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ABSTRACT: Conventional electric servo drive systems suffer from high common-mode voltage (CMV) due to
the use of zero vectors in Space Vector Pulse Width Modulation (SVPWM). To mitigate this issue, this paper
proposes an inverted SVPWM (I-SVPWM) strategy. By simply inverting the switching actions of a specific phase,
this strategy avoids the use of zero vectors and achieves an effect similar to Active Zero-State PWM (AZSPWM),
thereby effectively suppressing common-mode voltage. Compared with AZSPWM, the proposed method eliminates
the need to recalculate vector action times or design new switching sequences. It can be seamlessly implemented by
applying a straightforward inversion logic to the switching signals of one phase based on conventional SVPWM, which
significantly enhances its practical convenience. Furthermore, similar to AZSPWM, the elimination of zero vectors in I-
SVPWM leads to an increase in harmonic peaks in the output voltage and current compared to conventional SVPWM.
To address this, an Alternating Inverted SVPWM (AI-SVPWM) strategy is introduced. Since the sequence of vector
actions differs in each cycle, the high and low levels of the line voltage shift locally within each switching period. This
causes the reconstruction of harmonic and even fundamental components in the output waveform, thereby reducing
harmonic peaks at even multiples of the switching frequency. Simulations of SVPWM, AZSPWMI, AZSPWM3, I-
SVPWM, and AI-SVPWM are conducted in MATLAB/Simulink. The results confirm that the proposed strategies
effectively reduce common-mode voltage. Although AI-SVPWM achieves a lower harmonic amplitude compared to
I-SVPWM, conventional SVPWM still maintains superior steady-state performance.
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1 Introduction

Permanent magnet synchronous motors (PMSMs) have been increasingly adopted across the field of
new energy due to their high power density, superior efficiency, and excellent dynamic response. They
now serve as the prime mover in a wide range of applications, including drive systems for new energy
vehicles, pump lift motors in photovoltaic water pump systems, motor drives for energy storage systems,
and wind power generators [1-3]. Currently, electric servo drive systems primarily utilize PWM strategies to
control the inverter’s switching states, thereby outputting voltage pulse trains. The desired voltage waveform
is equivalently obtained by controlling the pulse width and sequence period to power the servo motor.
Reference [4] directly compares various PWM techniques for PMSM drives and analyzes current quality
(THD) and inverter efficiency. Although Sinusoidal PWM (SPWM) is simple to implement, it suffers from
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high current harmonic content and low DC bus voltage utilization. Space Vector Pulse Width Modulation
(SVPWM), on the other hand, approximates the rotational trajectory of the ideal flux linkage using voltage
vectors corresponding to different inverter switching states. Compared to SPWM, SVPWM improves DC
bus voltage utilization. Traditional SVPWM strategies generate significant high-frequency harmonics at
the switching frequency and its multiples, which constitute a major source of conducted Electromagnetic
Interference (EMI) in servo drive systems. Furthermore, the common-mode voltage produced by high-
frequency PWM can induce shaft voltage and current in the motor, leading to bearing corrosion and
reduced motor lifespan [5-7]. Electromagnetic Compatibility (EMC) standards in the field of new energy
are now more critical than ever. The suppression of PMSM harmonics and common-mode voltage has
thus transitioned from an optional improvement to a mission-critical requirement for achieving high
performance and reliability—especially with the application of wide-bandgap semiconductor devices (such
as SiC and GaN), whose higher switching frequencies and faster switching speeds have made EMC issues
in PMSM systems more pronounced [8]. This capability is pivotal to the core competitiveness of new
energy products and is a fundamental enabler for the continued advancement of the electric vehicle, wind
power, and solar power industries [9]. Active suppression of conducted EMI in servo drive systems can be
achieved through modifications to conventional PWM strategies, an approach that is equally applicable to
grid-connected photovoltaic inverters [10].

One approach involves modifying the inverter’s circuit structure or adding hardware components, such
as common-mode filters and common-mode chokes, or altering the topology. However, these strategies
increase the cost and complexity of the drive system and exhibit poor universality [11-14].

