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ABSTRACT 

 
Electric cars are the way to reduce global warming and fuel shortages. Performance variable speed drive is 

needed for various drive electric vehicle applications. Unfortunately, high performance is still being investigated 
with a variety of drive systems. This paper presents a design, analysis, and implementation of the SV-PWM 
inverter motor drive system. The SV-PWM algorithm in design using Matlab, to analyze the system include signal 
response, THD-V, THD-I. All algorithms are embedded in STM32F4, as the main controller. The hardware uses 
a 3-phase motor control Steval power module.  
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INTRODUCTION 
 

About 84% of global energy is generated 
by fossil fuels[1] which generates gases when it 
is burned. The possible solution to reduce 
environmental pollution, promote fossil fuels 
and all energy consumption in electrical form. 
EVs technology becomes the solution to 
replacing ICE-based vehicles. EV will have the 
potential to solve the problems associated with 
energy resources, environmental pollution, and 
reduce oil usage. More than 1 million electric 
cars have been produced, based on Global EV 
outlook 2016 shows that by 2015 China has 
become a major market worldwide. China is the 
largest developer globally in EV, e-scooters, and 
e-busses [2]. 

Three-phase squirrel-cage induction 
motors (IMs) are suitable for use in EV for 
reliability, low maintenance, low cost, and 
robustness [3][4][5][6]. In the industrial sector, 
IMs are applied for many fixed-speed, but in the 
transportation sector, EVs should be operated at 
variable speeds. In this condition, EVs must be 
used for variable-frequency drives (VFDs). 

Compared to the SPWM method, 
SVPWM is more suitable for VFDs EV, with 
lower harmonics and higher output voltages 
[7][8]. EV requires instant and significant speed 
changes, so it is necessary to observe the 
SVPWM signal response. The proposed design 
is tested by experiment, using Yokogawa scope 
coder which is integrated with Matlab to observe 
any induction motor speed change response. 

The main objective of this paper is to 
analyze SVPWM inverters in various aspects 
such as harmonic, speed response, inverter 
output signal. 
 
PRINCIPLE OF SPACE VECTOR 
MODULATION 
 

Three voltage variables𝑉௔,𝑉௕ and 𝑉௖ are 
calculated by using inverse-Clarke 
transformation to obtain𝑉ఈ(௧) and𝑉ఉ(௧). Where  

𝑉ఈ(௧) dan 𝑉ఉ(௧) form an angle of 90°. The 

SVPWM algorithm is calculated on the 
STM32F4 microcontroller, generated the 
switching on each phase is generated based on 
the standard vector voltage in Figure 1. It 
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assumes that 𝑉௔(௧),𝑉௕(௧) and 𝑉௖(௧) is a logical 

vector that is located in the vector sector. 

 
Figure 1. Standard vector for SV-PWM 

The area between the standard vector 𝑈ଵ 
and 𝑈ଶ (Figure 1).  At the ideal state 𝑉௦ = 𝑉௔ =𝑉௕ 
=𝑉௖is the resultant vector of𝑉ఈ(௧) and 𝑉ఉ(௧), it’s a 

two boundary vector on each phase. So the value 
of 𝑉௦ to the time change as Equation 1. 

𝑉௦(௧) =  ට𝑉ఈ(௧)
ଶ +  𝑉ఉ(௧)

ଶ 
(1) 

Any changes 𝑉ఈ(௧) and 𝑉ఉ(௧) , the logical 

state of the period as Equation 2. 

𝑇ఈ(௧) =  𝑇௣
ห௏ഀ(೟)ห

ห௏ೌ(೘ೌೣ)ห
 ;𝑇ఉ(௧) =  𝑇௣

ห௏ഁ(೟)ห

ห௏ೌ(೘ೌೣ)ห
 (2) 

To represent the value of 𝑇ఈ(௧) and 𝑇ఉ(௧), 

the pulse pattern must correspond to the vector 
diagram in Figure 1 then calculate the boundary 
magnitude  𝑇ఈ(௧) and 𝑇ఉ(௧) can be performed by 

using the following Equation 3. 

𝑉ఈ(௧) =  
ଶ

√ଷ
ห𝑉௦(௧)ห sin(𝜃) ;  

𝑉ఉ(௧) =  
2

√3
ห𝑉௦(௧)ห sin(60° − 𝜃) 

(3) 

If one full period is taken during the time 
𝑇௣ on each vector with a maximum modulation 

of  
ଶ

ଷ
𝑈ௗ௖  from the standard vector, is described 

as Equation 4. 

|𝑉௦| =  |𝑈ଵ| = . . . =  |𝑈଻| =  
2

3
𝑉ௗ௖ (4) 

The switching time and the configuration 
of the switch state for each IGBT are calculated 
in the microcontroller. C code consist of the 
magnitude of reference, the angle of the 
reference (𝜃), and the timer signal for 
comparison. Here’s how to implement 𝑇ఈ(௧) and 

𝑇ఉ(௧), the microcontroller is programmed as 

Equation 5. 

