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Abstract: This study presents the characteristics and performance of a motor at the operating point
based on pulse-width modulation (PWM). PWM is used in modulating the output voltage of a three-
phase inverter. The PWM technique has advantages and disadvantages depending on the system size
and operating range. For example, some discontinuous pulse-width modulation (DPWM) techniques
are advantageous in low-cost systems because they can reduce the number of switches. Some PWM
techniques are complicated for software construction and require a lot of computation. In this paper,
PWM techniques were constructed by using the offset voltage injection method. Therefore, the
construction of the PWM technique is simplified by the method. In an experimental setup, an interior
permanent-magnet synchronous motor (IPMSM) and a three-phase inverter were implemented to
test motor control performance depending on the PWM technique. In addition, the current control
characteristics and inverter efficiency were analyzed and compared depending on the speed and load
of the motor. According to the results of this paper, it is possible to compare the motor and inverter
control characteristics using various types of PWM rapidly. Additionally, it will help to select an
appropriate PWM technique for a specific system.

Keywords: pulse-width modulation; inverter efficiency; IPMSM driver; offset voltage; CPWM; DPWM

1. Introduction

Several efforts have been made to improve the performance of electric machines in
various industrial zones to protect the environment. Particularly, adequate investments
have been made in developing higher efficiency electric devices because of social de-mands,
such as the reduction in fossil fuel consumption, carbon dioxide emission, and an in-crease
in efficiency [1-6]. In the automotive industry, studies on electric and hybrid electric
vehicles are underway. Additionally, home electronic appliance industries have invested
in developing high-efficiency motors for vacuum cleaners, washing machines, and air
conditioners. Electric motors and inverters are key components of these industries.

The inverter generates AC power with a variable frequency and voltage magnitude
by switching the power devices. Modulations, such as sinusoidal pulse-width modula-
tion (SPWM) and space-vector pulse-width modulation (SVPWM), are commonly used to
generate AC currents [7-11]. Numerous studies have been conducted to fabricate high-
performance power devices and microprocessors, to improve the inverter efficiency, reduce
the harmonic components of currents, and develop PWM techniques [12-19]. Therefore,
various PWM techniques, such as third-harmonic injection pulse-width modulation (TH-
PWM), discontinuous pulse-width modulation (DPWM), and hybrid PWM, have been
applied in many applications [20-26].

CPWM (continuous PWM) includes SPWM, SVPWM, and THPWM. SPWM is the most
widely used method because it is easy to implement. However, since the voltage command
has only the fundamental wave component, it cannot be used in the overmodulation region.
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Therefore, compared to other methods, the speed and torque range of the motor control is
limited. For SVPWM,, since the output voltage of the inverter is converted to a space vector,
it has a wide range of output voltage. However, it is difficult to build in software because
it requires complicated calculations, such as converting the voltage to a space vector and
determining the switching time of each switch. THPWM is a technique of injecting a third
harmonic component into the voltage command. Therefore, it is possible to expand the
fundamental component to the overmodulation region by reducing the peak value of the
voltage command. In other words, it helps to improve motor performance in the region
above the rated point, especially at high speeds [27,28].

DPWM is a technique whereby the switching of one phase ceases in a specific region
of one cycle, in other words, the phase is clamped to one side of the DC bus. Since the
DPWM method reduces the number of switches, the switching loss of the inverter can
be minimized. Additionally, it has the advantage of generating a voltage command in
the overmodulation area like SVPWM and THPWM. However, reducing the number of
switches may increase the harmonic components of the current that cause the torque ripple.
In addition, there are various DPWM methods according to the on and off cycles, and their
performance is different to the size of the motor and inverter and the speed and load of the
motor driving point.

The implementation of some PWM techniques in the motor control algorithm is
challenging and requires time to calculate the switching sequences. Therefore, the offset
voltage method is a better option for configuring the switching algorithm. This method
adds the offset voltage to the reference voltage, and the switching sequence is determined
by comparing the reference voltage and the carrier wave. This study presents the offset
voltage equation for each PWM technique.

