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ABSTRACT Efficiency and power density of electric vehicle drive systems are important metrics for
their performance evaluation. To address these aspects, Optimized Pulse Patterns (OPPs) can be integrated
into the modulation strategy. This research investigates the effects of OPPs on the current distortion of
salient permanent magnet synchronous motors (PMSMs) applying different symmetry conditions. It places
a particular emphasis on three-pulse switching within the overmodulation region. A mathematical model
of salient PMSMs is used to demonstrate that the voltage phase angle significantly influences current
harmonics. It is revealed that even with a low number of pulses, satisfactory sinusoidal currents can be
achieved at high voltage phase angles, thereby reducing the inverter’s switching efforts while preserving
current waveform quality. Different waveforms such as quarter- and half-wave symmetry (QWS), unrestricted
half-wave symmetry (HWS) and restricted HWS are compared, with an innovative approach proposed for
unrestricted HWS. The benefits and drawbacks of these waveforms in application to salient PMSMs are
investigated, with emphasis on the overmodulation region. It is noted that HWS shows benefits over QWS
at medium-load operating points and when zero-vectors are in the waveforms. In contrast, no significant
advantages of HWS over QWS could be identified in the overmodulation region. The research proposes a
practical OPP implementation strategy that balances effort and efficiency based on this knowledge. Unlike
previous studies that used random initial angles to explore solutions, this study methodically examines the
solution space for HWS and QWS, selecting initial angles that enhance the chances of finding the global
optimum.

INDEX TERMS Optimized pulse pattern, permanent magnet synchronous machines (PMSMs), pulse width
modulation, synchronous modulation, variable speed drives.

I. INTRODUCTION
Optimized pulse patterns (OPPs) are well known in indus-
trial drives and railway applications using induction motors
connected to two-level voltage source inverters (VSI) [1].
Recent publications on OPPs are increasingly focusing on
electric vehicle applications in combination with salient per-
manent magnetic synchronous machines (PMSMs) [2], [3],
[4], [5], Fig. 1. In this context, the boundary conditions such
as machine types, inverters, microcontrollers, and control ar-
chitecture are different from those in industrial and railway
applications. In industrial applications, OPPs are used to re-
duce and optimize the switching losses of IGBT inverters [6].

In automotive traction applications, OPPs are used to reduce
motor and system losses [7], [8] and to optimize additional
aspects such as the DC-link current stress [9], NVH [10], [11]
or EMC behaviour [12].

Efficiency and power density are key performance indi-
cators of electric vehicle traction drive trains. One way to
address both, is to apply modulation strategies to increase the
modulation index m for higher voltage utilization [13], [14].
This can be easily done by applying OPPs [15]. These are
inherently capable of addressing the overmodulation region.
They extend the linear modulation (m ≤ 1.15, related to uDC

2 ,
where uDC is the DC-link voltage) up to six-step modulation
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FIGURE 1. Electrical drive setup as used for example in electrical vehicles.
Two-level VSI connected to a salient PMSM. Using OPPs the harmonic
distortion of the phase currents, e.g iu, can be reduced.

(m ≈ 1.273). Especially the overmodulation region II (1.21 <
m ≤ 1.273) is important, since the overmodulation region I
(1.15 < m ≤ 1.21) is phase conservative and can be accessed
with space-vector pulse width modulation (SVPWM) [13].
The higher voltage utilization in the field-weakening region
of electrical machines results in a lower current requirement to
produce the same mechanical power compared to linear mod-
ulation strategies. Consequently, this leads to a reduction in
both copper and iron losses [16], [17] within the machine. For
the same rated current, the apparent output power (measured
in kVA) of the VSI and thus the power density continue to
increase as the voltage utilization is enhanced.

A. STATE-OF-THE-ART
Commonly the switching angles of the respective waveforms
are calculated offline to match or optimize one or more of the
previously named criteria. The state of the art is to optimize
for low harmonic distortion of the (weighted) voltage supplied
to the electrical machine [1], [18]. For induction machines,
this correlates linearly with the current and flux harmonics,
respectively.

