
Copyright © 2017 by Technical University of Sofia, Plovdiv branch, Bulgaria  ISSN Online: 2535-0048
Copyright  by Technical University - Sofia, Plovdiv branch, Bulgaria  
 

EXPERIMENTAL ANALYSIS OF THE SUPPLY 
VOLTAGE QUALITY OF INDUCTION MOTORS 

WITH PWM CONVERTERS 

IVAN KOSTOV, BOJIL MIHAYLOV, VASIL SPASOV 

Abstract: This paper presents an experimental analysis of the harmonic content of the 
supply voltage in induction motor electric drives. The drives are fed by voltage and 
frequency converters with autonomous voltage inverters with sinusoidal Pulse Width 
Modulation. For the purpose of analysis a laboratory stand is developed for measuring 
non-sinusoidal periodic signals. The stand consists of an induction motor, frequency 
converter, digital storage osciloscope and harmonics analyzer. The quantitative integral 
evaluations of non-sinusoidal periodic voltages are obtained based on the V/f=const and 
V=var; f=const control law. The analysis is carried out in Simulink environment by the fast 
Fourier transform Analysis Tool in SimPowerSystems Toolbox for Matlab. Conclusions are 
drawn about the supply voltage quality and the possible application of converters for the 
supply of induction motors in operation modes. 

Key words: electromagnetic compatibility, induction motor electric drives, harmonic 
spectrum, fast Fourier transform 

1. Introduction 
Presently induction motor electric drives 

based on non-linear semiconductor converters are 
widely used in various industrial areas. While 
offering enhanced opportunities for the control of 
technological processes, these drives also create 
problems. They generate current and voltage 
harmonics that can reduce the rated torque and 
efficiency, increase heating and magnetic noise of 
motors [1, 2]. For this reason, it is necessary to 
determine the supply voltage quality. 

The induction motor drives use variable 
voltage converters (VVC) and variable frequency 
converters (VFC) with a DC link. Such converters 
have numerous capabilities regarding the forming of 
the output voltage and its harmonics toward high 
carrier frequencies due to the implementation of fast 
switching elements. One of the most commonly 
used methods for modulating the VFC output 
voltage is through Pulse Width Modulation (PWM). 

The aim of this paper is to determine the 
supply voltage quality of induction motors fed by 
static frequency and voltage converters using PWM. 
For that purpose a laboratory stand of induction 
motor electric drive is developed and the voltage 
harmonic spectrum indicators of the PWM 
equipment are determined. The experimental 
analysis is carried out by the fast Fourier transform 
Analysis Tool in SimPowerSystems Toolbox for 

Matlab. On obtaining the quantitative indicators of 
the supply voltage quality, their impact on the 
electrical drive characteristics is evaluated. 

The paper is organized as follows. Section 2 
outlines the harmonic spectrum indicators of the 
supply voltage of the motor. Section 3 focuses on 
the mathematical analysis of the modulated periodic 
signals. The developed laboratory stand and 
research methodology are given in Section 4. In 
Section 5 the results from the experimental analysis 
are presented. Finally, conclusions are drawn in 
Section 6. 

2. Harmonic spectrum indicators 
The phase voltage of the motor in an 

induction motor (IM) electric drive controlled by a 
semiconductor converter is analysed. The latter is 
set to operate as frequency converter and voltage 
converter. To evaluate the IM periodic non-
sinusoidal supply voltage, the following coefficients 
are used [3, 4]: total harmonic distortion coefficient 
(kTHD), coefficient of deformation (kD), form 
coefficient (kf) and weighted harmonic voltage 
factor (kHVF). 

In addition, the rms values of the stator 
phase voltage (U) and of its first harmonic (U1) are 
also evaluated. 

The above coefficients are determined by 
the formulae [5, 6]:  
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All odd harmonics not multiple of 3 are 
included in kHVF in (1).  

It should be taken into account that for 
induction motors, fed by sinusoidal voltage with 
harmonic components, the standard determines the 
ability for loading within the range from 1 to 0.7 of 
the rated power with kHVF varying from 0.030 to 
0.115 [7]. Implementation of static PWM converters 
increases the steel losses by about 12% [5]. The 
total increase in the motor losses is by another 3%, 
0.5% of wich is in the stator coil, 2% in the rotor 
coil and 0.5% are additional losses. This leads to a 
decrease in efficiency of the general-purpose motors 
by about 0.7% (95.3%-94.6%) at rated speed and 
load for 3kHz modulation signal. 

