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Abstract–This paper analyzes the maximum output power of 

the bidirectional dual full bridge DC-DC converter with 

single phase-shift control and dual phase-shift control 

methods and discusses whether it can be used as an effective 

standard to evaluate different control methods for a project. 

The maximum output power is solved with mathematical 

method and simulation method. However, the conclusions 

about maximum output power derived with mathematical 

method are contradictory to those got with power electronics 

simulation method. This contradictory phenomenon is 

discussed in detail. It is proved that the mathematical 

conclusions about this problem are not correct. The actual 

maximum output power is determined by power circuit 

configuration, elements parameters and control methods 

together. Maximum output power should not be used as a 

standard to evaluate different control methods because it 

means over-load operation capability. In the end, an effective 

method is proposed about how to choose a suitable 

inductance value for a bidirectional converter so that the 

bidirectional converter can transfer energy with high 

efficiency in large load scope. 

 
Keywords–Bidirectional isolated DC-DC converter, phase-

shift control, maximum output power, power circuit 

configuration, operation of bidirectional converter, output 

power expression, suitable inductance value. 

 

I.  INTRODUCTION 

 

In recent years, the development of high power and large 

power range isolated bidirectional dc-dc converters has 

become an important topic because of the requirements of 

electric automobile, uninterruptible power supply and 

aviation power system [2], [3], [4] [13]. This project is to 

design a forward 1kW/200V and backward 250W/48V 

bidirectional converter. The dual active full bridge 

converter is symmetry in both sides of the isolation 

transformer. It is suitable to be used as the power circuit to 

transfer energy back and forth, especially for high power 

case [10]. Therefore, it is chosen as the power circuit for 

this project. There is one series inductor--- L01 in Fig. 1. 

This inductor is mainly used to transfer energy between 

two voltage sources of Vs and Vo, enlarge ZVS scope, 

eliminate the switching loss and ensure the converter have 

high efficiency in large load scope.  

 

There are several existing control methods for this power 

circuit, like single phase-shift control [3], dual phase-shift  
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control [4] and phase-shift plus PWM control [9]. Phase-

shift will change for different output powers in phase-shift 

control methods. It can be realized with a lead-lag 

compensator [6], [8]. The energy is controlled to transfer 

back and forth with the phase-shift controller. In practical 

application, it is very important to choose a suitable 

control method for the power circuit so that the 

bidirectional converter can transfer the required power 

with high efficiency. In order to choose a suitable control 

method for a project, an effective standard should be used 

to evaluate different control methods. 
 

Because the bidirectional converter with phase-shift 

control is a very complicated nonlinear system affected by 

several factors, the mathematical method is not always 

correct to solve the maximum output power. Sometimes, 

contradictory results will be got for these questions with 

mathematical method and actual situation. This paper will 

analyze these questions in detail. This is very meaningful 

for the bidirectional converter design. This problem will 

be described in detail in Section II; the maximum output 

power of a bidirectional converter with phase-shift control 

methods when a serial inductor is in the primary side of 

the transformer will be analyzed and validated with 

corresponding simulation results in Section III; the 

maximum output power of a bidirectional converter with 

phase-shift control methods when a serial inductor is in the 

secondary side of the transformer will be analyzed and 

validated with corresponding simulation results in Section 

IV; the operation and the general output power expression 

are analyzed in Section V; the method about how to 

choose the suitable inductance to make the bidirectional 

converter realize ZVS and transfer energy with high 

efficiency in the desired large load scope is proposed in 

Section VI and the main contributions of this paper is 

summarized in Section VII. 

 

 
Fig. 1: Power circuit of the bidirectional converter with serial 

inductor in the primary side of the transformer 
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II. PROBLEM DESCRIPTION  

 

A. Statement of the Problem 

The problem is to make clear the actual maximum output 

power of the bidirectional converter by only changing the 

phase-shifts with a given inductance and to discuss 

whether the maximum output power can be used as an 

effective standard to evaluate different control methods for 

a project or not. In order to solve these problems 

theoretically, mathematical method and simulation method 

are used to analyze the maximum output power of 

bidirectional dual full bridge converter with single phase-

shift control and dual phase-shift control. Contradictory 

conclusions are got with these two methods for the same 

bidirectional converter. It is important to know how to 

choose a suitable control method for a bidirectional 

converter with an effective standard so that it can satisfy 

the specifications very well. Besides these, it is very 

important to know how to choose a suitable inductance 

value for the bidirectional converter so that it can realize 

zero voltage switching (ZVS) and transfer energy with 

high efficiency in desired load scope.  

 

Although this problem is very difficult and complex, it can 

be validated by simulation results and practical application 

analysis is important to know that the eligible minimum 

inductance should be used for the bidirectional converter if 

this inductor can make converter realize ZVS and transfer 

energy with high efficiency in desired load scope. In 

practical application, the bidirectional converter can only 

be used to transfer rated power or less. Over-load is not 

permitted because over-load will damage the product. For 

a given rated power, the method to determine the required 

minimum inductance will be much more meaningful than 

the method which can only provide maximum inductance 

value. According to these considerations, it will be 

possible to determine which method is meaningful and 

should be used in practical bidirectional converter design. 

 

B. Components in Power Circuits 

L01, Ls ---- Two series inductors  

C1=C2=C3=C4=C5=C6=C7=C8 --- Eight snubber 

capacitors   

Co, Co1 ---Two large filter capacitors  

Ro --- Forward load resistor 

The parameters of the main transformer are as follows: 

Lp1---Primary leakage inductance  

Ls1 --- Secondary leakage inductance 

Turns ratio: 1: n 

The parameters of the eight power MOSFETs are as 

follows:  

R1, R2, R3, R4, R5, R6, R7, R8 ---- On resistance 

D1, D2, D3, D4, D5, D6, D7, D8 --- Anti-parallel diodes 

with power MOSFETs. 

 

C. Variables Used in This Paper  

iap, ias ---Power circuit primary current and secondary 

current of the transformer 

Vc1, Vc2, Vc3, Vc4, Vc5, Vc6, Vc7, Vc8 ---Control signals 

for corresponding power switches. 

Vs ---Input voltage 

Vo ---Output voltage 

VL---Inductor voltage 

Vmn---Primary voltage of the transformer 

Vtr2----Secondary voltage of the transformer 

Pout----Average output power of the bidirectional 

converter 

Pin----Average input power of the bidirectional converter 

φ----Phase-shift angle (radian) 

D1, D2 —Phase-shift duty ratio  

 

III. MAXIMUM OUTPUT POWER OF BIDIRECTIONAL DUAL 

FULL BRIDGE CONVERTER WITH PHASE-SHIFT CONTROL 

METHODS WHEN A SERIAL INDUCTOR IS IN THE PRIMARY 

SIDE OF THE TRANSFORMER 

 

1. The Mathematical Phase-shift Limits and Maximum 

Output Power with Single Phase-shift Control Method 

Because the single phase-shift control is simple and 

convenient, it is widely used in bidirectional converter. 

The power transfer formula of the bidirectional dual full 

bridge converter with single phase-shift control is as 

following [3]: 
2

s o
o

V V
P

L




 

 
  

   

(1) 

where ω=2πf is the switching angular frequency of the full 

bridge converter and L is the sum of transformer leakage 

inductance and that of the serial inductors on both sides of 

the transformer [3]. According to the above formula, it can 

be found that the phase-shift φis equal to zero when the 

output power is equal to zero. By derivative the power 

formula, it can be found that the converter (inductor) can 

transfer maximum power at φ=π/2 when the values of L, 

Vs, Vo and f are fixed; the maximum power is equal to: 

L

VV
P os

o




4
max


  (2) 

For this situation, Vs =48V, Vo =200V, L=L01+Lp1+Ls1 

=6.9µH+0.6µH+1µH=8.5µH, f=25kHz; with this formula, 

the maximum output power is equal to: Pomax =5.64kW 

The detailed power switch and diode models used in the 

circuit for simulation are listed as follows: 

 

 
Fig.2: Equivalent circuit of power MOSFET 

 

The parameters of the 8 power switches are as following: 

Tr1~Tr4: On resistance: 5mΩ; Diode Voltage drop: 1V. 

Tr5~Tr8: On resistance: 23mΩ; Diode Voltage drop: 0.6V. 

Here, the parameters of 8 power switches are selected by 

checking the data sheet of power MOSFET according to 

the specifications of this project. 

 

2. Simulation Studies and Discussion of the Maximum Output 

Power with Single Phase-shift Control  

The simulation waveforms for the bidirectional converter with 
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single phase-shift control for Po=1kW are as following: 

 

Fig.3: Simulation results of forward converter with single phase-

shift control for Po=1kW 

 

 

Fig.4: Simulation wave forms of the forward bidirectional 

converter with single phase-shift control for Po=500W 

 

 

Fig.5: Simulation wave forms of the forward bidirectional 

converter with single phase-shift control for Po=2kW 

 

Compare Fig. 3 and Fig. 4, it can be found this 

bidirectional converter with single phase-shift control can 

transfer rated output power (1kW) or less by changing the 

phase-shift value. According to the mathematical 

maximum output power formula (2), this converter can 

transfer maximum output power equal to 5.64kW by 

changing the phase-shift to π/2 when the values of L, Vs, 

Vo and f are fixed. In practice, the bidirectional converter 

cannot transfer this maximum power no matter how the 

phase-shift is changed. This can be seen clearly from the 

following simulation results. 

It can be found this converter cannot transfer output power 

(2kW) by single phase-shift change only. The output 

voltage will be always lower than rated value (200V) no 

matter how the phase-shift value is regulated and the 

actual maximum output power approximately equal to 

1.2kW for this situation. Obviously, it will be impossible 

to transfer 5.64kW output power by changing the phase-

shift only. 
 

3. Simulation Studies and Discussion of the Maximum 

Output Power with Dual Phase-shift Control  

What is the actual result of this bidirectional power circuit 

with dual phase-shift control? This can be seen from the 

following simulation results for this power circuit with 

dual phase-shift control.  

 

 
Fig.6: Simulation wave forms of the forward bidirectional 

converter with dual phase-shift control for Po=2kW 

 

It can be found this converter cannot transfer output power 

(2kW) by dual phase-shift control. The output voltage will 

be always lower than the rated value (200V) and the actual 

maximum output power approximately equal to 881W. It 

can be found the actual output power for this power circuit 

with dual phase-shift control is less than that with single 

phase-shift control method. It cannot transfer 

mathematical maximum output power for high conversion 

ratio (M=Vo/Vi = 200/48=4.16>1). 

 

4. Simulation Studies and Discussion of the Maximum 

Output Power with Single Phase-shift Control for Low 

Conversion Ratio (M=Vo/Vi = 48/200=0.24<1) 

 

 
Fig.7: Simulation wave forms of the forward bidirectional 

converter with single phase-shift control for Po=5.9kW 
 

It can be found that the output power in this situation is 

equal to 5.8kW. It is greater than the calculated maximum 

output power 5.64kW. It can be found the maximum 

output power will be different with different conversion 
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ratio and turns ratio, too. 

 

Obviously, these are contradictory to the conclusion got by 

mathematical method. (1) is not correct. The mathematical 

maximum output power is meaningless because this will 

make the converter over-load. Over-load is not permitted 

in practical application. Over-load application will damage 

the product. 

 

IV. MAXIMUM OUTPUT POWER OF BIDIRECTIONAL 

DUAL FULL BRIDGE CONVERTER WITH PHASE-SHIFT 

CONTROL METHODS WHEN A SERIAL INDUCTOR IS IN THE 

SECONDARY SIDE OF THE TRANSFORMER 

 

1. The Mathematical Maximum Output Power with Dual 

Phase-shift Control Method 

There are two control variables in dual phase-shift control, 

the first phase-shift D1 between primary control signal and 

corresponding secondary control signal, the second phase-

shift D2 between diagonal control signals; this will make 

the energy transfer more flexibly and more effectively 

than single phase-shift control. Please see the definition of 

phase-shifts D1, D2 and period Ts in Fig. 9. It is suitable to 

be used in bidirectional dual full bridge converter. The 

power circuit for this situation is shown in Fig. 8. The 

power transfer formula of the bidirectional dual full bridge 

converter with dual phase-shift control is as following [4]: 

The PSpice software is numerical simulation program for 

electronic circuits and therefore actual component values 

are required to be specified. Thus the simulator gives 

particular solution of the defined circuit. The results of the 

particular solution need to be normalized to suitable base 

values to extract the generalized results for comparison. In 

the circuit description proposed in the following 

paragraphs, the resonant network can be described in 

terms of global variables or parameters. We need not to 

specify actual component values. Normalized results are 

directly obtained from the simulation. 

 
Fig. 8: Power circuit of the bidirectional converter with serial 

inductor in the secondary side of the transformer 

 

when D1≤1/2, the expression of the output power is: 
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when D1>1/2, the expression of the output power is:  

2

s o

s s

V V
P

f L
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2
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(4) 

The global maximum power is at (D1=1/3, D2=1/3) via 

the partial derivatives of output power expressions (4) and 

(5). The maximum output power is 4/3 times of that with 

single phase-shift control. When the values of L, Vs, Vo 

and f are fixed; the maximum power of the bidirectional 

converter with dual phase-shift control is equal to: 

L

VV
P os

o




3
max   (5) 

This is because the general output power formula is the 

same no matter where the serial inductor is placed in 

primary side or in secondary side of the transformer [3]. 

For this project, Ls=L01=6.9µH, other parameters are the 

same as those in Fig.1; the mathematical maximum output 

power of this bidirectional converter with single phase-

shift control is equal to 5.64kW. Therefore, the 

mathematical maximum output power of this bidirectional 

converter with dual phase-shift control is equal to 7.52kW. 

It can transfer this output power by changing these two 

phase-shifts values when other parameters are fixed. 

 

2. Simulation Studies and Discussion of the Maximum 

Output Power with Dual Phase-shift Control 

In order to make clear whether the results got by 

mathematical method is correct or not, the simulation 

results of the bidirectional converter with dual phase-shift 

control for different output powers are listed as follows: 

 
Fig.9: Simulation wave forms of the forward bidirectional 

converter with dual phase-shift control for Po=4kW 

 
Fig.10: Simulation wave forms of the forward bidirectional 

converter with dual phase-shift control for Po=1kW 
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By comparing these simulation results listed above, it can 

be found clearly the phase-shift D1 will increase as the 

increase of the output power; the phase-shift D2 will 

decrease as the increase of the output power. In Fig.9, it 

can be found that efficiency is equal to 85.6% when the 

output power is equal to 4kW. In Fig.10, it can be found 

that efficiency is equal to 93.7% when the output power is 

equal to 1kW. Therefore, the efficiency will reduce 

obviously with the increase of the output power only by 

regulating the phase-shifts. It is meaningless to do so in 

practical application.  

 

Besides this, it can be found the mathematical conclusion 

about the maximum output power of the bidirectional 

converter with dual phase-shift control is not correct. 

Although dual phase-shifts D1 and D2 can vary in the 

large range, the bidirectional converter cannot transfer the 

maximum output power by regulating the dual phase-shifts 

only when other parameters are fixed for a specified rated 

output power bidirectional converter. This can be validated 

by the following simulation results which expect to 

transfer 5kW output power by changing dual phase-shifts 

with this bidirectional converter. 