For salient PMSMs, the voltage harmonics interact with the
position-dependent inductances. Therefore, the current har-
monics must be calculated using an accurate machine model
of PMSMs [19], [20], [21], [22]. Considering the specific ma-
chine and its application, e.g. a non-sinusoidal back-EMF [23]
or uncertainties in parameters [24] may be taken into account
to refine the existing models and enhance the optimization of
switching angles. Especially for automotive traction drives,
the non-linear saturation characteristics of salient PMSMs can
be considered [25].

During an electric period, with γel ∈ [0, 2π ] being the
electrical angle of the machine, symmetry conditions are usu-
ally applied to the voltage waveforms and switching angles.
This leads to a reduction of the complexity and inherently
eliminates even harmonics. Half-wave symmetry (HWS) and
quarter- and half-wave symmetry (QWS) conditions and their
effect on optimization have been studied in various pub-
lications when optimizing voltage or current harmonics in
induction machines only [26], [27], [28], [29].

The requirement of meeting the QWS condition is eased
in [26], [27] for two-level inverter fed induction motor drives,
and in [28], [29], [30] for three-level inverter fed induction

motor drives This results in enhanced solutions using HWS
depending on the modulation index.

When optimizing current harmonics for salient PMSMs,
less research is available on symmetry conditions. In [31] it
was found that HWS rather than QWS gives better results
when optimizing current harmonics for salient PMSMs. How-
ever, no deeper insights are available and there is no explicit
explanation of the valid operating range for this statement.

Although the overmodulation region is of particular impor-
tance for traction drives in vehicles, existing literature lacks an
investigating the symmetry conditions for the overmodulation
region with an emphasis on PMSMs. While six-step modula-
tion achieves maximum voltage utilization, drawbacks such as
high DC-link voltage ripple or high torque ripple prevent its
use in a wide operational range of electric vehicles. However,
it is easy to implement on automotive microcontrollers [13].
Pulse numbers greater than three can be difficult to implement
because automotive microcontrollers usually lack the com-
putational performance and proper timer peripherals. Thus,
OPPs with a pulse number of three are particularly important
for automotive powertrains. The modulation index can be
seamlessly adjusted within the overmodulation range, thereby
enabling 95-100% of the voltage utilization, depending on the
boundary conditions of the DC-link or the NVH performance.
In recent literature this is addressed by [13], [15]. However,
symmetry conditions or salient PMSMs are not explicitly
considered.

Furthermore, the formulations given in the named publi-
cations are less specific about the relationship between the
desired voltage phase angle θu and the inherent phase of the
fundamental wave of the pulse pattern. A different interpreta-
tion of unrestricted HWS and restricted HWS is possible when
this relationship is taken into account.

In existing publications, there is less focus on the opti-
mization itself. The solution space is usually explored by
local optimization algorithms like MATLAB’s fmincon [32]
in combination with random starting angles to find the optimal
solution [20], [21], [25], [28], [29]. Examples of the solution
space for OPPs are given in [1], [18], but only for QWS
waveforms regarding the optimization of induction machines.
However, a proper knowledge of the solution space is needed
to find the best possible solutions, especially when work-
ing with random initialization angles and local optimization
algorithms.

In summary, the following research opportunities have been
identified:
� investigating OPPs and their symmetries for salient

PMSMs within the relevant overmodulation region
(1.15 < m ≤ 1.273) to increase efficiency and power
density for automotive drive trains.

� putting a focus on OPPs with a pulse number of three
for a realizable implementation on microcontrollers and
seamless access to the overmodulation region. In this
context, an understanding of the solution space would
be advantageous for identifying the optimal solutions for
the lowest current harmonics.
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TABLE 1 Content of Existing Literature in Comparison to the Research
Presented Here

B. CONTRIBUTION
In order to address the mentioned research opportunities, this
paper presents a comprehensive examination of optimized
pulse patterns for salient PMSMs and their symmetry condi-
tions, with a particular focus on the overmodulation region.
Table 1 clarifies that, in contrast to the existing literature, a
holistic view of the mentioned topics is provided.

This paper extends prior research by showing that the cur-
rent harmonics are strongly dependent on the voltage phase
angle when a distinct saliency is present. A higher voltage
phase angle inherently reduces current harmonics.

Zero-vector properties of QWS and HWS waveforms are
explained and analysed regarding the overmodulation region.