Another approach focuses on the optimization of PWM pulse patterns. Since the amplitude of the
inverter output common-mode voltage is related to different switching state combinations, switching state
combinations that yield smaller common-mode voltage can be used to equivalently replace those that
produce larger common-mode voltage. When all three-phase bridge arms are switched to the upper or
lower arms, meaning the inverter outputs a zero voltage vector, the output common-mode voltage is at
its maximum. Consequently, researchers have proposed zero-vector elimination common-mode voltage
suppression strategies, which primarily include strategies such as remote state PWM (RSPWM), near
state PWM (NSPWM), and Active Zero State PWM (AZSPWM) [15]. The implementation principles are
illustrated in Fig. 1, where AZSPWM can be further divided into AZSPWMI and AZSPWM3 based on the
different switching state combinations employed [16-18].

In RSPWM (Fig. 1a), the reference vector is synthesized exclusively using three non-adjacent and non-
zero voltage vectors, which fundamentally excludes the use of zero vectors. However, this method fails to
synthesize the desired reference vector when the modulation index is high.

In contrast, NSPWM (Fig. 1b) constructs its synthesis path using only three adjacent non-zero vectors.
A key limitation of this strategy is its inability to accurately synthesize the required reference vector at low
modulation indices.

The switching sequences for AZPWM1 and AZPWM3 (Fig. 1¢,d) demonstrate the core ‘active zero-
state’ concept [19]. This is achieved by inserting a pair of non-zero vectors with equal duration but opposite
directions (such as Uy and Uy,3) to replace the conventional zero-vector intervals. The distinction lies in
the vector selection: in AZPWM3, the opposing vector pair includes one vector that is also an active vector
used for synthesizing the reference vector, effectively meaning only three non-zero vectors are utilized per
cycle [20-22].
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Figure 1: Four types of zero-vector-free common-mode voltage suppression strategies

The distinctions among these methods lie primarily in the switching state combinations used to replace
the zero vectors, and all can achieve effective common-mode voltage suppression. However, these strategies
invariably impact the system’s control performance to some extent and require the redesign of the SVPWM
control algorithm.

In [23], focusing on harmonic optimization for three-level inverters, a Variable Zero Vector Position
Modulation strategy is proposed. By adjusting the peak position of the zero-vector in SVPWM (such
as through sawtooth carrier offset), harmonic distribution is controlled while data is embedded into the
switching ripple. In [24], targeting interleaved parallel inverter systems, a combined harmonic optimization
strategy of “improved SVPWM + sequence interleaving” is proposed. Low common-mode voltage mod-
ulation strategies, namely AZPWM and NSPWM, are selected as the base modulation schemes. First, the
analytical expressions of the DC bus current for three PWM strategies (SVPWM, AZPWM, NSPWM) are
derived through time-domain modeling. Then, an offline numerical optimization algorithm is used to find
the optimal interleaving offset synchronized with the PWM sequence, enabling the DC bus harmonics of the
two inverters to cancel each other out. In [25], addressing the issue of PWM frequency harmonics in three-
level inverters, a Zero-sequence Switching SVPWM strategy is proposed. Based on the traditional single-edge
SVPWM, this strategy exchanges the zero-vector sequence in adjacent carrier cycles, thereby doubling the
equivalent carrier frequency and eliminating odd-order switching frequency harmonics. In [26], the four
possible placement sequences of zero vectors in SVPWM are analyzed and discussed, and four rotation
methods are evaluated under identical conditions, thus providing new insights for harmonic optimization
of SVPWM modulation strategies. In [27], addressing harmonic optimization for six-phase inverters, the
core innovation lies in proposing a novel SVPWM switching sequence. By optimally selecting switching



4 Energy Eng. 2026;123(7):22

states with “minimum/zero common-mode voltage” and ensuring balanced distribution of switching vectors
in the subspace, voltage and current components are nullified, thereby suppressing harmonic generation
at the source. In [28], the core innovation for a five-level NPC transformerless PV grid-tied inverter is a
CMV suppression strategy that connects the DC-link terminals to a common grid-neutral point via parasitic
capacitors, eliminating the CM current loop potential difference, while switching state control maintains
DC-link capacitor balance and confines the CMV within a stable range without high-frequency spikes.