 

 
Fig.11: Simulation wave forms of the forward bidirectional 

converter with dual phase-shift control for Po=5kW 

 

These simulation results suggest this bidirectional 

converter cannot transfer 5kW output power by changing 

dual phase-shifts only. For the expected 5kW output power 

situation, the bidirectional converter cannot transfer actual 

output power higher than 4.3kW no matter how the dual 

phase-shifts are regulated. The efficiency for this case is 

only equal to 81.3%. These results prove that the 

mathematical conclusion about the maximum output 

power is not correct. 

 

3. Simulation Studies and Discussion of the Maximum 

Output Power with Single Phase-shift Control 

What is the result of this bidirectional power circuit with 

single phase-shift control? The simulation results of this 

power circuit with single phase-shift control are attached 

in the follows.  

 
Fig.12: Simulation wave forms of the forward bidirectional 

converter with single phase-shift control for Po=4kW 

 

 
Fig.13: Simulation wave forms of the forward bidirectional 

converter with single phase-shift control for Po=5kW  
 

In Fig.12, it can be found that efficiency is equal to 93.1% 

when the output power of this bidirectional power circuit 

with single phase-shift control is equal to 4kW. It is higher 

than 85.6% for 4kW output power when dual phase-shift 

control is used.  

 

In Fig.13, it can be found that efficiency is equal to 90.6% 

when the output power of this bidirectional power circuit 

with single phase-shift control is equal to 5kW. 

 

In Fig.14, it can be found that efficiency is equal to 86.9% 

when the output power of this bidirectional power circuit 

with single phase-shift control is equal to 5.5kW. 

Obviously, it is higher than the actual maximum output 

power of 4.3kW for the same power circuit with dual 

phase-shift control. It cannot transfer 5.64kW maximum 

output power no matter how the phase-shift value is 
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regulated. This suggests both the mathematical conclusion 

that the maximum output power with dual phase-shift 

control is equal to 4/3 times of the maximum output power 

with single phase-shift control and the mathematical 

conclusion of maximum output power with single phase-

shift control are not correct. The actual maximum output 

power when the serial inductor is put in the primary side 

of the transformer is different from that when the serial 

inductor is put in the secondary side of the transformer. 

The inductance on both sides of transformer cannot add 

directly. Therefore, (1) is wrong. 
 

 
Fig.14: Simulation wave forms of the forward bidirectional 

converter with single phase-shift control for Po=5.64kW 

 

 

4. Simulation Studies and Discussion of the Maximum 

Output Power with Single Phase-shift Control for Low 

Conversion Ratio (M=Vo/Vi = 48/200=0.24<1) 

From the following Fig.15, it can be found the maximum 

output power will be different with different conversion 

ratio and turns ratio for this situation, too. 

 

 
Fig.15: Simulation wave forms of the forward bidirectional 

converter with single phase-shift control for Po=2kW  

 

It can be found this converter cannot transfer output power 

(2kW) by single phase-shift change only in this situation. 

The output voltage will be always lower than rated value 

(48V) no matter how the phase-shift value is regulated and 

the actual maximum output power approximately equal to 

1.24kW for this situation. Obviously, it is different from 

the maximum output power for high conversion ratio 

(M=Vo/Vi=200/48=4.16). This proves that (1) is wrong 

again.  

Maximum output power should not be a standard to 

evaluate different control methods of a bidirectional 

converter because maximum output power will cause 

over-load operation. Over-load operation is not permitted 

in practical application because it will damage the product. 

A meaningful standard to compare different control 

methods should be whether it can make bidirectional 

converter transfer rated output power or less with high 

efficiency and high output voltage stability under 

parameter change. A bidirectional converter can transfer 

higher output power easily with high efficiency by 

reducing the inductance and adjusting control circuit 

parameters. 

 

V. OPERATION AND OUTPUT POWER EXPRESSION OF 

THE BIDIRECTIONAL CONVERTER WITH SINGLE PHASE-

SHIFT CONTROL 

 

In order to analyze the operation and get the general 

output power expression of the bidirectional converter 

with single phase-shift control method, the general power 

circuit is shown in Fig.16. Generally, the loss of the power 

converter includes conduction loss and switching loss [5], 

[15]. For the high frequency converter, switching loss is a 

very important factor to influence efficiency [17], [7], [14]. 

In order to eliminate switching loss, zero-voltage 

switching (ZVS) or zero-current-switching (ZCS) 

technology is used in the power circuit [1], [16], [18]. 

 

 

 
Fig.16: The power circuit of the bidirectional converter  
 

The forward simulation wave-forms of the bidirectional 

converter with normal steady state operation are as shown 

in Fig. 17.  

 

It is seen that this single phase-shift control method 

includes one phase-shift. It is the phase-shift between the 

primary control signal and the corresponding secondary 

control signal, for example, between Vg1 and Vg5. The 

forward bidirectional dual full bridge converter is 

separated into six stages in one period. Its operation and 

equivalent circuit for every stage are described next. 
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Fig.17: Simulation waveforms of the forward bidirectional 

converter with single phase-shift control 

 

A. Stage 1 (t0~t1) 

Power switches Tr1 and Tr4 will turn on at “t=t0.” Because 

the primary current is still negative during this stage, the 

inductor energy flows back to the power source. The 

primary current will flow through Tr4/Tr1. This is because 

the voltage drop across the on-resistance of the power 

MOSFET when it conducts is lower than the required 

conduction voltage drop of anti-parallel diode. Normally, 

the diode will not conduct. 

 

Because Vg5/Vg8 are all equal to zero, Tr5/Tr8 are all in 

the “Off” state. Vg6/Vg7=1 and Tr6/Tr7 are in “On” state. 

Also ias<0 and the secondary current flows through 

Tr6/Tr7. The inductor L02 and output capacitor provide 

energy to the load. The output voltage reduces during this 

stage. 

 

B. Stage 2 (t1~t2)  

Power switches Tr1 and Tr4 will turn on in this stage. 

Because the primary current is positive during this stage, 

the primary source energy transfers to the primary 

inductor and the secondary side. The primary current will 

flow through Tr1/Tr4.  

 

Because Vg5/Vg8 are all equal to zero, Tr5/Tr8 are all in 

the “Off” state. Vg6/Vg7=1 and Tr6/Tr7 are in the “On” 

state. Also ias>0 and the secondary current flows through 

Tr6/Tr7. The inductor L02 and output capacitor provide 

energy to the load. The output voltage reduces during this 

stage.  

 

C. Stage 3 (t2~t3)  
Because Vg1/ Vg4 =1, power switches Tr1 and Tr4 are in 

“On” state in this stage. Because the primary current is 

positive during this stage, it will flow through Tr1/Tr4, the 

inductor L01 and the transformer leakage inductance. The 

energy will transfer from the primary side to the secondary 

side. 

 

For the secondary side, Tr6/Tr7 turn off a little before t2. 

Because ias>0, the secondary current will charge capacitor 

C6/C7 and discharge capacitor C5/C8 until their voltages 

reduce to the forward conduction voltage of diode D5/D8. 

Then the current flows through D5/D8. The energy is 

transferred to the load. The output voltage begins to 

increase in this sub-stage.  

 

The control signals Vg5/Vg8=1at t2, power switches 

Tr5/Tr8 will turn on at t2. Because ias>0 during this stage, 

the secondary side current will flow through Tr5/Tr8 and 

transfer energy to the load. The output voltage will 

increase in this stage. 

D. Stage 4 (t3~t4)  

For the primary side, Tr1/Tr4 turn off a little before t3. 

Because iap>0, the primary current will charge capacitor 

C1/C4 and discharge capacitor C2/C3 until their voltages 

reduce to the forward conduction voltage of diode D2/D3. 

Then the current flows through D2/D3. The energy is 

transferred to the primary source. Because Vg2/Vg3=1 at t3, 

Tr2/Tr3 will turn on at t3 under ZVS. Because the primary 

current iap>0, the energy will feed back to the primary 

source in this stage. 

 

Because Vg5/Vg8=1, Tr5/Tr8 are all in the “On” state. 

Vg6/Vg7=0 and Tr6/Tr7 are in “Off” state. Also ias>0 and 

the secondary current flows through Tr5/Tr8 to the load. 

The output voltage increases during this stage. According 

to this analysis, the equivalent circuits in this stage can be 

obtained similarly. 

 

E. Stage 5 (t4~t5)  

Power switches Tr2 and Tr3 will turn on in this stage. 

Because the primary current is negative during this stage, 

the primary source energy transfers to the primary 

inductor and the secondary side. The primary current will 

flow through Tr2/Tr3.  

 

Because Vg5/Vg8 =1, Tr5/Tr8 are all in the “On” state. 

Vg6/Vg7=0 and Tr6/Tr7 are in the “Off” state. Also ias<0 

and the secondary current flows through Tr5/Tr8. The 

output capacitor provides energy to the load. The output 

voltage reduces during this stage. According to this 

analysis, the equivalent circuits in this stage can be 

obtained similarly. 

 

F. Stage 6 (t5~t6)  

Because Vg2/Vg3=1, Tr2/Tr3 will be on in this stage. 

Because the primary current iap<0, the energy will 

transfer to the secondary side again. 

 

For the secondary side, Tr5/Tr8 turn off a little before t5. 

Because ias<0, the secondary current will charge capacitor 

C5/C8 and discharge capacitor C6/C7 until their voltages 

reduce to the forward conduction voltage of diode D6/D7. 

Then the current flows through D6/D7. The energy is 

transferred to the load.  

 

Because Vg6/Vg7=1 at t5, Tr6/Tr7 will turn on at t5 under 

ZVS. The output voltage begins to increase during this 

stage. According to this analysis, the equivalent circuits in 

this stage can be obtained similarly. 

 

G. The Expression of Voltage Ratio Vo/Vs 

In order to see clearly the major role of triple phase-shift 
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control method, the power MOSFETs and diodes are 

treated as ideal and the winding resistance of the 

transformer is neglected. From the working process 

analysis and the simulation waveforms shown in Fig.17, it 

can be found that the inductor current iap crosses zero at 

the half period of Ts. The first stage (t0~t1) and the fourth 

stage (t3~t4) are due to the dead band effect. They are 

neglected as well. In order to be convenient, write:  

 

01 022 2

1 1
p sLeq L L L L

n n
      

Because the time interval in which the snubber capacitors 

charge/discharge is very short compared with the stage 

time duration, it can be neglected, too. From Fig.17, it can 

be found the corresponding stages are equal to: 

2 0

3 2 (0.5 )

s

s

t t DT

t t D T

 

  
  

D is the phase-shift duty ratio. Apply Volt-second balance 

and small ripple approximation to the combined equivalent 

inductor Leq, there is:  

0)5.0)(()( 0  DV
n

V
D

n

V
V s

o
s  (6) 

The relationship between the output voltage and source 

voltage can be obtained from (6) and written as: 

)41( D

n

V

V

s

o


  (7) 

 
Fig.18: Waveforms of relevant currents and control signals of 

bidirectional converter with single phase-shift control 
 

Compared Fig. 18 with Fig.17, it can be found there are 

two main stages and two corresponding current 

expressions in the first half period. In ideal situation, 

currents iap, ias and io will vary from zero at t=t0 and return 

to zero at t=t3. The current expressions in ZVS sub-stages 

need not to be considered because the time for ZVS sub-

stages are very short and there is no active power transfer 

in ZVS sub-stages theoretically. 

 

H. The Expression of Output Current in Stage t0~t2 

According to the operation in this stage, the ideal state 

equations are: 

aso

ap

as

o
seq

ii
n

i
i

n

V
V

dt

diap
L







 
(8) 

From these state equations, the expression of output 

current in this stage can be solved as following: 
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I. The Expression of Output Current in Stage t2~t3 

According to the operation in this stage, the ideal state 

equations are: 
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(10) 

From these state equations, the expression of output 

current in this stage can be solved as following: 
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J. The Expression of Output Power 

The output current expressions in the second half period 

are the same as the corresponding expressions listed above. 

Therefore, the expression of output power with single 

phase-shift control is: 

    2 3

2
2

0

22 t

ot

t

t oo
s

o
sT

oo
s

o dtidti
T

V
dtiV

T
P  (12) 

Substitute the corresponding expressions of io into the 

above equation, the average active output power can be 

obtained.  
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(13) 

From this output power expression, it can be found there is 

no maximum output power with regard to the phase-shift 

ratio D in its valid range (0≤ D ≤0.5). 

 

This proves the former discussion about the maximum 

output power of the bidirectional converter with phase-

shift control methods is correct.  

 

VI. METHOD TO DECIDE INDUCTANCE FOR 

BIDIRECTIONAL DUAL FULL BRIDGE CONVERTER WITH 

PHASE-SHIFT CONTROL 

 

It is important and meaningful to choose a suitable 

inductance value for the bidirectional converter so that the 

converter can transfer the rated output power or less with 

high efficiency and high output voltage stability. Based on 

this ZVS dual full bridge power circuit, an effective 

method about how to choose a suitable inductance value 

for the bidirectional converter is introduced in this section. 

 

It is well known the minimum inductance should be used 

to finish the power transfer if it can satisfy the 

requirements. This will reduce the size of the power 

converter. The main point is that the total inductance must 

be able to make the converter realize ZVS under possible 

minimum output power. Only in this way, can the 

bidirectional converter transfer energy with high 

efficiency in large output power range. Otherwise, the 

power converter cannot realize ZVS in low output power 

and efficiency will reduce greatly. 

 

Practically, this problem can be solved in this way. At first, 
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simulate the bidirectional converter with a control method 

with only the leakage inductance of the isolation 

transformer for possible minimum output power to check 

whether this converter can realize ZVS or not. If it cannot 

realize ZVS with only the transformer leakage inductance, 

a serial small inductance is required. Include a small serial 

inductance in the power circuit and simulate the 

bidirectional converter to check whether the bidirectional 

converter can realize ZVS or not under the same possible 

minimum output power. If this bidirectional converter still 

cannot realize ZVS with this small serial inductor, increase 

the serial inductance value gradually and simulate the 

bidirectional converter. Repeat this again and again until a 

minimum or sub-minimum serial inductance value is 

found to make the bidirectional converter realize ZVS 

under possible minimum output power. 

 

The principle to decide the totally required minimum 

inductance is to ensure the bidirectional converter realize 

ZVS under possible minimum output power [12], [11]. 

This is because ZVS is realized by charging and 

discharging snubber capacitors with the energy stored in 

the inductors. With the decrease of the output power, the 

current in power circuit will reduce and the energy stored 

in the inductor will reduce, too. If the inductance is too 

small, it cannot provide enough energy for the 

bidirectional converter to realize ZVS in minimum load 

condition. This can be validated by the following 

simulation results of the bidirectional converter with single 

phase-shift control (L01=0.003µH/Po=500W; 

L01=6.9µH/Po=500W). 

 

 
Fig. 19: Simulation wave forms of the forward bidirectional 

converter with single phase-shift control for 

L01=0.003uH/Po=500W 
 

In Fig. 19, it can be found the primary current Iap>0 at the 

rising edge of control signal Vc1, therefore, the 

bidirectional converter cannot realize ZVS when 

L01=0.003uH and Po=500W. In order to realize ZVS, the 

serial inductance L01 should be increased. 

