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Generalized N-State Random Pulse Position
Discontinuous PWM for High-Frequency Harmonics
Reduction and Performance Improvement at High
Modulation Ratios

Peiran Zhang ™, Shanming Wang

Abstract—In previous studies, generalized N-state random pulse
position space vector pulsewidth modulation (GNSRPP-SVPWM)
has been verified to significantly disperse dominant high-frequency
PWM harmonics with constant sampling frequency. However, due
to the short durations of zero-voltage vectors at high modulation
ratios, SVPWM with two equally distributed zero-voltage vectors is
inferior than discontinuous PWM (DPWM) with one zero-voltage
vector in reducing harmonic distortion and switching power losses.
Therefore, to significantly disperse dominant high-frequency PWM
harmonics, reduce harmonic distortion and improve inverter per-
formance, this article proposed GNSRPP-DPWM, which is more
advantageous than other random PWM (RPWM) strategies at high
modulation ratios. In addition, by avoiding the switching opera-
tions of the phase with higher phase current magnitude, GNSRPP-
DPWM further reduces switching power losses. At the same time,
GNSRPP-DPWM maintains constant sampling frequency, thus not
affecting the closed-loop control system. Mathematical analysis,
simulations and experiments all verify the effectiveness and ad-
vantages of the proposed GNSRPP-DPWM.

Index Terms—Constant sampling frequency, discontinuous
pulsewidth modulation (DPWM), harmonic reduction, inverter
performance, random pulse position.

1. INTRODUCTION

ULSEWIDTH modulation (PWM) technology is widely
Pemployed in voltage source inverters (VSIs) to enhance
both static and dynamic performances [1]. With increasing
relevance in daily life, PWM-controlled VSIs find extensive ap-
plication in areas including AC motor drives, active power filter,
static var generation, grid-tied photovoltaic systems, renewable
energy conversion [2], [3].

Space vector PWM (SVPWM) with two equally distributed
zero-voltage vectors (Vy and V7) and six switching operations
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during each carrier period is recognized as the low-harmonic-
distortion modulation strategy [4]. However, due to the short
time durations of zero-voltage vectors, narrow pulses will be
generated at high modulation ratios. To make the situation worse,
the equal distribution of the two zero-voltage vectors further
shortens the narrow pulses.

Discontinuous PWM (DPWM) strategies with four switch-
ing operations during each carrier period offer considerable
advantages at high modulation ratios [5]. DPWM uses only
one selected zero-voltage vector per carrier period by either:
connecting the phase leg with the maximum duty cycle to the
upper dc rail for the entire carrier period (DPWMMAX) or
connecting the phase leg with the minimum duty cycle to the
lower dc rail for the entire carrier period (DPWMMIN). Com-
pared with SVPWM, these strategies eliminate two switching
operations per carrier period, enabling a nominal value of 3/2
increase in switching frequency for the same inverter losses
[5]. Based on the principle that the zero-voltage vector to be
eliminated is the vector which introduces more switching losses,
many DPWM strategies have been discussed in detail to further
reduce switching power losses [6], [7], [8].

Nevertheless, both SVPWM and DPWM generate high-
frequency dominant PWM harmonic peaks, which will lead to
high-frequency current ripple [9], high-frequency electromag-
netic vibration and noise [10], [11], [12], strong electromagnetic
interference [13], [14] and other problems.

Random PWM (RPWM) strategy effectively addresses the
issues discussed above without additional costs. Compared to
fixed carrier frequency RPWM (FCF-RPWM), random carrier
frequency PWM (RCF-PWM) exhibits superior harmonic dis-
persion [15], [16]. In recent years, Xu et al. [17] and Bu et al.
[18] optimize the probability density distribution function for
RCF-PWM to further suppress the PWM harmonics. Besides,
periodic carrier frequency PWM is used to optimize the periodic
profiles [19], and solve NVH problems of VSI-fed electrical
machine [20]. In [21], to suppress the PWM harmonics near the
first and second carrier frequencies, Markov chain is applied
to RCF-PWM, and the vectors order is also adjusted. In [22],
changes in the shape of the triangular carrier wave, along with
random carrier frequencies and pulse centers, are implemented
while maintaining a constant duty cycle. Bu et al. [23] have
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partitioned the frequency range to more effectively reduce high-
frequency PWM harmonics.

However, in closed-loop digitally controlled system, using
RCF-PWM strategies, which involve variable carrier frequen-
cies, will lead to variable sampling frequencies, potentially
deteriorating the performance of the closed-loop systems [23],
[24], [25].