Based on the foundation of prior research concerning low common-mode voltage, the aforementioned
studies achieve harmonic suppression by optimizing switching sequences for different inverter topologies.
In fact, common-mode voltage can be effectively suppressed simply by inverting the switching actions
of one phase. Specifically, within one switching cycle, while maintaining the total turn-on duration of
that phase unchanged, its turn-on time can be symmetrically distributed on both sides with respect to
the center of the cycle. Compared to the aforementioned zero-vector elimination strategies, this strategy,
referred to as inverted SVPWM (I-SVPWM), eliminates the need to recalculate vector action times or design
new switching sequences, thereby offering significantly greater implementation convenience in practice.
Furthermore, by alternately inverting different phases over time, the sequence of vector actions varies in each
cycle, effectively implementing multiple rotation modes to further optimize harmonic performance.

The core contributions of this work are twofold:

1. The theory behind I-SVPWM for common-mode voltage suppression is proposed and analyzed.
2. An alternating inverted SVPWM (AI-SVPWM) strategy is further proposed to optimize the harmonic
spectrum amplitude, with the mechanism for high-order harmonics dispersion derived.

The remainder of this paper is organized as follows: Section 2 details the theoretical foundation of
SVPWM and the principle of the proposed I-SVPWM for common-mode voltage reduction. Section 3
presents the AI-SVPWM and the principle of its harmonic optimization implementation. Section 4 presents
and discusses simulation results regarding current THD, torque ripple, common-mode voltage, and har-
monic spectra. Finally, Section 5 concludes the paper.

2 Operating Principle of Inverted SVPWM (I-SVPWM) for Common-Mode Voltage Suppression

The structure of a three-phase inverter bridge for a PMSM drive is shown in Fig. 2. To prevent shoot-
through in a bridge leg, the high-side and low-side switches are operated complementarily. Defining the
high-side switch being ON as ‘1" and the low-side switch being ON as 0} the three-phase inverter bridge has
eight possible switching states, as shown in Fig. 3: 000, 001, 010, 011, 100, 101, 110, 111. These eight switching
states correspond to eight basic space voltage vectors. Among them, the states 000 and 111 do not produce
an effective output voltage; thus, their corresponding space voltage vectors are zero vectors, while the others

Uec __ =/ C e M

Q| E} Q| E} QZJE}

are active vectors.

Figure 2: Structure of a three-phase inverter bridge for a PMSM drive
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Figure 3: Basic space voltage vectors

Since the inverter can only output a finite set of eight vectors with fixed magnitudes, the continuously
rotating reference space vector V, must be synthesized from these basic vectors according to the volt-second
balance principle. As shown in Fig. 3, assuming the rotating vector V, is located in Sector I and acts for
a duration T; (T; is the sampling period), it can be synthesized from SV;, SV,, and the zero vectors. The
synthesis equation satisfying the volt-second balance principle is:

T.V, = T.V,el? = v, (cos 0+ jsin0) = Ty, 1SVy + T,2SV, + T4oSVo + Tey7SV5 1)

Although the zero vectors do not contribute to the output voltage, they fill the remaining time not
occupied by the active vectors. Solving the equation yields the dwell times for each vector:

V,sin(%’ - 6) V,sin 6
=3 T, Ty X T 2
svl Vm sin% X L sv2 Vm sing x L ( )
Tsv0/7 = (Ts = Ts1 — TSVZ)/Z (3)

Fig. 4 illustrates the typical switching sequence of active and zero vectors for different sectors in standard
SVPWM. If the zero-vector time is equally shared between V0 and V7, it constitutes the standard or
conventional space vector modulation.
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Figure 4: Switching sequences for Sectors I~VI
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The potential difference Uy, between the neutral point N of the three-phase windings and the reference
ground g is defined as the common-mode voltage V¢ y. For a three-phase inverter, the common-mode
voltage can be expressed as:

Uao + Upo + Uco

3 4)

Vem = Ung =

When all three bridge arms are switched to either the upper or lower switches, meaning the inverter
outputs a zero voltage vector, the output common-mode voltage reaches its maximum, resulting in a
common-mode voltage with a peak value of Ug./2. Therefore, researchers have proposed zero-vector
elimination strategies, which use other switching state combinations to replace the zero vectors, thereby
reducing the common-mode voltage amplitude to within Ug./6.