  

In Fig. 20, it can be found the primary current Iap<0 at the 

rising edge of control signal Vc1, this suggests this 

bidirectional converter can realize ZVS at present. The 

switching loss is eliminated and efficiency is improved. 

Certainly, the converter can realize ZVS better with the 

same inductance for higher output power if the converter 

can realize ZVS with this inductance at a lower output 

power. Therefore, the minimum inductance for the 

bidirectional converter is the value to make the power 

converter realize ZVS under possible minimum output 

power. This minimum inductance will make the 

bidirectional converter realize ZVS in the desired load 

range and transfer energy with high efficiency in this load 

scope. 

 

 
Fig. 20: Simulation wave forms of the forward bidirectional 

converter with single phase-shift Control for 

L01=6.9uH/Po=500W 

 

VII. CONCLUSIONS 

 

This paper analyzes the maximum output power of a 

bidirectional dual full bridge DC-DC converter with single 

phase-shift control and dual phase-shift control methods in 

detail. The maximum output power is solved with 

mathematical method and analyzed with simulation results 

separately. However, contradictory conclusions are 

derived for the same bidirectional converter with two 

different analysis methods. Besides this, the actual 

maximum output power is relevant to the position of the 

serial inductor and the voltage conversion ratio. It can be 

found that maximum output power cannot be used as a 

standard to evaluate different control methods because it 

means the over-load operation of the converter. Even if the 

components rated parameters are permitted, the 

bidirectional converter cannot transfer this maximum 

power only by changing the phase-shifts. It is very 

important to make clear this point for the design of a 

bidirectional converter. Besides these, the general 

operation and output power expression of bidirectional 

converter with single phase-shift control are listed out. In 

the end, an effective method is proposed about how to 

choose a suitable inductance for the bidirectional converter 

to make it realize ZVS and transfer energy with high 

efficiency in large load scope. 
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Abstract–This paper presents a new method for theoretical 

stability analysis of a bidirectional dual full bridge DC-DC 

converter with triple phase-shift control. The developed 

approach is analytically sound and generally applicable when 

compared with the existing approaches, which are by and 

large based on computer simulation. The operating process 

of a bidirectional converter is multi-stage and nonlinear, 

which is explained by giving consideration to the control 

method that is used. Based on its working theory, the 

converter is separated into several stages. Equivalent circuits 

and state equations are built for each stage to determine the 

stability in each stage. Then, abrupt state changes and the 

response to infinite noise are analyzed for stage transitions. 

Next, the stability of the bidirectional converter is 

determined using the eigenvalue method. The analytical 

results are validated through computer simulation. 

 
Keywords–Bidirectional isolated DC-DC converter, stability 

analysis, triple phase-shift control, equivalent circuits, state 

equations, eigenvalue method. 

 

I.  INTRODUCTION 

 

In recent years, the development of high power and large 

power range isolated bidirectional dc-dc converters has 

become an important topic because of the requirements of 

electric automobile, uninterruptible power supply and 

aviation power system [1], [2], [4], [9]. An identical dual 

active full bridge converter with zero voltage switching 

(ZVS) can be used on both sides of the isolation 

transformer as shown in Fig. 1 [3, 5,14]. Stability is an 

important requirement in any practical engineering system 

[6-8]. Some parameters of a bidirectional converter may 

change arbitrarily, and it is important that converter 

operates properly under these conditions. This paper 

presents an effective approach, using the eigenvalue 

method, to determine the stability of a nonlinear 

bidirectional DC-DC converter when the parameters 

change arbitrarily. The novel approach of triple phase-shift 

control is used in this paper as it can improve system 

efficiency and adaptability to parameter changes. 

 

This method developed in this paper may be used to study 

stability of other similar nonlinear time-varying circuitry as 

well. The organization of the rest of the paper is as follows. 

The problem addressed in the paper is described in detail in 

Section II. The stability analysis method used in the paper is 

described in Section III. The operation of the bidirectional 

dual full bridge converter with the novel triple phase-shift 

control is analyzed and the equivalent circuits are derived in  
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Section IV. In Section V, the stability of the bidirectional 

converter is determined with the developed method, when 

the input voltage changes arbitrarily. The results obtained 

from the analysis are validated using simulations and 

discussed in Section VI. The main contributions of the paper 

are summarized in Section VII. 

 
Fig. 1: The power circuit of the bidirectional converter. 

 

II. PROBLEM DESCRIPTION 

 

1. Statement of the Problem 

In power electronics, stability of a power converter is 

usually determined through simulation because it is 

nonlinear system whose stability analysis is quite difficult. 

This is especially true for high power zero voltage 

switching (ZVS) converters [10], [12]. However, the 

method of simulation is not always appropriate because 

simulation results only provide information under specific 

working conditions. When input voltage changes for some 

reason, the converter will work in a different state. It is 

impossible to simulate the infinite number of such 

working conditions that are possible. Analytical 

determination of stability analysis is more general, and is 

desired in this backdrop [17]. 

 

This paper presents an effective method to determine the 

stability of a bidirectional DC-DC converter with triple 

phase-shift control under possible input voltage changes. 

For this purpose, first a mathematical model has to be 

developed for the bidirectional converter with dual phase-

shift control, which is a nonlinear system. Besides this, the 

input voltage change must be taken into account when 

determine its stability. The problem is exacerbated by the 

fact that the input voltage can change, and this change is 

unknown in general. 

 

Although the problem of stability analysis can be difficult 

and complex, the periodic operation of a bidirectional 

converter can be analytically represented. The 

bidirectional converter is separated into several stages in 

one period, guided by results from computer simulation 
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under normal conditions. An equivalent circuit is 

developed for every stage of operation by approximating 

the nonlinear power switches and diodes with linear ones; 

for example, replacing the power MOSFET with an on-

resistance when it conducts and replacing the diodes with 

voltage sources of their conduction voltage values. In this 

manner, an approximately linear time-varying equivalent 

circuit model is established for each stage or sub-stage. 

According to the equivalent circuit, the approximately 

state equation can be built for each stage or sub-stage. This 

facilitates the stability analysis of the bidirectional 

converter in every stage and within the entire period of 

operation. 

 

2. Components in Power Circuit 

The components in the power circuit of the converter are 

identified below. 

L01, L02 ---- Two series inductors  

C1=C2=C3=C4=C5=C6=C7=C8 --- Eight snubber 

capacitors   

Co, Co1 ---Two large filter capacitors  

Ro --- Forward load resistor 

The parameters of the main transformer are as follows: 

Lp ---Primary leakage inductance  

Ls --- Secondary leakage inductance 

Rp --- Primary winding resistance 

Rs--- Secondary winding resistance 

Turns ratio: 1: n 

The parameters of the eight power MOSFETs are as 

follows:  

R1, R2, R3, R4, R5, R6, R7, R8 ---- On-resistance 

D1, D2, D3, D4, D5, D6, D7, D8 --- Anti-parallel diodes 

with power MOSFETs. 

 

 3. Variables Used in the Paper  

iap, ias ---Power circuit primary current and secondary 

current of the transformer 

Vc1, Vc2, Vc3, Vc4, Vc5, Vc6, Vc7, Vc8 ---Voltages across 

the corresponding parallel capacitors. 

Vs ---Input voltage 

Vo ---Output voltage 

VD1, VD2, VD3, VD4, VD5, VD6, VD7, VD8 ----Forward 

conduction voltages of anti-parallel diodes. 

 

III. STABILITY ANALYSIS OF DUAL FULL BRIDGE 

CONVERTER 

 

1. The Method  

The bidirectional DC-DC converter has many nonlinear 

components, and is essentially a nonlinear system during 

its entire period of operation. However, it can be separated 

into several linear stages according to the simulation 

wave-forms under normal working conditions. The 

equivalent circuit and the corresponding state equations 

can be established for each stage. Using these state 

equations, stability can be analyzed for every stage. If the 

converter is stable in every stage and there is no abrupt 

state change at the interface of two stages, this converter 

will be stable during the entire working period. In this 

context, for analytical purposes, abrupt state change means 

an instantaneous change in the state variables at the 

interface of different stages. 

 

Based on this idea, the forward bidirectional dual full 

bridge converter is separated into eight main stages for the 

purpose of theoretical analysis of its stability. There are no 

abrupt state changes during the transition between two 

stages because the two stages are connected with each 

other by the capacitor voltages and inductor currents. It is 

well known they cannot change abruptly. Therefore, the 

forward bidirectional dual full bridge converter with triple 

phase-shift control will be stable if it is stable in each stage. 

Only the forward response is considered in the present 

analysis. The stability of the backward bidirectional dual 

full bridge converter with triple phase-shift control can be 

analyzed similarly. 

 

2. Component Parameters in Power Circuit 

L01=7.3μH;     

C1=C2=C3=C4=C5=C6=C7=C8=1nF; 

L02=6.9μH;  

Co=Co1=500μF;  

Ro=40Ω;   

Lp=0.6μH;  

Ls=1μH; 

Rp=7mΩ;  

Rs=10mΩ;  

n=7/2 

The parameters of the 8 power switches are as follows:  

Tr1~Tr4: On resistance: 5mΩ; Diode Voltage drop: 1V 

Tr5~Tr8: On resistance: 23mΩ; Diode Voltage drop: 0.6V 

 

IV. EQUIVALENT CIRCUITS 

 

The forward simulation wave-forms of the bidirectional 

converter with normal steady state operation are shown in 

Fig. 2. As shown, the triple phase-shift control method 

includes three phase-shifts. The first is the phase-shift 

between the primary control signal and the corresponding 

secondary control signal, for example, between Vg1 and 

Vg5; the second is the phase-shift between the diagonal 

control signals in the primary power circuit, for example, 

between Vg1 and Vg4; and the third is the phase-shift 

between the diagonal control signals in the secondary 

power circuit, for example, between Vg5 and Vg8. 
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Fig. 2: Simulation wave forms of the forward bidirectional 

converter with triple phase-shift control. 
 

The forward bidirectional dual full bridge converter is 

separated into eight stages in one period. Its operation and 

the equivalent circuit for every stage are described below. 

 

A. Stage 1 (t0~t1)  

Power switches Tr1 and Tr4 will turn on at “t=t0”. 

Because the primary current is still negative during this 

period, the primary current will flow through Tr4/Tr1 and 

the inductor energy flows back to the power source. 

 

Because Vg5/Vg8/Vg7 are equal to zero, Tr5/Tr8/Tr7 are 

all in the “Off” state; Vg6=1, Tr6 is “On”. Ias<0 and 

secondary current flows through Tr6/D7. The inductor L02 

and output capacitor provide energy to the load. The 

output voltage reduces during this period. The equivalent 

circuit in this stage is given in Fig. 3. 

 

 
Fig. 3: Equivalent circuit in stage 1. 

 

B. Stage 2 (t1~t2)  
Because Vg1/ Vg4 =1, power switches Tr1 and Tr4 are in 

“On” state in this period. Because the primary current is 

positive during this period, the primary current will flow 

through Tr1/Tr4, inductor L01 and the transformer leakage 

inductance. The energy will transfer from the primary side 

to the secondary side. 

 

Because Vg5/Vg8/Vg7 are equal to zero, Tr5/Tr8/Tr7 all 

are in the “Off” state; Vg6=1, Tr6 is “On”. Ias>0 and 

secondary current will charge capacitor C7 and discharge 

capacitor C8 until its voltage reduces to the forward 

conduction voltage of diode D8. The corresponding 

equivalent circuit is given in Fig. 4. 

  
Fig. 4: C8 discharging equivalent circuit in stage 2. 

Then the current flows through Tr6/D8. The energy is 

stored in the secondary inductor L02 and the leakage 

inductor because this is a freewheeling period with no 

power transfer to the load, in theory. Output capacitor 

provides energy to the load and the output voltage 

continues to reduce in this period. The equivalent circuit in 

this stage is given in Fig. 5. 

 

 
Fig. 5: Free-wheeling equivalent circuit in stage 2. 

 

Tr6 turns off just before t2. The secondary current will 

charge the snubber capacitor C6 and discharge the snubber 

capacitor C5. During this very short period of transitional 

time, the secondary current flows through D8 to charge 

and discharge the snubber capacitors. When C5 is totally 

discharged (Vds5=0), the secondary current will flow 

through D5/D8 and the energy will be transferred to the 

load. The corresponding equivalent circuits are shown in 

Fig. 6 and Fig. 7. 

 
Fig. 6: Charge-discharge equivalent circuit in stage 2. 

 
Fig. 7: Diode conduct equivalent circuit in stage 2. 

 

C. Stage 3 (t2~t3)  

The control signal Vg5/Vg8=1. The power switches Tr5/Tr8 

will turn on at t2. Because Ias>0 during this stage, the 

secondary side current will flow through Tr5/Tr8 and 

transfer energy to the load. The output voltage will 
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increase. The equivalent circuit in this stage can be 

obtained as before, and is shown in Fig. 8. 

 

D. Stage 4 (t3~t4)  

Here Vg4/Vg8=0; so, Tr4/Tr8 will turn off at t3. For the 

primary side, Tr4 turns off at t3. The primary current will 

charge the snubber capacitor C4 and discharge the snubber 

capacitor C3. When C3 is completely discharged (Vds3=0), 

the primary current will flow through Tr1/D3 and form a 

free-wheeling sub-stage. No power is transferred to the 

secondary side, in theory. 

 

For the secondary side, the current ias>0. This indicates 

that Tr5/D8 will continue to conduct in this period of time. 

The additional inductor L02 and the secondary leakage 

inductance will provide energy transfer to the load. The 

output voltage will continue to increase in this stage. The 

corresponding equivalent circuits are shown in Fig. 9 and 

Fig. 10. 

 

Tr1 turns off just before t4. The primary current will 

discharge the snubber capacitor C2 and charge the snubber 

capacitor C1. During this very short transitional time, the 

current will flow through D3 to charge and discharge the 

capacitors. When C2 is completely discharged (Vds2=0), 

D2 will conduct and form an energy feedback to the power 

source. This will make it feasible for Tr2/Tr3 to turn on 

under ZVS. The corresponding equivalent circuits are 

shown in Fig. 11 and Fig. 12. 

 
Fig. 8: Energy transfer equivalent circuit in stage 3. 

 
Fig. 9: C3 discharge equivalent circuit in stage 4 

 

E. Stage 5 ( t4~t5) 

Because Vg2/Vg3=1, Tr2/Tr3 will turn on at t4. Tr1 turns 

off just before t4. The primary current will discharge the 

snubber capacitor C2 and charge the snubber capacitor C1. 

During this short transitional period, the current will flow 

through D3 to charge and discharge the capacitors. When 

C2 is completely discharged (Vds2=0), D2 will conduct 

and form an energy feedback to the power source. 

Therefore, Tr2/Tr3 will turn on at t4 under ZVS. Because 

the primary current Iap>0, the energy will feedback to the 

primary source in this stage. 
 

 

Fig. 10: Free-wheeling equivalent circuit in stage 4. 

 

Fig. 11: C2 discharge equivalent circuit in stage 4. 

 

Fig. 12: Energy feedback equivalent circuit in stage 4. 