FCF-RPWM strategies, characterized by fixed carrier fre-
quency and fixed sampling frequency, are appropriate for closed-
loop control systems. However, traditional FCF-RPWM tech-
niques, such as random lead-lag PWM, random center dis-
placement PWM (RCD-PWM), and random zero vector dis-
tribution PWM (RZD-PWM), exhibit poor harmonic suppres-
sion performance [26], [27], [28]. To significantly improve
the harmonic dispersion performance of FCF-RPWM, Zhang
et al. [29] proposed N-state random pulse position SVPWM
(NSRPP-SVPWM), which effectively disperses dominant dis-
crete PWM harmonic peaks. Nevertheless, this approach will
result in simultaneous multi-phase switching operations, which
should be avoided in practical applications due to associated
noise, nuisance trips, strong interference, and instantaneous line-
to-line voltage reversals [30], [31], [32], [33]. Therefore, gener-
alized NSRPP-SVPWM (GNSRPP-SVPWM) proposed in [34]
mitigates these issues by eliminating simultaneous multi-phase
switching operations and significantly reducing extra switching
counts (ESCs) without impacting the performance of PWM
harmonic dispersion. However, GNSRPP-SVPWM suffers the
defect of short durations of the two zero-voltage vectors at high
modulation ratios, which makes it natural to associate that one
zero-voltage vector should be eliminated at high modulation
ratios to further improve the inverter performance.

Combining DPWM with random strategy to significantly dis-
perse PWM harmonics while taking full advantage of DPWM at
high modulation ratios is currently a gap, which is the motivation
and goal of this article. In this article, GNSRPP-DPWM is
introduced, analyzed and compared with other RPWM strategies
to show its advantages at high modulation ratios. The working
process of the proposed GNSRPP-DPWM is divided into three
steps. First, the zero-voltage vector that introduces more switch-
ing losses is eliminated. Then, the corresponding fundamental
carrier patterns are determined. Finally, one of the N fundamental
carrier patterns is randomly selected for each carrier period.

Theoretical analysis, simulation and experiment all confirm
the advantages of the proposed GNSRPP-DPWM at high mod-
ulation ratios in four aspects. First, it effectively reduces the
dominant PWM harmonic peaks, with the exception of those
close to the Nth carrier frequency and its multiples. Sec-
ond, GNSRPP-DPWM maintains constant sampling frequency,
which makes it applicable in closed-loop control systems. Third,
simultaneous multiphase switching operations are completely
avoided. Fourth, compared with other RPWM strategies, the
proposed GNSRPP-DPWM has lower switching power losses,
lower phase current total harmonic distortion (THD) and better
inverter performance at high modulation ratios.

The rest of this article is organized as follows. In Sec-
tion II, the advantages of DPWM at high modulation ratios are
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Fig. 1. Traditional three-phase two-level voltage source inverter.

introduced and explained. Section III reviews the traditional
RPWM strategies. In Section IV, reference waves, working pro-
cess, design of fundamental carrier patterns and PWM harmon-
ics dispersion principle of the proposed strategies are introduced.
Simulation results are shown in Section V. Experiments are
conducted in Section VI. Finally, Section VII concludes this
article.

II. ADVANTAGES OF DPWM AT HIGH MODULATION RATIOS

As shown in Fig. 1, the topology of the tested converter is a
three-phase two-level inverter, which is widely used in indus-
trial applications. In the differential-mode domain, three-phase
voltages (Vas, Vs, and V) determine three-phase currents
(ia, ip, and i), and are defined by the three-phase output PWM
pulses (Vag4, Vg, and V) as follows:

1

Vas = 3 (2Vag — VBg — Viog)
1
Vps = g ( VBy - VAg - VCg)
1
Veos = 3 (2ch — VAg — VBg) . (1)

Fig. 2 illustrates the three-phase output PWM pulses and the
corresponding three-phase currents for conventional SVPWM,
DPWMMAX and DPWMMIN at a high modulation ratio. And
the carrier period of conventional SVPWM is 1.5 times that
of DPWM. It is evident that the phase current ripple of DP-
WMMAX or DPWMMIN is smaller than that of conventional
SVPWM. This is due to the short durations of zero-voltage
vectors, segmenting active space vectors is more advantageous
than segmenting zero-voltage vectors in reducing harmonic
distortion. The work in [5] proves by mathematical analysis that
when the modulation ratio is larger than 0.75, DPWM strategies
become more advantageous than SVPWM in reducing harmonic
distortion.

Moreover, it can be seen that DPWMMAX can avoid the
switching operations of the phase with the maximum duty cycle,
and DPWMMIN can avoid the switching operations of the phase
with the minimum duty cycle.
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Fig. 2. Illustration of three-phase output PWM pulses and the corresponding

three-phase currents for (a) conventional SVPWM, (b) DPWMMAX, and (c)
DPWMMIN.

DPWMMAX and DPWMMIN can be used alternately ac-
cording to power factor angle or phase current magnitude com-
parison to avoid the switching operations with more switching
losses. In a closed-loop control system, three-phase currents are
sampled to conduct closed-loop control. Therefore, this article
adopts the method of phase current magnitude comparison.