This study analyzed the characteristics of an interior permanent-magnet synchronous
motor (IPMSM) at its driving points using various PWM techniques with the offset voltage
injection method by simulations and experiments. Additionally, three CPWM and six
DPWM techniques with the voltage injecting method are covered, and the simulations
and experiments with six techniques are carried out. In particular, test results according
to speed and load in the rated operating and field-weakening control are presented, so
that the characteristics of the IPMSM and PWM techniques are examined depending on
the driving point. Additionally, the torque is analyzed by the current harmonics. This
is different from the previous studies that presented the control results for the R-L load,
induction motor, or one driving point of the motor [23-26]. The performance characteristics
were analyzed through current harmonic analysis and motor torque. Finally, the efficiency
of the inverter is experimentally validated.

2. Pulse-Width Modulation Method
2.1. Sinusoidal Pulse-Width Modulation

SPWM is the most commonly used voltage modulation technique to obtain a con-
trolled three-phase output voltage. As shown in Figure 1, the switching states are deter-
mined by comparing the triangular carrier wave with the sinusoidal reference voltage.
Wherein V), is the phase A to ground voltage. The maximum modulation index (MI) is 1.
The Ml is the ratio of the fundamental component of the inverter output voltage to half of
the DC bus voltage. The reference pole voltage is a sinusoidal waveform with the desired
magnitude and frequency and can be designed using an analog circuit. Therefore, SPWM
is commonly used in various industrial applications, and because the sampling time is
controlled, it exhibits excellent dynamic characteristics.
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Figure 1. SPWM technique for phase a of a motor (a) reference phase voltage and triangular carrier
wave; (b) switching state; (c) output voltage of the inverter.

2.2. Third-Harmonic Pulse-Width Modulation

THPWM is a voltage modulation method that injects the third-harmonic component
into the sinusoidal reference pole voltage, as shown in Equation (1).

Va*n = A1C05(wet) + A131COS(3a)et) 1)

where A; is the magnitude of the fundamental component and w; is the electrical frequency.
Since the third harmonic reduces the peak value of the voltage command, the fundamental
component can increase to larger than 1. Generally, B;, which represents the magnitude
of the third harmonic, is set to —1/6 and it may be increased MI to 1.155. In the THPWM
technique, the peak value of the phase voltage is smaller than the pole voltage; thus, the
maximum Ml is 2/ \@ However, because of the injected third-harmonic component, it has
the disadvantage of poor current control performance.

2.3. Space Vector Pulse-Width Modulation

The SVPWM is a popular motor control technique. It has fewer harmonic components
in the output current and torque than other PWM techniques; therefore, it is most commonly
used for motor control.

As shown in Figure 2, the reference voltage and switching states are represented in
the d-q plane. The switching states in a three-phase inverter have eight vectors, and during
the control period T, the fundamental volt-second average of the reference voltage, V*, is
generated by synthesizing the eight switching states. That is, two voltage vectors (V;, V;;11)
closest to the reference voltage and zero vectors are used to generate the same fundamental
voltage as the reference voltage, V*. The control period of this voltage modulation, T, is
half that of the switching period.

The range of the fundamental voltage vector with SVPWM is inside the hexagon area.
Therefore, the maximum value of the fundamental component of the phase voltage is
ap-proximately 15.5% greater than that of the SPWM. Additionally, the SVPWM technique
allows an MI of 2/+/3.

In the SVPWM technique, calculating the sequence and switching time of switching
states is complex and requires more time than in other PWM techniques. However, these
problems can be solved using the offset voltage injection method discussed in Section 3.
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Figure 2. Switching states of the SVPWM technique.

2.4. Discontinuous Pulse-Width Modulation

The DPWM technique is used to decrease the number of switching sequences. The
switching loss of the inverter is decreased using the DPWM technique. To reduce the
switching loss, the switches in the phase with the largest current value are generally kept
off. However, in the case of DPWM, since switch states are not changed for 1/3 cycles, the
effective switching frequency is reduced by 2/3 times.

The 60° DPWM technique is the most common one. In Figure 3a, the switching state
of phase A is 1 in the 60° range, where the reference voltage of phase A is larger than that
of the others. Additionally, it is zero in the 60° range when the reference voltage of phase A
is low. The output voltage of the inverter is V;./2 when the switching state of phase A is 1
and — V. /2 when the switching state is zero. In the 60° DPWM technique, the usage of
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switches decreases by 1/3 compared with CPWM.
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Figure 3. The 60° discontinuous PWM technique: (a) 60° DPWM; (b) 60° (+30°) DPWM; (c) 60°
(—30°) DPWM.