 

For the secondary side, Vg5=1; so, Tr5 is “On” in this 

stage. Vg6/Vg7/Vg8=0; so, Tr6/Tr7/Tr8 all will be in the 

off state during this period of time. Because the secondary 

side current Ias>0, Tr5/D8 will conduct in this period of 

time. The inductor L02, the secondary leakage inductor 

and the output capacitor together will provide energy to 

the load in this stage. The output voltage begins to reduce 

in this stage. According to this analysis, the equivalent 

circuits for this stage may be obtained as before. 

 

F. Stage 6 (t5~t6)  

Because Vg2/Vg3=1, Tr2/Tr3 will be on in this stage. 

Because the primary current Iap<0, the energy will 

transfer to the secondary side again. For the secondary 

side, Vg5=1; so, Tr5 is on state in this stage. 

Vg6/Vg7/Vg8=0; so, Tr6/Tr7/Tr8 all will be in the off state 

during this period of time. Because the secondary side 

current Ias<0, the secondary current will charge the 

capacitor C8 and discharge the capacitor C7 until its 
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voltage reduces to the forward conduction voltage of diode 

D7. Then the current will flow through Tr5/D7 in this 

period of time and form a freewheeling period with no 

energy transfer to the load, in theory, in this stage. The 

energy from the primary source is stored in L02 and the 

leakage inductor. The output capacitor provides energy to 

the load and the output voltage will continue to reduce in 

this stage. The equivalent circuit can be obtained as bore, 

for this stage. 

  

G. Stage 7 (t6~t7)  

Because Vg6/Vg7=1, Tr6/Tr7 will turn on at t6. Vg5=0; so, 

Tr5 turns off just before t6. The secondary current will 

charge C5 and discharge C6. During this very short of 

transitional time, the secondary current will flow through 

D7 to charge and discharge the snubber capacitors. When 

C6 is completely discharged (Vds6=0), D6 will turn on 

and D6/D7 will conduct to form ZVS and transfer energy 

to the load. Because the secondary side current Ias<0, 

Tr6/Tr7 will conduct in this period of time and transfer 

energy to the load, and the output voltage will increase in 

this stage. The equivalent circuits in this stage can be 

obtained as before. 

 

H. Stage 8 (t7~t8)  

Because Vg3/Vg7=0 at t7, Tr3/Tr7 will turn off at t7. On 

the primary side, Tr3 will turn off; and the primary current 

will charge C3 and discharge C4. During this very short of 

transitional time, the primary current will flow through Tr2 

to charge and discharge the snubber capacitors C3 and C4. 

When C4 is completely discharged (Vds4=0), D4 will turn 

on. Tr2/D4 will conduct. This will form a freewheeling 

stage with no energy transfer to the secondary side 

theoretically. Tr2 turns off just before t8. The energy 

stored in the additional inductor L01 and the transformer 

leakage inductance will charge the snubber capacitor C2 

and discharge the snubber capacitor C1. During this very 

short period of transitional time, the primary current will 

flow through D4 to charge and discharge the snubber 

capacitors. When C1 is completely discharged (Vds1=0), 

then the primary current will flow through D4/D1 and the 

inductor energy will flow back to the power source. 

 

On the secondary side, Tr6/D7 will continue to conduct 

during this period of time and transfer energy to the load. 

This is because the secondary side current Ias<0. The 

energy mainly comes from the stored energy of additional 

inductor L02 and the leakage inductance. Output voltage 

will continue to increase in this stage. The corresponding 

equivalent circuits can be obtained as before, based on the 

analysis for this stage. 

 

V. STABILITY ANALYSIS WITH EIGENVALUE METHOD 

 

Based on the equivalent circuits in each stage, the 

corresponding state equation can be built for this 

bidirectional DC-DC converter in each stage. The 

equivalent circuits are got by the analysis of the 

combination act of the input signal, output signal and 

control signal of this closed-loop converter. According to 

model identification [13], [16], the equivalent circuits in 

each stage are closed-loop models for this nonlinear DC-

DC converter. The corresponding state equation will be a 

closed-loop state space model of this bidirectional 

converter in each linear stage. It can be used to determine 

the stability of this bidirectional converter in every linear 

stage directly. 

 

A. Stability Analysis in Stage t0~t1 

From the equivalent circuit of the converter, as shown in 

Fig.3, the state equations of the converter can be generated 

for this stage. For convenience, let:  
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Substitute the corresponding values into these state 

equations. The complete stat equations are obtained, as 

given below. 
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Therefore, the closed-loop state space model of this 

converter during this stage may be expressed as: 

 

Cxy

BuAxx




 (3) 
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Where 
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The eigenvalues of the system matrix A for the present 

converter in this stage are given below: 
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(4) 

Therefore, the converter is state asymptotically stable in 

this stage. Its stability is irrelevant to the input signal VS 

and the forward diode voltage VD7 because they only 

influence the input distribution matrix and do not 

influence the system matrix. 

 

B. Stability Analysis in Stage t1~t2 

From the previous analysis of the working process of the 

converter, it is seen that there are three sub-stages and 

corresponding three equivalent circuits in this stage. The 

stability of the converter can be analyzed in these three 

sub-stages with their equivalent circuits, one by one. 

 

(1) Sub-stage of Charge-discharge of C7 and C8  

According to the equivalent circuit of the converter shown 

in Fig.4, the corresponding state equations are given below: 
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Substitute the corresponding component values into these 

state equations, the final state equations for the converter 

in this sub-stage can be obtained, as given below: 
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Therefore, the closed-loop state space model of this 

converter during this stage can be expressed as: 
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The eigenvalues of the system matrix in this sub-stage are: 
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(8) 

All eigenvalues have negative real parts. Hence, the 

converter in this sub-stage is state asymptotically stable. 

There is no abrupt change in state from stage 1 to stage 2. 

The converter does not receive infinite noise.   

 

(2) Sub-stage of Free Wheeling in Stage 2 

 According to the equivalent circuit of the converter in the 

freewheeling stage, as shown in Fig.5, the corresponding 

state equation for the converter during the present sub-stage 

can be obtained as follows: 
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(9) 

Substitute the corresponding component values into these 

state equations. Then, the complete state equations for the 

present converter in this sub-stage can be gotten as follows: 
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Therefore, the closed-loop state space model of the present 

converter during the considered sub-stage may be 

expressed as: 
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The eigenvalues of the system matrix in this sub-stage are 

given by: 
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(12) 

All eigenvalues have negative real parts. Hence, the 

converter in this sub-stage is state asymptotically stable. 

There is no abrupt change in the state variables between 

these two sub-stages. Also, there is no infinite noise to the 

converter.  

 

The stability of the converter in the other stages can be 

analyzed similarly. It can be established that the 

bidirectional converter is asymptotically stable in every 

stage. There are no state abrupt changes between stages or 

sub-stages. This means there is no infinite noise into the 

converter. Therefore, this converter is stable during the 

entire working period. 

 

VI. SIMULATION STUDIES AND DISCUSSION 

 

Section V presented an effective method to establish the 

stability of a bidirectional converter under triple phase-

shift control, when the input voltage changes. The changes 

of the three phase shifts due to a change in the input 

voltage will only change the time duration of some 

working stages. Hence, the general equivalent circuit and 

the state equations in every stage will remain the same. If 

the converter is stable in these stages, it will remain stable 

when the time durations of the stages change. This can be 

validated by computer simulation. 

 

Fig.13 is got by simulating the bidirectional converter with 

triple phase-shift control when the input voltage changes 

from 48V to 55V. There are 6 stages in one period at 

present. By comparing Fig.13 with Fig.2, it is seen that 

two stages disappear and the time duration of the other 

stages becomes different when the input voltage changes. 

But the output voltage will remain very close to 200V with 

a small error, by adjusting the feedback resistance values 

to 100kΩ/2.28kΩ, and the bidirectional converter is BIBO 

stable. This result validates the eigenvalue method as 

proposed in this paper, for establishing the stability of a 

bidirectional converter with triple phase-shift control when 

only the input voltage changes. If the converter is unstable, 

however, a different topology should be considered [11], 

[15], [18]. Fig.2 and Fig.13 are obtained through 

simulation with PSIM. 

 

 
 
Fig. 13: Simulation results of forward bidirectional converter with 

triple phase-shift control when input voltage changes. 

 

There is a limit to the application of the present method of 

stability analysis. If the system parameters change, the 

present method is not valid. Then, the converter is 

approximately linear and time variant in every stage, and 

the matrix A is a function of time. The eigenvalue method 

cannot be applied. 

 

VII. CONCLUSION 

 

This paper presented a new method to theoretically 

analyze the stability of a nonlinear bidirectional dual full 

bridge DC-DC converter with triple phase-shift control. 

First, the nonlinear converter was separated into several 

linear stages in one period, and equivalent circuits and the 

corresponding state equations were determined for each 

stage. It was proved that the converter was stable in every 

stage and there were no abrupt change of state between 

two neighboring stages or sub-stages. This established that 

the converter would remain stable during the transition 

from one stage to the next. Then, it was shown that that 

the converter would be stable in the entire period. The 
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results were validated through computer simulation. 
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Abstract–The experimental work focuses on the temperature 

study of three phase induction motor at various parts using 

inverter output filters. Various filters are used in industrial 

PWM drives. These filters reduce the bearing current and 

shaft voltage, and also smoothes the motor supply voltage 

approximately a sinusoidal voltage. The induction motor 

driven by PWM drive inverter for long time heat generated 

in the windings of the induction motor is high, since the 

copper loss in the windings is more compared to other losses 

in the induction motor, also various harmonics at the output 

of the inverter, common mode voltage and differential mode 

voltage is also added the cause of heat in the induction motor. 

In this paper the temperature of the three phase induction 

motor is experimentally studied with v/f control method. The 

heat in the induction motor has been observed with PWM 

inverter drive and compared with the heat produced when 

the filter is used 

 
Keywords–PWM inverter, stator copper loss, common mode 

voltage, differential mode voltage. 

 

I.  INTRODUCTION 

 

In the recent research works PWM drive with high 

frequency is commonly used.  The high dv/dt supply 

voltage gives the disadvantageous consequences, high 

motor insulation stress, bearing current [2, 8] will 

deteriorates motor efficiency, EMC noises etc. the 

problem may be severe if  a long cable is used to connect 

the motor and an inverter. To avoid these problems 

various methods are proposed [3, 5]. A preferred method 

to minimize these problems by using output filters at the 

output of the inverter is employed in this paper. This uses 

a passive filter with the combination of inductors and 

capacitors connected very close to the inverter shown in 

the Fig.1 

 

A literature survey presents the analysis of the motor 

model for CM current [4, 6] flow gives information that 

the CM filter has no influence on motor torque. Motor 

torque is dependent only on differential mode. Therefore a 

differential mode filter adds an extra voltage drop and 

phase shift between voltages and currents on the input and 

output of the filter [1,6,11,12]. 

 

A V/f control method is employed to control the speed of 

the three phase induction motor; the motor used for the 

experimental purpose is a class-F motor whose 

specifications are shown in the Table1. A thermo couple is 

inserted at various parts of the induction motor to measure 

the temperature of the induction motor through  
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temperature module kit. A temperature module kit collects 

the data and passes this temperature data to personnel 

computer for record. The PWM drive is constructed with 

six IGBT modules, to control the PWM drive six control 

signals are generated from the FPGA kit through the drive 

circuit. The experiment is conducted for 3 hours for the 

low voltage and low frequency, the temperature at various 

parts in the induction motor is recorded with a load of 

0.18Nm. The experiment is repeated for the same load and 

same V/f control with filter, the heat in the various parts of 

the induction motor is measured experimentally. 

 
Fig.1: Experimental setup three phase motor drive 

 

A. Filter Model 

A filter is proposed in this paper has a structure similar to 

that proposed by Akagi in [3]. Fig.2. three capacitors C1 

and three inductors L1 are the parts of the differential filter 

for αβ components. RC is used for transients damping. The 

common mode filter elements are coupled choke N1 

capacitor C0 and R0. The circuit is closed by capacitors in 

the DC link of the inverter. By contrast with the filter [3], 

the second CM choke N2 is used to limit the flow of zero 

component of current in the external circuit relative to the 

filter and inverter shown in the Fig.3.  It is assumed that 

both chokes N1 and N2 as well as inductor L1 are ideal 

elements, resistances and leakage inductances were 

neglected. 

 

The equations of the filter for the ABC frame and related 

to the CDC terminal is given by 
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Fig.2. Inverter output filter with common mode and differential 

mode 

Fig.3. Equivalent filters circuit in ABC references 
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Filter model (1) to (6) has been transformed to the αβ0 

orthogonal frame of reference: 
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where τ is time per unit = 2πfot, and fo is the electrical grid 

frequency. The αβ0 are presented in the Fig.4 

 

One can observe that for the αβ components the 

parameters of the differential mode filter exist [9, 10]. For 

the 0 component, only common mode filter elements are 

present. 

 
(a) 

 
(b) 

 
(c) 

Fig.4. Filter model circuit in αβ0 references: (a), (b) differential 

mode, (c) common mode. 

 

Table 1: Filter and Induction Motor Parameter 

Parameter Value Description 

Pn 0.75kW Nominal 

Sn 415V Phase Voltage 

In 3.5A Nominal current 

Nn 1390 Nominal speed 

P 50Hz Supply frequency 

fn 11.12Ω Stator resistance 

Ll, L2 0.23H 
Stator inductance 

(leakage + mutual) 

Lm 0.3 Mutual inductance 

Li 6.3mH Filter inductor 

Ci 3.3µF Filter capacitor 

Rc 3Ω Damping resistance 

N1, N2 14mH C M choke inductance 

Fz 1kHz Filter resonance frequency 

Co 4.7µF Capacitor 

Ro 33Ω Resistor 
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II. RESULTS 

 

a) The experiment is carried with PWM drive at low speed 

with V/f control and a common load is employed 

throughout the experiment. Distribution of temperature of 

the induction motor is done. 

 

b) Experiment is repeated with same V/f control and same 

load with filter is also studied. Distribution of temperature 

of induction motor is done. 

 

c) Distribution of temperature at various parts of the 

induction motor is also studied with DC test, the thermal 

resistance, thermal capacitances  are calculated at various 

parts of the induction motor, these parameters are used to 

determine the predicted temperature of the induction 

motor. 

 
Fig.5: Measurement of temperature V=41V, f=5Hz, torque 

load=0.18Nm 

 
Fig.6: Measurement of temperature V=41, f=5Hz, torque 

load=0.18Nm with filter 

 

 

Table 2: Measurement of temperature at various parts of 

the induction motor 

Measurements at 

various parts 

Temperature  

values at 

normal PWM 

Drive in °C 

Temperature 

values with 

filter  =1kHz 

in °C 

Predicated 

Temperature 

values with 

filter  =1kHz 

in °C 

Left-Winding-1 47 39 38 

Right-Winding-2 46.6 39.2 38 

Frame(Yolk) 46 39 37 

Outer body 44 37 35 

Ambient 26 27 27 

 

III. CONCLUSIONS 

 

The effect of dv/dt, bearing current, and EMC noise are 

the major issues in induction motor. These parameters 

have adverse effect on windings of the induction motor 

that deteriorates the life time of the induction motor. The 

experimental work has been carried out to study the 

temperature at various parts of the induction motor with 

PWM drive, the results obtained using PWM inverter is 

compared with common mode filter connected between 

inverter and motor. The rise in temperature has been 

subsequently reduced at various parts of the induction 

motor is presented. The thermal model of three phase 

Induction motor is also constructed to determine the 

predicted temperature of the Induction motor. 
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Application of Artificial Intelligence Controller for 

Dynamic Simulation of Induction Motor Drives 
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Abstract–Induction Motors have many applications in the 

industries, because of the low maintenance and robustness. 