In fact, the common-mode voltage can be suppressed simply by inverting the switching action of the
B-phase. Specifically, within one switching cycle, the switching-on time Tj; of the B-phase is distributed
symmetrically from the center to both sides while maintaining the total B-phase switching-on duration
unchanged, as illustrated for Sector I in Fig. 5. This does not affect the equivalence of the output voltage. In
practical implementation, the “inversion” can be achieved by either complementing the switching instants
of phase B relative to the original sequence and subsequently swapping the drive signals for the upper and
lower switches of phase B, or alternatively by exchanging the counting modes between the upper and lower
bridge arms.

< I N
< >
v, | A
Tbk
Vo T v,
- Ty N
A
VCO Vco
sy, isnisni sw, iswisy iy, S, SV, svi sy, isv, sv, sy,
(a)before inversion (b)aﬁer inversion

Figure 5: Switching sequences of traditional SVPWM and Inverted SVPWM (Sector I)

For the standard SVPWM (T, = T;,7) with phase B signal inversion, the switching sequences for all
six sectors are shown in Fig. 6. Within one cycle, the turn-off time for phase A switches T,,,, the turn-on time
for phase B switches Ty, and the turn-off time for phase C switches T, are specifically defined as follows
across different sectors:

Tao = Tst

T, T T,
Toe = Teo+ Tepy with % < % < % sector] (5)
Tco = Tst + Tsvl + Tsvz
Tao = Tst + Tsv3
T, T, T,
Ty = Tap+ Tos+ Ty with =52 < % = =% sectorIl (6)
Tco = Tst + Tsv2 + Tsv3
Tao = Tst + Tsv3 + Tsv4
T, T, T,
Tor = Ty + Topy + Ty with —22 = % > 7 sector I1I )

Tco = Tst + Tsv3
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Figure 6: Switching sequences of traditional SVPWM and Inverted SVPWM (I-SVPWM)

It can be observed that after inverting the B-phase, the following equation always holds, thereby avoiding
the use of zero vectors.

min(TaO,&)§M§max(Tao,E) (11)
2 2 2 2 2

The implementation of the SVPWM algorithm mainly involves three key steps: the sector determination
of the reference voltage vector, the calculation of the action times of non-zero vectors and zero vectors in each
sector, and the determination of vector switching points in each sector. Finally, by comparing a triangular
carrier signal of a specific frequency with the vector switching points of each sector, the PWM pulse signals
required by the converter can be generated. For the SVPWM with inverted B-phase switching action, we
only need to make the three-phase voltage switching time points satisfy Eq. (12), and then swap the drive
signals of the upper and lower bridge arms of Phase B.

Tc,ml Tcml
Ty = To/2= Temz (12)
Tc,m3 = Tcm3

here, Temi, Temz and T3 are respectively the switching time points for the three-phase voltages of SVPWM.

Compared with AZSPWMI1 and AZSPWM3, the specific vector action sequences of the three methods
in each sector are contrasted in Table 1. The principle also involves replacing the zero vector’s action time with
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a pair of non-zero vectors that are opposite in direction and equal in duration. The advantage of this method
is that it does not require recalculating the action time of each vector or designing new switching sequences.
Instead, it seamlessly achieves the goal by flipping the switching action of a specific phase in traditional
SVPWM. By applying simple inversion logic to the switching signal of one phase, the practical convenience
is greatly enhanced, and the output current THD will be reduced, which will be verified in the simulation
in Section 4. Moreover, AZSPWMI1 and AZSPWM3 can be implemented by flipping the switching action of
the corresponding phase in different sectors. However, similar to AZSPWM, due to the elimination of zero
vectors, the total harmonic distortion (THD) of the output voltage in Inverted SVPWM is slightly higher
than that in traditional SVPWM. Therefore, while suppressing the common-mode voltage of the inverter,
improving the waveform quality of the output voltage and current remains an important research direction
for zero vector elimination PWM strategies.

