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ABSTRACT 

 
This paper presents Simulink implementation of an Insulated Gate Bipolar Transistor (IGBT) Sinusoidal Pulse 

Width Modulation (SPWM) DC/AC inverter for induction generator as a static VAR (variable) source. 

Connected to an induction generator, the inverter provides reactive power, which is needed for self excitation 

and load voltage, frequency regulation. A DC source (Battery) feeding the PWM inverter supplied (reactive) 

power to (from) the generator when the load demand is greater (lesser) than the power supplies from the 
prime mover (wind). Based on the design, the inverter was implemented with IGBTs as the switching elements. 

The simulation results of different modulation indexes compared favorably with experimental waveforms as 
fed to the auxiliary winding of the generator and shows good agreement, even though the laboratory 

waveforms were a bit distorted by harmonics and vibration from both inverter and generator respectively. The 

battery inverter single phase induction generator can be used as a source of regulated voltage and frequency 
for isolated application such as commercial and industrial uses. The system will find application for battery 

charging purpose and controllable single phase ac voltage source. 
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1.0 INTRODUCTION 

 

To develop schemes for rural electrification based 

on renewable energy resources such as wind, the 

emphasis is on stand-alone (isolated) basis. Single-

phase induction generators are found suitable 

because of their small size and robust construction 

and reduced unit and maintenance cost (Al-jabril and 

Alolah, 1990). However, the major problem in 

starting the isolated induction generator is that of 

guaranteeing self-excitation (Grantharm et al., 
1989). They are characterized by the absence of an 

exciting winding on the rotor. Therefore, self-

excitation process is accomplished by providing a 

source of Volt-Amphere-reactive (VAR), and the 

machine driven above synchronous speed. 

The reactive VARs can be provided by suitable 

valued capacitors or static inverters. By connecting 

the capacitor or an inverter across the stator 

terminals of the generator, reactive magnetizing 

current is drawn for self-excitation (Bose and 

Sutherland, 1983). The connection is provided 

across the auxiliary winding of the single-induction 

generator.  

This paper describes in detail the design 

implementation of a single-phase IGBT PWM 

inverter suitable for the use with a single-phase 

induction generator. By varying the modulation 

index (MI), the IGBT switching is so controlled that 

the inverter output synthesizes a variable 

capacitance feeding the generator (Lettenmaier et 

al., 1991). 

 

 

 

 

 

Gonoh, B.A. and Sabo, M.L. (2012b). pp.62- 70. 62 



Journal of Engineering and Technology (JET) Vol. 7, No. 1 & 7 August 2012 

2.0 MATERIALS AND METHODS 
 

2.1 System description   
The proposed single phase IGBT inverter with DC 

source (battery) PWM inverter system is shown 

schematically in Figure 1. The full-bridge DC/AC 

inverter fed with battery is connected to the auxiliary 

winding. The bipolar voltage PWM switching 

scheme, the diagonally opposite switches (G1-2, G2-

2) and (G3-2, G4-2) from the two-arms are switched 

as switching pairs (6). The switching pattern, which 

is sent to the base drives of the switching devices, is 

determined by comparing a control sinusoidal signal 

of frequency 𝑓𝑐  with a triangular waveform of 

frequency𝑓𝑠.  

 

 
(a) 

 

 
(b) 
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(c) 

 

Figure 1: (a) Simulink block diagram of the single phase IGBT PWM inverter system with a DC source 

(battery) (b) PWM Generator (c) PWM Generator Output. 

 

The frequency of the triangular waveform (𝑓𝑠- the 

carrier frequency) establishes the inverter switching 

frequency, while the frequency of the control signal 

(𝑓𝑐- the modulating frequency) is the same as the 

fundamental frequency of the desired inverter 

output. However, the dominant output voltage 

harmonic components are sidebands of the 

frequency of the carrier signal. With the peak of the 

triangular wave form (𝑉𝑡) kept constant, variation of 

the peak value of the sinusoidal control signal (𝑉𝑠) 

results in the modulation duty ratio of the switches. 

This leads to variation of the fundamental voltage 

component of the output voltage, which varies as a 

function of the modulation index: 𝑀 = 𝑉𝑐/𝑉𝑡 . To 

achieve good modulated output voltage waveform 

the ratio of the frequencies of the carrier waveform 

and control signal, the modulating frequency index 

𝑀𝑓 = (𝑓𝑐/𝑓𝑠) must be odd (Gonoh, 1996). The 

inverter supplies reactive power to the load, while 

the battery provides real power to augment the real 

power supplied by the prime mover. 

2.2 Equivalent circuit model 

Two approaches are used to develop the equivalent 

circuit model. Each approach shows that the inverter 

can be represented by an ideal frequency converter, 

an ideal transformer, and an adjustable reactive 

power source (a variable capacitor) (Figure 2).  