The speed control of induction motor is more important to 

achieve maximum torque and efficiency. This paper presents 

an integrated environment for speed control of vector 

controlled Induction Motor (IM) including simulation. The 

integrated environment allows users to compare simulation 

results between classical and artificial intelligent controllers. 

In recent years, the field oriented control of induction motor 

drive is widely used in high performance drive system. It is 

due to its unique characteristics like high efficiency, good 

power factor and extremely rugged nature of Induction 

motor. The fuzzy logic controller and artificial neural 

network controllers are also introduced to the system for 

keeping the motor speed to be constant when the load varies. 

The speed control scheme of vector controlled induction 

motor drive involves decoupling of the speed and ref speed 

into torque and flux producing components. The 

performance of fuzzy logic and artificial neural network 

based controller's is compared with that of the conventional 

proportional integral controller. The dynamic modeling of 

Induction motor is done and the performance of the 

Induction motor drive has been analyzed for constant and 

variable loads. 

 
Keywords–Dynamic modeling, fuzzy PI controller, artificial 

neural network, vector control. 

 

I.  INTRODUCTION 

 

Induction Motors (IMs) have been used as the workhorse 

in industry for a long time due to their easy build, high 

robustness, and generally satisfactory efficiency [1]. The 

vector control technique, which is developed upon the 

field orientation principle proposed by Haase in 1968 and 

Blaschke in 1970, decouples the flux and torque control in 

an IM [2]. Thus, it makes the control task of IM drives 

similar to a separately excited dc motor while maintaining 

the general advantages of ac over dc motors and, hence, 

suitable for high-performance variable-speed drive 

applications debated for a long time, and will possibly be 

debated for ever. However, there is no denying the fact 

that computers can have adequate intelligence to help 

solving our problems that are difficult to solve by 

traditional methods. Therefore, it is true that AI techniques 

are now being extensively used in industrial process 

control, image processing, diagnostics, medicine, space 

technology, and information management system, just to  
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name a few. While Expert Systems (ES) and FL are rule-

based with the advent of recent power semiconductor 

technologies and various intelligent control algorithms, an 

effective control method based on vector control 

technology can be fully implemented in real-time 

application. Because of these facilities, nowadays, vector-

control based high-performance IM drives have occupied 

most of the positions that were previously stationed by dc 

motor drives [2].  

 

In recent years, scientists and researchers have acquired 

significant development on various sorts of control 

theories and methods. Among these control technologies, 

intelligent control methods, which are generally regarded 

as the aggregation of fuzzy logic control, neural network 

control, genetic algorithm, and expert system, have 

exhibited particular superiorities. Artificial Intelligent 

Controller (AIC) could be the best controller for Induction 

Motor control. Over the last two decades researchers have 

been working to apply AIC for induction motor drives [1-

6]. This is because that AIC possesses advantages as 

compared to the conventional PI, PID and their adaptive 

versions. Mostly, it is often difficult to develop an accurate 

system mathematical model since the unknown and 

unavoidable parameter variations, and unknown load 

variation due to disturbances, saturation and variation 

temperature. High accuracy is not usually imperative for 

most of the induction motor drive, however high 

performance IM drive applications, a  desirable control 

performance in both transient and steady states must be 

provided even when the parameters and load of the motor 

varying during the operation. Controllers with fixed 

parameters cannot provide these requirements unless 

unrealistically high gains are used. Thus, the conventional 

constant gain controller used in the variable speed 

induction motor drives become poor when the 

uncertainties of the drive such as load disturbance, 

mechanical parameter variations and unmodelled 

dynamics in practical applications. Therefore control 

strategy must be adaptive and robust. As a result several 

control strategies have been developed for induction motor 

drives with in last two decades.  

 

The Artificial Intelligence (AI) techniques, such as Expert 

System (ES), Fuzzy Logic (FL), Artificial Neural Network 

(ANN or NNW) and Genetic Algorithm (GA) have 

recently been applied widely in power electronics and 

motor drives. The goal of AI is to plant human or natural 

intelligence in a computer so that a computer can think 

intelligently like a human being. A system with embedded 

computational intelligence is often defined as an 

“intelligent system” that has “learning,” “self-organizing,” 

or “self-adapting” capability. Computational intelligence 

has been debated for a long time, and will possibly be 

debated forever. However, there is no deny on  the fact 
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that computers can have adequate intelligence to help 

solving our problems that are difficult to solve by 

traditional methods. Therefore, it is true that AI techniques 

are now being extensively used in industrial process 

control, image processing, diagnostics, medicine, space 

technology, and information management system, just to 

name a few. While Expert Systems (ES) and FL are rule-

based, and tend to emulate the behavioral nature of human 

brain, the NNW is more generic in nature that tends to 

emulate the biological neural network directly. The history 

of NNW goes back to 1940s, but its advancement was 

camouflaged by the glamorous evolution of modern-day 

digital computers. From the beginning of 1990s, the NNW 

technology captivated the attention of a large segment of 

scientific community. Since then, the technology has been 

advancing rapidly and its applications are expanding in 

different areas. The GA theory (also known as 

evolutionary computation) was proposed in 1970s and it is 

based on principles of genetics (or Darwin’s survival of 

the fittest theory of evolution). Basically, it solves 

optimization problem by an evolutionary process resulting 

in a best (fittest) solution (survivor). Lofty Zadeh, the 

inventor of FL, defined ES as hard or precise computing 

and FL, NNW, and GA as soft or approximate computing 

[1-2].  

 

This paper presents the speed control scheme of vector 

controlled induction motor drive involves decoupling of 

the speed and ref speed into torque and flux producing 

components. Fuzzy logic and artificial neural network 

based control scheme is simulated. The performance of 

fuzzy logic and artificial neural network based controllers’ 

is compared with that of the conventional proportional 

integral controller. The dynamic modeling of Induction 

motor is done and the performance of the Induction motor 

drive has been analyzed for constant and variable loads [3-

4]. 

 

II. DYNAMIC SIMULATION OF INDUCTION MOTOR DRIVE 

 

Dynamic behavior of induction motor can be expressed by 

voltage and torque which are time varying. The 

differential equations that belong to dynamic analysis of 

induction motor are so sophisticated.  Then with the 

change of variables, the complexity of these equations can 

be decreased through movement from poly phase winding 

to two phase winding (q-d). In other words, the stator and 

rotor variables like voltage, current and flux linkages of an 

induction machine are transferred to another reference 

model which remains stationary. The dynamic model of an 

induction motor is developed by using equations given in 

Appendix A. The simulation model is constructed based 

on  the equations  as shown in Fig. 1. 

 
Fig. 1: Induction motor model 

The motor drive has balanced 3-phase voltages as the 

input, and the abc currents as the outputs. The complete 

Simulink model of the vector controlled induction motor 

drive with flux controller, vector controller, PI controller 

and PWM inverter is shown in Fig. 2. 

 
Fig. 2: Induction motor with PI controller 

 

III. ARTIFICIAL INTELLIGENT CONTROLLER  

 

Despite the great efforts devoted to induction motor 

control, many of the theoretical results cannot be directly 

applied to practical systems. The difficulties that arise in 

induction motor control are complex computations, model 

nonlinearity and uncertainties in machine parameters. 

Recently, intelligent techniques are introduced in order to 

overcome these difficulties. Intelligent control 

methodology uses human motivated techniques and 

procedures (for example, forms of knowledge 

representation or decision making) for system control. The 

definition of intelligent control from Astrom and McAvoy 

has been used widely: 'An intelligent control system has 

the ability to comprehend, reason, and learn about 

processes, disturbances and operating conditions in order 

to optimize the performance of the process under 

consideration'.  Intelligent control techniques are generally 

classified as expert system control, fuzzy-logic control, 

neural-network control and genetic algorithm. Intelligent 

induction motor control thus refers to the control of an 

induction motor drive using artificial intelligence 

techniques as shown in Fig. 3. Various artificial intelligent 

controllers are as follows: 

 

(a) Fuzzy Logic Controller: 

 Fuzzy logic is a technique to embody human-like thinking 

into a control system. A fuzzy controller can be designed 

to emulate human deductive thinking, that is, the process 

people use to infer conclusions from what they know. 

Fuzzy control has been primarily applied to the control of 

processes through fuzzy linguistic descriptions. 

 

A fuzzy controller is responsible to adjust the speed of 

induction motor. The operation principle of a FL controller 

is similar to a human operator. It performs the same 

actions as a human operator does by adjusting the input 

signal looking at only the system output. A FL based 

controller consists of three sections namely fuzzifier, rule 

base and defuzzifier. Converting crisp value to fuzzy can 

be done by several methods Triangular type membership 

functions are used here for partitioning the crisp universes 

into fuzzy subsets [5-6]. The proposed Simulink induction 

motor with fuzzy logic is shown in Fig.3. 

 

(b) Artificial Neural Network (ANN):  
Artificial neural networks are nonlinear information 
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(signal) processing devices, which are built from 

interconnected elementary processing devices called 

neurons.  

 Fig. 3 Induction motor with fuzzy controller 

 
Table 1: Fuzzy rule 

 

An Artificial Neural Network (ANN) is an information-

processing paradigm that is inspired by the way biological 

nervous systems, such as the brain, process information 

does. The key element of this paradigm is the novel 

structure of the information processing system. It is 

composed of a large number of highly interconnected 

processing elements (neurons) working in union to solve 

specific problems. ANNs, like people, learn by example. 

An ANN is configured for a specific application, such as 

pattern recognition or data classification, through a 

learning process. Learning in biological systems involves 

adjustments to the synaptic connections that exist between 

the neurons. This is true of ANNs as well. ANN's are a 

type of artificial intelligence that attempts to imitate the 

way a human brain works. Rather than using a digital 

model, in which all computations manipulate zeros and 

ones, a neural network works by creating connections 

between processing elements, the computer equivalent of 

neurons. The organization and weights of the connections 

determine the output. A neural network is a massively 

parallel-distributed processor that has a natural propensity 

for storing experimental knowledge and making it 

available for use. It resembles the brain in two respects: 

Knowledge is acquired by the network through a learning 

process, and Inter-neuron connection strengths known as 

synaptic weights which are used to store the knowledge. 

One of the most important features of Artificial Neural 

Networks (ANN) is their ability to learn and improve their 

operation using a neural network training data[7-8]. The 

basic element of an ANN is the neuron which has a 

summer and an activation function. The mathematical 

model of a neuron is given by: 

 


N

i
ii bxwy

1

)(  (1) 

where (x1, x2… xN) are the input signals of the neuron, (w1, 

w2,… wN) are their corresponding weights and b a bias 

parameter.   is a tangent sigmoid function and y is the 

output signal of the neuron. The ANN can be trained by a 

learning algorithm which performs the adaptation of 

weights of the network iteratively until the error between 

target vectors and the output of the ANN is less than a 

predefined threshold. Nevertheless, it is possible that the 

learning algorithm did not produce any acceptable solution 

for all input–output association problems. The most 

popular supervised learning algorithm is back- 

propagation, which consists of a forward and backward 

action. In the forward step, the free parameters of the 

network are fixed, and the input signals are propagated 

throughout the network from the first layer to the last layer. 

In the forward phase, we compute a mean square error. 
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where di is the desired response, yi is the actual output 

produced by the network in response to the input xi, k is 

the iteration number and N is the number of input-output 

training data. The second step of the backward phase, the 

error signal E(k) is propagated throughout the network in 

the backward direction in order to perform adjustments 

upon the free parameters of the network in order to 

decrease the error E(k) in a statistical sense. The weights 

associated with the output layer of the network are 

therefore updated using the following formula: 
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where wji is the weight connecting the j
th

 neuron of the 

output layer to the i
th

 neuron of the previous layer, η is the 

constant learning rate. Large values of η may accelerate 

the ANN learning and consequently fast convergence but 

may cause oscillations in the network output, whereas low 

values will cause slow convergence. Therefore, the value 

of η has to be chosen carefully to avoid instability. The 

proposed neural network controller is shown in Fig. 4. 

 

 

 
Fig. 4: Neural network controller 
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IV. PERFORMANCE ASSESSMENT OF ARTIFICIAL 

INTELLIGENT CONTROLLER BASED INDUCTION MOTOR 

DRIVES 

 

A complete simulation model for vector controlled 

induction motor drive incorporating PI, fuzzy logic 

controller and neural network controller is developed. 

Vector control of Induction motor drive with fuzzy 

controller is designed by proper adjustments of 

membership functions and neural network controller is 

designed by adjusting the weights in order to to get 

simulated results. The performance of the artificial 

intelligent based induction motor drive is investigated at 

different operating conditions. In order to prove the 

superiority of the Neural Network controller, a comparison 

is made with the response of convention PI and FLC based 

induction motor drive. The parameters of the induction 

motor considered in this study are summarized in 

Appendix B. The performances of the vector controlled 

induction motor with all intelligent controllers are 

presented   at constant load and variable load. The 

dynamic behaviors of the PI controller, with FLC 

controller and with Neural Network controller are shown 

are in Fig. 2, Fig.3 and Fig. 4 at constant load and variable 

load conditions.  

 

At constant load conditions:  
A drive with PI controller has a peak overshoot, but in 

case of fuzzy controller and neural network controller it is 

eliminated as shown in Fig. 5 and Fig. 6. The PI controller 

is tuned at rated conditions in order to make a fair 

comparison. Fig. 5 and Fig. 6 show the simulated starting 

performance of the drive with PI- and FLC-based drive 

systems, respectively. Although the PI controller is tuned 

to give an optimum response at this rated condition, the 

fuzzy controller yield better performances in terms of 

faster response time and lower starting current. It is worth 

mentioning here that the performance obtained by the 

proposed model is 13 times faster than the PI controller, i.e. 

it achieves the steady state 13 times faster than the PI 

controller. Also it is 2.1 times faster than that obtained 

earlier by using fuzzy controller. 

 
Fig. 5a: Rotor speed with PI controller 

 
Fig. 5b: Rotor speed with fuzzy PI controller 

At variable load conditions:  

Drive with PI controller speed response has small peak at 

0.4 sec, but in case of fuzzy controller and neural network 

speed response, it is quick and smooth response as shown 

in Fig. 7. Fig. 7 shows Speed, Torque, Iabc characteristics 

with PI controller. Fig.7 gives the waveform of Speed, 

Torque, Iabc characteristics with Fuzzy-logic controller. 