Table 1: Action sequence of non-zero vectors for different common-mode voltage suppression strategies

Sector AZSPWM1 AZSPWM3 I-SVPWM
I V3 —>V2—>V1 —>V6—>V1 —>V2—>V3 V2—>V1 —>V5—>V1 —>V2 V3 —>V2—>V1 —>V6—>V1 —>V2—>V3
II V4—>V3—>V2—>V1 —>V2—>V3—>V4 V3—>V2—>V6—>V2—>V3 V3—>V2—>V6—>V2—>V3
111 V5—-V;—-»V3-V,-V;-V,—»V; V;—»V;-5V,->V;-5V, V3>V —>Vg—>V,,—V;
IV V—=>V5->Vy—»V35V =V >Vg Vs> Vy»V,-»Vy—Vs V35V ViV Vi V—V;
A% V1 —>V6 —>V5 —>V4—>V5 —>V6 —>V1 V6 —>V5 —>V3 —>V5 —>V6 V3 —>V5 —>V6—>V5 —>V3
VI V,-»V,-V¢—=>V5;5Ve-V =V, V= Ve->V,=>Ve—-V) V3=V —»Ve—>V>V;

3 Improved I-SVPWM Considering Harmonic Amplitude Suppression

Going a step further, as shown in Fig. 7, we can alternately invert phases A, B and C over time (AI-
SVPWM), rather than inverting only the B-phase. Both switching modes—inverting only the B-phase and
alternately inverting A, B, C phases—do not alter the macroscopic sector sequence, and the dwell times
of the vectors in each switching cycle are identical; thus, their fundamental effect is equivalent. However,
because the sequence of vector actions differs in each cycle, the high and low levels of the line voltage within
each switching cycle shift locally. This leads to a restructuring of the harmonic components and even the
fundamental component in the output waveform, causing some to increase while others decrease.

Invert phase A Invert phase C Invert phase B

Vo | L L] BRE L L L L
h. /% T I T I I I
V. [ [ 1 /A% I [

< T it T »>i< T T

(a)before inversion (b)after inversion

Figure 7: Alternately invert phases A, B, and C

Traditional SVPWM is designated Mode A, and its line voltage V45 () waveform function is denoted
as VAB_A (t)
[-SVPWM with the B-phase inverted is Mode B. Its waveform Vg 5 (t) can be expressed as:

VAB_B (t) = VAB_A (t) + Pg (t) (13)
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where Pg (t) is a disturbance pulse function representing the extra voltage pulses introduced by replacing
the zero vectors.Pg (t), within each switching cycle T, consists of a symmetric pulse pair with a duration of
Toyo/7 (half of the total zero-vector time) and an amplitude of Vpc. Its period is the switching period Ts.

According to Fourier analysis, the spectrum of such a periodic pulse train Pg (t) is a discrete line
spectrum, with its energy concentrated around integer multiples of the switching frequency f;, i.e., nf;. Its
amplitude can be calculated using the Sinc function:

2 Ts/2 4
Ch=— f P (t) e /"“'dt (14)
T, J-1,/2

sin(nnft)

e where

For a symmetric square wave pulse, the harmonic amplitude at 7 f; is proportional to
7 is the duty cycle (Tgy0/7)-

Mode B superimposes a discrete harmonic spectrum F { P (t) }, potentially with significant amplitude,
onto the original spectrum of Vag 4 (t). These harmonics are centered at nf;. This leads to an increase in
voltage and current THD and may cause pronounced electromagnetic noise.

AI-SVPWM is Mode C. Here, the disturbance function P (t) is no longer a simple periodic function
with period T;. Its amplitude and polarity vary at a lower frequency—specifically, the three-phase inversion
rotation frequency f,.

We can model P¢ (t) as:
Pc (t) =m(t)- Py (t) (15)

where: Pg () is the fixed, period-T; disturbance pulse from Mode B. m (t) is a modulation function that
reflects the modulation of the disturbance pulse’s polarity and effectiveness by different sectors. The period of
m (t) is the three-phase inversion rotation period T, = 1/ f,, whose minimum value is the switching period
Ts. For Va5 (t), m (t) switches between +1 and —1 within one period T,.