To optimize the reduction in switching loss, the switching state should be determined
preferably using the phase current, not the voltage. Therefore, the switching states in
DPWM consider the power factor. If the system has a lagging power factor, then selecting
the 60° (+30°) DPWM technique in Figure 3b is preferable. However, if the system has a
leading power factor, the 60° (—30°) DPWM technique in Figure 3b is preferable.

The 30° DPWM technique, shown in Figure 4a, is remarkable in reducing harmonic
component losses as another DPWM. Additionally, the 120° DPWM in Figure 4b,c is for a
lower cost system. It includes 120° (on) and 120° (off) DPWM. This technique is ineffective
in reducing harmonics but can reduce the number of switching operations.
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Figure 4. Discontinuous PWM technique: (a) 30° DPWM; (b) 120° (on) DPWM; (c) 120° (off) DPWM.

The switching loss of the inverter is reduced with DPWMs; nevertheless, the harmonic

components in the phase currents increase when Ml is low. However, it performs better
than CPWM when the M1 is higher.

3. The Offset Voltage Injection Method

The entire speed control block for the IPMSM is shown in Figure 5a, wherein the PI
controllers are constructed for the speed and current control. It is composed based on
vector control, and the subscripts d and q mean the physical quantities on the d-axis and
g-axis, respectively. Figure 5b shows a magnified view of the red block in Figure 5a, which
shows the PWM with the offset voltage injection method. Wherein v, is the phase A to
ground voltage, v, is the phase A to neutral voltage, and v, is the offset voltage. Some
PWM techniques are complicated for software construction, and the offset voltage injection
method simplifies it. This section introduces the offset voltage equations for each PWM.
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Figure 5. Control block for IPMSM speed control: (a) IPMSM control algorithm; (b) switching
function for injecting the offset voltage.
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3.1. SPWM and THPWM

In the SPWM technique, the reference pole and reference phase voltages are identical.
Therefore, the offset voltage (V) is zero.

In the THPWM technique, a third-harmonic component with a fundamental phase
voltage of —1/6 is injected into the reference voltage. Therefore, the offset voltage is the
same as that of the third-harmonic component. The reference voltage is given by (2), and
its third-harmonic component is expressed in (3),

Vi = Viycost, 2

_Vingsqany — Vo (4 Vi) aVas
Von = G cos(30) = G <4<Vm 3Vm . (©)]

Using the magnitude of the reference phase voltages and Kirchhoff’s rule, Equations (4)
and (5) are given as

2
Vin = \/ 3 (Va2 + V2 +ViE?), 4)
Vas + Vi + Vs = 0. ©)
The offset voltage for THPWM in Equation (6) is written using Equations (3)—(5) as
Vias Vs Ves
Vil 4+ VE2 + V2

Von = (6)
3.2. Space Vector Pulse-Width Modulation

As shown in Figure 6, the concept of calculating the offset voltage for SVPWM arranges
the effective voltage to the center of one modulation cycle.

v, [¢——On sequence——>»<«——O0Off sequence——>|
2
Vn:ax
Vi —% -
Vi
0 >
A T; 2T
A 4
Vr:in
Ve
2 Zero Valid Zero Zero Valid Zero
1 Vector Vector Vector Vector Vector Vector
S, 0 1 1 1 1 1 1 0
0 >
1
S, 0 0 1 1 1 1 |0 0
0 >
1
S.| 0 0 O 1 1 0 0 0 -
0 Ll

Figure 6. Technique for symmetric SVPWM.
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Voltage [V]

Therefore, the offset voltage of the SVPWM is written as Equations (7) and (8), setting
the absolute values of the maximum and minimum pole voltages to be the same.

Vrjtax + Von = _( njin + VS”)' )
v V.
Vsn = —Max ; i (8)

Figure 7 shows the relationships between the reference voltages of CPWMs from
simulations, wherein the reference pole voltage (V,,;) was obtained by injecting the offset
voltage (V) into the sinusoidal reference phase voltage (V,s). Figure 7a—c represent the
voltage relations of SPWM, THPWM, and SVPWM, respectively.

