter systems. 

 

1.2 Literature Review 

 

With the increasing concern about over-consumption of non-renewable resources, 

the development of renewable energy sources has taken on an accelerated pace. The main 

advantages of using renewable energy sources are the low harmful emissions such as 

CO2, high operation efficiencie,s and inexhaustible resources. However, some issues such  
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1.2.1 Topology Review for DC-DC Converters 

 

Recently the dc-dc converter has emerged as an important energy conversion 

system in the application of renewable energy generating systems such as fuel cells and 

photovoltaic (PV) array [9,14,29,30]. Applications such as unidirectional, bidirectional 

power conversion, high power isolated, single-phase half-bridge, and full dual-active-

bridge (DAB) dc-dc converters have received more and more attention. They have merits 

of compact size and light weight, electrical isolation between source and load, 

bidirectional power flow for charging and discharging the battery system. The use of a 
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Fig. 1.6 A typical single-phase bidirectional half-bridge dc-dc converter 

 

has the advantage of low device voltage and low device count; however, it may not be 

good choice because of the double current going through the semiconductor device and 

the split capacitors with potential unbalanced voltage issues. 

By replacing the diodes of the secondary rectifier stage in the unidirectional 

topology of Fig. 1.5, bidirectional power flow can be achieved as shown in Fig. 1.6. It 

enables the charging and discharging by phase shifting the voltages operated on the 

primary and secondary side. Still, this topology is intended for the low power 

applications due to the low count of the semiconductor devices. 

1.2.1.2 Single-phase full-bridge dc-dc converter. Some primary sources like 

fuel cells cannot absorb power. Hence the converter does not need to be bidirectional for 

this case. The single-phase unidirectional full bridge dc-dc converter is illustrated in Fig. 

1.7. It can be operated by both phase shift and duty ratio control signals to acquire the 

reasonable voltage. Also, zero voltage switching (ZVS) can be realized in a limited load 

and input voltage range [10]. 
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Fig. 1.7 A typical single-phase unidirectional full bridge dc-dc converter 

Load

Tap1

Tbn1

Tbp1

Tan1

Vdc

i1 i2'

v1 v2'

N1 N2

Tap2

Tan2

Tbp2

Tbn2

IL

C

 

Figure 1.8 Single-phase dual active bridge (DAB) dc-dc converter topology 

 

Single-phase bidirectional dc-dc converter topology shown in Fig. 1.8 is possibly 

the most popular topology for bidirectional applications. It was first proposed in [30]. 

This topology is also studied in [10] and called dual-active-bridge (DAB) dc-dc 

converter.  

The two individual single-phase converters are coupled as the primary and 

secondary side of a high frequency transformer with a turn ratio of N1/N2. The ac voltage 

v1 and v2
' 
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converters located at each side are all composed of full H-bridges which can decrease the 

current stress compared to the half-bridge configuration, where Tap1, Tan1, Tbp1 and Tbn1 

are the corresponding switches for primary side converter, and Tap2, Tan2
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a backup component to supply peak power requirement. Hence, with an extra auxiliary 

power supply, the dynamics of the system can be improved and it increases the fault 

tolerant capability. In this regard, derived from traditional bidirectional dc-dc converter 

structure, the three-port bidirectional dc-dc converters have been reported in [21-26]. 

1.2.1.4 Multiport active bridge dc-dc converter. Recently, future energy 

systems have needed to interface various energy sources such as fuel cells and 

photovoltaic (PV) with various loads. Multiport active bridge dc-dc converters shown in 

Fig. 1.10 can be used to interface multiple power sources and multiple loads [35]. Due to 

the intermittent nature of solar and wind energy and slow dynamic response of fuel cell, 

the battery type backup is necessary and capable of long-term storing of energy. 

Each single port of DAB is connected by an isolated high frequency transformer. 

Hence, developing multiport dc-dc converters is a new trend and gaining concerns in 

sustainable energy system and hybrid electric vehicles.  

 

 

Fig. 1.10 Block diagram of multiport DAB converter system 
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1.2.2 State of the Art Bidirectional DC-DC Converters 

 

In the literature, the isolated dual active bridge converter was originally studied in 

[29]. It is a galvanic buck and boost bidirectional dc-dc converter with a high frequency 

transformer. The two individual single-phase converters are operated with phase shift 

PWM waveforms which enable the bidirectional power flow. It has the advantage of low 











 18 

Last, but not the least, the preliminary laboratory prototype is built up with the 

rating of 1 kW at 20 kHz. Some of the components need to be designed after the 
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Chapter 4 illustrates the proposed approach using the converter switching 

functions and harmonic balance technique (HBT) to modeling and analyzing the DAB 

s
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2.1 Introduction of State Space Technique 

 

Among a number of ac converter modeling techniques, the state space averaging 



 22 

specified. Also the parameters of the system state variables are set as well as the input 

energy source is given. Then, the state equations to analyze the characteristics of the state 

variables can be solved. 

The state equations can be written as 
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It is known ][][ 23 tXtX o = and
π

πϕ
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[ 212332
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The ][ 3tX can be expressed in terms of ][ 2tX : 

TDDttt 
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It is known ][][ 102 tXtX = and
2

)(
2 21

1221
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++−

=−=
π

πϕ

 

The ][ 2tX can be expressed in terms of ][ 1tX which is same as the Equation (2.28). 

3) At the time interval 2t to 3t      1,0: 213 == sVθ  the time is 32t  

It is known ][][ 23 tXtX o = and
2

)(
2 21

2332
TDD

ttt ⋅
−−

=−=
π

πϕ

 

As the input voltage 
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Fig. 2.6 Ideal waveform of operation Mode C 

 

Mode C (see Fig. 2.6) )2(
2

)( 2121 DDDD −−≤≤−
πϕπ . This can be separated 

into four states which can make this nonlinear system into four linear systems with each 

state space equation. 