𝑇ఈ(௧) =  
√3

𝑉௠௔௫
𝑉௥௘௙ sin ቀ

𝜋

3
−  𝜃ቁ 𝑇௦ 

𝑇ఉ(௧) =  
√3

𝑉௠௔௫
𝑉௥௘௙ sin(𝜃) 𝑇௦ 

(5) 

Where 𝑇௦ is a sampling time 
microcontroller, which can be calculated as 
Equation 6. 

𝑇௦ =  ቆ
𝑓௖௢௥௘௖௟௢௖௞

2 ∗  𝑓௧௥௜௔௡௚௟௘
ቇ − 1 

𝑇௦ =  ቆ
𝑓௖௢௥௘௖௟௢௖௞

2 ∗  𝑓௠௢ௗ௨௟௔௧௜௢௡ ∗  𝑓୫ୟ୶ _௢௣௘௥௔௧௜௢௡
ቇ

− 1 

(6) 

Where 𝑓௖௢௥௘௖௟௢௖௞  used on STM32F4 is 
168 𝑒଺𝐻𝑧. So if writing in each sector 1 is as 
Equation 7. 

𝑉௔(௧) =   
𝑇௦

2
−  𝑇ఈ(௧) − 𝑇ఉ(௧) 

𝑉௕(௧) =   
𝑇௦

2
+  𝑇ఈ(௧) − 𝑇ఉ(௧) 

𝑉௖(௧) =   
𝑇௦

2
+ 𝑇ఈ(௧) +  𝑇ఉ(௧) 

(7) 

Figure 2 represents the output signal of the 
microcontroller forming the SVPWM signal 
used to control each IGBT. The peak-to-peak 
signal voltage is 2.87Volt. 

 

Figure 2. SV-PWM signal (unfiltered) 

Numbering on each phase is shown as a 
vector change based on Figure 1. The duty cycle 

is set by an equation, with the angular shift of
గ

ଷ
, 

which is implemented with a lag of 6,717ms.The 
following figure is a 500Hz filtered SVPWM 
signal. 
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Figure 3. SV-PWM filtered. 

This study uses a 3-phase VSI circuit that 
is implemented on IGBT intelligent power 
module STGIPS20C60. The module is a DC to 
AC inverter that generates a 3-phase waveform 
for driving 3-phase IMs. The reason for using the 
module, because this module is designed to be 
compatible with single-phase supply, from 
90Vac to 285Vac, so it is suitable for used on the 
lab scale. 

 
EXPERIMENT SETUP 
 

The power supply for this system is 
designed as a wide range converter, the range 
input voltage is from 90VAC up to 285VAC. 

 

Figure 4. The block diagram of the experimental 
system 

The system uses Three-Phase Three-Wire 
(3P3W) relationship, where 4 channels 
oscilloscope that receives two pairs of voltage 
and current signals can be wired. 

A six state signal modulation is controlled 
by microcontroller, this signal is used to generate 
the firing pulse to control the operation of the 
inverter. If we translated in the form of 3 phase 
SVPWM inverter circuit as shown. 

In the 3P VSI circuit consists of 2 sectors, 
the IGBT high side and the low side, the low side 
is complementary to the high side. This means 
that the SVPWM signal generated when the high 
side is worth 1 then on the low side is 0, but the 
condition must be given time lag. Pause between 

the high side and low side is encapsulated on the 
microcontroller. Each IGBT has an antiparallel 
diode, its function as a protection. 

 

 

Figure 5. Power circuit topology of a 3-Phase VSI 

If it is assumed that each phase is in a 
balanced condition, then the equation is as 
Equation 8. 

𝑉௔௡ =  𝑉௠௔௫ cos(𝜔𝑡) 

𝑉௕௡ =  𝑉௠௔௫ cos ൬𝜔𝑡 −
2𝜋

3
൰ 

𝑉௖௡ =  𝑉௠௔௫ cos ൬𝜔𝑡 +
2𝜋

3
൰ 

𝑉ത =  
2

3
[𝑉௔௡ +  𝑎𝑉௕௡ +  𝑎ଶ𝑉௖௡] 

(8) 

Where, 𝑉௔௡, 𝑉௕௡, 𝑉௖௡ are the voltages in 

phases A, B, and C, whereas 
ଶగ

ଷ
 represents the 

shift of each phase. 
In this experiment, a speed sensor is 

needed to observe the IM response. We use a 
Photodiode and Led to detect the rotor position. 
The sensor output value will compare with 
comparator IC LM-393 to generate a pulse. 
Rotor shaft design with a black and white 
condition, if sensor detects white area 
comparator generates a high level pulse and vice 
versa. This measurement has been done using the 
frequency counter, it is based on counting the 
number pulses in a given time for one rotation. 
The system counts the number of pulses 𝑁௥  
appearing from the pulse generator over an 
interval 𝑇௥ . This method can count the rotor 
frequency from the signal received if the number 
of pulse per revolution of the sensor is 𝑁. The 
rotation frequency in Hz is as Equation 9. 