According to the modulation property of the Fourier transform (convolution in frequency domain):
FiPc(6)y =F{m(t)-Pg ()} =F {m ()} + F{Pp (1)} (16)

here, * denotes the convolution operation. Among these, F {Pgs (t)} is a series of discrete spectral lines
> C,0 (f — nf;) located at nf;; the spectrum of F {m (¢)} is a discrete spectrum centered at the rotation
frequency f, and its harmonics: Y, M8 (f - kf;).

Performing the convolution operation Y M0 (f — kf;) * > C,0 (f — nf;) yields:

F{Pc(t)} =2 Y MxC,d (f - (nfi +kf.)) (17)
n k

In Mode B, the disturbance energy is entirely concentrated at the frequency points # f;. In Mode C, each
discrete spectral line that was at # f; in Mode B is “spread” into a comb-like spectrum cluster centered at # f,
with a spacing of f,. Although the total energy (sum of squares of all sideband amplitudes) might remain
approximately equal, the peak harmonic amplitude is significantly reduced. This process of “smearing”
energy from discrete spectral lines into continuous sidebands effectively smoothens the harmonic spectrum.
In our research case, the motor rotational frequency (fundamental frequency) is 346.667 Hz (period
2.885 ms). Selecting a reversal period of 150 ps means that the reversal action occurs approximately 60 times
(3 * 2.885 ms/0.15 ms) within one fundamental cycle. This ensures that the harmonic dispersion effect can
fully and uniformly develop over the entire fundamental cycle, thereby effectively smoothing the harmonics.
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On the other hand, if the switching frequency f; = 20 kHz. Setting T, > 37T is to satisfy the time required
for phases A, B, and C to complete one full reversal sequence, which is exactly 3T;. A smaller T, results in
a more pronounced harmonic diffusion effect but also leads to a corresponding increase in switching loss.
In this case, the system has a relatively high fundamental frequency, so a smaller T, is selected to ensure
effective harmonic dispersion. A typical SVPWM involves 6 switching operations per three cycles (each
turn-on or turn-off of a switch counts as one operation). Building upon this alternating switching frequency,
AI-SVPWM involves 8 switching operations per three cycles. This elevated switching activity consequently
leads to a proportional rise in switching losses, which constitutes a fundamental trade-off between harmonic
performance improvement and power conversion efficiency in the proposed methodology.

The implementation of AI-SVPWM is more complex. AI-SVPWM is no longer a single fixed sequence

but involves switching between multiple predefined CMV-reducing sequences; specifically, it requires real-
time inversion of the switching actions of different phases.

4 Simulation Verification

To compare the performance of the traditional SVPWM control strategy, the common-mode voltage
suppression strategies AZSPWMI and AZSPWM3, and the proposed I-SVPWM and AI-SVPWM in terms
of output waveform characteristics, control performance, and common-mode voltage suppression capability,
a simulation study was conducted using MATLAB/Simulink. Detailed simulation parameters are listed
in Table 2, and the AI-SVPWM simulation module is illustrated in Fig. 8. The simulation results of the five
control strategies are shown in Figs. 9-12.

Table 2: Simulation parameters

Parameters Value Parameters
DC voltage \% 270
Stator resistance (R;) Q 0.045
Number of pole pairs (n,) pairs 2
g-axis inductance (L) H 0.45e-3
d-axis inductance (Ly) H 0.45e-3
Rotor PM flux (v,) Wb 0.0328
Rotational inertia (J) kg-m? 2.56e—4
Nominal torque Nm 471
Nominal speed rpm 10,400

switching frequency kHz 20
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Figure 11: FFT analysis comparison of phase current for different control strategies
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Figure 12: FFT analysis comparison of line voltage for different control strategies

Fig. 9 shows the phase A current waveforms in the time domain. It can be observed that the tradi-
tional SVPWM exhibits slightly superior waveform quality compared to the four common-mode voltage
suppression strategies. Nevertheless, no significant distortion is observed in the phase current waveforms of
the four common-mode voltage suppression strategies, and their performance remains adequate for general
application requirements.