1) At the time interval 0 to 1t        1,: 211 −== sVV dcθ the time is 10t  

2) At the time interval 1t to 2t      0,: 212 == sVV dcθ  the time is 21t  

3) At the time interval 2t to 3t      1,: 213 == sVV dcθ  the time is 32t  

4) At the time interval 3t to 4t      1,0: 214 == sVθ  the time is 43t  

Similarly the steps of calculation are like the ones in Modes A and B. Substitute 

the values of input vectors s2 and V1 for each time interval, calculate the integral parts and 

rearrange the equation as follows: 

1) At the time interval 0 to 1t        1,: 211 −== sVV dcθ the time is 10t  

It is known ][]0[ 4tXX −= and
2

)(
2 21

110
TDD

ttt o ⋅
−+

=−=
π

πϕ

 

The ][ 1tX can be expressed in terms of ][ 0tX which is same as the Equation (2.27). 
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 (2.43) 

2) At the time interval 1t to 2t      0,: 212 == sVV dcθ  the time is 21t  

It is known ][][ 102 tXtX = and
2

)(
2 21

1221
TDD

ttt ⋅
++−

=−=
π

πϕ

 

The ][ 2tX can be expressed in terms of ][ 1tX which is same as the Equation (2.28). 
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The system is generalized in terms of state space equation at any time interval for 

each mode: 
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Fig. 2.8 Comparison of the instantaneous input current i1 with and without Lm 

 

 

Fig. 2.9 Comparison of the instantaneous input power P1 with and without Lm 
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Fig. 3.3 The difference between 1V  and 2V waveform over a half time period 

 

 

Fig. 3.4 The input current 1I  
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Hence, the power flow equation for Mode B is given by 
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The dynamic performance of the voltage drop on leakage inductance, input current, and 

real power between two ports is shown in Fig. 3.6 – Fig. 3.8. 

 
Fig. 3.6 The difference between 1V  and 2V waveform over a half time period 
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Fig. 3.8 The real power 1P  waveform over a half time period 
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Hence the power flow equation for Mode C is given by 
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The dynamic performance of the voltage drop on leakage inductance, input 

current and real power between two ports is shown in Fig. 3.9 – Fig. 3.11.  

So far, the calculation assumes that D1 is greater than D2 and the phase shift angle 

is greater than zero, the power flow equations can be generalized as follows: 

Mode A: 2211 D
L

VVP dcdc ω
ϕ

=
 

(3.33) 

 

Fig. 3.9 The difference between 1V  and 2V waveform over a half time period 

 

Fig. 3.10 The input current 1I  waveform over a half time period 

0 50
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Fig. 3.11 The real power 1P  waveform over a half time period 

 

 

Fig. 3.12 Φ vs. D2 as power is fixed 

 

By varying the phase angle shift Φ from 0 to 90 degrees, the relationship between 

D2 and Φ can be shown in Fig. 3.12. 

Mode B: 

)])(
4

)([
2

1

))](
2
1())(

2
1())(

2
1[(

2

2
2121

2

21

2121221211

DDDD
L

VV

DDDDDDD
L

VVP

dcdc

dcdc

−−++−=

++−⋅−−+−+=

πϕ
π
ϕ

ω

π
ϕ

π
ϕ

π
ϕ

ω
π

 

(3.34) 

A quadratic equation based on the power equation above can be generated:  
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Fig. 3.13 Φ vs. D1 and D2 as power is fixed 
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time, the system under Mode B is studied. Based on each time switching state in half time 

period, the possibility and number of semiconductors turning on are laid out clearly as 

below. The MOSFET conduction model is simply a resistive drop with mΩ level. The 

resistive value of power MOSFET STP40NF10 is about 25 mΩ and body anti diode 

typically is 1 V forward voltage drop. Therefore, when the system is operating at a high 

frequency and high current situation, the power losses of the semiconductors are not 

trivial. In the following section, bas
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After considering the dead time effect, the original four states in half switching 

cycle have been changed to eight states. The calculation in each time interval can make 

this nonlinear system into eight linear systems with each state space equation. 

1) At the time interval 0 to 1t        0,2/: 211 =
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(a)                                                                                (b)  

 

(c)                                                                                    (d)  

 

(e) 

Fig. 

 

(e) 

Fig.
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A full order model of the converter including the dead time switching functions is 

simulated using MATLAB/SIMULINK. As a proof of difference between the situations 

of state space model considering voltage drop and the simulation model without 

semiconductors voltage drop. The study case in the following part is studied. The duty 

ratios D1 = 0.8 and D2 = 0.6, phase shift angle is chosen as different cases Φ = 15°, 30° 

and 60°. 

To illustrate how the short time scale factors affect the output power, output dc  

voltage Vdc, output ac voltage Vac, input current I1 and input voltage V1 by varying the  

phase shift angle Φ from 15°, 30°, and 60°, the minor parameters in DAB converter 

system such as dead time effect and semiconductor voltage drop have been discussed and 

the switching functions are revised considering the dead band and current waveform is 

studied (see Fig. 3. 17 – Fig. 3.19). 

The simulation results show the effect of output power P, output dc  voltage Vdc, 

output ac voltage Vac, input current I1, and  input voltage V1 by varying the phase shift 

angle Φ from 15°, 30° and 60° distorted by dead band and semiconductor voltage drop. 

They are compared and different from the ones derived from idealized lossless circuit. It 

can be seen that when the dead time is added, the steady state value and dynamic 

response of output power, output dc voltage and output ac voltage and voltage are all 

deteriorated. 
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presented a new approach of using HBT to acquire the sinusoidal steady state response of 

nonlinear system [48]. A more advanced and improved HBT was introduced by M. S. 
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It can be seen from the (3.37) and (3.38) that the term )( tjke ω is common to both 

sides of the equation; hence, it can be inferred that the constant coefficients on both sides 

are equal with the same effect of time variant variable )( tjke ω . It can be represented as 

ω
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4.2.1 Fourier Analysis of the Switching Functions 

 

By using the harmonic balance technique in Equations (2.1) – (2.5), the state 

variables and switching functions are assumed to have average components and ripple 

quantities individually as below: 

]Re[ 1101
θjeIIi +=  (4.6) 

]Re[ 220
'
2

θjeIIi +=  (4.7) 