III. REVIEW OF THE TRADITIONAL RPWM STRATEGIES

As shown in Fig. 3(a), for RCF-PWM, the carrier period T
is selected randomly within a defined range (7,1, T,2). And the
probability density distribution function can be introduced to
further reduce the PWM harmonics. However, because the con-
trol algorithm synchronizes with the carrier period, the variable
current sampling frequency deteriorates the closed-loop system
performance.

As shown in Fig. 3(b), for RCD-PWM, the three-phase output
PWM pulses share the same carrier, are aligned at the center,
and their central position is randomly shifted by Trcp from the
midpoint of the carrier period. It is crucial to ensure that the
three-phase output PWM pulses do not exceed the boundaries
of the carrier period.

As shown in Fig. 3(c), for RZD-PWM, the three-phase output
PWM pulses share the same carrier, are center-aligned at the
midpoint of the carrier period, and the ratio between the dura-
tions of the two zero-voltage vectors, V((000) and V7(111), is
randomized.

Obviously, the PWM harmonic reduction effect of both RCD-
PWM and RZD-PWM is limited by the short durations of zero-
voltage vectors.

As illustrated in Fig. 4, 4SRPP-SVPWM is taken as an exam-
ple of NSRPP-SVPWM to illustrate. By randomly selecting one
of the four carrier patterns with the carrier phase shift angles
of “07, “m/2”, “mw,)” and “37w/2” for each carrier period, the
carrier wave intersects the three-phase phase reference waves
V Ra,V Rp, and V R¢ to generate the three-phase output PWM
pulses. While 4SRPP-SVPWM effectively disperses dominant
PWM harmonics and maintains a constant sampling frequency,
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Fig. 3. Illustration of traditional RPWM strategies. (a) Random carrier fre-
quency PWM. (b) Random center displacement PWM. (c¢) Random zero vector
distribution PWM.
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Fig. 4. Working process of 4SRPP-SVPWM.

it also leads to simultaneous multiphase switching operations at
the carrier period boundaries, as shown in Fig. 4.

Therefore, GNSRPP-SVPWM is introduced to address the
shortcomings of NSRPP-SVPWM. Illustrated in Fig. 5 with
G4SRPP-SVPWM as an example, this approach sets the carrier
phase shift angles of the four carrier patterns to “z/4”, “3mw /47,
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Working process of G4SRPP-SVPWM.

“br/4,” and “7Tw/4”. This configuration effectively prevents
simultaneous multiphase switching operations, with only the
phase having the medium duty cycle potentially introducing
ESCs.

However, at high modulation ratios, the short durations of
zero-voltage vectors constrain the performance of GNSRPP-
SVPWM. Thus, this article is dedicated to combining DPWM
with RPWM and takes full advantage of DPWM at high modu-
lation ratios.

IV. INTRODUCTION AND ANALYSIS OF THE PROPOSED
GNSRPP-DPWM

A. Three-Phase Reference Waves

The normalized three-phase voltages are defined as VN 4, VN g
and VN, and they meet

VN4 (t) = %a - cos (wot)
VNp(t) =V N4 (t— gﬂ')
V Ne (t) =VNy (t + :2))71') 2)

where wy is the angular frequency of fundamental component,
and the modulation ratio a is defined as

V3
Vae
where |V 4_gun | refers to the amplitude of the fundamental phase

voltage, V4. denotes the dc-link voltage and 0 < a <1.
Define the duty cycle as

‘VAsffun| (3)

a =

Dyi(t) =0.5- (VN (t) + V Ny (£)) + 0.5 “)

where ph = A, B, or C for three phases. VN is the zero-sequence
voltage injected into the normalized three-phase voltages. In the
following description, Dy,ax and Dy, are the maximum and
minimum duty cycles, respectively. And VN ax, VNmid, and
VNmin are the maximum, medium and minimum values of the
normalized three-phase voltages.
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When utilizing only the zero-voltage vector V(000), the
resulting injected zero-sequence voltage with “Dyy,(t) = 07
is determined to be “V Ny(t) = —1 — V Npin(t).” Conversely,
when the zero-voltage vector V;(111) is the only one used, the
injected zero-sequence voltage with “ Dy« (t) = 1”is calculated
as “V'Ny(t) = 1 — V Nax(t).” Consequently, the A-phase ref-
erence waves of DPWMMAX and DPWMMIN are expressed
as

+ (1 = VNpax (1))
&)

2
—a - cos (wot)

V3

V Ropwmmax_4 (t) =

2
—a - cos (wot) +

N (=1 — VN (£)).

(6)

The proposed random strategies only change the output PWM
pulse positions, while the reference waves remain as shown in
(5) and (6).

In closed-loop control systems, three-phase currents are sam-
pled every carrier period. GNSRPP-DPWM first compares the
phase current magnitudes of the phases with the maximum and
minimum duty cycles, and then decides whether to use DPWM-
MAX or DPWMMIN to avoid the switching operations with
more switching losses. Therefore, for the proposed GNSRPP-
DPWM, the injected zero-sequence voltage is expressed as

V Rppwmmin_4 (t) =

V NeNsrpp-DPWM_0 (1)

_ {1 - VNrnax (t) ) |iDma,x (t)| Z |iDmin (t)|

|iDmax (t)| < |iD min (t)|

where |i pmax| and | pmin| denote the phase current magnitudes
with the maximum and minimum duty cycles, respectively.