 
Fig. 5c: Rotor speed with neural network controller 

 
Fig. 6a: Id and Iq currents of induction motor drive 

 
Fig. 6b: Load torque of induction motor drive 

 

Fig.7 show the speed responses for step change in the load 

torque using the PI and fuzzy controller, respectively. The 

motor starts from standstill at load torque = 2 Nms and at t 

=0.4s, a sudden full load of 15 Nms is applied to the 

system, then it is controlled by fuzzy controller. Since  the 

time taken by the PI controlled system to achieve steady 

state is much higher than fuzzy controlled system, the step 

change in load torque is applied at t = 1.25 sec. The motor 

speed follows its reference with zero steady-state error and 

a fast response using a fuzzy controller. On the other hand, 

the PI controller shows steady-state error with a high 

starting current. It is to be noted that the speed response is 

affected by the load conditions. This is the drawback of a 

PI controller with varying operating conditions. It is to be 

noted that the fuzzy controller gives better responses in 

terms of overshoot, steady-state error and fast response. 

These figures also show that the FLC-based drive system 

can handle the sudden increase in command speed quickly 

without overshoot, under- shoot, and steady-state error, 

whereas the PI-controller-based drive system has steady-

state error and the response is not as fast as compared to 

the FLC. Thus, the proposed FLC-based drive has been 
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found superior to the conventional PI-controller-based 

system. 

 

Table II and III present the performance comparison 

during steady state operation, transient operation and in 

time domain analysis respectively. 

 
Fig.7a: Torque characteristics with PI controller 
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Fig.7b: Torque characteristics with fuzzy PI controller 
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Fig.7c: Torque characteristics with neural network controller 

 
Table 2: Performance comparison between PI, Fuzzy, and Neural 

controllers during steady state operation. 

Control 

strategies 

Rise 

Time(s) 

Time for speed 

regulation (s) 

Conventional PI 0.24 0.25 

FLC 0.2 0.07 

ANN 0.08 0.04 

 
Table 3: Performance comparison between PI, Fuzzy, and Neural 

controllers during transient operation  

 

VII. CONCLUSIONS 

 

An artificial intelligent based vector controlled induction 

motor has been presented in this paper. The vector control 

strategy is developed with fuzzy logic controller and 

neural network controller. The conventional vector control 

of induction motor is compared with the proposed 

artificial intelligence based controllers, and their 

performance with fuzzy and neural network controllers is 

better than PI controller. The comparative results prove 

that the performance of vector-control drive with fuzzy 

controller is superior to that with conventional P-I 

controller. Thus, by using fuzzy controller the transient 

response of induction machine has been improved greatly 

and the dynamic response of the same has been made 

faster. The robustness in response is evident from the 

results. Since exact system parameters are not required in 

the implementation of the proposed controller, the 

performance of the drive system is robust, stable, and 

insensitive to parameters and operating condition 

variations. The performance has been investigated at 

different dynamic operating conditions.  

 

It is concluded that the proposed FLC has shown superior 

performances over the PI controller and has its transient 

response 13 times faster than a simple P-I controlled 

system and also 2.1 times faster than earlier proposed 

system. Some of the advantages of neural controller are 

reduced number of rules, faster speed of operation and no 

need for modifications in membership function by 

conventional trial and error method for optimal response. 

This makes neural controller a easy-build and robust 

controller. The performances of the proposed neural 

controller based drive have been investigated at various 

operating conditions. A performance comparison between 

PI based drive, FLC based drive and the proposed neural 

controller based drive has been presented. The proposed 

neural controller based IM drive has been found to be 

robust for high performance drive application. 

 

APPENDIX A 

 

Dynamic Model of Induction Motor 

The following used for dynamic modeling of induction 

motor 
3/23/2  j
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''
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Control 

strategies 

Settling Time 

before 

changing the 

load (S) 

Settling Time 

after 

changing the 

load(s) 

Overshoot 

PI 0.58 0.2 Yes 

FLC 0.2 0.2 No 

ANN 0.09 0.02 No 
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d-axis equivalent circuit of the induction motor. 

q-axis equivalent circuit of the induction motor 

 

Appendix B 

 

The parameters of the induction motor are as follows: 

p = 4 , Rs = 2.2 Ohm, Rr = 0.9 Ohm, Lss = 10, Lr = 2.0,    

Lm = 69.3, f = 50Hz, J = 0.031kg m
2
, B = 0.012, Vdc = 

200V, Proportional gain = 2.0, Integral gain = 0.1240 
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A Soft-Transition Control Strategy of Multilevel Inverter 

for Three-Phase Induction Motor Drive 
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Abstract–This document presents a soft transition control 

strategy of 5-level inverter for low voltage application. The 

proposed strategy is realized by introducing RL resonance 

tank with two additional switches and obtaining the 

switching pattern and timing of the main switches and two 

auxiliary switches. This improvement in inverter eliminates 

the voltage spike caused by recovery diode and remove lossy 

RC snubber. Further it can be operated at higher frequency 

as compared to conventional two-level inverter.  The soft 

transition for each phase is executed independently from the 

main controller. The operating principle for proposed control 

scheme is described in this paper. The circuit operation is 

verified by computer simulation and experimentation. 
 

Keywords–Induction motor drive, multilevel inverter, soft 

switching 
I.  INTRODUCTION 

 

Multilevel inverters are nowadays the preferred choice for 

high-voltage and high-power applications in industry and 

these inverters have changed the face of medium- and 

high-voltage drives. A zero-voltage transition (ZVT) soft-

switching inverter for an induction motor drive is 

developed in [1]. The proposed soft-switching inverter is 

formed from the traditional pulse-width modulated (PWM) 

inverter by simply augmenting with auxiliary resonant 

circuits, and the soft switching is achieved through 

applying PWM switching control signals with suitable 

delays for the main and auxiliary switches. A zero-voltage-

switching pulse width-modulation three-level (ZVS PWM 

TL) converter is described in [2] which introduce two 

clamping diodes to the basic ZVS PWM TL converter. The 

operation principle of the novel converter and the 

simplified converter are analyzed and are verified by a 

prototype converter. Zero-Current-Transition inverter 

topology that uses only three auxiliary switches is 

proposed in [3]. It reduces the number of auxiliary 

switches by half from the existing topologies and still 

achieves desirable soft-commutation performance. Its 

operation based on normal pulse width modulated (PWM) 

algorithms. 

 

Different topologies for high efficient three-level half 

bridge-inverters were discussed and compared in [4]. The 

losses are calculated and measured over a wide range of 

load power factor from nearly purely inductive to 

capacitive. Several methods for the calculation of losses 

were compared and the selection of the components for a 

prototype was described. Three-level topologies as 

alternatives to two-level topologies in converters for  
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low-voltage applications are evaluated in [5]. Topologies, 

semiconductor losses, filter aspects, part count, initial cost, 

are compared for a grid interface, a conventional drive 

application, and a high-speed drive application. Three-

level topologies are highly attractive for low-voltage 

power converters, specifically for applications with 

medium to high switching frequencies. A multi-path 

harmonic elimination and sideband reduction scheme in 

SPWM signal processing has been presented with a view 

to improving efficiency in a dc to ac inverter application is 

discussed in [6].Work is carried out in Mat Lab simulation 

and harmonic cancellation approach is defined.  

 

A five-level inverter scheme for the open-end winding 

induction motor drive is proposed in [7], with a reduced 

power circuit complexity when compared to the existing 

scheme. The five-level structure is realized by cascading 

two conventional two-level and three-level inverters. 

Efficiency analysis and comparison of three-phase and 

DTP induction motor drives fed by PWM VSI is described 

in [8]. The proposed comparison uses a high frequency, 

DTP induction motor prototype developed for 

low/medium power applications. The comparison should 

be performed at the same dc bus voltage and deliver the 

same power (three-phase currents about two times the 

DTP ones). However, the efficiency is not a discriminatory 

parameter in evaluating the performances and the 

advantage/disadvantages of three-phase and DTP 

induction motor drives fed by PWM VSI. 

 

The performance of a novel multilevel six-switch (SS) 

three-phase inverter drive is examined in [9] for low-

voltage high-speed motor applications. The multilevel 

inverter structure examined offers an increased number of 

output pulse width-modulated (PWM) voltage levels, 

higher frequency PWM output waveforms, reduced dead-

time effects, and a significant reduction in harmonic 

content. A series connection of three-level inverters has 

been proposed in [10] for a medium-voltage sensor less 

vector control squirrel-cage induction motor (SQIM) drive 

with increased voltage capacity. The disadvantage of this 

topology is that it requires additional output transformers 

which introduce additional cost and losses.  A comparison 

study for a cascaded H bridge multilevel DTC induction 

motor drive is discussed in [11]. The carried out 

experiments shows that an asymmetrical configuration 

provides nearly sinusoidal voltages with very low 

distortion, using less switching devices. DTC solution for 

high-power induction motor drives, not only due to the 

higher voltage capability provided by multilevel inverters, 

but mainly due to the reduced switching losses and the 

improved output voltage quality, which provides 

sinusoidal current without output filter. 

 

Article [12] has presented SVM method for the dual-

inverter five-phase open-end winding topology, which is 
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relatively easy to implement. The scheme utilizes two 

standard five-phase two level SVM modulators, one for 

each inverter, and apportions the voltage reference 

unequally between the two inverters. However, it should 

be noted that, the principle of SVM is directly applicable 

to all vector control schemes, which operate with current 

control in the rotating reference frame so that the control 

system output is the stator voltage reference.  

 

In this paper, new soft-switching control strategy for five 

levels diode-clamped inverter used for three phase 

induction motor drive is presented. This soft-switch 

inverter uses auxiliary circuit consisting of two auxiliary 

switches and resonant tank. Number of auxiliary 

component used in this strategy is significantly less than 

previous control strategies. Also thermal and current 

stresses are evenly distributed on auxiliary switches. The 

operating principles for proposed control scheme with 

different operating mode are described in this paper. The 

developed scheme is verified via detailed simulations and 

experimental results. 

 

II. SOFT TRANSITION CONTROL STRATEGY 

 FOR MULTIPLE INVERTER 

 

A soft transition control strategy for proposed one leg of 

three-phase multilevel inverter is shown in Fig. 1. The 

circuit arrangement consist of one phase leg of 5-level 

inverter, auxiliary circuit which includes resonant tank 

consisting inductor L and capacitor C and auxiliary pair of 

switches Sx1 and Sx2 .  It means switch Sx1 is consist of 

similar type of two switches to sustain the voltage stresses 

across it. Similarly, for this reason switch Sx2 is also 

provided in pair. Operation of 5-level inverter is explained 

in [6]. Structure of 5-level inverter contains 4 

complimentary switch pairs i.e. S1-S5, S2-S6, S3-S7, S4-S8. 

Since the bi-directional inverter load current IL is 

conducted in a totem-pole manner, only one switch of 

these complimentary switch pair needs to be soft-switched 

for each phase during each half-load-current-line cycle. 

Instead of tracing load current IL every time for its 

direction, a common scheme is develop to achieve soft 

transition of corresponding complimentary switch pair. 

Complimentary switch pair S1-S5 is consider for explaining 

proposed soft-transition strategy. Equivalent circuit 

diagram for proposed soft-transition scheme when switch 

S1 and S5 are involved is shown in Fig.2. Same explanation 

is applicable for other switch pairs. 

 

Procedure for proposed method is divided in two part, first 

part consider soft transition of switch S1 for positive load 

current (IL > 0) and second part gives the soft-transition 

for switch S5 for negative load current (IL < 0). To simplify 

the analysis the circuit parasites, such as the 

semiconductor junction capacitors and stray inductors are 

ignore. IL and dc bus voltage Vdc are assumed to be 

constant among the switching cycle.  

 

A. Load current more than zero: Condition when  IL > 0, 

the positive half-load-current-line cycle 

Current IL is conducted through S1 and clamping diode DC1. 

Operation goes through five stages as shown in Fig. 4. The 

operating waveform in one switching cycle is shown in 

Fig. 3. The initial stage is that IL is carried by DC1. In 

steady state there is positive voltage Vx = Vdc/4 across 

resonant capacitor C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Mode-І (t0 – t2): Fig.4 (a), Sx1 is first turn on at t0, with 

this auxiliary circuit start resonating and resonant current 

Ix starts increasing. Ix starts flowing through Dc1 with load 

current IL in same direction. Thus, effective current 

through Dc1 starts increasing. Ix reaches to its peak value at 

t1. After t1, Ix starts decreasing and reaches to zero at t2. At 

this instant voltage across capacitor Vc is at its peak value 

which is greater than Vdc/2. Since in this mode no current 

is flowing through switch S5, it can be turn off without any 

switching losses. It is turn off at t1. 

 

2. Mode-ІІ (t2- t4): Fig.4 (b), after t2 Ix increases in 

opposite direction. As current in Dc1 also starts decreasing, 

this negative Ix is carried by anti-parallel diode Dsx1 of 

auxiliary switch Sx1. At t3, Ix reaches to its negative peak 

value (-IL), therefore effective current through Dc1 become 
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Fig.1. Proposed soft transition multilevel inverter (one leg) 

with auxiliary circuit 
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Fig. 2. Equivalent circuit diagram for soft-switch 

multilevel inverter when switches S1-S5 are involved. 
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Fig. 3 Idealized waveform of the proposed soft-transition 

strategy for IL > 0. 
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zero. At this instant Switch S1 is turn on and its turn-on is 

achieved with zero current and zero switching losses. After 

t3 Ix goes on decreasing and at t4 it reaches to zero value. 

Gating signal of Sx1 is removed at this instant so that its 

turn-off is achieved with ZCS. 

3. Mode-ІІІ (t4 – t5): Fig.4(c), during this mode PWM 

operation resume for switch S1 and normal IL flow through 

S1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Mode-IV (t5 – t7): Fig. 4(d), before S1 is turn off Sx2 is 

turn on at t5 and auxiliary circuit again starts resonating 

with increasing value of Ix in negative direction. Ix reaches 

to its peak value at t6 which is greater than IL. As Ix is 

flowing through S1 with IL , current through S1 decreases to 

zero and surplus current is carried by anti parallel diode D1. 

Gating signal to S1 is removed at t6 and turn off of S1 is 

achieved with ZCS. After t6, Ix and IL is carried by 

clamping diode Dc1.Ix returns to zero at t7, where Vc 

achieve its peak value which is less than Vdc/4. 

 

5. Mode-V (t7 – t9): Fig.4 (e), after t7, Ix starts increasing in 

opposite direction. This Ix is carried by anti-parallel diode 

Dsx2. As IL and Ix flow in same direction through clamping 

diode Dc1 effective current through it starts increasing. 

Current Ix reaches to its peak value at t8 after which it 

decreases and reaches to zero at t9. Gating signal to Sx2 is 

removed at t9, so its turn off is also achieve with ZCS. 

 

B. Load current less than zero: Condition when  IL < 0 the 

negative half-load-current-line cycle. 

In this case current IL is conducted through S5, clamping 

diode Dc1' and anti-parallel diode D1 of switch S1. To make 

explanation linked with case for IL > 0, operation begins 

with turn off transition of S5. The initial stage is that IL 

flows through S5. Assumption for this mode is same as that 

for IL > 0 case. Operating waveform in this case is given in 

Fig. 5 and five mode of operation is given in Fig. 6. 