2
0 1Re[ ]j

dcL dc dcV V V e θ= +  (4.8) 

]Re[ 1101
θjeSSs +=  (4.9) 

2 20 2Re[ ]js S S e θ= +  (4.10) 
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In general, a repetitive non sinusoidal waveform f(t) repeating with an constant 

frequency ω can be expressed as [51] 
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when h is odd: 
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Similarly, derived is the expression of hb  

( ) ( ) ( ) ( )













 ++






 −






 +






= ππφππφππφππφ

π
D+32h

2
1cosD+32-h

2
1cos-D+2h

2
1cos-D+-2-h

2
1cos

h
1b h

 (4522) 

when h is even 
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when h is odd 
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when h is odd 
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Therefore, 
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Thus the components of the Fourier analysis are expressed as below: 
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The ripple can be gotten as below: 
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The steady state characteristics based on the input current I1, input voltage V1, 

output current I2', output load voltage Vdc2, real input and output power P1, P2 and reactive 

power Q are studied and shown in Fig. 4.3.  

The results are obtained by fixing D1 = 0.8 and Φ1 = 0 while varying the phase 

angle Φ2 at D2 is equal to 0.2, 0.4, 0.6 and 0.8. The parameters used are from a prototype 

transformer and given as follows: r1 = 0.03Ω, L1 = 5.85μH, r2 = 0.005Ω, L2 = 1.35μH, Lm 

= 185μH, f = 10k Hz, R = 2.5 Ω.  

The input, output power, reactive power and output dc voltage are plotted versus 

phase shift at different duty ratios in Fig. 4.3 (a), (b), (c) and (d). From Fig. 4.3 (b), the 

real power flow is increased as phase shift angle increases. When duty ratio is decreased, 

less power is transferred at a given phase shift compared with the traditional only phase 

shift control. It also clearly shows that the system can draw more reactive power when 

phase shift angle is leading. As Fig. 4.3 (c) shows, to minimize the reactive power, it is 

better to set a constraint region of phase shift angle for minimum loss. Therefore limiting 

the phase angle range, it can increase the overall system efficiency. 
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4.2.3 Verification of Steady State Results by HBT 

 

To verify the steady state results predicted by the harmonic balance technique, the 

simulation results using the dynamic equations of the proposed system generated using 

MATLAB/SIMULINK/Simulink are compared with them and are shown from Fig. 4.4 to 

Fig. 4.
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Fig. 4.4 Output Power P2 

 

Fig. 4.5 Input current I1 
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Fig. 4.8 Input current I1 

 

 

Fig. 4.9 Output dc voltage 
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In Study Case (3): 

D1 = 1, D2 =0.8 °°°°°°°°°°°°° −−−−−−= 90,75,60,45,30,15,0,15,30,45,60,75,90φ  

 

Fig. 4.10 Output Power P2 

 

Fig. 4.11 Input current I1 
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Fig. 4.12 Output dc voltage Vdc 

In Study Case (4):  

D1 = 0.8, D2 =0.6 °°°°°°°°°°°°° −−−−−−= 90,75,60,45,30,15,0,15,30,45,60,75,90φ  

 

 

 

 

 

 

 

 

 

Fig. 4.13 Output Power P2 
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The previous waveforms show that the simulation results are in agreement with 

harmonic balance technique. When phase angle Φ2 is equal to 30° and duty ratio D1 = 0.8, 

D2 = 0.8, the input current obtained from the simulation of the full order converter is 

shown in Fig. 4.16. It is observed that the waveform is not sinusoidal, with polluting 

higher order components. The presence of strong higher order harmonic currents which 

are not accounted in the HBT suggests an explanation for the lack of excellent correlation 

between the two results especially at relatively higher input and output currents. 

 

4.3 Analysis of Third and Fifth Ripple Quantities 

 

As mentioned in the former section, HBT can yield the equations with average 

and ripple components. Compared with the state space averaging method, it would be  

 

Fig. 4.16 Instantaneous input current i1  
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0
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easier to analyze and predict the characteristics of the higher order harmonic 

components.The ripple capabilities of filter capacitor and inductor design can be 

calculated. Therefore, the size and cost will be reduced due to the more precise selection 

of the components. In the following part, the third and fifth harmonic components will be 

discussed.  

The derivations of the third harmonic ripples are shown as below. By using 

harmonic balance technique, the state variables and switching functions are assumed to 

have average components and third ripple quantities individually: 

]Re[ 3
13101
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Fig. 4.20 Output power P2 

 

Fig. 4.21 Reactive power Q1 
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Fig. 4.22 Output dc voltage Vdc 

 

Fig. 4.23 Input dc current Idc 
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4.4 Control Strategy of Reactive Power Minimization 

 

Previous works are focused on small time scale control strategies. This section 

will present a new control strategy from the macroscopic perspective. It is based on the 

state variables derived from the HBT. In order to minimize the system power losses 

caused by reactive current flowing between the primary and the secondary converters, an 

optimization control strategy that dynamically determines the reference switching 

function command Sq and Sd required to achieve a high power efficiency (minimum peak 

current) is investigated.  

This method uses a Lagrange multiplier to minimize the objective function which 
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Using the Lagrange multipliers optimization method, it can be shown that the input 

current is minimized for a given input power when the determinant is zero:: 
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Solving the determinant of (4.82) and simplify the equation gives the defining equation as 
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By setting V
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4.5 State Space Analysis Considering Dead Time Effect 

 

Small signal analysis is well-
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Fig. 4.25 Input current I vs. Sd2 for obtaining minimum input current 

 

 

variables can be separated in the dc terms and ac frequency terms. It can be described as 

xxx ∆+= 0   (4.84) 

where 0x is the dc term, and x∆ is the signal frequency term 

The key theory is to replace the converter circuits with voltage and current 

sources to obtain a linear circuit. The initial waveforms of the voltage, current, duty ratio, 

and phase angle of the current state can be identical to the last value from last circuit 

state. By using this technique, the converter waveforms can be averaged over a small 

time instant. Hence any nonlinear elements can be linearized and perturbed.  

In this section the proposed DAB system by using small signal analysis is studied. 