Then, the A-phase reference wave of the proposed GNSRPP-
DPWM is expressed as

—-1- VNmin (t) 5 (7)

V RansrPP-DPWM._A (1)

2 - cos (wot) +

Z (1 =V Nmax (1)),
|2Dmax( )| > |2Dm1n (t)| (8)
Z5a - cos (wot) + (=1 = VNuin (1)),
)

|2Dmax( | < |ZDIIIII1 (t)|

B. Working Process

The proposed strategy features N fundamental carrier patterns
available for random selection. As depicted in Fig. 6(a) and (b),
the operational process relies on a random number generator to
select randomly from these N patterns with equal probability
during each carrier period.

C. Design of Fundamental Carrier Patterns

G3SRPP-DPWM and G4SRPP-DPWM are taken as exam-
ples of the proposed GNSRPP-DPWM to analyze. Then, other
GNSRPP-DPWM with odd integer N can be derived by analogy
from G3SRPP-DPWM. And other GNSRPP-DPWM with even
integer N can be derived by analogy from G4SRPP-DPWM.

1) G4SRPP-DPWM: Fig. 7 demonstrates that in the pro-
posed G4SRPP-DPWM method, the phase-shift angles of the
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Fig. 6. Process for random carrier pattern selection. (a) Random number
generation. (b) Carrier wave.

l = Boundaries VR (t) —— VRy(t) —— VR (1)

W e e

Reference waves

-0.5
( \ l/ \\I s s
Q “\6 @\’L 5“\6 1 ®\b %“\’L \\,\‘\b o
wot(rad)
Fig. 7. Three-phase reference waves and possible boundary values of various
fundamental carrier patterns for G4SRPP-DPWM with the modulation ratio
a= L and unity power factor load.
= Boundaries VR (t)— VR (1) —— VR (1) \/
1 -—->
9]
Sl DE DE S L > [\/ \/\
o
g
s B DK o< = »i LD Z\\/
o 213 473
s /N
S0 A® (028 .

wot (rad)

Fig. 8.  Three-phase reference waves and possible boundary values of various
fundamental carrier patterns for G3SRPP-DPWM with the modulation ratio
a= % and unity power factor load.

four fundamental carrier patterns are set to “mw/4”, “37/4”,
“5m/4,” and “77 /4” with the corresponding boundary values of
“0.57,“—0.5”,“—0.5,” and “0.5.” Each pair of them is separated
by a phase-shift angle of 7/2 or its multiples.

When it satisfies that “V Rppwmmax 4(0) < —1/2” or
“V Rppwmmin_4(0) > 1/27, ie., a > @ the reference wave
values for two phases consistently higher or lower than all
boundary values of the four fundamental carrier patterns, as
shown in Fig. 7. This effectively eliminates the possibility of
simultaneous multiphase switching operations.

2) G3SRPP-DPWM: As shown in Fig. 8, for the proposed
G3SRPP-DPWM, there are two cases.

Case 1: When it satisfies that “VNy(t) = 1 — V Npax (2),”
the phase-shift angles of the three fundamental carrier patterns
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Fig. 9.  Unit cell for double Fourier integral with unity power factor load and
the carrier phase shift angle of a.

are set to “0”, “27/3,” and “4m/3”, with the corresponding
boundary values of “1”, “—1/3,” and “—1/3".

Case 2: When it satisfies that “V Ny(t) = —1 — V Nyin ()",
the phase-shift angles of the three fundamental carrier patterns
are set to “m/3”, “m,” and “57/3,” with the corresponding
boundary values of “1/3”, “—1,” and “1/3.”

For both cases, there is a carrier phase shift angle of 27/3
between each pair of the three fundamental carrier patterns.

When it satisfies that “VRDPWMMAX 4(0) < =1/3” or
“V Rppwmmin_4(0) > 1/37, 1e., a > —= 3 = the reference wave
values for two phases consistently higher or lower than all
boundary values of the three fundamental carrier patterns, as
shown in Fig. 8. This effectively eliminates the possibility of
simultaneous multiphase switching operations.

D. PWM Harmonics Dispersion Principle

Two-dimensional Fourier analysis is used to conduct PWM
harmonic analysis. This method maps time ¢ to two dimensions:
the carrier period (x = 27f.t = wf) and the modulating function
period (y = 27f,t = w,t). The output PWM pulse, which varies
over time, is characterized by its PWM harmonic components
as follows:

Vie | w— .
Vag(t) = ; + Z [Agn cos (nwot) + Bop sin (nwot)]
n=1

£y Y

m=1n=-o0

mn €0s (mwet + nwot)
+ B sin (mw.t + nwot)] 9)

where m represents the carrier index, n denotes the baseband
index, A, and B,,, refer to the PWM harmonic amplitudes,
and w, denotes the angular carrier frequency.