3. Mathematical analysis of modulated 
periodic signals 
The output voltage formed by the PWM is 

given by [8, 9]: 

     NMFtsinmU,u cda  50 . (3) 

Here m is the index of modulation; ω=2πf is 
the angular frequency of the modulated signal; ψ is 
its phase angle; ωc=2πfc is the carrier angular 
frequency; Ud is the rectified voltage by the DC-link 
unit and the residual function F(Mωc ±Nω) equals 
the sum of all high-frequency harmonics. 

Expression (3) contains harmonics that 
depend on the carrier frequency. They are 
concentrated around the multiples of M (both even 
and odd) of the carrier frequency. As shown in 
Table 1, the sum M+N is a positive odd integer. 

The most commonly used techniques for 
evaluating the measured signals include Fast 
Fourier Transform (FFT) and specialized software. 

 
Table 1.  Harmonic spectrum 

 of sinusoidal PWM voltage 

N(M) М 
Odd 
M 

Even 
M 1 2 .... 

0 
±2 
±4 
±6 
±8 
...... 

±1 
±3 
±5 
±7 
±9 
...... 

1ωc 
1ωc±2ω 
1ωc ±4ω 
1ωc ±6ω 
1ωc ±8ω 

..... 

2ωc ±1ω 
2ωc ±3ω 
2ωc ±5ω 
2ωc ±7ω 
2ωc ±9ω 

..... 

..... 

..... 

..... 

..... 

..... 

..... 

4. Laboratory stand and research 
methodology 
Based on the analysis, a laboratory stand of 

induction motor electric drive is developed. It 
consists of a static AC to DC converter capable of 
working as VFC and VVC, digital oscilloscope and 
personal computer. The stand is shown in Fig. 1. 
Here UR stands for uncontrolled rectifier and CF for 
DC-link capacitor. The rms value of the supply 
voltage is U=220 V and the frequency is f=50 Hz.  
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Fig. 1.  Schematic of the laboratory stand 

A full wave bridge rectifier and DC-link are 
used. The power inverter operates with sinusoidal 
PWM and carrier frequency fc=5(2.5) kHz. The DC 
voltage maximum value is VDC= 2220 V. The 
induction motor model has the folowing rated 
parameters: active power Pr=180 W; speed 
nr=1366 rpm; line voltage Vr=380 V; frequency 
fr=50 Hz; number of pole pairs zp=2; 
efficiency =64 % and power factor cosφ=0.64. 

The T-shaped equivalent circuit parameters 
are: stator resistance Rs=55.8 Ω; stator leakage 
reactance Ls=0.089 H; rotor resistance Rr=46.6 Ω; 
rotor leakage reactance Lr=0.157 H and 
magnetizing reactance Lm=1.367 H. 

The FFT Analysis Tool from the 
SimPowerSystems ToolBox in Simulink uses 
Structure with Time format for the measured values 
of the voltage V(t). The values are stored in the 
Workspace. The discretization time tk is between 
2µs and 20µs depending on the modulated signal 
frequency. The induction motor operates at no-load. 
The supply voltage is varied based on the V/f=const 
control law for the VFC mode and V=var; 
f=50 Hz=const for the VVC mode. A Siglent 1810 
digital oscilloscope with 2GB memory is used. 

5. Results from the experimental analysis 
Fig. 2 shows the induction motor phase 

voltage at 30 Hz when supplied by VFC. The values 
of the first 33 harmonics are also displayed as a 
percentage of the first hamonic peak value (V1max). 
Here V1max=124.2 V and kTHD=91.22 %. 
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Fig. 2.  VFC output voltage form and values of 
the first 33 voltage harmonics at fc=2500 Hz, 
f=30 Hz 

The shape of the motor phase voltage at 
50 Hz, minimum voltage amplitude V1max = 27.83 V 
and VVC converter mode is shown in Fig. 3. The 
values of the first 20 harmonics expressed as a 
percentage of the first harmonic peak value are also 
displayed. Here kTHD = 266.45%. 
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Fig. 3.  VVC output voltage shape and values of  the 
first 20 voltage harmonics at fc=2500 Hz, f=50 Hz 

 The phase voltage harmonic spectrum at 
30 Hz and VFC mode is shown in Fig. 4. The 
analysis is carried out up to fmax=15 kHz. It can be 
seen that that harmonics tend to group around the 
multiples of M of the carrier frequency. 
 The phase voltage harmonic spectrum at 
50 Hz, V1max= 27.92 V and VVC mode is shown in 
Fig. 5. The analysis is also carried out up to 
fmax=15 kHz. There is again grouping of harmonics 
around the carrier frequency multiples of M. 
 To determine the quantitative indicators by 
means of formulae (1) to (2), a set of experiments is 
carried out. Six modulated frequencies (10, 20, 30, 
40, 50 and 100 Hz) are analyzed for the VFC mode. 
Tables 2 and 3 show the obtained results for the 
harmonics spectrum indicators of the voltage when 
the motor follows the V/f=const control law. 