Perturbation method can be derived the circuit model equations. The q and d axis 

dynamic equations of the system are described in Equations (4.50) – (4.55). Hence, all 

the state variables can be redefined as 

1101 DDD ∆+=  (4.85) 
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1101 φφφ ∆+=  (4.86) 

2201 DDD ∆+=  (4.87) 

2202 φφφ ∆+=  (4.88) 

1101 qqq III ∆+=  (4.89) 

1101 ddd III ∆+=  (4.90) 

2202 qqq III ∆+=  (4.91) 

2202 ddd III ∆+=  (4.92) 

0000 dcdcdc VVV ∆+=  (4.93) 

Substitute the Equations (4.85) – (4.93) into the Equations (4.50) – (4.55), the small 

signal model can be expressed as 
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CHAPTER 5 

MULTIPORT BIDIRECTIONAL DC-DC CONVERTER SYSTEM 

 

5.1 Introduction 
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high frequency transformer can be presented to be the solution due to its advantage of 

compactable size and possible multiple winding systems. 

 

5.2 Multiport Bidirectional DC-DC Converters 

 

A multiport converter structure with many ports to which sources or loads can be 

connected as shown in Fig. 5.1. The multiport topology has some advantages such as 

bidirectional power flow, centralized control between the ports, galvanic isolation, 

different voltage magnitudes of ports, and compact size of the converter. For example, in 

the applications of renewable energy regeneration systems, fuel cell system are always 

operated with accompany of low voltage batteries or supercapacitors. Because fuel cells 

have low response due to the electrochemical reactions, the power supplying by fuel cells 

cannot match transients of dynamic power. Hence, the deficiency or surplus power must 

be supplied by extra energy systems such as batteries or supercapacitors. 

 

Source 1  Source 2

Load 1 Load 2
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The capacitor and load model is represented by the following current equation:  

R
VsiCpV dcL

dcL −−= 33 '
 

(5.4) 

The input voltage can be figure by 

111 sVv dcs=  (5.5) 

222 ' sVv dcs=  (5.6) 

where , and are the currents of each port, , and are transformer resistances, ,

and are transformer leakage inductances, are transformer mutual inductance, 

is output capacitance, is the output resistive load, , and are ac voltages of each 

port going through the single-phase converter. , and are the dc  voltages 

going into the single-phase converter. , and are the switching functions for primary 

and secondary and third side converters. 

The state variables and the switching functions are assumed to have average and 

ripple components. The switching function of single-phase converter is rectangular pulse 

with variable duty ratio and variable phase shift angle. 

By using harmonic balance technique in Equations (5.1 )- (5.6), all the state 

variables can be separated into two components which are average quantities and ripple 

quantities individually. All the state variables are expressed as 

 (5.7) 

 (5.8) 

 (5.9) 

 (5.10) 

1i '2i '3i 1r 2r 3r 1L

'2L '3L mL C

R 1v '2v '3v

1dcsV 2dcsV dcLV

1s
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 (5.11) 

 (5.12) 

 (5.13) 

Substituting the equations above into dynamic Equations (5.1)-(5.6) 

 

 (5.14) 

(5.15) 

(5.16) 

The capacitor and load model is represented by the following current equation:  

                (517) 

The input voltage of Port 1 can be calucated by  

 (5.18) 

The input voltage of Port 2 can be gotten by  

  (5.19) 

When the system comes into steady state, the derivatives of the state variables are 

all equal to zero. Also the average components of , , , , and are all equal 

to 0. The peak value of fundamental components from ripple equations can be used to 

study the characteristic and performance of the system. Hence the peak fundamental 

component equations are used as below: 
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 (5.20) 

 (5.21) 

 (5.22) 

 (5.23)
 

Because out ac voltage contains the real value of the multiplication by two complex 

components, it is feasible to separate into q and d axis variables which can make 

equations of state variables in the linear way. 

Set  

 (5.24) 

 (5.25) 

 (5.26) 

 (5.27) 

 (5.28) 

 (5.29) 

Bring the complex expressions into the matrix above and separate them into real and 

imaginary part, rearrange the equations: 

 (5.30) 
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 (5.34) 

 (5.35) 

The matrix can be gotten as follows:  

 

 (5.36) 

Compared with the fundamental component of the system, the high order harmonic ripple 

components of the system can be calculated by the equations below. For the high order 

ripple components of capacitor side: 

 (5.37) 

For the ripple part 

 (5.38) 

Delete part, ripple peak value of high order components can be gotten as below: 

  (5.39) 

For the expression of switching function: 

33333213333 ][
2
1)'(' qddqqdmdmdmq SSISIRILILILLIr +−=−−+− ωωω

33333213333 ][
2
1)'(' dddqqqmqmqmd SSISIRILILILLIr +−−=++++ ωωω
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on the load requirements and makes the galvanic isolation. Also, the leakage inductances 

of each port winding play an important role in transferring the power among the three 

ports. 

In the following sections, modeling of the three-port system, description of the 

minimization of the reactive power flow using langrange multiplier, and Gröbner basis 

introduction are reviewed, respectively. 

 

5.4.1 Modeling of the Three-Port Bidirectional DC-DC Converter System 

 

Conceptually, the equivalent circuit can be viewed as a grid of inductors including 

the leakage, external inductors and magnetizing inductance driven by controllable 

rectangular waveforms. The network can be represented on the three leakage inductances 

and mutual inductance to study the power flow of the three-port bidirectional dc-dc 

converter system. To illustrate the operation of the system, Fig. 5.3 shows the ideal 

simplified three-port system. The variable magnitude of voltage sources are phase shifted 

to regulate the corresponding power flow among the three ports. Hence the modeling of  
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Fig. 5.3 Simplified model of equivalent circuit of three-port converter system 
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the three-port system can be analyzed based on the major power transferring components 

leakage inductances on each side. According to the descriptions above, it comes to the 

equations below: 

 (5.48) 

Set  

 

Then, solve the equation above to get the current expression: 

 (5.49) 

The current Ii can be found as below: 

 (5.50) 