The unit cell for double Fourier integral with unity power
factor load and the carrier phase shift angle of « is shown in
Fig.9. Thus, naturally sampled modulation yields the following
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Fig. 10.  Simulated waveforms when using the conventional SVPWM with the
modulation ratio @ = 0.85 and the carrier frequency f. = 10 kHz. (a) Intersection
between carrier and three-phase reference waves. (b) Random number. (c) A-
phase output PWM pulse. (d) B-phase output PWM pulse. (e) C-phase output

PWM pulse. (f) A-phase voltage. (g) Three-phase currents.

TABLE I
PARAMETERS OF SIMULATION BACKGROUND

Parameters Value
DC-link voltage 600 V
Modulation ratio 0.85
Carrier frequency 10 kHz
Fundamental frequency 60 Hz
RL load R =15Q0,L =3mH
Power factor angle 4.31°
TABLE II
SWITCHING POWER LOSSES AND PHASE CURRENT THD OF DIFFERENT
STRATEGIES
. . Switchin, Phase Current
Modulation Strategies Power Losfes THD
Conventional SVPWM, f.= 10 kHz 23.57TW 345 %
RPP-PWM, /.= 10 kHz 23.54 W 3.51%
RZD-PWM, /.= 10 kHz 23.59 W 3.53%
G4SRPP-SVPWM,, /.= 10 kHz 2422 W 3.53 %
G4SRPP-DPWM, /.= 10 kHz 12.61 W 5.18%
G4SRPP-DPWM, f.= 15 kHz 20.13 W 3.28 %

TABLE III
PARAMETERS OF THE TEST IPMSM

Parameters Value
d-axis inductance 3.4 mH
g-axis inductance 13.95 mH

Permanent magnet flux linkage 0.1 Wb

Pole-pairs 3

Motor speed 2400 r/min
Load torque 22 N'm
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Fig. 11.  Simulated waveforms when using G3SRPP-SVPWM with the mod-
ulation ratio a = 0.85 and the carrier frequency f. = 10 kHz. (a) Intersec-
tion between carrier and three-phase reference waves. (b) Random number.
(c) A-phase output PWM pulse. (d) B-phase output PWM pulse. (e) C-phase
output PWM pulse. (f) A-phase voltage. (g) Three-phase currents.
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Fig. 12.  Simulated waveforms when using the proposed G3SRPP-DPWM
with the modulation ratio a = 0.85 and the carrier frequency f, = 10 kHz.
(a) Intersection between carrier and three-phase reference waves. (b) Random
number. (c) A-phase output PWM pulse. (d) B-phase output PWM pulse.
(e) C-phase output PWM pulse. (f) A-phase voltage. (g) Three-phase currents.
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with the modulation ratio a = 0.85 and the carrier frequency f. = 10 kHz.
(a) Conventional SVPWM. (b) G3SRPP-SVPWM. (c) G3SRPP-DPWM.

20 T T T T

E (mJ)

0 L L L H

0 20 40 60 80 100
Ic or Ir (A)

Fig. 14.  Switching losses of Si IGBT “Infineon-FF50R12RT4” under induc-
tive load (test condition: SiIGBT at 7 = 125 °C, Vgg = £15 V,Rgon = 152,
Rgo =152, and Vo = 600 V).

PWM harmonic component:

Apn + 7Bmn / Vdcej(m(ﬁa)-i-ny)dxdy

T o2

- Jx,

1 Uy ZTf .
52 / / Vdce](mm+”y)dxdy
a - Jx,

_ ejmoc

13665

High Voltage

Current

) iﬂerentialrl’ros Probe

PCB-Type 378B02
Microphone

|ty —

—rer

Test IPMSM

PCB-Type
. 356A32
Accelerometer

{“

Power Analyzer A

— | —
Siemens SCM205 Data _
Acquisition System

[—

Fig. 15. Photographs of the experimental platform.

/4 3n/4 Sn/4
(@) (b) (0 (d)
Fig. 16. Fundamental carrier patterns used for random selection in the experi-

ments. (a) P1 with 7 /4 carrier phase shift. (b) P2 with 37 /4 carrier phase shift.
(c) P3 with 57 /4 carrier phase shift. (d) P4 with 77 /4 carrier phase shift.