Five voltages (20, 48, 77, 106 and 133 V) at 
f=50 Hz and two carrier frequencies (2.5 kHz and 

5 kHz) are analyzed for the VVC mode. Tables 4 
and 5 show the obtained results for the harmonic 
spectrum indicators of the voltage at no-load. 
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Fig. 4.  VFC output voltage harmonic spectrum at  
 fc=2500 Hz, f=30 Hz 
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Fig. 5.  VVC output voltage harmonic spectrum  
at fc=2500 Hz, f=50 Hz 

Table 2.  VFC output voltage harmonic 
spectrum indicators at fc=2500 Hz, no-load 

f 
[Hz] 

U 
[V] 

U1 
[V] 

kf kTHD kd tk  
[μs] 

10 71 30 1.92 2.11 0.43 20 
20 96 58 1.51 1.33 0.60 8 
30 118 88 1.32 0.91 0.74 8 
40 139 118 1.19 0.62 0.85 8 
50 150 136 1.12 0.46 0.91 8 

100 153 140 1.11 0.45 0.91 8 
 

Table 3.  VFC output voltage harmonic 
spectrum indicators at fc=5000 Hz, no-load 

f 
[Hz] 

U 
[V] 

U1 
[V] 

kf kTHD kd tk 
[μs ] 

10 73 30 1.97 2.18 0.42 20 
20 96 58 1.51 1.33 0.60 8 
30 118 88 1.32 0.91 0.74 8 
40 139 118 1.19 0.62 0.85 4 
50 150 136 1.12 0.46 0.91 4 

100 153 139 1.13 0.46 0.91 2 
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INVESTIGATION OF ONE LOOP ELECTRIC CIRCUIT FOR 
CONTROL OF FLASH LAMP  

 

YANKA IVANOVA, SVETOSLAV IVANOV, ROSSEN BOJILOV 
 

Abstract: This article provides a transient analysis in discharge flash lamp operated by 
one-loop high-voltage electric circuit. Lamp is designed to emit a strong non- coherent 
exciting radiation for management of Solid Nd: YAG, ruby, or Er: YAG lasers. It is 
designed a scheme for impulse control of Xenon flash lamp. For simulation research in 
program environment is proposed replacement scheme. The results of simulation studies 
are presented. 

Key words: impulse control, xenon gas discharge lamp, one-loop electric circuit  

 

1. Introduction 
Modern laser technology is a combination 

of the physical principle of the laser, the selection of 
suitable active environments in combination with 
electrical and electronic devices for excitation of 
these environments and receiving laser radiation. 
Basic for practical applications in industry, science, 
in medicine are lasers with condensed active 
substances (liquid and solid), in particular solid-
state Nd: YAG, ruby, Er: YAG and the like lasers, 
as well as its unique ability to adjustment dye lasers 
and lasers with F - centers. The dye lasers in the 
range of 0,57μm to 0,62μm are currently the main 
tunable sources widely used in lidar technology for 
remote monitoring of the composition and 
atmospheric pollution. They also find important 
applications in systems for the separation of 
isotopes, as well as medical applications for the 
treatment of serious illnesses. Typical of them is 
that to obtain sufficient output power and energy 
required highly specialized non - coherent - Lamp 
excitation requiring very steep front of excitation 
radiation ( μs). Obtaining of such exciting 
radiation massively available and widely used 
discharge lamps is not easy technical task. This 
requires discharge across the lamp to be induced by 
a capacitor or a capacitor battery with a significant 
capacity (~ μF) charged to a very high voltage       
(~ 10kV). It is thus possible the formation of fast 
rising edge (1 ÷ 3μs) pulse with a very high 
intensity respectively received in a powerful pulse 
of current through the lamp. The result is a sharp 
increasing to several times of the output generated 
power. 

This article presents a practical 
implementation of the scheme with a single loop 

automatically synchronized formation of a 
discharge in discharge xenon flash lamp. Composed 
is a model for transient analysis of the scheme and 
engineering design of this type of driver circuits. 