Because the ac current contains real part and complex part, it is possible to decompose 

the state variables into q and d components, which can linearize the equation above. It is 

assumed that Ii = Iqi+Idi . Thus      

 (5.51) 

 (5.52) 
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In a practical system, the power flow control can be implemented to regulate the 

ports’ voltage, current, and power according to the system’s specifications. If phase angle 

Φ1 are set as reference, Φ2 and Φ3 are compared with Φ1 either lagging or leading, Also 

duty ratio D1 is fixed. Here the load port is power regulated. The real power P3 can be 

desired and calculated as follows: 

)''(')]'')(('Re['*' 3333333333333 ddqqdcdqdqdc ISISVjIIjSSVIVP +=−+==  (5.55) 

Substituting Sq1 and Sd1 into the equation above, 

]''[]''27.1[(' 33332232333332232131333 qdcqdcdddcddcdcqdc SVbSVbSSVbSVbVbSVP +−++=  (5.56) 

Based on the KCL rule, the magnetizing current can be expressed as 

321 IIIIm ++=   (5.57) 

To produce the certain output power P3 for a given input voltage V1,there are 

numerous choices for Iqi and Idi, however the minimal value of the summation of the 

currents I
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currents and the real power output of port three are nonlinear equations. It is clear that the 

process of determining the minimum value of summation of currents is to deal with the 

objective function with a set of unknown variables using nonlinear programming 

techniques to satisfy all constraints.  

The control objective function of the minimization is shown as below. The 

reactive power minimization is formulated as 

Minimize 2
32

2
31

2
21

2
32

2
31

2
21

2 )()()()()()( ddddddqqqqqq IIIIIIIIIIIII +++++++++++=∑   (5.62) 

Subject to the following: 

The output power P3 is the design specification. The control variables should be 

determined such that it generates the specified power at the output. The expression of the 

equality constraint is  

]''[]''27.1[(' 33332232333332232131333 qdcqdcdddcddcdcqdc SVbSVbSSVbSVbVbSVP +−++=  (5.63) 

The switching functions also have their own limits. The PWM pulse operated is 

rectangular waveforms. Using Fourier analysis, the switching functions of the 

fundamental component can be represented as  

2,1)sin()
2

sin(4
== iDS i

i
qi φπ

π
 (5.64) 

2,1)cos()
2

sin(4
== iDS i

i
di φπ

π
 (5.65) 

where Di is the duty ratio and Φi is phase shift angle. 

 

 

So the inequality constraint can be constructed: 
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The concept of the Gröbner basis (GB) [56] was introduced in 1965 by Austrian 

researcher Bruno Buchberger named after his advisor W. Gröbner. The GB provides a 

uniform approach to solving a wide range problems expressed in terms of sets of 

multivariate polunomials. GB method can be a powerful mathematical tool to solve the 

nonlinear polynomial equations. It can turn a group of high coupled equations into 

uncoupled equations based on the selection of different basis. Also, some coefficients of 

the nonlinear equations can be set as unknown except the original unknown variables. 

The influence of the coefficients of the system can be studied using Gröbner basis 

method whereas the numerical iterative methods cannot do the job. 

To begin with the GB technique, the concepts of ideal and generating set have to 

be known at first. Set ],...,[ 21 nxxxk  as a polynomial ring over the field k. An ideal is 

defined as ],...,[ 21 nxxxkI ⊂  under the conditions below 

(i) I∈0  

(ii)if Igf ∈, , then Igf ∈+   

(iii) if Igf ∈, and ],...,,[ 21 nxxxkh ∈ ,then Ihf ∈  

Another indication of the role played by ideal is the affine variety. If sfff ,...,, 21  

and tggg ,...,, 21

1[

2n
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if in the vector difference nZ 0≥∈− βα , the left-most nonzero entry is 

positive. Write βα
lexx >  

(ii) Graded Lexico Order - Let nZ 0, ≥∈βα . It is said βα lex> , if

∑∑
==

=>=
n

i
i

n

i
i

11
ββαα , or 
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the load system. The energy source could be any kinds of dc renewable source. The 

energy backup is usually selected among the batteries and supercapacitors.  

In this section, a four-port bidirectional dc-dc converter system is presented. It is 

particular interesting for the on-site, small scale, residential power generation system 

where a variety of renewable energy sources are combined and many energy storage 

sources are available together. The subject is devoted to the design and analysis of a four-

port isolated bidirectional dc-dc converter system shown in Fig. 5.6 feeding by an 

alternative energy source, a auxiliary energy storage
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431222 mmmml φφφφφφ ++++=  (5.88) 

421333 mmmml φφφφφφ ++++=  (5.89) 

321444 mmmml φφφφφφ ++++=  (5.90) 

The general voltage equation is 

dt
drIV λ

+=  (5.91) 

Hence the voltage equation of each winding is expressed as 
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Refer all the other 2, 3, 4 Coils to 1 side and use the same mutual inductance Lm1 
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(5.112) 
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NILILml +λ  (5.113) 
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Substitute (5.112) – (5.115) using (5.116) and (5.117): 
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Hence the equations of four winding transformer system can be expressed as below: 

dt
dIrV





 

132

 

The general ac output voltage can be expressed as follows: 

)( bpapdc SSVV −⋅=   (5.134) 

Define  

bpiapii SSS −=  (5.135) 

The input voltage can be derived by 

111
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R3=5Ω and R4=10Ω. In this simulation case, the duty ratios and phase angles of each port 

are listed in Table 5.4. 

The simulation results are as shown in Fig. 5.10, Fig. 5.11 and Fig. 5.12. 