Based on this knowledge, it can be shown that even three-
pulse switching or six-step modulation is sufficient to ensure
minimal distortion of the generated currents, depending on the
operating point. An operational strategy for OPPs is derived.
It is specifically tailored to electric vehicle applications. Thus,
a realizable implementation on microcontrollers and seamless
access to the overmodulation region is possible.

Various symmetry conditions of QWS and HWS are elab-
orated in detail. A distinct interpretation of unrestricted HWS
is derived, for which multiple redundant solutions exist that
lead to the same current distortion.

This provides an interpretable visualization of the solution
space for the current harmonics of a salient PMSM with
respect to three-pulse switching. Understanding the config-
uration of the solution space enhances the probability of
identifying the global minimum by employing appropriate
initial values for the optimization process. An extrapolation
to higher pulse numbers is feasible based on this foundation.
The impact of both QWS and HWS on the current harmonics
of salient PMSMs can be explored within this defined solution
space.

C. PAPER STRUCTURE
The paper is organized as follows: Section II gives an
overview of synchronous modulation and OPPs for salient
PMSMs. Emphasis is placed on the explanation of HWS. The
zero vector properties, which influence the current distortion

FIGURE 2. QWS Type-A waveform and its fundamental (not to scale).

in the overmodulation region, are explained. The influence of
QWS and HWS on the current harmonics is observed regard-
ing salient PMSMs. Section III provides an insight into the
solution space and the optimization itself. Section IV presents
the results of the optimization and discusses the obtained find-
ings. In Section V, measurements are performed to validate
the model on which the proposed theory is based. Section VI
concludes the paper.

II. SYNCHRONOUS MODULATION FOR PMSM DRIVES
A. WAVEFORM REPRESENTATION - MACHINE PHASE
VOLTAGES
When OPPs are applied to a VSI, inherently synchronous
modulation is used. The number of synchronous pulses
q := fsw/ fel, the quotient of the switching frequency fsw and
the electrical frequency fel, is an integer. The switching angles
α = [α1, α2, . . ., αd ] define the synchronous pulse pattern,
where d is the number of independent switching angles. The
value of d depends on the pulse number q and the symmetry
conditions.

For synchronous modulation the waveform can be easily
represented by a Fourier series expansion with the Fourier
coefficients a0, aν and bν :

f (γel) = a0

2
+

∞∑
ν=1

aν sin(νγel) + bν cos(νγel) (1)

By applying symmetry conditions to the pulse pattern, such as
QWS ( f (γel) = f (π − γel) and f (γel) = − f (π + γel), d =
q−1

2 , Fig. 2) or HWS ( f (γel) = − f (π + γel), d = q − 1)
the DC component a0 and the even harmonics are naturally
eliminated and only the odd harmonics exist. However, for
full-wave symmetry ( f (γel) = f (γel + 2π ), d = 2q) this is
generally not the case and the DC component a0 as well as
the even harmonics exist. For this reason, and because of
the additional complexity due to the higher degrees of free-
dom, full-wave symmetry is not discussed in detail in this
publication.

In the following, only QWS and HWS are examined, so
a0 = 0 and ν = 2k + 1 for k ∈ N0. The Fourier representation
of the machine phase voltages is then given in (2) containing
only odd and non-triple harmonics ν, since triple harmon-
ics are additionally canceled out in balanced, star-connected
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FIGURE 3. QWS Type-B waveform and its fundamental (not to scale).

FIGURE 4. Restricted HWS Type-B waveform (−−−). In the unrestricted case
(−−−) switching does not necessarily occur at the zero crossings of the
fundamental and a Type-A and Type-B waveform can not be distinguished
anymore.

three-phase systems [33]. uDC is the DC link voltage.

⎡
⎢⎣uu(α)

uv(α)

uw(α)

⎤
⎥⎦ = uDC

2

∞∑
ν=1,5,7...

