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This paper focus on, three pulse width modulation (PWM) techniques such as simple boost 
control (SBC), maximum boost control (MBC) and constant boost control (CBC) are analyzed 
for impedance source inverter (ZSI) topology, because of its boosting capability of applied input 
voltage, compared with traditional voltage or current source inverters. For the purpose of 
comparison, the ZSI topology is simulated by using different PWM techniques for the same 
input voltage, switching frequency, peak voltage of inverter and duty ratio. These simulations 
have been developed for ZSI for electric vehicle applications. The comparison results show that 
constant boost control technique is a suitable PWM method for ZSI topology.  
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1. Introduction 

Electric Vehicle (EV) is achieving alternative applications for conventional internal 

combustion engine vehicle [1].These vehicles are being developed by auto manufacturers 

[2], [3], [4], and have generated interest between industry and consumers. An EV promises 

the air quality benefits of a battery-powered electric vehicle, with the driving range and 

convenience of a conventional internal combustion engine vehicle. 

If conventional PWM inverter is used for EV applications, an additional DC – DC boost 

converter will be required, which causes reduced efficiency and high cost of overall system. 

Recently proposed Z – source inverter [6] shown in fig. 1, is suited for many applications. 

The main advantages are 1) It either boosts or buck input voltage based on the modulation 

index, does not require an additional converter 2) It provides ride through capability against 

sags & swells 3) It improves the overall system efficiency and power factor. 

Many PWM control methods are proposed for traditional voltage source inverter (VSI). 

The proposed control methods include six active states and two zero states. During six 

active states DC voltage is impressed across the load, in zero states any upper or lower leg 

switches are short circuited. Here ZSI another state is introduced as shoot through state. 

How to introduce this shoot through state is important in ZSI topology.  There are mainly 

three PWM control methods for ZSI. The main aim of this paper is to present a detailed 

analysis of these control methods and to make a comparison between them.   
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2.  Notation 

Indexes: Vout        Maximum Sinusoidal inverter output voltage  Vo            DC Input voltage 

 

 
Figure 1.  Z – Source inverter 

3. Review of PWM control methods 

3.1. Simple Boost Control (SBC) 

This is the first technique proposed in [6].  This technique uses traditional Sinusoidal 

PWM for six active states and two zero states. It uses two straight lines named as Vp, Vn to 

control the shoot through states as shown in figure 2.  

 
Figure 2.  Simple Boost Control 

In this technique when the triangular wave is greater than the upper positive constant Vp , 

or lower than the bottom negative constant Vn the circuit turns into shoot through state. 
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Otherwise the circuit behaves just as traditional PWM inverter. The two straight lines will 

make the shoot through duty ratio constant irrespective of switching frequency. The 

corresponding generated PWM pulses are shown in figure 3. 

 

Figure 3.  Switching pulses of SBC 

Here the two straight lines decide the shoot through duty ratio (Do). The peak values of 

sine waves are as same as those of two straight lines, then the modulation index (M) and Do 

are dependent on each other and the relation between them can be written as Do 1  M                                                       (1) 

As seen from above equation shoot through duty ratio decreases with increase of 

modulation index (M).  In ZSI an additional factor called boost factor (B), is introduced and 

it modifies ZSI output equation as Vout BMVo              (2) 

If we replace BM with G called Inverter Gain, equation (2) can be rewritten as, Vout GVo                                                                                                                            (3) 

Boost factor is obtained because of shoot through period and is related as, B  TT   D M                                                                                                 (4) 

From equations (1) and (4) we get G  MM                                                                                                                               (5) 

From equation (5) Inverter Gain can be controlled by varying modulation index (M). If 

we rearrange equation (2) as Vout MBVo                                                                                                                (6) 
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And VSI output equation is, Vout MVo                                                                                                                           (7) 