60 60

@
=]
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Figure 7. Voltage relationships of the CPWM: (a) SPWM; (b) THPWM,; (c) SVPWM.

3.3. Sixty-Degrees Discontinuous Pulse-Width Modulation

As shown in Figure 3b, for the 60° DPWM technique, the switching state is one or zero
in the 60° range when the reference voltage of one phase is the maximum or mini-mum,
respectively. Accordingly, the offset voltage of the 60° DPWM is expressed as follows:

Var = % — Viax (when Vi + Vg, > 0) ©)
‘/Sn = —M — Vntzn (When Vr):lax + Vi:;ln < O).

The reference pole voltage (V;,) was obtained by injecting the offset voltage (V) into
the reference phase voltage (V;s), as shown in Figure 8.

60

40

N
o o

Voltage [V]

~

2.02 2.03 2,04 2.05

Time (s)

2.01

Figure 8. Voltage relations of 60° DPWM.
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The 60° (+30°) DPWM and 60° (—30°) DPWM techniques are shown in Figure 3b,c,
respectively. The voltage equations of the 60° (+30°) DPWM can be expressed as follows:

Vi = @ — Vi (when Vs = VI and Vi > 0),
Ven = —=4¢ — Vi (when Vg = VX, and Vi < 0),
Vor = Y5 — Vi, (e Vi, = Vg and Vi > 0),
Vin = —@ — Vi (when Vi, = V2, and Vi, < 0),
Ven = Vdc — Vi (when Vi = V. and Vi > 0),
Ven = —@ — Vi (when Vi = V5. and Vi, < 0).

(10)

Moreover, the voltage equations of the 60° (—30°) DPWM can be expressed as follows:

Ven = 4¢ = Vi (when Vs = Vg and Vi > 0),
Vi = _M Vi (when Vg = VX and Vi < 0),
Viy = @ — Vi (when Vi = V. and Vi > 0),
V., = Vdc — Vi (when Vi, = VX and Vi <0),
Vip = @ Vs (when Vi = V. and Vi > 0),
Vin = 7@ — Vi (when Vi = Vi and Vi <0).

(11)

The relationships between the reference voltages of the 60° (+30°) DPWM and the 60°
(—30°) DPWM are shown in Figure 9a,b.

60 T T T T - 60
‘_v
w Vo

40 40

GVTEINIY
; \\> :; 29

2.01 2.02 2.03 2.04 2.05 2 2.01 2.62 2.63 2.04 2“05
Time (s) Time (s)

(a) (b)

Figure 9. Voltage relationships of the 60° DPWM.: (a) 60° (+30°) DPWM;(b) 60° (—30°) DPWM.

2

o
o

Voltage [V]
o
Voltage [V]
o

o

3.4. Other Discontinuous Pulse-Width Modulations

The 30° DPWM in Figure 4a has a complementary relationship with the 60° DPWM.
Therefore, the offset voltage can be written as follows:

Van = =4 = Vi, (when Vi + Vi, > 0) (12)
Von = & — Viax (WhETl Vinax + V;:lli’l < 0)

The 120° (on) DPWM and the 120° (off) DPWM in Figure 4b,c can be expressed as
Equations (13) and (14), respectively:

VdC V*

Vsn = 7 maxs (13)
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Vdc
= — Vi (14)
The reference voltage relationships between these are shown in Figure 10.
60 60 60
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Figure 10. Voltage relations of other DPWMs: (a) +30° DPWM,; (b) 120° (on) DPWM; (c) 120°
(off) DPWM.

4. Test Results of the IPMSM
4.1. Simulation Results

The specifications of the IPMSM for the simulation are listed in Table 1. The simulation
was conducted by configuring the block diagram shown in Figure 5. In the simulation, the
back EMF of the IPMSM was assumed to be a sinusoidal wave, and the cogging torque was
set to be 0. At this time, 10 kHz switching frequency was applied to all PWMs in simulations
and experiments. The test simulated driving the motor at the desired speed through speed
control with applying load torque to the motor. Conversely, in the experiment in the
following section, current control was performed when the motor was driving at a constant
speed, as measured by the dynamometer. The following figures show the simulation results
when the IPMSM was controlled at 400 rpm and 1.6 Nm of load torque and 1500 rpm
and 1.0 Nm.