 

 

 
(a)      (b)    

  

Figure 2: Equivalent circuit diagram of a (a) Voltage Source Inverter (VSI) (b) Pulse Width Modulating 

(PWM-VSI) 
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The Fourier series representations of VSI and PWM- 

VSI voltage waveforms are expressed as follows 

(Gonoh, 1996): 

 

VSI 

 

𝑉𝐿 =
2 3

𝜋
𝑉𝑖  sin 𝜃1 −

1

5
sin 5𝜃5 −

1

7
sin 7𝜃7. . .        (1)  

 

𝑉𝑝 =
2

𝜋
𝑉𝑖  cos 𝜃1 +

1

5
cos 5𝜃5 −

1

7
cos 7𝜃7              (2)    

                                                                                             

𝑉𝐿  𝑎𝑛𝑑 𝑉𝑝  are lines and phase voltages respectively. 

𝑉𝑖  is DC link voltage. 𝜃 = 𝜔𝑡 + 𝜃𝑜  is determined by 

the inverter switching rate and time zero reference. 

 

PWM-VSI 

 

𝑉𝐿 =
2 3

𝜋
𝑉𝑖  sin 𝜃1 −

1

5
sin 5𝜃5 −

1

7
sin 7𝜃7. . .    (3) 

 

𝑉𝑝 =
2

𝜋
𝑉𝑖  𝑎1 cos 𝜃1 +

𝑎5

5
cos 5𝜃5 −

𝑎7

7
cos 7𝜃7   (4) 

 

Where: 𝑎𝑗  represents the PWM ratio, or multiplying 

factor.  

 

When only the fundamental components in equation 

1-4 are retained, then, 𝑉𝐿  𝑎𝑛𝑑 𝑉𝑝  becomes as 

follows: 

 

VSI 

𝑉𝐿,𝑅𝑀𝑆 =
1

 2
.
2 3

𝜋
𝑉𝑖 =

 6

𝜋
𝑉𝑖                                 (5) 

 

𝑉𝑝 ,𝑅𝑀𝑆 =
1

 2
.
2

𝜋
𝑉𝑖 =

 2

𝜋
𝑉𝑖                                      (6) 

 

PWM-VSI 
 

𝑉𝐿,𝑅𝑀𝑆 =
 6

𝜋
𝑎𝑖𝑉𝑖                                                          (7) 

𝑉𝑝 ,𝑅𝑀𝑆 =
 2

𝜋
𝑎𝑖𝑉𝑖                                                                 (8) 

 

If an inverter is assumed to be an ideal DC to sine 

wave converter, then, only the fundamental 

frequency of the power in the output is considered. 

Therefore, the input-output voltage /current 

relationship is obtained by balancing the power 

between inverter input and output. 

 
𝑉𝑖𝐼𝑖 = 3𝑉𝑝 ,𝑅𝑀𝑆 ∗ 𝐼𝐿 ,𝑅𝑀𝑆 cos 𝜑                                (9) 

 

For a star-connected load, 𝜑 is the power factor 

angle. Substituting equations 5-8 into equation 9, the 

current transfer function is obtained as follows. 

 

𝑉𝑖𝐼𝑖 = 3
 2

𝜋
𝑉𝑖𝐼𝐿cos 𝜑 

 

∴𝐼𝑖 = 3
 2

𝜋
𝐼𝐿cos 𝜑                                                  (10) 

 

and, 

𝑉𝑖𝐼𝑖 = 3
 2

𝜋
𝑎1𝑉𝑖𝐼𝐿cos 𝜑 

 

𝐼𝑖 = 3
 2

𝜋
𝑎1 𝐼𝐿cos 𝜑                                            (11) 

 

Equations 10 and 11 show that only the in-phase or 

power component of the output current is reflected 

in the input of the inverter and hence, by implication 

that the quadrature or reactive component circulates 

in the inverter in the form of short circuit current. 

 

Expressing input-output transfer function in 

equivalent circuit form, with all quantities of interest 

referred to the AC side of each inverter gives the 

following: 

AC side equivalent of the inverter input voltage is 

given on a per phase basis as: 

 

𝑉𝑝 ,𝑅𝑀𝑆 =
 2

𝜋
𝑉𝑖                    𝑉𝑆𝐼                             (12) 

 

𝑉𝑝 ,𝑅𝑀𝑆 =
 2

𝜋
𝑎𝑖𝑉𝑖       𝑃𝑊𝑀 − 𝑉𝑆𝐼                     (13) 

 

Current constraint relation is: 

 

𝐼𝐿,𝑅𝑀𝑆 cos 𝜑 =
𝜋

3 2
𝐼𝑖        𝑉𝑆𝐼            (14) 

 

𝐼𝐿,𝑅𝑀𝑆 cos 𝜑 =
𝜋

3 2
𝐼𝑖        𝑃𝑊𝑀 − 𝑉𝑆𝐼          (15) 

 

Equations 14 - 15 express the AC side equivalent of 

the inverter input current Ii, in terms of the in-phase 

component of the load current. Figure 2 (a) and (b) 

show the equivalent circuit diagrams, with the effect 

of resistor in the DC link 𝑅𝑑𝑐  included (Bose and 

Sutherland, 1983). 