 
2. Driver management scheme for xenon 

flash lamp 
In common pulsed lasers, solid-state and the 

dye lasers, the optical pumping is carried out with 
flash lamps, [1] having infinitely large initial 
resistance, and negative dynamic resistance. The 
power of this type lamps usually consists of a 
capacitor for accumulating energy and for the 
discharge, the coil forming the pulse, high-voltage 
DC power supply and the ignition circuit for the 
ionization of the lamp. The length of the resulting 
high-energy (~ 100 ÷ 300 J) pulse with a steep edge 
(~ 1 μs) is determined by the type of the controlled 
laser. 

 
2.1. Principal scheme for control of flash 

lamp 
Principal electrical control circuit of flash 

lamp is shown in Figure 1. In the researched circuit 
is used a gas discharge flash lamp filled with xenon 
at a relatively low gas pressure of a few thousand 
Pascals. To provide the necessary electrical charge 
in parallel to the power source is switched storage 
capacitor C1. In order to trigger discharge between 
electrodes by an additional ignition device 
connected to the lamp is fed to pulse which ionizes 
the gas in advance [2]. 

The resistance of the lamp decreases and 
the accumulating capacitor C1 discharges through it 
[3,4]. As a result of the discharge a powerful pulse 
is emitted with duration determined by the 

 

Table 4.  VVC output voltage harmonic 
spectrum indicators at fc=5000 Hz, no-load 

f 
[Hz] 

U 
[V] 

U1 
[V] 

kf kTHD kd tk 
[μs] 

50 57 20 2.08 2.66 0.35 4 
50 87 48 1.62 1.50 0.55 4 
50 112 77 1.44 1.05 0.69 4 
50 133 106 1.25 0.74 0.80 4 
50 148 133 1.18 0.49 0.90 4 

 

Table 5.  VVC  output voltage harmonic 
spectrum indicators at fc=2500 Hz, no-load 

f 
[Hz] 

U 
[V] 

U1 
[V] 

kf kTHD kd tk  
[μs ] 

50 57 20 2.08 2.66 0.35 4 
50 88 49 1.62 1.50 0.55 4 
50 111 77 1.44 1.03 0.70 4 
50 133 106 1.25 0.74 0.80 4 
50 148 133 1.18 0.49 0.90 4 

 
Tables 6 and 7 present the kHVF values, 

calculated from the experimental data. The first 
value takes into account all harmonics with 
magnitude greater than 5% of the main harmonic. 
The second value is obtained by (1). Table 6 is for 
VFC at two carrier frequencies. Table 7 presents the 
kHVF values for the VVC at one carrier frequency.  

 

Table 6.  Weighted kHVF coefficient  
for the VFC converter 

fc 
[kHz] 

f [Hz] 
10 20 30 40 50 100 

kHVF [%] 

2.5 4.9 
8.5 

6.9 
10.0 

5.4 
8.5 

4.4 
6.4 

3.7 
8.0 

5.1 
7.6 

5 4.3 
15.9 

4.6 
7.4 

4.3 
6.1 

0.8 
4.5 

2.5 
4.1 

3.1 
5.3 

 
Table 7.  Weighted kHVF coefficient 

for the VVC converter 

fc 
[kHz] 

U1 [V] 
20 48 77 106 133 

kHVF [%] 

2.5 11.5 
17.1 

5.5 
17.5 

9.0 
12.3 

5.6 
8.5 

3.8 
5.8 

 

6. Conclusion  
This paper evaluates the supply voltage 

quality and its impact on induction motors, fed by 
static frequency and voltage converters using PWM. 
A series of experiments are conducted on a 
specially developed laboratory stand. The voltage 
from the converters is examined by FFT-analyser in 
SimPowerSystems Toolbox of Simulink.  

Based on the results, it can be concluded, 
that harmonics tend to group around the multiples 

of M of the carrier frequency for both the VFC and 
VVC mode. Despite shifting of the harmonics 
towards high carrier frequencies, the weighted 
harmonic voltage factor exceeds the limit, set by the 
Standard IEC 60034-1. To improve the quality of 
the supply voltage, sinusoidal filters can be 
implemented on converters outputs.  

The obtained results show that the total 
harmonics distortion coefficient and the distortion 
coefficient do not significantly vary with the carrier 
frequency, but strongly depend on the voltage. The 
values of kTHD, however, are well above the limit, 
recommended by the IEEE Std 519-1992. 

The developed laboratory stand and the 
experiments carried out can be used as a foundation 
for future research of other types of modulation. 
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