Table 1. IPMSM specifications.

Variables Value Unit
Resistance 2.85 Ohm
Rated speed 1250 rpm
DC Supply Voltage 100 v
Rated current 3.25 A
Number of Poles 8 -
d-axis inductance 20.26 mH
g-axis inductance 22.67 mH

The simulation results in Figures 11 and 12 show the current harmonics and motor
torque in the steady state section when the desired speed is 400 rpm with 1.6 Nm of load
torque. In the case of the harmonic components in Figure 11, the harmonics of 120 DPWM
are relatively high except for the third- and sixth-order harmonics, but the harmonics of
SPWM and 60° DPWM are relatively small. Additionally, the fifth- and seventh-order
harmonics of SVPWM are higher than other PWMs. The result of the 30° DPM is similar
to that of the 120° DPWM. Figure 12a—f show the results of SPWM, SVPWM, THPWM,
60° DPWM, 30° DPWM, and 120° (off) DPWM, respectively. In Figure 12, the torque ripple
of SPWM and THPWM are slightly smaller, and that of SVPWM and 120° (off) DPWM are
similar. This can be understood from the results of the current harmonics that the torque
ripple of the sixth-order harmonic is small in SPWM and THPWM where the fifth- and
seventh-order current harmonics are small [29]. Additionally, in Figure 12, in the case of
the 60° DPWM and the 30° DPWM, the notches are generated in the torque. This occurs in
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Torque [Nm]

Torque [Nm]

the switching transition timing when the voltage of Vdc/2 or —Vdc/2 is suddenly applied,
and it is the characteristic of DPWM.
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Figure 11. Simulation results of phase current harmonics in steady state at 400 rpm and 1.6 Nm.
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Figure 12. Simulation results of motor torque in steady state at 400 rpm and 1.6 Nm of load torque:
(a) SPWM; (b) THPWM; (c) SVPWM; (d) 60° DPWM; (e) 30° DPWM; (f) 120° (off) DPWM.

The simulation results in Figures 13 and 14 show the current harmonics and motor
torque when the desired speed is 1500 rpm with 1.0 Nm of load torque. The second- and
fourth-order harmonics of 120 DPWM are high and the fifth- and seventh-order harmonics
of SPWM are higher than other PWMs. From the following figure, it is confirmed that the
fifth and seventh harmonics have a greater effect on the torque ripple than the second and
fourth harmonics. Figure 14a—f show the results of SPWM, SVPWM, THPWM, 60° DPWM,
30° DPWM, and 120° DPWM, respectively. Additionally, in Figure 14, the small box at
the bottom magnifies the torque for about 0.2 s in the maximum torque section, and the
small box at the top shows the torque for about 0.2 s in steady state. The rated speed of this
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motor is 1250 rpm, so maximum torque control was performed from 0 to 1250 rpm, and
field-weakening control was performed after 1250 rpm. Therefore, in Figure 14, it can be
seen that the maximum torque is performed until about 0.35 s, and field-weakening control
is performed in the subsequent section. In the maximum torque section, the torque ripple in
Figure 14c,d is higher. In Figure 14a, in the case of SPMW, the field-weakening control start
time is faster than other PWMs but the settling time is 20% slower. In the field-weakening
control section, the torque ripple of SPWM has increased noticeably compared to other
results. This shows that the motor control performance rapidly decreases after the rated
speed because the MI of SPWM is lower than that of the others. What is noteworthy is that
in the case of the 120° DPWM, there is no significant difference in performance compared
to SVPWM and THPWM in torque ripple, and the torque ripples of the three methods
are similar.

0.9 T T T T T T
—0.8F |[EESPWM 4
X EESsvVPWM
o 0.7+ [EJTHPWM 4
;9 El60°DPWM
= 0.6 [EE30°DPWM 1
< E120°0ff DPWM
g 0.5F R
3
c04r .
5
L
S 03 J
[

o

£02r 4

(3]

Lot | 1
0 1 Amolmomn 1

2 3 4 5 6 7
Harmonic Order

Figure 13. Simulation results of phase current harmonics in steady state at 1500 rpm and 1.0 Nm.