The output Port 3 and Port 4 dc voltages Vdc3 and Vdc4 are expressed as follows: 

 

 

Table 5.3 Parameters for the four winding transformer 

 Winding 1 Winding 2 Winding 3 Winding 4 

Resistance 0.03 Ω 0.005Ω 0.002Ω 0.005Ω 

Leakage inductance 210μH 4950nH 550nH 4500nH 

Mutual inductance 1mH 1mH 1mH 1mH 

Turn ratio 1 3/20 1/20 3/20 

 

 

Table 5.4 Parameters of control variables for four DAB converter system 

Control parameters Port 1 Port 2 Port 3 Port 4 

Duty ratio (Di) D1=0.8 D2=0.8 D3=0.8 D3=0.8 

Phase angle (Φi) Φ1=0° Φ2=15°(lagging) Φ3=30°(lagging) Φ4=45°(lagging) 
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Fig. 5.10 DC output voltages of Port 3 and Port 4 

 

The ac voltages between phase leg points for Vl, V2', V3' and V4' are shown: 

 
Fig. 5.11 Output voltages for four single-phase converters 

 

The ac port currents going through transformer il, i2', i3' and i4' are shown: 
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converter is rectangular pulse with variable duty ratio and variable phase shift angle. The 

equivalent circuit can be drawn in Fig. 5.13. 

For the four-port transformer side: 

1
'

4
'

3
'

2111
'

4
'

3
'

211 )())(()()( VIIILjILLjrpIpIpILpILL mmmm =++++++++++ ωω  (5.140) 

'
2

'
4

'
3
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When the system comes into steady state, the derivatives of the state variables are 

equal to zero. Also the average components of I10, I20, I30, I40, S10, S20, S30, S40 are equal to 
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Φ2=30° (lagging). Port 3: R3=5Ω, D3=0.8, Φ3=15°, 30°, 45°, 60°, 75° (lagging). Port 4: 

R4=10Ω, D4=0.8, vary Φ4 from 0° to 90°. 

By varying the phase angle when fixed duty ratio of each converter, it is possible 

to solve the matrix above to get the steady state solutions as shown below. The steady 

state analysis based on the output load voltage Vdc3 and Vdc4, real input and output power 

P1, P2 are laid out. The influence of phase shift angle Φ4dc on output voltage Vdc3 and the 

input power are shown from Fig. 5.14 to Fig. 5.15. 

From the these figures, it can be observed that the value of real power flow 

becomes larger as phase shift is increasing to some point. After the specific angle, the 

real power input will be decreased. It clearly shows that the system can draw more 

reactive power when phase shift angle is leading. To minimize the reactive power in the 

system, it is better to set a constraint region for phase shift angle which can get minimum 

loss. Therefore limiting the phase angle range, it can increase the overall system 

efficiency. 

 

5.5.4 Minimization of Reactive Power for Four-Port DAB Converter System 

 

In the former sections, the optimal design of three-port bidirectional DAB 

converter system was carried out to acquire the operating control conditions to achieve 

the minimum reactive power flow among the three ports. The results are verified with 

simulation results. In this section, the problem of minimization of reactive power can be 

extended to be applied in four-port DAB converter system. Although the equations of  
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where 
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angle of the major power supply Port 1 can be D1 = 1 and Φ1 = 0°. Correspondingly, the 

switching function Sq1 = 0 and Sd1 = 1.27. 

4443332221127.1 ddciddciddcidciqi SVbSVbSVbVbI +++=  (5.179) 

][ 444333222 qdciqdciqdcidi SVbSVbSVbI ++−=  (5.180) 

where Sq2, Sd2, Sq3, Sd3, Sq4, and Sd4 are unknown. 

In a practical system, the power flow of the load side can be regulated to the 

system’s specifications. The objective is to manage the output power of each load port. 

Therefore the realpower P3 can be calculated as follows: 

)()])((Re[ 3333333333
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For this system, it is also formulated with some constraints imposed on the control 

variables. The Lagrange optimization of such problem has to be carried out within the 

limits of these constraints. Using Equations (5.59) – (5.61), the function of Lagrange can 

be defined. The control objective function of the minimization is shown as below. The 

reactive power minimization is formulated as 

4132
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 (5.187) 

Subject to equality constraints where are Equations (5.183) and (5.184). Also, the 

inequality constraints are the maximum magnitude of the switching functions as can be 

seen in (5.64) – (5.65). Therefore the description of Lagrange function is stated as 

{ }
{ }
{ } }
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where Ki1, Ki2, Ki3 and Ki43 are defined by, 
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CHAPTER 6 

IMPLEMENTATION OF THE DAB CONVERTER SYSTEM 

 

6.1 Introduction 

 

In this chapter, the design of the proposed bidirectional dc-dc DAB converter 

system is presented and the core components design procedure detailed. The topology of 

the DAB converter system has been already introduced in the former sections. Several 

analytic methods have been used to study the steady state and dynamic performance of 

the system. The structure of the DAB converter system is composed of single-phase full 

bridge converters including the power stage design and drive circuit design. Also, high 

frequency transformer and extra inductors are the key components to transfer the 

corresponding desired power. The peripheral of the control system contains DSP 

microcontroller, current and voltage sensors. 

This converter should be used in middle power operation such as 500 W to 2 KW. 

The transformer is needed for boosting or isolating the input voltage from the secondary 

and third port voltages. High switching frequency is preferred to reduce the volume of the 

transformer core and size of the wires. Also, an extra inductor needs to be considered to 

meet the desired power transfer based on the power flow formulas. Additionally, the duty 

ratio and phase-shift control technique is introduced using DSP system. Hence in this 

chapter, the prototype of the hardware unit is design and the procedures of the key 

components are also included. 
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6.2 The Design of Power Stage and Driver Circuit 

 

The primary goal of the DAB converter system is to generate the output voltage 

as twice the input voltage. The input voltage level is around 30 V. After the primary full 

H-bridge single-phase converter, the input dc voltage is converter to ac voltage with the 

maximum magnitude of 1.27 times of dc magnitude. Hence, the secondary side ac 

voltage should be around 80 V. 

The semiconductor device is one of the most critical components in the DAB 

converter system. The proper selection of the device can be cost effective and improve 

the system’s efficiency and durability. The most available parts in the market are IGBTs 

and power MOSFETs. IGBT is preferably used in the high voltage high current situation 

because the voltage drop of the IGBT is constant when the device is conducting. When 
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board used is two layers. The MOSFETs will be soldered on board. They are screwed on 

the heat sink below. 

