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ABSTRACT

Interior Mounted Permanent Magnet Synchronous Motors (IPMs) have become popular in electric vehicle traction applications in recent years due to their superior
features such as high efficiency and high power density compared to other machines. Therefore, development of IPM drive systems is an important research area.
In this study, three different pulse width modulation (PWM) strategies commonly used in machine drives are compared extensively in IPM drives. Simulations have
been carried out with optimum dg-axes currents based on demanded torque from the system, and hence, the simulated drives are efficiency-optimized. Sinusoidal
pulse width modulation (SPWM), third harmonic injection pulse width modulation (THIPWM), and space vector pulse width modulation (SVPWM) strategies have
been employed in the drives, and comparisons have been made by paying particular attention to the total harmonic distortion (THD) rates of phase currents and
torque ripples. It has been validated through extensive simulations that the SYPWM strategy has less THD percentage for IPM drives than SPWM and THIPWM at wide
operating points, and hence, the current and torque responses are better with smooth output torque. Simulation results also validate that the current distortions and
torque ripples are the highest when SPWM strategy is adopted in the drives, and hence, the THIPWM strategy is superior to the SPWM.
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I. INTRODUCTION

Permanent magnet synchronous machines (PMSM) are frequently used in areas such as electric
vehicles and railway systems due to their superior features such as high efficiency, high power
density, low acoustic noise and controllability in a wide speed range [1, 2]. Permanent magnet
synchronous machines can be broadly divided into two groups, the Surface Mounted Permanent
Magnet Synchronous Motor (SPM) and the Interior Mounted Permanent Magnet Synchronous
Motor (IPM) [3]. Due to the saliency on the rotor of the IPMs, the torque density is higher as IPMs
have the capacity to produce reluctance torque in addition to the magnet torque.

Field-oriented control (FOC) and direct torque control (DTC) techniques are commonly used in
the control of AC drives [4]. In both the FOC and DTC techniques, the input of the system is the
electromagnetic torque or speed command. However, while the FOC technique works with the
principle of driving current errors to zero by comparing the command currents generated in
the controller with the measured dg-axes current values fed from the motor phases [5], in the
DTC technique, the electromagnetic torque and the stator flux magnitude errors are driven to
zero where an observer is a must to estimate the actual values of torque and flux [6]. The DTC
technique uses flux and torque observers for feedback control. In low-speed regions where the
voltage values are low, the performance of the observers may deteriorate, which greatly reduces
the performance of the DTC system [7]. In hysteresis-based DTC drives, phase current distortions
and torque ripples considerably increases and the use of hysteresis comparators in DTC technique
causes variable switching frequency and therefore requires more sampling time than other con-
trol techniques [8]. To solve this problem, DTC technique can be implemented using pulse width
modulation (PWM) techniques [9]. Similarly, in the FOC technique, three-phase motors are driven
by employing PWM strategies. In other words, PWM strategies have an all-around advantage in
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AC motor drives. Output torque production can be obtained with
lower ripple with the development of PWM strategies and hence
smoother currents and electromagnetic torque can be achieved.

Three different types of PWM are commonly used in the literature,
namely sinusoidal PWM (SPWM) [10, 11], third harmonic injection
PWM (THIPWM) [12, 13], and space vector PWM (SVPWM) [14-16].
Sinusoidal PWM strategy is frequently used in motor drives because
it is simple and easy to implement. However, it is not an efficient
strategy due to low DC link utilization rate, high switching losses, and
high current distortions for motor drive systems. Although the high-
definition SPWM strategy is applied in [17] to reduce the harmonics
and computational burden of the SPWM strategy with smoother out-
puts, the low DClink utilization rate is still a major drawback for motor
drives. The THIPWM strategy is an alternative technique to increase
the DC link voltage utilization level. Even though the THIPWM strat-
egy is a PWM strategy based on the SPWM strategy, its DC link utiliza-
tion rate is about 15.5% higher than SPWM. Space vector pulse width
modulation strategy is frequently used in recent motor drives due to
its superior features such as high DC link utilization rate, low switch-
ing losses, and low total harmonic distortion (THD) rates. In addition,
there are studies in the literature on reducing the computational bur-
den of SVPWM and providing less switching losses [18, 19].