4.2. Experimental Results

An experiment was performed to compare the characteristics of various PWMs. The
5000 W interior permanent-magnet synchronous motor (IPMSM) and experimental setup
for the test are shown in Figure 15a,b, respectively. A power analyzer was implemented to
measure the efficiency, power factor, and output of the inverter, and an oscilloscope was
set to measure the phase voltage and currents of the IPMSM. In the experiment, current
control was performed when the motor was driving at a constant speed, as measured by
the dynamometer. Additionally, the IPMSM was controlled at speeds of 200 to 1200 rpm,
and the load torque varied by the current command at these speeds. Additionally, the
current command is same with the peak value of the phase current.

The measured data of phase A from the IPMSM control at 400 and 1000 rpm using
SPWM, THPWM, SVPWM, 60° DPWM, 30° DPWM, and 120° (off) DPWM are shown in
Figures 16a—f and 17af, respectively. The blue, red, and green lines represent the reference
phase voltage, reference pole voltage, and phase current, respectively. In these figures, the
characteristics of the reference voltages and the phase currents are verified. In particular, the
reference pole voltage in the experiment and the simulation results in the previous chapter
appeared to be similar, which proves that the speed control using each PWM performs well.
Additionally, comparing Figures 16 and 17, it can be confirmed that the sinusoidal current
is controlled well at a higher speed since the harmonic component decreased. This is also
shown in the next Figures 18 and 19 which shows the harmonics of current and MI values.
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Figure 14. Simulation results of motor torque at 1500 rpm of command and 1.0 Nm of load torque:
(a) SPWM; (b) THPWM; (c) SVPWM; (d) 60° DPWM; (e) 30° DPWM; (f) 120° (off) DPWM.
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Figure 15. Experimental setup for IPMSM control: (a) IPMSM for the experiments; (b) experimen-
tal setup.
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Figure 16. Experimental results at 400 rpm and 1.5 A depending on the PWM technique: (a) SPWM;
(b) THPWM; (c) SVPWM; (d) 60° DPWM; (e) 30° DPWM; (f) 120° (off) DPWM.
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Figure 17. Experimental results at 1000 rpm and 3 A depending on the PWM technique: (a) SPWM;
(b) THPWM; (c) SVPWM; (d) 60° DPWM; (e) 30° DPWM; (£) 120° (off) DPWM.

From the simulation results, the harmonics of the current help to expect the torque rip-
ple. In particular, the fifth and seventh harmonics have a greater effect on the torque ripple.
Figure 18 shows the spectrum analysis result for the current waveform in Figures 16 and 17.
Figure 18a,b are the results of fundamental and harmonic analysis for phase current at
400 rpm and 1.5 A of current command, respectively, Figure 18c,d show the results at
1000 rpm and 3 A of current command, and Figure 18e,f show the results at 1200 rpm
and 3 A of current command. The y-axis represents the ratio of each harmonic to the
command magnitude. In Figure 18a, the fundamental components are different by less
than 0.5% regardless of the PWM methods. In Figure 18b, the second harmonic in 120°
(off) DPWM is three times larger than that of other methods and the second harmonic in
SPWM is the smallest. These are similar to the simulation results. Additionally, the fifth
and seventh harmonics in the 30° DPWM are twice that of other methods. In Figure 18c,
the fundamental components in the 30° PWM and the 120° (off) DPWM are 1% larger
than others. In Figure 18d, the overall harmonic components are smaller than the results
of 400 rpm in Figure 18b. In Figure 18e, the fundamental components in SPWM are 84%
(about 2.5 A) and much smaller than the others. It is confirmed that the current value using
SPWM drops sharply as the rated speed is exceeded. In Figure 18f, harmonic components
are similar to the trend in Figure 18d.
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Figure 18. Spectrum of phase current depending on the PWM technique: (a) fundamental component
at 400 rpm and 1.5 A; (b) harmonics at 400 rpm and 1.5 A; (¢) fundamental component at 1000 rpm
and 3 A; (d) harmonics at 1000 rpm and 3 A; (e) fundamental component at 1200 rpm and 3 A;
(f) harmonics at 1200 rpm and 3 A.