By comparing equations (6) and (7), to get output voltage Vout of ZSI from the VSI, the 

applied voltage should be BVo which called equivalent DC voltage (Vs), and it is defined 

as minimum DC voltage needed for the traditional Voltage Source Inverter to produce the 

same output voltage. Vs   BVo                                                                                                                                (8) 

It can be seen from figure 1 that Vs is the voltage stress of the inverter’s devices, and 

from equation (4) and (5) we can write as  B 2G 1                                                                                                                           (9) 

And voltage stress across the devices is  Vs 2G 1 Vo  M  Vo                                                                                        (10)  

From above all equations we can observe that, because of two straight lines the Do is 

fixed and dependent on modulation index (M), and affects the Boost factor (B). So the 

drawback of SBC is, if we decrease the modulation index (M) the stress across the 

switching devices will increase and if modulation index is less than 0.5 then the voltage 

stress will be undefined mathematically and is shown in figure 4.  

 
 

Figure 4.  VV   versus M 

3.2. Maximum Boost Control (MBC)  

 In this technique, the six active states are produced using traditional PWM control as 

shown in figure 5. The shoots through states are produced by comparing maximum and 

minimum curve of sinusoidal reference with triangular wave. When the maximum of 

reference is lower than the triangular or the minimum of reference is higher than the 

triangular, shoot through pulses are produced. 
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Figure 5.  Maximum Boost Control (MBC) 

 

The corresponding pulses are shown in figure 6. From [7],  the average duty ratio can be  Do  √   M                                                                                                                   (11) 

From equation (4) the boost factor (B) is obtained as B  √   M                                                                                                                        (12) 

From equations (2),  (3) and (12) the voltage gain (G) can be written as G MB   G  M√   M                                                                                                                        (13) 

From equation (13), as modulation index (M) decreases, the voltage gain (G) increases 

that is inverter voltage increases. As M approaches to  3√3⁄ , the output voltage will 

increase to infinite, as a result the maximum possible modulation index for a given voltage 

gain will be M  G√   G                                                                                                                        (14) 

From equation (8), the switching device voltage stress is derived as, Vs BVo  V√   M   √ G   Vo                                                                                 (15) 

The voltage stress versus the modulation index (M) is shown in figure 7. 
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Figure 6.  Switching Pulses of MBC 

 

 

Figure 7.  VV   versus M 

 

3.3. Third Harmonic Injected Control 

 

The possible range of modulation index (M) is . . In this range of modulation index 

(M), PWM pushes the harmonics into a high frequency range, and then the filtering is easy. 

But the drawback is, fundamental magnitude is not high, and it causes notches in the 

inverter output voltage waveform. This can be avoided by increasing M beyond .  

called over modulation. This can be achieved by third harmonic injection control and the 

same method is used to increase the voltage gain (G) range. When the third harmonic is 

injected, the modulated wave of phase A can be expressed as [8], and the sketch map is 

shown in figure 8. 
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                                                                                            (16) 

Theoretical analysis indicates that the maximum possible modulation index (M) is 1.15 

at  1 6⁄ , and is greater than any other value, the corresponding switching pulses are 

shown in figure 9.The shoot through duty ratio limited to  √                                                                                                                     (17) 

Therefore, from equation (4)  √                                                                                                                         (18) 

For any modulation index (M), the obtainable voltage gain (G) is   √                                                                                                                        (19) 

 

 
Figure 8.  Third Harmonic Injection Control 

 

Based on modulation index the voltage stress (Vs) of switching device is defined as Vs BVo  √ M   Vo                                                                                                    (20) 

The plot of voltage stress (Vs/Vo) versus Modulation index (M) is shown in figure 10. 

From above analysis the third harmonic injection will give boost factor as same as that of 

MBC technique but the modulation index range is changed that is  M  1.0 . 