Sinusoidal pulse width modulation and THIPWM strategies have
been compared in terms of THD and DC link utilization rate in [13];
however, the resultant influence on a motor drive system has not
been discussed [20] and it lacks the torque ripple comparisons. In
[21], SPWM and SVPWM have been compared and SVPWM has been
found to have higher DC link utilization rate and less switching
losses. However, the study lacks comparisons of the THIPWM. Space
vector pulse width modulation and THIPWM have been compared in
[22], but the results associated with THD values of current waveforms
have not been clearly demonstrated as it has not been tested on a
motor drive system. The comparative study in [23] does not contain
the resultant influence of PWM strategies on torque ripples for IPM
drives and the study lacks SVPWM comparisons. Similarly, [24] lacks
SVPWM comparisons. To the best of authors’ knowledge, there is
no detailed comparison of SPWM, THIPWM, and SVPWM strategies
on the IPM drive in the literature. Thus, this study compares SPWM,
THIPWM, and SVPWM strategies in detail in an IPM drive system.

Il. MATHEMATICAL EXPRESSIONS

According to Fig. 1, coordinate transformations are applied and the
motor is modelled on the dg-axes so that the IPM can be controlled sim-
ilar to direct current motors. In (1)—(3), electrical equations are given [25].

Vy =R, *ly +Lg 90y, vp %, ()
dt
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The expression of the stator current according to the currents in the
d- and g- axes is as in (4-6).
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C

Fig. 1. Coordinate transformations.
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The schematic of the drive system is shown in Fig. 2. As given in
Fig. 2, after the command current values received from the polar to
Cartesian block and the dg-axes current values measured from the
motor phases are regulated by Proportional Integral (Pl) regulators
and voltage commands are obtained in the d- and g-axes to be fed
to the PWM strategy block.

The transient performance of the drive system is improved by elimi-
nating the coupling terms in the motor model with the decoupling
compensation [26]. In addition, the voltage is limited with the over-
modulation strategy to the maximum available DC-link voltage
based on the PWM strategy adopted in the drive system. Hence, the
simulated IPM drive better represents the real-world machine drive
system.

The 6 angle is obtained from the instantaneous position informa-
tion of the rotor. While it can be obtained by using an encoder or a
resolver depending on the drive design, there are studies that enable
the @ angle to be found by using sensorless control techniques [27].
However, it is noteworthy that the sensorless drives, in general, suffer
from inaccurate position estimation at low speeds. In this paper, the
accurate rotor position angle has been employed in the transforma-
tions similar to the drives with an encoder.

A.Implementation of PWM Strategies in IPM Drive System
The fundamental theory associated with the PWM strategies can be
found in [28].

1) Sinusoidal Pulse Width Modulation

The SPWM strategy works on the principle of comparing the low-
frequency sine waves to be modulated with the high-frequency tri-
angle wave. If the instantaneous value of the high-frequency wave is
greater than the amplitude of the signal to be modulated, the output
will be 0, otherwise it will be 1. The modulation index of SPWM is
givenin (7).
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The signal to be modulated is obtained by converting the voltage ) 1
- * H H
values on the dg-axes from the position information of the motor Von =1.154 5'“(9_?j+g5'n39 an
into three-phase sine waves on the abc axes with the help of Clark
and Park transformations. dg-axes to abc axes transformation matrix
is given in (8). As can be seen from Fig. 2, dg-axes voltage values Von :1.154*{sin[9+2n]+1sin3e] (12)
obtained from PI regulators are transformed into abc axes with the 3 6

inverse of Clark and Park matrices in PWM strategies block. Then,
PWM signals are obtained by comparing them with a high-frequency
carrier signal. The theory of the SPWM technique and its implemen-
tation strategy with further detail can be found in [29].
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2) Third Harmonic Injection Pulse Width Modulation

This method has been developed as a solution to the low DC link uti-
lization problem of the SPWM strategy. Third harmonics are injected
into the signal to be modulated in this strategy. The scalar “K” factor
before the trigonometric expressions in THIPWM voltage equations
allows the inverter to use higher DC link voltage. The “K” scalar factor
is expressed as in (9), and as can be seen from (9), THIPWM ~15.5%
increases the DC link voltage utilization rate than SPWM. Since the
THIPWM strategy is based on SPWM, the implementation technique
is the same as SPWM. Injection of third harmonic components into ref-
erence signals in (10-12) is the difference of the strategy from SPWM.
Further details and implementation of strategy can be found in [22].