T
Tp=5 (1 +VRaNsrpp-DPWM_A (Y))
m
Tr=—7 (1+ VRansrpp-ppwi_4 (y)) - (10)

There is an important multiplication factor /™ in (10) to
explain the dominant PWM harmonics dispersion. Given that
the proposed method randomly selects one of the N fundamental
carrier patterns with the carrier phase shift angles of a1, aa, ...,
and a (each pair of them is separated by the phase-shift of
/2 or its multiple) for every carrier period, the harmonic dis-
persion coefficient (HDC) is determined using complex vectors
as follows:

N

Yo

i=1

HDC =

Z| =

Lm=nNk (D

N
% S| {O,m # Nk
i=1
where k is a non-negative integer. When m # Nk, the phase
differences among the complex vectors enable mutual cancel-
lation, resulting in the HDC of 0. Conversely, when m = Nk,
the alignment of complex vectors results in the HDC of 1. This
indicates that the proposed method significantly disperses all
dominant PWM harmonics, except in cases where m = Nk.
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(a) (b) (© (d
Fig. 17. Diagram of three-phase output PWM pulses in sector I during one carrier period when V- No(t) = 0.5 x V Npia(t). (a) P1 with 7 /4 carrier phase shift.

(b) P2 with 37 /4 carrier phase shift. (c) P3 with 57t /4 carrier phase shift. (d) P4 with 77 /4 carrier phase shift.
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Fig. 18. Diagram of three-phase output PWM pulses in sector I during one carrier period when V N (t) = 1 — V Npax(t). (a) P1 with 7 /4 carrier phase shift.

(b) P2 with 37 /4 carrier phase shift. (c) P3 with 57r/4 carrier phase shift. (d) P4 with 77 /4 carrier phase shift.
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Fig. 19. Diagram of three-phase output PWM pulses in sector I during one carrier period when V No(t) = —1 — V Nyin(t). (@) P1 with 7 /4 carrier phase shift.

(b) P2 with 37 /4 carrier phase shift. (c) P3 with 57r/4 carrier phase shift. (d) P4 with 7 /4 carrier phase shift.

TABLE IV
INVERTER POWER LOSSES AND PHASE CURRENT THD OF DIFFERENT
STRATEGIES
. . Inverter Power Phase Current
Modulation Strategies Losses THD
Conventional SVPWM, /.= 8 kHz 182.4 W 4.84 %
RPP-SVPWM, /.= 8 kHz 1822 W 4.93 %
RZD-SVPWM, f.= 8 kHz 182.6 W 4.90 %
G4SRPP-SVPWM, .= 8 kHz 185.1W 4.92 %
G4SRPP-DPWM,, /.= 12 kHz 169.5 W 4.58 %

V. SIMULATIONS AND ANALYSIS

This Section takes G3SRPP-DPWM as the example to show.

In MATLAB/Simulink, a three-phase two-level VSI has been
modeled using regularly sampled modulation. Simulations rele-
vant to this model are conducted under the specified conditions,
with key parameters given in Table 1.

A. Time- and Frequency-Domain Waveforms

Taking the modulation ratio a = 0.85 and sector I as the exam-
ple to observe, Figs. 10, 11, and 12 show the key time-domain

waveform for the conventional SVPWM, G3SRPP-SVPWM,
and the proposed G3SRPP-DPWM, respectively. The modula-
tionratio of 0.85 is higher than ﬁ , thereby completely avoiding
simultaneous multiphase switching operations, as detailed in the
derivations of Section IV-C.

Specifically, as shown in Figs. 10(a), 11(a), and 12(a), the
intersection between the carrier wave and the three-phase
reference waves (V R4, VRp, and V Re) is crucial to the
functioning of PWM technology. Three-phase reference
waves are updated once every carrier period to simulate the
situation of regularly sampled modulation in real digital control
applications. For conventional SVPWM, the -carrier-phase
shift angle of the fundamental carrier pattern is 0. For
G3SRPP-SVPWM, the carrier-phase shift angles of the three
fundamental carrier patterns are “7 /6, 57/6, and 37/2”. For
the proposed G3SRPP-DPWM, the carrier-phase shift angles of
the three fundamental carrier patterns are “0, 27 /3 and 47 /3”
for “VNo(t) =1 — V Nmax(t)” injection, and “m/3, = and
5m/3” for “V Ny(t) = —1 — V Nyin(t)” injection. The carrier
wave in Figs. 10(a), 11(a), and 12(a) is composed of a sequence
of fundamental carrier patterns determined by the generated
random numbers, as shown in Figs. 10(b), 11(b), and 12(b).
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Fig. 20.  Experimental waveforms of three-phase output PWM pulses and A-

phase current during different sectors when using the conventional SVPWM.
(a) Sectors I and II. (b) Sectors IIT and IV. (c) Sectors V and VI.

As shown in Figs. 10(c)—(e), 11(c)—(e), and 12(c)—(e), three-
phase output PWM pulses (Vag, Vg, and Vi) are generated
from the intersection between the carrier wave and the three-
phase reference waves.

Consequently, as illustrated in Figs. 10(g), 11(g), and 12(g),
the three-phase current ripples differ significantly among various
PWM strategies.