𝐹 =
𝑁௥

𝑁. 𝑇௥
 (9) 
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In high frequency, the comparator will 
generate pulse add with noise. noise will make 
error measurement for calculating rotor 
frequency. The system must commit a counting 
error of a pulse, then we get the measurement 
error for a single rotation is written in Equation 
10. 

𝐸𝑟𝑟𝑜𝑟(𝑁௥)% =
100. 𝐹(𝑁௥ + 1) − 𝐹(𝑁௥)

𝐹(𝑁௥)
 (10) 

As the result, the frequency number of the 
shaft rotor can be counted from pulse counted. 
The rotor speed can be graphed on the resulting 
experiment. 

 
EXPERIMENTAL RESULTS  
 

All experimental data is transmitted to 
Matlab, to be monitored and processed for 
analysis. The following switching algorithm, its 
will show how a microcontroller produces the 
eight standard vectors from the arbitrary stator 
voltage vector[9]. If observed in the SVPWM 
inverter output signal, the voltage wave based on 
the standard vector is as follows. Figure 6 shows 
the experimental setup. 

 

Figure. 6 Experiment Setup 

Current values of all measured quantities 
and the value of the calculated power can be the 
plot in Matlab. Using Matlab we can analyze the 
performance of SV-PWM inverter for an 
induction motor implemented on EV. We can 
plot speed, phase current, RMS phase current, 
RMS phase voltage, and power. Finally, fig 
shows the appearance of the speed response, 
current, voltage as a function of power output 

 

Figure7. The signal output voltage of the SV-PWM 
inverter 

Harmonic components of the SVPWM 
signal are given, using FFT series expression. It 
appears that at the fundamental voltage (50Hz) 
302.6V with THD-v equal to 35.29%. 

 

Figure8. THD-V of the SV-PWM inverter  

Using Matlab, we computed harmonic 
voltage order. In this graph correspondence of 
the output voltage signal from SV-PWM 
inverter.  

The following is a Harmonic order, 
showing the fundamental current (50Hz) of 
0.171A and THD-I is 102.77%. Using 
scopecorder can observe dead-time. It is a time 
lag that automatically generated microcontroller 
when there is a change of positive and negative 
side. Based on experiments, dead-time on 
SVPWM inverter 200us, of total time in one full 
wave of 20ms. Dead-time is necessary to prevent 
short-circuit on high-side IGBT and low-side 
IGBT. When 3P IMs connect the stator of an IMs 
to a 3P SV-PWM inverter, with the load. The 
stator creating the revolving field cuts across the 
rotor bar and induces a voltage in all of them, by 
a number of N poles. 
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Figure9. Deadtime representation of the SV-PWM 
inverter 

Because the rotor bars are short-circuited, 
the current carrying conductors of the stator have 
created a flux[10], consequently, they all 
experience a strong mechanical force[11]. The 
forces tend to drag the rotor along with the 
revolving field. Based on the experiment, the 
starting current is very high. It happens when the 
magnetic field is created by the stator, they are 
therefore producing a strong mechanical force to 
drive the rotor bar from 0 rpm to reference rpm. 

 

Figure 9. The signal output current of the SV-PWM 
inverter 

Electric cars should be able to operate 
with a high response, so when the motor start 
becomes an interesting topic to be observed. The 
following is the current waveform, voltage, and 
rpm of the induction motor observed using the 
oscilloscope. 

 

 

Figure 11. current response, voltage response, speed 
response. 

The initial response of the motor in the 
starting condition is 6,606 ms, from 0 rpm it 
reaches 2163 Rpm. The motor takes 42.894ms to 
reach steady state, from 0 rpm to 1483rpm. The 
motor starts up to 48.05% of the reference speed. 
Overshoot very influential on the user when 
driving electric cars, overshoot may result 
buffeting when the car starting. 

Every data in the system is monitored 
using Matlab to observe the system response and 
its effect on EVs. The picture below shows the 
speed response that is read from the speed 
sensor. The signal from the sensor is filtered by 
Matlab and displayed again in the form of a 
graph. 

when the stator is supplied from the SV-
PWM inverter, it appears that the motor does not 
respond immediately but there is a delay of 
15,903ms. This is the process of supplying the 
stator to induce the rotor to generate flux. Then 
there is an increase in current which is high 
enough so that the motor can rotate from rest to 
moving. To induce the rotor so that the shaft can 
move requires a fairly high starting current of 
9,157A. while in steady state conditions only 
requires a current of 2.285A per phase. Based on 
these tests, IMs require starting current to reach 
300.74% of steady state current. This condition 
greatly affects the power consumption of the 
battery, the lifetime of the motor, and the 
inverter. 