As shown in Fig. 10, the common-mode voltage waveforms are compared in the time domain. The
conventional SVPWM produces a CMV with the largest fluctuation, swinging between -135 and +135 V. By
comparison, both I-SVPWM and the proposed AI-SVPWM confine the CMV variation within a significantly
reduced range of -45 to +45 V.

The total harmonic distortion (THD) analysis of the phase currents in Fig. 11 reveals that the elimination
of zero vectors leads to varying degrees of THD increase in all four common-mode voltage suppression
strategies. However, the proposed I-SVPWM and AI-SVPWM exhibit lower THD compared to the two con-
ventional strategies, AZSPWM1 and AZSPWM3. The harmonic spectrum of I-SVPWM exhibits noticeable
high-order discrete harmonics; for example, the component at 20,106.7 Hz reaches 2.61% of the fundamental
component. Although the overall THD of AI-SVPWM is higher than that of I-SVPWM, the spectral
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spreading effect helps reduce the highest harmonic amplitude to only 2.11% of the fundamental, which is
beneficial in alleviating audible noise and structural vibration at specific frequencies.

Fig. 12 presents the THD analysis of the line voltage. Among the five methods, I-SVPWM shows
the worst harmonic performance. In comparison, the proposed AI-SVPWM reduces the total THD from
203.83% to 180.09% and lowers the maximum harmonic amplitude from 142% to 90%, thereby partly
suppressing the most severe harmonic concentration. A detailed comparison of each modulation method is
presented in Table 3.

Table 3: Performance comparison of different common-mode voltage suppression strategies

Line Phase Line Phase
current voltage current voltage Switching CMV
Strategy . . . . .
harmonic harmonic harmonic harmonic loss amplitude
content content amplitude amplitude
SVPWM 1.74% 111.92% 0.89% 56.40% No effect +135
Ri
AZSPWMI  5.04% 179.76% 2.84% 89.30% o€ +45
modestly
AZSPWM3 4.86% 182.77% 2.66% 88.61% No effect +45
I-SVPWM 3.48% 203.83% 2.61% 142.10% No effect +45
AI-SVPWM 4.63% 180.09% 2.13% 90.17% Rise +45

5 Conclusion

Through theoretical derivation and simulation, this paper analyzes the mechanism of common-
mode voltage (CMV) suppression in I-SVPWM and AI-SVPWM strategies, as well as the high-frequency
harmonic dispersion principle in AI-SVPWM. Simulation results indicate that traditional SVPWM provides
benchmark optimal waveform quality, but its high CMV magnitude is an inherent drawback. AZSPWM3
and I-SVPWM achieve effective CMV suppression without increasing switching losses, making them
excellent choices that balance efficiency and reliability. Among them, I-SVPWM is more conducive to
obtaining smooth motor currents compared to AZSPWMI1 and AZSPWM3. AI-SVPWM, to some extent,
suppresses the high-frequency harmonic amplitudes of phase currents and line voltages, but at the cost of
increased switching losses. This trade-off requires careful evaluation in ultra-high switching frequency or
high-power applications.

The final strategy selection should be based on a comprehensive consideration of the specific applica-
tion’s requirements for current quality, voltage quality, system efficiency, and electromagnetic compatibility.
For applications pursuing ultimate current waveform quality (such as ultra-high-precision servo systems),
traditional SVPWM may still be the preferable choice.

However, for applications where system reliability, longevity, and low EMI are prioritized (such as
electric vehicle powertrains, aerospace systems, data center cooling, and industrial spindle drives), the
potential hazards posed by CMV can be critical and costly. In these scenarios, trading a controlled and limited
degradation in current waveform quality (e.g., THD increasing from 1.74% to around 4%) for a substantial
improvement in system reliability and safety (e.g., a 66.7% reduction in CMV) represents a highly worthwhile
engineering compromise.
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Abbreviations
SVPWM Space Vector Pulse Width Modulation

I-SVPWM Inverted SVPWM
AI-SVPWM  Alternating Inverted SVPWM

PMSM Permanent Magnet Synchronous Motors
RSPWM Remote State PWM
NSPWM Near State PWM

AZSPWM Active Zero State PWM

EMI Electromagnetic Interference

THD Total Harmonic Distortion
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