It should be noted that the phasor voltage and 

current at the load are 
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𝑉𝑝⟨0 =
 2

𝜋
𝑉𝑖    𝑜𝑟 

 2

𝜋
𝑉𝑖𝑎1             𝑎𝑛𝑑       𝐼𝐿⟨𝜑.  

 

A variable reactive element (a capacitor) is 

connected in parallel to represent the reactive power. 

Therefore, the inverter essentially functions as a 

source of reactive power, continuously adjusting its 

supply of reactive power (adjusting the value of the 

shunt reactive element) to meet the excitation 

requirement of the generator. 

The complete equivalent circuit includes a resistance 

𝑅𝑑𝑐  in the DC link of the inverter. The voltage drop, 

𝑅𝑑𝑐   𝐼𝑖  referred to the AC side is obtained by 

multiplying it by the voltage ratio. 
 2

𝜋
 to yield 

 2

𝜋
𝑅𝑑𝑐 𝐼𝑖 . since the AC side inverter input current is 

𝐼𝑖 cos𝜑 =
𝜋

3 2
𝐼𝑖  , the referred value of 𝑅𝑑𝑐  becomes 

 

 2
𝜋

𝑅𝑑𝑐 𝐼𝑖
𝜋

3 2
𝐼𝑖

=
6

𝜋2
𝑅𝑑𝑐 = 𝑅𝑑𝑐

′                                        (16) 

 

The power balance equation is obtained after 

referring the DC voltage 𝑉𝑖  to the AC side as 

follows: 

 

 
 2

𝜋
𝑉𝑖     

𝜋

3 2
𝐼𝑖 − (

𝜋

3 2
𝐼𝑖)

2  
6

𝜋2
𝑅𝑑𝑐  

= 𝑉𝑝 ,𝑅𝑀𝑆  𝐼𝐿,𝑅𝑀𝑆                             (17) 

 
1

3
 𝑉𝑖𝐼𝑖 −

1

3
 𝐼𝑖

2𝑅𝑑𝑐  = 𝑃𝑝                      (18) 

 

Equation 18 proves that the circuit correctly 

represents the per phase power relations of the 

inverter. The influence of the PWM control is 

introduced as the PWM ratio, a1, which is equivalent 

to the turn’s ratio of the transformer. This 

modification of the VSI equivalent circuit is shown 

in Figure 2(b). The variable ratio 1:a1 transformer is 

compact and convenient in representing the effect of 

PWM control. 

Another inverter model similar to one presented 

above is shown in Figure 3 (Bose and Sutherland, 

1983). The steady state condition has been assumed, 

therefore, only the fundamental components of 

voltage and current are represented. The inverter is 

also represented as an ideal frequency converter, 

ideal transformer, and adjustable reactive power 

source. Neglecting the commutation interval, and 

taking the inverter output voltage to the fundamental 

component of the wave, the phase voltage is 

represented as: 

 

𝑉𝑝 =
2

𝜋
𝑉𝑖  sin 𝜔𝑡                                    (19) 

 

With corresponding functions for phase b and c. 

Converting to a two-phase reference, using the 

conventional (power invariant) transformation, the 

equivalent two-phase inverter output voltages 

become: 

 

𝑉𝑠𝛼 =
 6

𝜋
𝑉𝑖 cos 𝜔𝑡                                   (20) 

 

𝑉𝑠𝛽 =
 6

𝜋
𝑉𝑖 sin 𝜔𝑡                                    (21) 

 

Assume a lossless inverter with equal input and 

output power. Let the inverter with input voltage and 

current be the average quantities. 

 

∴𝑉𝑖𝐼𝑖 = 𝑉𝑠𝛼 𝐼𝑠𝛼 + 𝑉𝑠𝛽 𝐼𝑠𝛽                  (22) 

 

𝑉𝑖𝐼𝑖 =
 6

𝜋
𝑉𝑖𝐼𝑖 cos 𝜔𝑡 cos(𝜔𝑡 + 𝜑)

+ sin 𝜔𝑡 sin( 𝜔𝑡 + 𝜑)  
 

𝑉𝑖𝐼𝑖 =
 6

𝜋
𝑉𝑖𝐼𝑖 cos 𝜑                          (23) 

 

Where 𝜑 is power factor angle, and 𝐼𝑖  is peak two 

phase current. 