The schematic of the individual full-bridge inverter is shown in Fig. 6.1 below. It 

is composed of four discrete MOSFETs (STP40NF10), heat sink, terminal connecter and 

two-layer copper board. The drain-source resistance Rds-on is 25m Ohm which is 

acceptable in the proposed system. 

There are some considerations while a full H-bridge Power MOSFET is designed. 

First of all, the gate voltage signal going to MOSFET gate must be clear and the 

transition between high and low must be as fast as possible. The higher the change of 

dtdV / and current dtdI / , the less power loss can be achieved. Also, the protection circuit 

needs to be considered in case of the  0 12 3Tj
0.0 
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Fig. 6.2 PCB layout of the individual single-phase inverter 

 

The driver circuit design is based on the gate driver MC 33153 [53]. It is an IGBT 
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Fig. 6.4 Schematic of the MC33153 gate driver circuit 

 

The connection between DSP and drive circuit must inserte opto-couplers to 

isolate and protect the DSP system if there are 
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Fig. 6.6 Configuration of the MC33153 gate driver’s operation 

 

For the design of the turn on resistor and turn off resistor of the gate driver circuit, 

the criteria for RG-on selection are large enough to damp the ringing and to reduce the 

noise and small enough to accelerate turn-on process and reduce the turn-on 
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In the applications of H-bridge system, it may exist that the currents flowing 

through the power semiconductor devices exceed the desired capabilities. If the devices 

are not protected again these overcurrents, they may be destroyed. Usually the primary 

choice would be fuses connected in series with the main input circuit. However, the fuses 

cannot act fast enough to disconnect the circuit and the power devices may have been 

destroyed. Hence, the overcurrent protection can be detected by using the default 

protection function from the driver MC33153. A low resistance current shunt (5 Ω) can 

be used to sense the emitter current. When there is a high inrush current coming through, 

the short circuit discerned function is implemented by the second comparator with a high 

trigger voltage. The short circuit signal is latched and appears at the Fault output. After 

the signals from each driver circuit are detected, they are sent back to DSP controller and 
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The photograph of the prototype is displayed in Fig. 6.9. Fig, 6.9(a) shows the two 

full bridge converter system. The completely assembled system with protection circuit is 

shown in Fig. 6.9 (b), where the power stages with heat sink are mounted on the white 

board, the driver circuits, isolated power supplies, and protection circuits are connected 

on the top of the power stages. 

Before giving the power supply to the H-
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Fig. 6.11 Hardware test result demonstrating gate voltage VG 

 

The test results are from the built prototype circuit. It is composed of MC33153 

driver and Power stage circuit. As can be seen from Fig. 6.11, the device drain-to-source 

voltage waveforms are very clean. The waveforms show the gate voltage VG 18 V 

operating well. 
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increased and the influence of EMI interference will become more serious. Hence, the 

design of the high frequency transformer should transfer the rated power and converter 

the voltage at reasonable core and copper losses. Also, EMI should be prevented as much 

as possible. Because EMI can cause the disconnected communication between DSP 

control system and p
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Step 1: Calculate the apparent power using Equation (6.1) 

Σ+= PPP mt   (6.1) 

WPt 2020100098.0/1000 =+=  (6.2) 

Step 2: Calculate the area product using (6.3) and the result is in Equation (6.4) 

jumf

t
p KfKBK

PA
410*

=  (6.3) 

4
4

522.10
5344.0100003.04

102020 cmAp =
⋅⋅⋅⋅

⋅
=  (6.4) 

After Ap has been determined, the geometry of the transformer can be evaluated. 

The criteria of the selection of core is that the area product of the core is at least greater 

than the area product calculated by the apparent power. Among the different cores 

available in the market, EE ferrite core may be the one of the most efficient cores due to 

its larger window area and high magnetic permeability coupled with low electrical 

conductivity. Due to the available EE ferrite cores in the market, the specifications of the 

EE ferrite core chosen are listed in Table 6.2. 

 

Table 6.2 Specifications of the magnetic core 

Parameters EE ferrite core 65/32/27 
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pPp RIP 2=  (6.15) 

WPp 56.20023.04.33 2 =⋅=  (6.16) 

Step 9: Determine the number of the secondary turns Ns: 

p

P

P



 162 





 164 

 

 

Fig. 6.15 Primary and Secondary voltages measured  
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Fig. 6.17 Transient change of low-side 

 

As can be seen from the figures above, the transformer is operating at 10 kHz and 

step up the input voltage to twice as the output side which is expected. 

 

6.4 Inductor Design 

 

The auxiliary inductor is necessary to be added to the primary side of the 

transformer. The inductance in the operation of high frequency transformer DAB system 

is critical. When the system is operating at high frequency, the inductance composed of 

leakage inductance and extra inductance is taking an important role in managing the 

power flow between the primary and secondary side shown in Fig. 6.18.  
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Fig. 6.18 Inductance L in the operation of the proposed DAB system 

 

The inductance L determines the maximum transient power the power source can 

supply. Because of the design of high frequency transformer, the leakage inductance is 

smaller and cannot be enough to handle the required power flow. It can result in a higher 

peak current. So it is necessary to add an external inductance to the proposed system. 

Hence, it should be designed such that it delivers the output power. The ac inductor is 

designed using the following procedure [54]. The specifications of are listed in Table 6.4. 

 

 

Table 6.4 Specifications of the auxiliary inductor 

Parameters Value 

Applied voltage V 25 V
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6.5 Implementation of DSP 

 

The proposed phase shift PWM generation scheme for the DAB converter system 

is implemented with DSP controller system from Texas Instruments (TI) C2000 family. 

The phase shift PWM pulses are generated directly from an internal time event using 

TM320SF2812 shown in Fig. 6.20. This digital is usually a digital pulse with binary 

amplitude (0, 1).  One (1) is usually 3.3 V and 0 is 0 V. All digital I/O ports can be 

grouped into Group GPIO A, B, D, E, F, and G. These GPIO ports mean general purpose 

input output. Also, for each single physical pin it can be used for two or three different 

special functions. The functions here are specified as PWM generation. 