 

3.4. Constant Boost Control (CBC) 

This technique is as same as that of SBC but third harmonic is injected into the reference 

sin waves as shown in figure 11.The injected third harmonic having a magnitude of 16% of 

fundamental and the two straight lines Vp, Vn will control the shoot through duty ratio. The 
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corresponding generated pulses are shown in figure 12. From [8], the shoot through duty 

ratio is defined as Do 1  √ M                                                                           (21) 

Because of third harmonic injection the range of modulation index is increased to  √3. 

The boost factor and Voltage Gain can be calculated as B    √ M                                                                                                                    (22) 

 

 
Figure 9.  Switching Pulses of third harmonic injection control of MBC 

 

 
Figure 10.    versus M G MB   M√ M                                                                    (23) 

From equation (23), we have  
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M  G√  G                                                                                (24) 

The switching device voltage stress (Vs) can be written as  Vs BVo  V√ M √3G 1 Vo                                        (25) 

 

 

Figure 11.  Constant Boost Control (CBC) 

 

 
Figure 12.  Switching pulses of CBC  

 

The curve of voltage stress versus modulation index is shown in figure 13. 
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Figure 13.    versus M 

 

For all the control methods comparison between different parameters is shown in the 

following figures 14 and 15. From figure 14 for the given modulation index the CBC 

method has higher boost factor and from figure 15 for the given voltage gain the voltage 

stress across the device is lower for MBC, but the CBC method is preferred, if the output 

frequency decreases, current ripple in a certain range will be maintained. But the draw back 

of MBC is the size of inductor should be large to maintain the current ripple in a certain 

range. 

 
Figure 14.  Boost Factor versus Modulation index 
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Figure 15.  Vs/Vo  versus G 

 

4. Results and Discussion 

 

Simulation results of the three control methods are given to verify the analysis of above. 

The simulation parameters are: input phase to phase voltage of 3 – phase diode rectifier is 

Vr = 200V, Load: three phase resistance load of 3.7 KW; the Z – source network: L1 = L2 = 

1.6 mH, C1 = C2 = 1300µF; Filter parameters are inductance (L) = 20mH & capacitance (c) 

= 2mF; switching frequency = 10 KHz. The simulation results with the modulation index 

M = 0.8 with different control methods is shown in figure 16. The corresponding FFT (Fast 

Fourier Transform) analysis is shown in figure 17.   

Referring to the FFT analysis, CBC technique having the low value of Total Harmonic 

Distortion (THD) comared to all methods and fundamental component is lower compared 

to SBC but higher compared to remaining methods.In general the SBC method is not 

preferred because of high switching stress across the device. Table 1 summarizes the all 

control methods. 
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(a) 

(b) 
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(c) 

 
(d) 

Figure 16.  Simulation results for different control methods with Modulation index (M)  = 0.8: (a) SBC; (b)  MBC; 

(c) third harmonic injection control; (d) CBC ; 
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(e) 

 
(f) 

 
(g) 

 
(h) 

Figure 17.  FFT analysis for different control methods with Modulation index (M)  = 0.8: (e) SBC; (f) MBC; (g) 

third harmonic injection control; (h) CBC ; 
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Table 1 : Simulation results summary of PWM methods  for M = 0.8 
Control method SBC MBC MBC Third harmonic injection CBC 

Shoot Through Duty Ratio (D0) 0.2 0.34 0.34 0.31 

Voltage Gain (G) 1.33 2.5 2.5 2.1 

Voltage stress (VS) 1.67 1.38 1.38 1.26 

%Fundamental Component 204.6 70.49 75.76 100.4 

Peak Output Voltage(VL-L) 300 300 300 312 

% THD 81.17 129.07 121.42 66.39 

 

5. Conclusion 

Four control methods with modulation index M = 0.8 of ZSI have been analysed and 

compared in this paper. The boost factor, voltage gain, voltage stress & shoot through duty 

ratio for each method have been analysed in detail. Simulation of ZSI under four methods 

has presented, showing that Constant Boost Control (CBC) method has better performance. 

It requires less inductor value results in less voltage stress and improved boost factor. 
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