 

1. Mode-І (t0 – t2): Fig 6(a), Sx1 is turn on at t0.With this 

auxiliary circuit starts resonating and Ix increases in 

positive direction. Before this S5 is carrying load current IL. 

With start of resonance, current through S5 is sum of load 

current IL and resonant current Ix. Hence, effective current 

through S5 start decreasing. At t1, Ix reaches to its peak 

value equal to IL. As a result current through S5 become 

zero and gating signal to S5 is removed to achieve ZCS for 

S5. After this IL and IX is carried by anti-parallel diode D1 

of switch S1. At t2, Ix become zero and voltage across 

capacitor C reaches to its peak value. 

 

2. Mode-ІІ (t2- t4): Fig. 6(b), after t2 Ix star increasing in 

negative direction and carried by anti-parallel diode Dsx1 of 

switch Sx1. Ix reaches to its peak value at t3. Since during 

this mode negative load current IL is carried by D1, 

negligible voltage will appear across S1. Hence, it can be 

turn-on with zero turn on losses. Switch S1 is turn on at t3. 

After reaching to its peak value at t3, Ix starts decreasing 

and become zero at t4. At t4, gating signal to Sx1 is removed 

and Sx1 is switch off with ZCS. 
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Fig. 5 Idealized waveform of the proposed soft-transition 

strategy for      IL < 0. 
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Fig. 4. Topological stages of soft switch multilevel inverter 

during time interval t1 – t9 for IL > 0. 
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3. Mode-ІІІ (t4 – t5): Fig. 6(c), in this mode normal load 

current (IL < 0) is carried by Dc1. 

 

4. Mode-IV (t5 – t7): Fig. 6(d), at t5 Sx2 is turn on. This will 

again start resonance in auxiliary circuit and Ix increases in 

negative direction. At this instant D1 is carrying negative 

load current IL and Ix, so effective current through D1 start 

increasing. Ix reaches to its peak value which is greater 

than IL. After this Ix start decreasing and reaches to zero at 

t7. Gating signal to S1 is removed at t6. 

 

5. Mode-V (t7 – t9): Fig. 6(e), after t7 Ix start increasing in 

positive direction and it is carried by Dsx2. Since at this 

instant D1 is carrying IL and Ix both but in opposite 

direction, effective current through it starts decreasing and 

at t8 when Ix reaches to its peak value equal to IL, current 

through D1 become zero. With this S5 is turn on at t8 with 

zero current and zero turn on losses. After t8, Ix start 

decreasing and it reaches to zero at t9. With this gating 

signal to Sx2 is removed and its turn off is achieved with 

ZCS. 

Though switch S1 and S5 are complimentary to each other; 

there exits dead time td between them at t2 to t3 and t6 to t8. 

Similar procedure is applied for other complimentary 

switch pair i.e. S2 – S6, S3 – S7, S4 – S8. To derive the value 

of resonant inductor L and capacitor C, equating resonant 

frequency to 2π/ton, where ton is on-time for auxiliary 

switches Sx1 and Sx2 as shown in Fig. 3 and equating 

characteristic impedance of resonant tank with equivalent 

per phase impedance of three phase induction motor. To 

derive the value of resonant inductor L and capacitor C, 

equating resonant frequency to 2π/ton, where ton is on-time 

for auxiliary switches Sx1 and Sx2 as shown in Fig. 1and 

equating characteristic impedance of resonant tank with 

equivalent per phase impedance of three phase induction 

motor.  
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Thus the L and C values are determined by these equations. 

 
III. SIMULATION AND EXPERIMENTAL RESULTS 

 

The effectiveness of proposed soft switch multilevel 

inverter has been tested both by taking simulation and 

experimental results. All simulation studies were 

developed using MATLAB. A laboratory model of five 

level diode clamped three phase multilevel inverter with 

auxiliary circuit is build. The circuit parameters are 

tabulated in table 1. Fig.7 (a), (b), (c) illustrates the 

simulation result of soft-transition for switch S1 and S5. Fig. 

8 shows the experimental result of soft-transition for 

switch S1. Fig. 9 (a) gives soft-transition result for switch 

S5, and Fig. 9 (b) shows output voltage and current of 

inverter. From Fig. 8 and Fig. 9, it is clear that for switch 

S1 and S5 both on and off transition are achieve with soft 

switching. Since all main switches are equivalently 

connected in series, to implement soft switching of one 

switch its effect is reflected in other switch which is on for 

maximum time. It is clear from Fig. 9, where current 

through S5 shows spike which is effect of soft switching of 

switches S1-S5. Load current IL is free forms such effect 
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Fig.6. Topological stages of soft switch multilevel inverter 

during time interval t1 – t9 for IL < 0. 
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which indicate that Soft-transition operation does not 

interfere with fundamental operation of motor drive 

system. 

 
Table 1: Circuit Parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since auxiliary switches operate alternatively in one 

switching cycle thermal and current stress are equally 

distributed over them. So from experimental and 

simulation result, it can be shown that proposed method 

achieve soft transition of all switches with reduced number 

of auxiliary components as compare to other method 

where relatively more number of components are use 

which adds reliability and efficiency contingencies. 

IV. CONCLUSION 

 

A new soft-switch multilevel inverter is proposed in this 

paper. The operating waveform and equivalent circuit 

were presented to explain the operation of the proposed 

inverter. Simulation and experimental results were 

presented to verify the validity of proposed control 

strategy. With this topology, soft switching is achieved for 

all main switches and auxiliary switches. Compared with 

existing soft switching inverter, numbers of auxiliary 

components are reduced.  
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Conversion System  
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Abstract–This paper deals with an implementation of a VFC 

(Voltage and Frequency Controller) for a stand-alone WECS 

(Wind Energy Conversion System) based on an IAG 

(Isolated Asynchronous Generator) feeding 3-phase 4-wire 

loads. The proposed control scheme of VFC is based on SRF 

(Synchronous Reference Frame) theory for the estimation of 

reference source currents. The VFC consists of a 3-leg VSC 

(Voltage Source Converter) with a battery at its dc bus and a 

zig-zag/star transformer. Proposed VFC with bi-directional 

flow capability of active and reactive powers regulates the 

system voltage and frequency. The VFC is found capable to 

perform the functions of load leveling, harmonic elimination, 

voltage regulation and load balancing. The VFC is realized 

using a digital signal processor. Test results are presented to 

demonstrate the capabilities of proposed VFC for an IAG in 

the wind power generation. 

Keywords–Asynchronous generator, voltage source 

converter, wind energy conversion system, zig-zag 

transformer  

 

I.  INTRODUCTION 

 

From last few decades, there has been an extensive 

research on harnessing the potential of renewable energy 

sources especially wind, solar and tidal [1]. At present, the 

power crisis is severe in developing countries like India 

due to increase in the population and an enhanced use of 

electricity per capita. The situation is becoming rapidly 

worst due to depletion of fossil fuels. In some remote areas, 

the electricity through the grid connection is not feasible 

due to geo-graphic constraints. It is observed in such cases 

that, renewable energy sources may be viable option for 

power generation. In many applications such as off-shore 

petrochemical refining and water pumps in remote areas, 

grid-independent WECS (Wind Energy Conversion 

System) supported with the BESS (Battery Energy Storage 

System) may be suitable to supply electricity to isolated 

loads [2]. 

 

A capacitor excited asynchronous generator driven by a 

wind turbine has become quite popular in last decades due 

to its ruggedness, low maintenance and inherent short 

circuit protection capabilities [2]. Moreover it suffers from 

some fundamental problems like its inability to control the 

voltage under varying loads and prime-mover speed. To 

maintain constant voltage of IAG (Isolated Asynchronous 

Generator), a controlled reactive power support is 

mandatory [1-4]. When IAG is coupled with a wind 

turbine, an input power and the rotor speed both are 
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varying depending on the wind speed, which leads to 

variation in the voltage and frequency [5-7]. 

 

Substantial work has been reported on the control of an 

IAG in an isolated wind power generation [8-9]. A stand-

alone single phase induction generator is reported in the 

literature [8] in which the supply voltage and frequency 

are controlled by a single phase VSC (Voltage Source 

Converter) and a battery energy storage. In [9] simulation 

results are reported on VFC (Voltage and Frequency 

Controller) with a three-phase IAG, feeding three-phase 

four-wire consumer loads. However, very rare work is 

reported on its practical realization. 

 

This paper deals with an implementation of VFC for an 

IAG based WECS using a DSP (Digital Signal Processor). 

A three leg VSC with a battery at its dc bus is used as a 

VFC. The zig-zag/star connected transformer is used in 

between VFC and the PCC (Point of Common Coupling). 

The SRF (Synchronous Reference Frame) theory [10] 

based current detection method is used to extract the 

fundamental active and reactive power components of the 

load currents. The unit templates sinθ and cosθ are 

estimated using phase voltages to obtain required 

transformation angle (θ). The performance of VFC is 

demonstrated for the reactive power compensation to 

achieve constant terminal voltage, load leveling, harmonic 

compensation and load balancing with a BESS. In an 

isolated power generating system, harmonics 

compensation is also important because the supply voltage 

and current distortions adversely affect both consumers 

and IAG system. 

 

II. SYSTEM CONFIGURATION AND PRINCIPLE OF 

OPERATION  

 

Fig. 1 shows a detailed block diagram of a proposed VFC 

for the WECS. It consists of a capacitor excited IAG to 

feed linear and non-linear consumer loads. A 3-leg VSC is 

used with a BESS as a VFC and it is connected at PCC 

through a zig-zag/star transformer. The VSC supplies the 

reactive power to IAG to regulate the voltage on 

application of different kinds of consumer loads. With the 

battery at its dc bus, an active power management takes 

place by exchanging the active power under varying input 

power and consumer loads. The battery absorbs the 

surplus power when the input wind power is more than the 

load demand and delivers the deficit power to common 

bus when the input wind power goes below the load 

demand. The frequency of the IAG depends directly on the 

availability of an input wind power and the load demand. 

The VSC consists of IGBTs (Insulated Gate Bipolar 

Transistors) based 3-leg module and a capacitor at its dc 

bus along with a BESS.  Each leg consists of two IGBTs 
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and a common point of each leg is connected with an 

individual phase of the generator bus through an 

interfacing inductor and a zig-zag/star transformer. In 

practice, majority of small loads are single phase loads, 

therefore to take in to consideration, a three-phase four-

wire system is developed in this WECS. The load neutral 

terminal is provided by the common terminal of the zigzag 

transformer. The proposed SRF control scheme is 

implemented using a DSP. The implementation of the 

VFC requires the proper selection of VSC, a BESS, an 

interface inductor, a scaling circuit for sensing the input 

signals and driver circuit for output signals. 
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Fig. 1 System Configration of IAG based WECS 

 

Three phase load currents are sensed using three Hall 

Effect current sensors (ABB EL50 BB). Another set of 

Hall Effect current sensors are used to sense two phase 

source currents. Since the generator is a star connected, 

therefore its third phase source current is estimated by 

considering that the algebraic sum of three phase source 

currents is zero. Two Hall Effect voltage sensors (LEM 

CV3-1500) are used to sense two phase voltages. Third 

phase voltage is estimated considering the algebraic sum 

of 3-phase source voltages is zero. A scaling circuit is used 

in between sensed signals and ADC of DSP to have a zero 

offset in the sensed signals. The control algorithm is 

realized in MATLAB environment in support with real 

time blocks. After compilation, program codes are loaded 

in the dSPACE DSP to generate the switching signals for 

IGBT’s through DAC of DSP. An opto-coupler (6N136) 

based driver circuit is used to drive the IGBT module of 

VSC of VFC. 

 

III. DESIGN OF VOLTAGE AND FREQUENCY CONTROLLER 

 

The proposed VFC for a 3.7 kW, 230V IAG consists of a 

3-leg CC-VSC (Current Controlled Voltage Source 

Converter) with a battery at its dc link (detailed data are 

given in Appendix). The mid-point of three half bridges 

are connected individually to each phase of IAG through 

an inductor. The zig-zag/star transformer is connected in 

between PCC and VSC. The zig-zag transformer provides 

a path for zero sequence components current present in the 

loads [11]. It consists of three single phase transformers 

with turn ratio of 1:1:1. For positive sequence and 

negative sequence currents, it behaves as an open circuit. 

The current flows in to it only when zero sequence 

currents present in load currents. The neutral terminal of 

the loads is connected with star terminal of a zig-zag 

transformer. In case of unbalanced loads, the zig-zag 

transformer provides the path for return load currents. 

 

A. Design of Zig-zag/Star Transformer  

Fig. 2 shows a connection and phasor diagram of three 

single-phase transformers with three windings for each 

1:1:1 turns-ratio as a zig-zag/star configuration. The zig-

zag transformer provides a low impedance path for zero 

sequence currents, when connected in shunt at PCC [11]. 

The voltage across each winding of the transformer is 93 

V for phase voltage of 132.79 V on primary winding side 

for 230V line voltage. The secondary windings are 

connected in star configuration and line voltage is 132.79 

V. 

 

Rating of a transformer depends on rating of an IAG and 

types of loads. Under no-load condition, the transformer 

has to feed full active power of an IAG to a BESS in 

addition to an exchange of reactive power from VSC 

needed for voltage control. Similarly under loading 

condition, the transformer has to exchange active and 

reactive powers through VSC for frequency and voltage 

control. Keeping under consideration all these aspects, 

three single-phase transformers of 1.5 kVA are selected 

with appropriate voltage and current ratings. 

 

B.  Excitation Capacitors 

An IAG needs the reactive power to build rated terminal 

voltage. The reactive power demand of an IAG is a 

function of consumer loads connected on the load bus. 

Therefore, the choice of an excitation capacitor affects 

VSC rating. In this case, the excitation capacitor is 

selected in such a way that it delivers rated voltage at 

100% load on an IAG. A 4 kVAR delta connected 

capacitor bank is used in this implementation. 

 

C.  DC Bus Voltage 

The minimum dc bus voltage of VSC of VFC should be 

greater than twice the peak of phase voltage at the AC 

terminals of VSC [12]. The DC bus voltage is calculated 

as, 

 2 2 / 3dc LV m V                                                (1) 

where m is the modulation index, considered 1 in this case 

and VL is the line rms voltage of  secondary winding of the 

zig-zag/star transformer. Thus Vdc is calculated as 217 V 

for VL (132 V) and it is selected as 240 V. 

 

D. Selection of Battery 

Since a battery is an energy storage unit, its energy is in 

kWh (kilowatt-hours). As required Vdc is more than 240V, 

therefore a minimum battery voltage is to be 240V. A 

battery with a capacity of 3.36 kWh is used for energy 

storage. For a DC bus voltage of 240 V, 20 units of 12 V, 
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7Ah are connected in series and two such strings are 

connected in parallel. 