Spectrum analysis is conducted as follows. Fig. 13(a)—(c)
shows the spectra (relative to fundamental) of phase current
for conventional SVPWM, G3SRPP-SVPWM and the proposed
G3SRPP-DPWM, respectively. It is evident that both G3SRPP-
SVPWM and G3SRPP-DPWM can significantly disperse the
3k + Dth and (3k + 2)th PWM harmonics, whereas con-
ventional SVPWM leads to numerous discrete PWM harmonic
peaks near the carrier frequency and its multiples.

B. Output Waveform Quality

THD of phase current is used to evaluate the output wave-
form quality of different modulation strategies. The comparison
of abovementioned strategies is given in Table II. Although
the proposed G3SRPP-DPWM with f. = 10 kHz has inferior
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Fig. 21.  Experimental waveforms of three-phase output PWM pulses and A-

phase current during different sectors when using G4SRPP-SVPWM. (a) Sectors
Tand II. (b) Sectors III and IV. (c) Sectors V and VI.

output waveform quality compared to both G3SRPP-SVPWM
and conventional SVPWM with f. = 10 kHz, the proposed
G3SRPP-DPWM with f. = 15 kHz has better output waveform
quality than both G3SRPP-SVPWM and conventional SVPWM
with f. = 10 kHz.

C. Switching Power Losses

Taking the device “Infineon-FF50R12RT4” as an example to
analyze, its switching loss behavior extracted from datasheets is
given in Fig. 14. These extracted curves are saved in Simulink,
and during the simulation, the corresponding switching losses
can be obtained according to the instantaneous current values
at the moment of switching operation, and finally the switching
power losses of different modulation strategies can be obtained
as given in Table II. It can be clearly seen that the proposed
G3SRPP-DPWM has the smallest switching power losses com-
pared with both conventional SVPWM and G3SRPP-SVPWM.
Therefore, with the use of the proposed G3SRPP-DPWM, the
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Fig. 22. Experimental waveforms of three-phase output PWM pulses and

A-phase current during different sectors when using the proposed G4SRPP-
DPWM. (a) Sectors I and II. (b) Sectors IIT and IV. (¢) Sectors V and VI.
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Fig. 23.  Experimental waveforms of three-phase output PWM pulses and A-
phase current over three fundamental periods when using the proposed G4SRPP-
DPWM.
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carrier frequency can be further increased, and the output wave-
form quality can be further improved.

VI. EXPERIMENTAL RESULTS AND ANALYSIS

Experiments take G4ASRPP-DPWM as the example to ana-
lyze.

Fig. 15 shows a sensorless-controlled interior permanent
magnet synchronous motor (IPMSM) drive system developed to
validate the effectiveness of the proposed G4SRPP-DPWM.
The parameters of the IPMSM sensorless drive system are
given in Table III. The carrier frequency f, is set to 8§ kHz.
TMS320F280025 DSP chip serves as the microcontroller unit
for implementing the control algorithm. Three-phase output
PWM pulses are monitored using high-voltage differential
probes, phase currents are measured with current probes, and
inverter power losses are measured with PA5S000H power
analyzer. It is important to clarify that the proposed method,
aimed at eliminating simultaneous multiphase switching
operations, is influenced only by the modulation ratio. In motor
control applications, key factors affecting the PWM strategy’s
modulation ratio include the dc-link voltage, motor speed,
and load torque. In this experiment, the dc-link voltage is set
at 380V, and the motor operates at 2400 r/min under a load
torque of 22 N-m. Under these conditions, the modulation ratio

a ~ 0.9, which is higher than ‘/7§ According to the derivations
in Section I'V-C, as long as the modulation ratio is higher than

%g’ using G4SRPP-DPWM can completely avoid simultaneous
multiphase switching operations. Therefore, the experiment
employs G4SRPP-DPWM for validation.

A. Observation of Time-Domain Waveforms

For the conventional SVPWM, the carrier pattern during
each carrier period has a carrier phase shift angle of 0. For
both G4SRPP-SVPWM and the proposed G4SRPP-DPWM,
the fundamental carrier pattern group consists of four carrier
patterns with the carrier phase shift angles of “m/4”, “37/4”,
“5m/4,” and “Tr/4,” as shown in Fig. 16.

When using G4SRPP-SVPWM, the diagrams of the
three-phase output PWM pulses corresponding to the four
fundamental carrier patterns are illustrated in Fig. 17 for
easy annotation in experimental waveforms. The red dashed
lines represent the center alignment lines of the three-phase
output PWM pulses. For convenience, only the diagram in
sector I (VR4 >V Rp > VR¢) is shown. Similarly, when
using G4SRPP-DPWM, the diagrams when the injected zero-
sequence voltages are respectively “ VINg =1 — V Nyax(8)”
and “ V Ny = —1 — V Nyn(t)” are shown in Figs. 18 and 19.