All six GPIO ports are controlled by their own multiplex register called 

GPxMUX. Writing 0 to the bit means choosing normal digital I/O function. Setting 1 to 

the bit means selecting special function also called primary function. When the digital I/O 

function is selected, then the register group GPxDIR defines the direction of I/O. writing 

0 to pin means input. On (1) is chosen as output. 

 

Fig. 6.20 DSP TM320SF 2812 control system 
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The CPU clock module is driven by an external crystal clock. The inner PLL 

circuit generates the speed by using the registers PCLKCR and HISPCP. Also, a 

watchdog timer has the function of resetting the C28x if the CPU crashes. The watchdog 

is always alive when DSP is power up so it must be taken care of. One of the simplest 

ways is to disable it. The register WDCR can be used to finish the setup. Also, the 

register SCSR controls whether the watchdog causes a Reset or an interrupt request. 

The event manager (EV) shown in Fig. 6.21 is a unit that can be used in time-

based procedures. The event manager timers units are usually called Time 1, 2, 3, and 4. 

These timers are completely different than CPU core Timers 0, 1, and 2. First, they have 

a 16-bit counter unit, whe1(o)-4(l m 1x2(p)-4(l)--4(l)-70etc 0 T)-2(mm)-4(tim(e1(o)-4 (is)1( a)-4(3h)-826)]TJ
0 Tc 0 Tw 8.628 0 Td
(-)Tj
0.98 Tw 0.33 0 Td
[(ni)-2(t)-2( r)3(e)-6(g)10(i)-2(s)-1(t)-2(e)4(r)3.( S)43(e)-6(c)4ond(l)-26(y)20,( )-10(a)4(nEs)1V,)2( )-10(c)4(a)4(n b)-10(e)4g 
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much faster than the turn off time. When the high-side is commanded off, the falling edge 

cannot be going to zero simultaneously. At this moment the low-
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Fig. 6.26 Two pair of Complementary signals with 2% period dead band 

 

 

Fig. 6.27 Hardware test result of H-bridge showing output voltage VAB and gate voltage VG 
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As can be seen from Fig. 6.28, the waveform shows the ac output voltage VAB at 

23 V from the inverter with 60 degree phase shift.   

 

 

Fig. 6.28 60° phase shift rectangular PWM ac voltage waveform 
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Fig. 7.2 Photograph of the two-port 
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Fig. 7.5 Experimental results of the steady state operation of the two-port DAB converter with D1 = 1, 
D2 = 1 Φ = 30°, showing from top (4) Input ac voltage v1 (50V/div); (2) Output voltage v2 (50V/div); 

(M) Input instantaneous power P1 (625W/div); (3) Input ac current i1 (10V/div). 

 

The power flow in response to the phase shift angle can be well explained both 

from the theoretical analysis and experimental results. The current transducer from LEM 

used is LA 55-





 181 

7.2.2 Steady State Operation with Duty Ratios and Phase Shift Control 

 

In order to gain more degrees of freedom for reducing the overall system losses, 

the duty ratio control of the full bridge output voltages v1 and v2 are introduced in 
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The previous theoretical analysis on the minimization of the reactive power in 

Chapter 4.4 is verified by the following experimental setup where the control parameters 

are derived from the Equation (4.83). With the electrical parameters given in the Chapter 

4.4, Fig. 7.6 shows the measured steady state operation results, showing the voltage 

between the phase leg midpoints for each full bridge and the current flowing into the 

primary side of the transformer.  

As can be seen, the input instantaneous power is examined to check the real and 

reactive power. The positive side of the red color line above the average is the real power 

and the negative side below the average is the reactive power. The circulating reactive 

power inside the high frequency transformer can be minimized. 

 

 

Fig. 7.8 Experimental results of the steady state operation of the two-port DAB converter with D1 = 0.8, 
D2 = 0.26 Φ = 20°, showing from top (4) Input ac voltage v1 (50V/div); (2) Output voltage v2 (50V/div); 

(M) Input instantaneous power P1 (625W/div); (3) Input ac current i1 (10V/div).  
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CHAPTER 8 

CONCLUSION AND FUTURE WORK 

 

8.1 Conclusion 

 

This research work is dedicated to studying the steady state analysis and control 

of overall system efficiency optimization for two-port and multiport bidirectional DAB 

converter systems. The dissertation is concluded as follows: 

1. In this dissertation, the extensive modeling and analysis using the state space 

method for two-port bidirectional DAB converter system. The objective is to 

ease the problem by simplifying the equations and the closed form solutions 

can be acquired based on different modes of operation. The state space 

method is a powerful mathematical tool which can make the nonlinear power 

switching system to be approximated as a linear system. Based on the state 

space method, the effect of the dead time between upper and lower switches 

on the DAB system has been introduced. The operation stages considering the 

dead time intervals are laid out to study the voltage drop of the semiconductor 

device. Furthermore, the small signal analysis of the two-port DAB converter 

system is derived clearly. 

2. 
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and inductor design can be calculated. Therefore, the size of the filter 

components can be reduced. A new control strategy from the macroscopic 

perspective based on the state variables derived from the HBT is used to 

minimize the reactive power caused by current circulating inside the 

transformer. This method uses Lagrange multiplier to minimize the objective 

function which is the least summation of the squares of the currents. The 

separate state variable equations generated using HBT is used to determine the 

minimum loss operation of proposed two-port DAB converter system.  

3. To further address the advantage of HBT method, it can be also extended into 

multiport DAB converter system compared with the well-known averaging 

techniques such as state space method 
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5. The step-by-step hardware design of the proposed two-port DAB and multiple 
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 Analysis of the dynamic behavior of two-port DAB converter system has been 

studied. The interest would be to design the corresponding ac components 

controller designer based on natural reference frame. 

 Further research in the control design of multiport converters needs to be 

studied extensively. New decoupling control topologies should be designed. 

 The hardware design fLBody <</MC(r)3(e)g2(g)10(b4Tv -2(ul)-2( hody (e)4Snnve)4(r)3-4(a LBody  (e)42)]TJgave)4(r 1 Tf
-221.5 -2.31.5 -2.31.5 -2.dr)3-0.19 Ts nee9 0 0(na)4e 
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