K=-2 1154 (€)

NE]

The voltage equations of the waves to be modulated are given in
(10-12).

3) Space Vector Pulse Width Modulation

SPWM and THIPWM strategies modulate sinusoidals by transforming
the dg-axes voltages produced by the Pl regulators to the abc axes.
However, in the SVPWM strategy, the dg-axes voltages obtained
from the PI regulators are transformed into the af stationary frame,
and the reference vector rotating inside the hexagonal structure
in Fig. 3 is obtained. The time durations to be used in switching
and the modulation index are calculated from the amplitude and
angle information of the reference vector. T, T,, and T, are obtained
as in (13-15) from the information in which sector the reference
vector lies [30].

T, :m*TS*sin((n*zJ—ej (13)

Tz:m*Ts*sin[B—(n—U*gj (14)

To=T,—(T\+T>) (15)

6,n, m, and T, are the angle of reference vector, sector number, mod-
ulation index, and sampling time, respectively. Modulation index is
given by (16).

m= \/E*Vref

(16)
VDC

V. and V. are reference vector amplitude and DC link voltage,

ref

respectively. Switching time durations for each sector are stored as
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look-up tables so that the minimum switching can be achieved in
SVPWM strategy [30]. Even though the DC link voltage utilization
rates are the same with the THIPWM and SVPWM strategies, imple-
mentation of SVPWM strategy is more complicated. However, the
output waveforms are smoother since SVPWM strategy updates only
one switch in each period.

comparisons. The parameters of the IPM motor used in the simu-
lations are listed in Table I. The schematic of the simulated drive
system is shown in Fig. 5.

A.Validation of IPM Drives with SPWM, THIPWM, and SVPWM
Strategies

IPM drive systems have been implemented by employing three
different PWM strategies and each drive has been validated
through extensive simulations. The mechanical speed has been
increased from stand-still to 1500 rpm in 0.3 seconds in a linear
form and it was kept constant at 1500 rpm till 0.5 seconds in the
simulated drives. It is evident in Fig. 6 that the control system
achieves accurate torque control in steady states as well as in
transient states with all three PWM strategies. As can be seen
from Fig. 6, the drive systems are robust when operating torque
and speed are varied.

One can deduce from Fig. 6 that the SVPWM strategy produces less
torque ripple. Details and further comparisons will be made in the
following sections.

B. Total Harmonic Distortion Comparison of Drives

THD rates of the drives with the three different PWM strategies
are compared, and the results at different speed and torque oper-
ating points are listed in this section. The comparative results at
500 rpm, 1000 rpm, and 1500 rpm are illustrated in Fig. 7 when
the electromagnetic torque production is 10, 20, and 30 Nm.
Hence, the THD comparisons are made at wide range. It is evident
in Fig. 7 that the lowest THD rate is obtained at any operating
point when SVPWM strategy is adopted, whereas the distortion
rate is the highest when SPWM strategy is adopted. This implies
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Fig. 4. SVPWM schematic.

Firstly, dg-axes reference voltage values are obtained in af frame via
inverse Clark matrix. Then the amplitude of the reference vector and
the angle of rotation in the hexagon are determined. As can be seen
from Fig. 4, the sector number and the time durations for each sector
are obtained. After the signal to be modulated is generated, PWM
signals are obtained by comparing it with the high-frequency carrier
wave. Further details and detailed implementation strategy can be
found in [30].

11l. SIMULATION IMPLEMENTATION OF DRIVE SYSTEMS AND
COMPARATIVE STUDIES

As has been discussed, the voltages in the drive system are limited
according to the PWM strategy. In theory, while the SPWM strat-
egy uses 50% of the available DC-link voltage, the THIPWM and
SVPWM strategies can use ~57.7% of the DC-link voltage. These
percentages come from the fact that SVPWM and THIPWM use
~15.5% more DC-link voltage than SPWM. The switching frequency
of the simulated IPM drives for each PWM strategy is 8 kHz for fair

that the SVPWM strategy is the best among others in terms of
current harmonic distortion. Accordingly, reduced torque rip-
ple can be achieved by adopting SVPWM strategy in modern
drives. It is noteworthy that THD ratios reduce in each PWM
strategy in Fig. 7 when torque reduces, and speed is constant.
This is as expected since the current magnitude increases with