 

E. AC Inductor 

The design of ac inductor depends on permissible current 

ripple (icr_pp), DC bus voltage (Vdc) and switching 

frequency (fs) of VSC and it is given as [12], 

_

3

12

dc
i

s cr PP

mV
L

af i
                                                       (2) 

where m is a modulation index and a is the overloading 

factor. Considering m=1, Vdc=240 V, a=1.2, icr_pp=2 % and 

fs=10 kHz, the value of Li is obtained as 1.44 mH. A round 

off value of 1.5 mH is selected in this investigation. 
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Fig. 2 Connection of a Zig-zag Transformer and its phasor 

diagram 
  

IV. CONTROL STRATEGY 

 

As shown in Fig. 3, the control strategy of proposed VFC 

is realized using SRF theory for estimation of reference 

source currents. Load currents are sensed and transformed 

in to synchronous d-q rotating frame and required 

transformation angle (θ) is achieved using in-phase (sinθ) 

and quadrature (cosθ) templates for phase ‘a’ over PCC 

voltages. The q-axis component of reference source 

currents is estimated as a difference of an output of a 

voltage PI (Proportional-Integral) controller and output of 

filtered q-axis component of load currents. The d-axis 

component of reference source currents is estimated as a 

difference of output of frequency PI controller and output 

of filtered d-axis component of load currents. 

Basic equations of the control algorithm used in proposed 

VFC are as follows. 

 

A. Estimation of Transformation Angle and IAG 

Frequency 

The transformation angle (θ) is required for SRF theory. In 

this implementation, it is obtained using in-phase and 

quadrature templates. The in-phase unit templates are 

derived using amplitude of PCC voltage, Vt and phase 

voltages as, 

2 2 22( ) / 3t a b cV v v v                                                   (3)                                                                                

/ , / , /ap a t bp b t cp c tu v V u v V u v V                          (4) 

Moreover, quadrature unit template for phase ‘a’ is as, 

( ) / 3aq bp cpu u u                                                   (5) 

The in-phase unit templates are in phase with the IAG 

terminal voltages, so it can be considered as a sinusoidal 

function rotating at an angular frequency of an IAG 

voltage. The quadrature unit template of phase ‘a’ is 

shifted from in-phase unit template by an angle of 90
0
, so 

it can be treated as a cosine function rotating with an IAG 

angular frequency. 

sinθ=uap,  

cosθ=uaq                                                                      (6) 

The instantaneous value of ‘f’’ is estimated using in-phase 

and quadrature templates for phase ‘a’. The supply 

frequency wms in radian/sec can be expressed as, 

cos (sin ) sin (cos )msw p p                             (7) 

where p is the time derivative operator and IAG frequency 

is as f=wms/(2π). 

 

B. Synchronous Reference Frame Theory 

In the SRF, the load currents are transformed into the 

synchronous rotating frame d-q current components. If θ is 

the transformation angle, the transformation is defined as, 

 

Ld

0

i cos( ) cos( 2 / 3) cos( 2 / 3)
2

sin( ) sin( 2 / 3) sin( 2 / 3)
3

1/ 2 1/ 2 1/ 2

La

Lq Lb

Lc

i

i i

ii

    

    

      
    

      
                                                                                                  

(8) 

where iLd, iLq and i0 denote load currents in d-q reference 

frame and iLa, iLb and iLc are sensed three-phase load 

currents. In SRF, θ is a time varying angle that represents 

an angular position of the reference frame, rotating at 

constant speed in synchronism with a phase ‘a’ voltage. (8) 

transforms fundamental currents in abc axis to dc values in 

d-q reference frame. Harmonics appear like ripples. It is 

desired that IAG should have only fundamental 

component of d-q axes currents required for the system. 

Harmonics present in load currents are supplied by a VSC. 

A low pass Butter-worth filter is used with a cut-off 

frequency of 25 Hz to extract dc components from d-q 

axes load currents (iLddc, iLqdc) as shown in Fig. 3. 

 

C. Direct Axis Component of Reference Source Currents 

Direct axis component of reference source current is 

estimated by a difference of a dc component of d-axis load 

current (iLdc) and an output of frequency PI (Proportional-

Integral) controller (ifd). The frequency error is defined as, 

( ) ( ) ( )e rff n f n f n                                                      (9) 

where ‘frf’ is the reference frequency ( i.e. 50 Hz in this 

case) and ‘f’ is the frequency of the terminal voltage of an 

IAG as estimated using (7). 

At the n
th

 sampling instant, the output of the frequency PI 

controller (ifd) is as, 

( ) ( 1) { ( ) ( 1)} ( )fd fd pf e e if ei n i n k f n f n k f n                                                                                     

(10) 

Therefore, the instantaneous value of direct axis 

component of reference source currents (i
*

sd) is as, 

*

sd fd Lddci i i                                                               (11) 
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D. Quadrature Axis Component of Reference Source 

Currents 

The difference of an output of voltage PI controller and 

the filtered q-axis load currents is used to generate the 

quadrature axis reference source current. The ac voltage 

error at the n
th

 sampling instant is as, 

( ) ( ) ( )e tr tV n V n V n                                                (12) 

where Vtr(n) is the amplitude of the reference ac 

terminalphase voltage and  Vt(n) is the amplitude of sensed 

three phase ac voltages at PCC at the n
th

 sampling instant. 

The amplitude of Vt is estimated using (3) and the output 

of voltage PI controller for maintaining a constant ac 

terminal voltage at the n
th

 sampling instant is expressed as, 

( ) ( 1) { ( ) ( 1)} ( )vq vq pa e e pi ei n i n k V n V n k V n                                                                                      

(13) 

where kpa and kia are the proportional and integral gain 

constants of the PI controller. ( )eV n  and ( 1)eV n   are the 

voltage errors in the n
th

 and (n-1)
th

 sampling instant. The 
ivq(n) and ivq(n-1) are the amplitude of output of voltage PI 

controller  in the n
th

 and (n-1)
th

 instant needed for voltage 

control. 

ivq
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Fig. 3 Control Shceme of the proposed Controller 

Quadrature axis component of reference source currents is 

as, 
* ( ) ( ) ( )sq vq Lqdci n i n i n                                           (14) 

 

E. Three Phase Reference Source Currents 

The reference direct axis and quadrature axis source 

currents are transformed into three phase source currents 

using inverse Park’s transformation as, 

* *

* *

* *

0

sin( ) cos( ) 1/ 2
2

sin( 2 / 3) cos( 2 / 3) 1/ 2
3

sin( 2 / 3) cos( 2 / 3) 1/ 2

sa sd

sb sq

sc s

i i

i i

i i

 

   

   

    
    

      
    

      

           

(15) 

where i
*
s0 is zero for proposed IAG system.  

 

F. Current Controller 

These three-phase reference source currents (i
*

sa, i
*
sb, i

*
sc) 

are compared with sensed source currents (isa, isb, isc). The 

independent carrier-less PWM controllers are used for 

each leg of VSC. When the current error for individual 

phase exceeds upper band, the lower switch is switched on 

and the upper switch is off and when the current error falls 

below the lower band, an upper switch is switched on 

keeping the lower switch off. The current tolerance band 

0.2A is selected in this implementation. 

 

V. RESULTS AND DISCUSSION 

 

The developed VFC is tested with non-linear loads. Load 

perturbations with non-linear loads are made and results 

are recorded in terms of the generator line voltage (vab), 

generator currents (iga, igb and igc), source currents (isa, isb 

and isc), capacitor currents (ica, icb and icc), zig-zag/star 

transformer primary winding currents (iTa, iTb and iTc), 

VSC currents (ivscA, ivscB and ivscC) and battery current (Ib).  

 

A. Performance of the VFC with Non-linear Loads 

Performance of the VFC is demonstrated with non-linear 

loads. A diode bridge rectifier with resistive-inductive 

load is chosen as a non-linear load to study the operation 

of the VFC as a voltage regulator, harmonics eliminator 

and as a load leveler. The steady state performance of the 

controller is shown in Fig. 4. Test results are recorded with 

vab. The iga, igb and igc are shown with vab in Figs. 4 (a-c). 

The ica, icb and icc along with vab are given in Figs. 4 (d-f). 

Source currents, isa, isb and isc and load currents iLa, iLb and 

iLc are recorded with vab and shown in Figs. 4 (g-l). 

Transformer primary winding currents iTa, iTb and iTc with 

vab are shown in Figs. 5 (a-c). The generator is loaded with 

almost its rating during this case and Pg, PL and Pb are 

shown in Figs. 5 (d-f). The recorded harmonic spectra of 

generator voltage, generator current, and load current are 

shown in Figs. 5 (g-i). THD’s of generator current and 

voltage are well within IEEE- 519 limits. 

 

   
(a) (b) (c) 

   
           (d)                 (e) (f) 

   
            (g)                 (h) (i) 

   
               (j)                 (k) (l) 

Fig. 4 Test results of WECS  (a) vab and iga (b) vab and  igb (c) vab and igc  (d) 
vab and ica (e) vab and icb (f) vab and icc (g) vab and isa (h) vab and  isb (i) vab and 

isc  (j) vab and iLa (k) vab and iLb (l) vab and iLc 
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(a) (b) (c) 

   
(d)        (e) (f) 

   
(g) (h) (i) 

Fig. 5 Test results of WECS (a) vab and iTa (b) vab and iTb (c) vab and iTc (d) 

vab, isc and Pg (e) vab, iLc and PL (f) vab, iTc and Pb (g) harmonic spectrum of 

vab (h) harmonic spectrum of igc (i) harmonic spectrum of iLc 

 

B. Performance of the VFC during Load Removal 

Fig. 6 shows the dynamic performance of the VFC at the 

load removal on one phase. Test results are recorded using 

Agilent make digital oscilloscope (DSO6014A), voltage 

differential probe (1/100), current probe (100mA/V). The 

waveforms of various quantities are recorded with vab. 

Figs. 6 (a) show the change in Pg, Pb and PL during 

removal of the load on phase ‘b’. The Pg remains almost 

constant and reduction in load power results in increased 

charging of BESS with difference of Pg and PL. Fig. 6 (b) 

shows the load currents iLa, iLb and iLc at removal of load 

on phase ‘b’. The variation in transformer currents iTa, iTb 

and iTc are observed in Fig. 6(c). It is clearly seen that 

during the load removal on phase ‘b’ leads to necessary 

change in iTb magnitude. The VSC currents ivscA, ivscB and 

ivscC are shown in Fig. 6 (d) and are in agreement with 

recorded results shown in Fig. 6 (c). Source currents are 

shown in Fig. 6 (e) at load removal on phase ‘b’ and 

almost steady state during load perturbation and agree 

with the results shown in Fig. 6 (a). The change in battery 

current (IB) and source current (isb) are recorded with iLb 

during dynamic conditions and are shown in Fig. 6 (f). 

 

   
(a) ch.1(200v/div), 

ch.2-4(2kW/div) 

(b) ch.1 (200v/div), 

ch.2-4(10/div) 

(c) ch.1 (200v/div), 

ch.2-4(10/div) 

   
(d) ch.1 (200v/div), 

ch.2-4(10/div) 

(e) ch.1 (200v/div), , 

ch.2-4(10/div) 

(f) ch.1 (200v/div), 

ch.2-4(10/div) 

Fig. 6 Test results of WECS, dynamics at load removal (a) vab, 

Pg, PL and Pb (b) vab, iLa, iLb and iLc (c) vab,  iTa, iTb and iTc (d) vab, 

ivscA, ivscB and ivscC (d) vab ,Ib, isb and iLb (e) vab, isa, isb and isc 

 

C. Performance of the VFC at Load Application 

Fig. 7 shows the dynamic performance of VFC at load 

application. Fig. 7 (a) shows the change in Pg, Pb and PL at 

the load application on phase ‘b’. Pg remains almost 

constant and a rise is observed in PL while decrease in Pb 

is recorded. Fig. 7 (b) shows load currents iLa, iLb and iLc 

during the application of the load on phase ‘b’ which leads 

to balanced load currents. The variation in iTa, iTb and iTc 

are shown in Fig. 7(c). It is clearly seen that applying load 

on phase ‘b’ leads to necessary reduction in iTb magnitude 

and after load application iTa, iTb and iTc magnitude are 

observed identical. VSC currents ivscA, ivscB and ivscC are 

shown in Fig. 7(d). Source currents are shown in Fig. 7 (e) 

at load application on phase ‘b’ and these remain almost 

steady-state during sudden change in loads. The change in 

Ib and isb are recorded with iLb under dynamic conditions 

and are shown in Fig. 7 (f). 

 

D. Dynamic Performance of the VFC 

The wind power and consumer loads connected with the 

WECS both vary in practice. Therefore it is required to 

verify the performance of VFC under both these 

conditions. Test results shown in Figs. 6 and 7 have 

verified capabilities of VFC under dynamic conditions. 

Fig. 8(a) shows the variations in important parameters of 

WECS, while keeping the load power constant. In the case 

when the generated power (Pg) is more than the consumer 

load demand (PL), the battery (Pb) absorbs the surplus 

power. The battery supplies the deficit load power when 

the generated power is less than the load demand. Fig. 8(b) 

shows the variations in battery power (Pb) and battery 

charging current (Ib) under change in consumer load 

demand (PL) while keeping the generated power (Pg) 

constant.  As the PL increases, there is a reduction in Pb 

and Ib and when the PL exceeds the Pg, the battery starts 

supplying the deficit power, therefore Pb, and Ib are 

observed negative. 

 

 

 
  

(a)ch.1(200v/div), 

ch.2-4(2kW/div) 

(b)ch.1 (200v/div), 

ch.2-4(10/div) 

(c) ch.1 (200v/div), 

ch.2-4(10/div) 

 

 

 

Ib

 

(d)ch.1(200v/div), 

ch.2-4(10/div) 

(e)ch.1 (200v/div), 

ch.2-4(10/div) 

(f)ch.1 (200v/div),    

ch.2-4(10/div) 

 

Fig. 7 Test results of WECS, dynamics with load application (a) 

vab, Pg, PL and Pb (b) vab, iLa, iLb and iLc (c) vab,  iTa, iTb and iTc (d) 

vab, ivscA, ivscB and ivscC (d) vab ,Ib, isb and iLb (e) vab, isa, isb and isc 
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        (b) 

Fig. 8 (a) Load power (PL), battery power (Pb), battery voltage 

(Vb) under variations in generated power (Pg), (b) Generated 

power (Pg), battery power (Pb) and battery current (Ib) under 

variation in load power (PL) 

 

VI. CONCLUSION 

 

A prototype of VFC has been implemented for the IAG 

based stand-alone WECS. Test results have verified the 

control algorithm and it has performed well under both 

steady state and dynamic conditions. The battery 

supported VFC has provided the load leveling, load 

balancing, neutral current compensation and harmonic 

elimination along with voltage and frequency control. 

 

APPENDIX 

 

IAG Data 
3.7 kW, 230 V, 14.5 A, 50 Hz, Y- 

Connected, 4-Pole 

Prime-Mover  

Data 

3.7 kW, 415 V, 7A, ∆-connected, 4-pole, 

1430 rpm, induction motor driven by ABB 

make AC Drive ACS 550-01-015A 

VFC 

Parameters 

Semikron make voltage source converter 

25kVA, Lf=1.5 mH, Rf= 0.01 Ω, Cdc=4000 

µF, Kpav=0.1, Kaiv=0.01, Kpaf=5, Kpif=.54 

Battery Rack 

Vdc=240V, 3.36kWh, Each rack has 20 units 

of 12 V, 7Ah connected in series and two 

such racks are used 

zig-zag/ Star 

Transformer 

4.5kVA, 3-phase transformer with each 

phase having three windings with 139V 

ratings 
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