The motor is tested with a significant 
change in speed. When observed, the current 
signal oscillates until it reaches a steady state 
condition within 189.89ms. Much slower than 
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the motor rotational speed response. The 
mechanical load is one of the aspects why IMs 
stabilize quickly, while the motor starting 
current is influenced by the controller and 
inverter devices. The current response of the 
inverter within 189.89ms has no impact on the 
user when operating an electric car. On the other 
hand, the inverter must be able to respond with 
various speed variations instructed by the driver. 

We tried to measure the power required 
for starting an induction motor. Based on the 
graph in Figure shows that when the inverter 
starts to supply the motor, the motor does not 
immediately rotate but is stationary. In this case, 
the rotor seems to be short-circuited so that it 
requires a high current to start it. When the 
current increases, a voltage drop occurs, but the 
inverter output power increases to produce a 
sufficiently high initial motor power. It appears 
that the response of the motor power increases 
until the motor has an increase in rpm. When the 
motor starts to move, the motor power will 
decrease in proportion to the decreasing current. 
In steady state conditions, the motor power is 
very small, because there is a moment of inertia 
stored by the mechanical load on the electric car. 

In the starting-sector classification, it is 
shown in 5 conditions. Sector A is the initial 
power response used to generate the initial 
induction when the IMs rotor shaft is still at rest. 
the phase angle reveals that the rotor current is 
also an inductive and lagging current, rotor 
lagging for 14.99ms. Sector B is the response of 
the motor shaft starting to move. In this 
condition, the stator current will increase until 
the rotor speed reaches the rated speed. This 
response greatly affects the inverter to variations 
in speed changes when the user drives the EVs. 
The input stator current will vary with the motor 
slip or rotor speed, at this condition lasts 38.7ms. 
The larger starting current occurs when s= 1 
(100% slip). Therefore, the mechanical losses 
are assumed zero. 

 

Figure 12. response 

The SV-PWM inverter produces a higher 
consumption of DC-link voltage but has a lower 
THD-I than the SPWM inverter[12]. 
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Figure 13. THD-I and THD-V response 

The starting current should be kept low to 
avoid overheating of the motor and excessive 
voltage drops in the inverter. Hence the starting 
currents should be reduced, there are many ways 
used on an induction motor. 

SV-PWM inverter generates supply for 
IMs, these voltages frequently are unbalanced or 
even harmonic-rich. If the current carry on IMs 
by SV-PWM inverter contain harmonics, these 
will interfere with the resulting current, so the 
current harmonic has a ratio summing value. To 
determine the effect of non-sinusoidal currents is 
expressed in Equation 11. 

𝑖௔(௧) = ∑ 𝑖௔௡
ஶ
௡ୀଵ exp (𝑛𝑗𝜔௦𝑡)exp (−𝑛𝑗𝜃௡)  

𝑖௕(௧) = ෍ 𝑖௕௡

ஶ

௡ୀଵ

exp(𝑛𝑗𝜔௦𝑡) exp(−𝑛𝑗𝜃௡) exp ൬−𝑛𝑗
2𝜋

3
൰ 

𝑖௖(௧) = ෍ 𝑖௖௡

ஶ

௡ୀଵ

exp(𝑛𝑗𝜔௦𝑡) exp(−𝑛𝑗𝜃௡) ൬𝑛𝑗
2𝜋

3
൰ 

(11) 

Where 𝜃௡ is the phase difference between 
the voltage and the current signal. 

To study the IMs behaviors, the starting 
characteristic and transient response should be 
considered. The motor is tested with several 
variations of rpm, the following is the current of 
the motor while operating at some speed. Pada 
kondisi low speed mode, motor mengkonsumsi 
daya yang lebih tinggi bila dibandingkan pada 
rate speed. The amount of power consumed by 
the asynchronous machine depends on its load 
torque. 

 

Fig 14. Speed vs Current motor. 

 

CONCLUSIONS 
 

This study has sufficient insight into the 
complexity of SVPWM on standard vector 
regions. Using microcontroller and VSI Steval 
power module successfully run the induction 
motor well. Motor performance can be observed 
on a graph of current response, voltage, and 
motor rpm. The motor response characteristic is 
important for practical purposes because it can 
be used to estimate motor performance. When 
the motor start condition can respond in a short 
time. So suitable for use for speed variations on 
electric cars.  
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