The torque per voltage MI (TPV) depending on the PWM technique is shown in
Figure 19. The value means the unit voltage required to generate torque. In other words, if
the TPV is large, it requires less voltage to generate the same torque. Overall, the TPV of the
DPWM techniques is higher than those of the CPWM techniques. In fact, in the experiment
of the same current command, the MI of DPWM was measured to be relatively low. It
seems that the effective voltage of DPWM is high at the same current command because the
number of switches is small, and the dead time is reduced accordingly. Therefore, CPWM
techniques have a more fundamental component of phase voltage to generate the desired
current. It is also shown in Figure 18 that CPWM has relatively fewer harmonics than
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DPWM from the current spectrum data. Additionally, in general, at low MI, the voltage
harmonics of DPWM are larger than those of CPWM, and the effective switching frequency
of DPWM is small, so the harmonics relatively increase [30]. In Figure 19d, the results
of SPWM at 1200 rpm are decreased by increasing the current command, since the MI of
SPWM is 85%, theoretically. It is confirmed that the performance of the current control with
SPWM is not completely over the rated driving point.
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Figure 19. Experimental results of torque per MI depending on the PWM technique at (a) 200 rpm;
(b) 600 rpm; (c) 1000 rpm; (d) 1200 rpm.

In Figure 20a, the inverter efficiency of the 60° DPWM is 1-3% higher than that
of other methods at low speed. In addition, the efficiency of the 30° DPWM and the
120° DPWM decreases in the low-torque region, but as the torque increases, there is no
significant difference in efficiency compared to other methods. On the other hand, as shown
in Figure 20b, the efficiency of the 60° DPWM and the 30° DPWM at 600 rpm is about
0.5% higher than others. In Figure 20c, the efficiency of the 120° (off) DPWM and the
30° DPWM at 1000 rpm is slightly higher than others, but that of THPWM is about 1% lower
than other methods. From the results in Figure 20, PWM performance varies according to
speed and torque region, and selecting an appropriate method in the control domain will
help to improve efficiency. In addition, it needs to analyze the characteristics above the
rated region, that is, in the field-weakening area.

Unlike simulations using ideal sine wave back EMEF, the actual motor back EMF
includes harmonics. Therefore, the current and torque of the motor vary according to the
back EMF waveform. Additionally, harmonic components appear larger in the experimental
results than in the simulations. According to the test results, the trends of the current
harmonics and the efficiency also vary depending on the speed and load of the motor. In
the case of the 120° DPWM, the number of switches is reduced compared to other methods,
but relatively high harmonics are caused. However, as shown in Figure 20, the inverter
efficiency is similar to other methods. However, the noise or vibration due to the second
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and fifth harmonics will be larger than other methods in high-speed driving, and therefore
the 120° DPWM will be a better selection in the low-speed region than high-speed. In the
case of SPWM and SVPWM, the fundamental component is high, but the harmonics are
low, therefore it will be a good selection at the high-speed region. However, since the motor
cannot be driven in the overmodulation region with SPWM, SVPWM should be selected
for the overmodulation region control.
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Figure 20. Experimental results of the inverter efficiency depending on the PWM technique at
(a) 200 rpm; (b) 600 rpm; (c) 1000 rpm; (d) 1200 rpm.

5. Conclusions

This study analyzed the characteristics of [IPMSM by the PWM techniques. The PWM
techniques considered in this study are commonly used in all industries. Since some PWM
techniques are complicated for construction, the offset voltage injection method is used
for the experiments. The results with the offset voltage injection method are not much
different from those without. Therefore, since it can be constructed with a relatively simple
algorithm, it will have a good influence on selecting a PWM technique in the future.

In particular, the control performance of each PWM was confirmed through current
harmonics and torque ripple analysis according to the operating range of the IPMSM. Ad-
ditionally, the performance was validated by measuring the motor and inverter efficiencies
depending on various PWM techniques for the IPMSM. Speed control was performed ac-
cording to the speed and load of the motor, and phase current and efficiency were measured
in each test. From the results, the CPWM technique had a higher MI than that of DPWM
but a lower inverter efficiency. However, motor performance varied depending on the
operating speed, load torque, and PWM method. It is important to select the proper PWM
method according to speed and load, and it is more important in the case of operating over
the rated speed.
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