For conventional SVPWM, G4SRPP-SVPWM and the pro-
posed G4SRPP-DPWM, Figs. 20, 21, and 22 show their ex-
perimental waveforms of three-phase output PWM pulses and
A-phase current. The time-axis interval is the carrier period. The
carrier phase shift angles of “7r/4,” “37/4,” “5m /4, and “T7 /47
are marked as “P1,” “P2)” “P3,” and “P4” respectively at the
top of the figures. It is evident that the experimental waveforms
of the final output PWM pulses in Fig. 21 are obtained by the
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random combination of diagrams in Fig. 17, and those in Fig. 22
are obtained by the random combination of diagrams in Figs. 18
or 19.

B. Inverter Performance

This part shows the comparison of inverter power losses and
phase current THD for different modulation strategies.

20 40
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Experimental spectrum analysis when using the proposed G4ASRPP-DPWM. (a) V 45. (b) i 4. (c) Vibration acceleration level. (d) Sound pressure level.

Fig. 23 shows the experimental waveforms of three-phase
output PWM pulses and A-phase current over three fundamental
periods when using the proposed G4SRPP-DPWM. It can be
clearly seen from the V4, and /4 waveforms that when the
A-phase current approaches the maximum magnitudes, the A-
phase switch will not operate, thereby reducing switching power
losses.

Moreover, it can be seen from Table I'V that compared with the
conventional SVPWM, G4SRPP-SVPWM slightly increases the
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TABLE V
COMPARISON OF DIFFERENT RANDOM PULSEWIDTH MODULATION STRATEGIES

RCD-PWM and RCF-PWM NSRPP- GNSRPP-SVPWM With The proposed GNSRPP-DPWM
RZD-PWM ) SVPWM Even Number N With N >3
Harmonic Reduction Performance Bad Average Good Good Good
Sampling Frequency Constant Variable Constant Constant Constant
Closed-Loop Control System Applicable Not Applicable Applicable Applicable Applicable
. . . 2 /N 2 /N
Applicable Modulation Ratio Range Low Range Full Range Full Range az= N X (24|7—1|—1) a= =X (2- ?—1|—1)
Simultaneous Multiphase Switching No No Yes No No
Phase Current THD Comparison Similar Similar Similar Reduced
Base Value
oo Comparison o Significantly .
Switching Power Loss Base Value Similar Increased Slightly Increased Reduced

inverter power losses and phase current THD, while the proposed
G4SRPP-DPWM with the carrier frequency f. = 12 kHz reduces
the inverter power losses and the phase current THD. Thus, the
proposed G4SRPP-DPWM improves the inverter performance.

C. Implementation of Spectrum Analysis

For different modulation strategies, Figs. 24-28 show their
key spectrum analysis. The vibration acceleration level (VAL),
denoted in decibels (dB), is calculated using the formula

A
VAL = 2010g10A— (12)
where A, = 1 x 10% m/s? represents the reference acceleration,
while A denotes to the measured acceleration.

The sound pressure level (SPL), denoted in dB, is calculated

using the formula
P
SPL = 20log,(— (13)
P
where P, =2 x 10 Parepresents the reference sound pressure,
and P denotes to the measured sound pressure. For SPL spectrum
analysis, the test IPMSM operates with no load to avoid the noise
from the accompanying motor.

Measurements of VAL and SPL are conducted using the
Siemens SCM205 Data Acquisition System, a PCB-type
356A32 accelerometer and a PCB-type 378B02 microphone.
As shown in Fig. 15, the accelerometer is mounted on the motor
casing, and the microphone is placed at a distance of 1 m from
the noise source with the microphone axis pointing towards the
test motor.

Fig. 24 illustrates that using conventional SVPWM results in
discrete PWM harmonic peaks around the carrier frequency and
its integer multiples.

Figs. 25 and 26 present the spectrum analysis for traditional
RPP-PWM and RZD-PWM, which, due to the short durations of
the zero-voltage vectors, exhibit poor PWM harmonic dispersion
performance.

As shown in Figs. 27 and 28, G4SRPP-SVPWM and the
proposed G4SRPP-DPWM effectively spread the (4k + 1)th,
(4k + 2)th, and (4k + 3)th PWM harmonics.

Itis worth noting that when using RCF-PWM, the test IPMSM
cannot be started because the random sampling frequency affects
the sensorless closed-loop control algorithm.

VII. CONCLUSION

This article proposed GNSRPP-DPWM to significantly dis-
perse dominant PWM harmonics and improve inverter perfor-
mance at high modulation ratios. The comparison of differ-
ent RPWM strategies is given in Table V. It is verified by
mathematical analysis, simulations and experiments that the
proposed GNSRPP-DPWM not only significantly reduces the
dominant discrete PWM harmonic peaks in the spectrum of
phase voltage, phase current, VAL and SPL, but also reduces
harmonic distortion and inverter power losses. Besides, the
proposed method maintains constant sampling frequency and
is therefore applicable in closed-loop control systems. How-
ever, as previously mentioned, the proposed GNSRPP-DPWM
fully prevents simultaneous multiphase switching operations
and enhances inverter performance only at high modulation
ratios. Caution is advised when applying it in applications with
low modulation ratios, as simultaneous multiphase switching
operations may occur.
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