TABLE I. MOTOR PARAMETERS

Interior Mounted Permanent Magnet

Motor Type Synchronous Motor
Pole Num. 8

L, 0.846 mH

Ly 1656 mH

R 0.0463 ohm
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Fig. 5. The schematic of the simulation (in Matlab/Simulink®©).

the increasing torque and hence the ratio is relatively lower. In
contrast, THD ratios increase in each PWM strategy when torque
is constant, and speed increases. This is also as expected since
the switching is more frequently updated with the increasing
electrical frequency.

C. Comparisons of Torque Outputs and Phase Currents Waveforms
The three PWM strategies have been tested on the drive systems, and
the comparisons of output torque and phase current waveforms have
been made in this section. In Fig. 8, while the mechanical speed value
is 500 rpm, 1000 rpm, and 1500 rpm, three different torque values, 10,
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Fig. 6. IPM drive system validation with different PWM strategies.




Electrica 2022; XX(X): 1-9
Ozciflikci and Koc. Investigation of PWM Strategies on IPM Drives

500 rpm 1000 rpm 1500 rpm
N N AL
- N N I
O\
g-—i
3 e
S oy
a9y = NG
>IN <en R o
é [=)) Q% o [
a | |1r“ —= -—'—w —
o) —_
I "I ||I ‘ |

I0ONm 20Nm 30Nm 10Nm 20Nm 30Nm 10Nm 20Nm 30Nm

uSPWM mTHI =SVPWM
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20, and 30 Nm, have been tested and torque ripple values have been
plotted on the same graph so that the ripple comparisons can be seen
clearly. It is evident from the results that when the SVPWM strategy
is adopted as a modulation technique, the produced output torque
is the smoothest compared to produced electromagnetic torque

waveforms obtained with SPWM and THIPWM strategies. It is also seen
from the results that the torque waveforms obtained with the THIPWM
have less ripple than the results obtained with SPWM strategy, and
hence, the SPWM strategy increases the torque ripple at wide range of
operation. The results are coherent with the THD ratios obtained in the
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Fig. 8. Comparisons of torque ripples for each PWM strategies.
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previous section. It is noteworthy that when the drives with SPWM and
SVPWM strategies operate at 1500 rpm speed and 30 Nm torque, the
ripple on the output torque waveforms is ~3 Nm and ~2 Nm, respec-
tively. This implies that the undesired ripple ratio can be significantly
improved by adopting the SVPWM strategy in modern drives.

Fig. 9 illustrates the phase current waveforms of the drives when the
machine operates at 1500 rpm mechanical speed and 30 Nm elec-
tromagnetic torque. As will be seen from Fig. 9, phase currents of the
drive employing the SVPWM strategy have less distortion, whereas
the distortion on the current waveforms is the worst when the SPWM
strategy is adopted. The increased distortion of the current wave-
forms directly increases the output torque ripple as evident in Fig. 8.

IV. CONCLUSIONS

In this study, three different PWM strategies (SPWM, THIPWM,
and SVPWM) commonly used in recent AC drives have been com-
pared in IPM drives when the machine operates at different points.
Comprehensive simulations have been performed at different
mechanical speeds and electromagnetic torque values. The results
validate that SPWM is not a suitable modulation technique for mod-
ern drives as its DC link voltage utilization rate is lower than SVPWM
and THIPWM and the current distortions and the torque ripples are
the highest with SPWM. Although THIPWM utilizes the DC link volt-
age at higher levels, it lags behind SVPWM in terms of torque ripple
and stator current distortion ratio. As a result of the simulations,
torque ripple ratios of SPWM, THIPWM, and SVPWM strategies have
been obtained as at 1500 rpm and 30 Nm torque as 4.94%, 4.45%,
and 2.81%, respectively. The torque ripple ratio of the SVPWM strat-
egy at this operating point is 43% and 36.85% lower than the SPWM
and THIPWM strategies, respectively. Hence, the SVPWM strategy
gives the best result in terms of THD ratios at wide operation range
among all three strategies and it achieves the smoothest torque pro-
duction. In the light of the results, SVPWM strategy is the most suit-
able modulation strategy for modern IPM drives.
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