 

Equation 23 constrains only the in-phase component 

of the inverter output current. The constraint is 

cancelled by the reactive current from the variable 

capacitor.
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Figure 3: Steady state fundamental component equivalent circuit of VSI. 
 

 

 
Figure 4: Circuit diagram of Implemented IGBT PWM Inverter 

 

Both inverter models are convenient for analysis of 

self-excitation since the capacitor suggests the 

equilibrium constrain relationship. The equivalent 

circuit representation of an inverter controlled 

induction generator is shown in Figure 5 (Jimoh and 

Gonoh, 1998). 

The inverter is connected to the stator referred 

equivalent circuit. 𝑅𝑑𝑐  is obtained from equation 16, 

and is the inverter load resistance transferred to the 

motor terminals. 

  

 
 

Figure 5: Equivalent circuit representing inverter controlled induction generator 
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3.0 RESULTS AND DISCUSSION 
 

The implementation of the Sinusoidal PWM IGBT 

inverter was based on the diagram in Figure 4. It 

could be seen that the figure comprised of low 

power and high power sides. The switching function 

formed the lower power part of the inverter. Figure 6 

has described, in block form, the diagram for the 

realization of the switching functions. A function 

generator was used to produce the sinusoidal wave, 

while the triangular wave was generated by a square 

wave generator. Operational Amplifier 741 was used 

in the circuit shown in Figure 6 output from the 

differential amplifier and its 180°
 
phase shift were 

connected to the base of the IGBT switches (IGBT1-

IGBT4) as shown in Figure 4. A storage 

oscilloscope was used to capture the voltage 

waveform at various points of connection. The 

oscilloscope was connected to a laser printer which 

printed the experimental IGBT voltage waveforms at 

different modulating indices. 

The outputs figures 7(1) and 8(1) of implemented 

IGBT (Figure 4) were fed to the auxiliary winding of 

the generator, the voltage waveforms of figure 9(1) 

and 10(1) were captured with the storage 

oscilloscope and printed. Similarly, the simulated 

inverter outputs of figure 7(2) and 8(2) were fed to 

the auxiliary winding of the generator, the voltage 

waveform of figure 9(2) and 10(2) are obtained. The 

simulated and experimental results were compared 

and showed good agreement with one another. 

Figures 7, and 8 show the experimental and 

simulated IGBT SPWM inverter outputs with 

inverter modulating index at 0.9 and 1.4 under 

modulation and over modulation region respectively. 

Figures 9 and 10 show experimental and simulated 

IGBT SPWM Inverter Fed Single phase Induction 

generator, auxiliary winding voltage steady-state 

waveforms. Modulation index = 0.9 and 1.4, (under 

and over modulation region), load impedance = 40.9 

ohms, rotor speed = 1820 rpm respectively. 

 
Figure 6: Block diagram representation of Switching function 

  
 

1. Experiment                                                          2. Simulation 

 

Figure 7: Inverter output waveforms. Modulation index = 0.9 (Under modulation) 
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1. Experiment                                                 2. Simulation 

 

Figure 8: Inverter output waveforms. Modulation index = 1.4 (over modulation) 

 
1. Experiment                                                 2. Simulation 

 
 

Figure 9: Auxiliary winding voltage steady-state waveforms. Modulation index=0.9, load impedance = 

40.9 ohms, rotor speed = 1820rpm 

 

 
1. Experiment                                                 2. Simulation 

 

Figure 10:  Auxiliary winding voltage steady-state waveforms. Modulation index = 1.4, load impedance 

= 40.9 ohms, rotor speed = 1820rpm 
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CONCLUSION 
 

The design and SIMULINK implementation of 

single-phase PWM inverter has been presented in 

this paper. It is suitable for connection with a single-

phase induction generator, because the voltage 

source inverter (VSI) synthesizes a variable 

capacitor reactance source of static VARs. The use 

of IGBTs as the switching devices in the inverter has 

an advantage over Silicon Controlled Rectifiers 

(SCR), because no external commutation circuits are 

needed. Simulation via Simulink seems to be ideal, 

because it can be extended to simulating the 

induction generator as a whole. 

The computer simulation results were compared 

with the practical results obtained from laboratory 

experiments of the implemented system. The 

simulation and practical results agree very well, but 

the practical waveforms are not cleared as simulated. 

This is as a result of harmonics and vibration from 

both inverter and generator respectively. Therefore 

simulated IGBT PWM inverter is best use in 

analyzing induction generator. 
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