⎡
⎢⎣

aν (α)cos (ν (γel + ϕ))

aν (α)cos
(
ν
(
γel + ϕ − 2π

3

))
aν (α)cos

(
ν
(
γel + ϕ − 4π

3

))
+bν (α)sin (ν (γel + ϕ))

+bν (α)sin
(
ν
(
γel + ϕ − 2π

3

))
+bν (α)sin

(
ν
(
γel + ϕ − 4π

3

))
⎤
⎥⎦ (2)

The Fourier coefficients aν (α) and bν (α) are calculated with
(3) for QWS and (4) for HWS respectively. Two types of
waveforms can be distinguished: Namely one where (+) is
applied in (3) and (4) and the waveform starts with a ris-
ing edge when the fundamental phase voltage crosses zero
into the positive half-wave (Type-A waveform), Fig. 2. One
where (−) is applied where the waveform starts with a falling
edge (Type-B waveform) when the fundamental phase voltage
crosses zero into the positive half-wave, Fig. 3. For HWS,
however, a meaningful distinction between the waveforms is
just possible by setting a1 = 0 or b1 = 0, see Fig. 4. This
specific waveform is also known as restricted HWS, which
will be explained at the end of this Section. Otherwise the
zero-crossing of the fundamental wave is neither located at a
rising nor a falling edge (unrestricted HWS) and the sign in
(4) can be neglected. For better display, the argument (α) is
omitted in the following.

aν (α) = 0

bν (α) = ± 4
νπ

(
1 + 2

∑d
i=1(−1)i cos(ναi )

)
⎫⎬
⎭ (3)

aν (α) = ± 4
νπ

∑d
i=1(−1)i+1 sin(ναi )

bν (α) = ± 4
νπ

⎛
⎝ 1+︸︷︷︸

c̃

∑d
i=1(−1)i cos(ναi )

⎞
⎠
⎫⎪⎪⎪⎬
⎪⎪⎪⎭ (4)

The desired voltage fundamental wave of the pulse pattern
can be specified by the amplitude |�udq| and the voltage phase
angle θu: ⎡

⎢⎣uu,1

uv,1

uw,1

⎤
⎥⎦ = |�udq|

⎡
⎢⎣cos (γel + θu)

cos
(
γel + θu − 2π

3

)
cos

(
γel + θu − 4π

3

)
⎤
⎥⎦ . (5)

In the rotating dq-reference frame θu can be calculated by
θu = atan2(

uq,0
ud,0

), where ud/q,0 are the DC dq-voltages.
If only the fundamental components of the phase voltages

are considered, (2) can be represented as (6):⎡
⎢⎣uu,1

uv,1

uw,1

⎤
⎥⎦

= uDC

2

⎡
⎢⎢⎢⎣
√

a2
1 + b2

1 cos
(
γel + ϕ − atan2

(
b1
a1

))
√

a2
1 + b2

1 cos
(
γel + ϕ − atan2

(
b1
a1

)
− 2π

3

)
√

a2
1 + b2

1 cos
(
γel + ϕ − atan2

(
b1
a1

)
− 4π

3

)
⎤
⎥⎥⎥⎦ (6)

The introduction of the angle ϕ in (2) and thus the phase
shift of the waveforms is mandatory in order to ensure that
the position of the corresponding fundamental phase voltages
uu/v/w,1 is identical to that specified by its angle θu, if (5) and
(6) are compared. As a consequence, the correlation

ϕ = θu + π

2
(7)

results in case of QWS (aν = 0), whereas in the general case
of HWS the condition

ϕ = θu + atan2

(
b1

a1

)
(8)

applies.
The relationship between the angles ϕ and θu can be

visualized based on the waveforms and the corresponding
fundamental phase voltages, as shown in Fig. 5 for phase u.
Without the presence of the phase shift introduced by ϕ and
given a QWS, the zero crossing of the fundamental phase
voltage is always located at the first edge of the corresponding
waveform, as can be derived from (5)–(7). In this case, it
is necessary to restrict b1 to positive values only, in order
to ensure that the fundamental phase voltage starts with the
positive half-wave and, consequently, to distinguish correctly
between Type-A and Type-B waveforms. When describing
the fundamental phase voltages as cosine functions according
to (5) and (6), the initial position is therefore always shifted
by π

2 .
However, this is not necessarily the case for HWS. Due to

the degree of freedom given by the possibility of a non-zero
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FIGURE 5. Visualization of the occurring phase shift for QWS and HWS
with and without the introduction of the additional angle ϕ.

FIGURE 6. Representation and decomposition of the fundamental voltage
vector in the dq-reference frame.

a1, the zero crossing of the fundamental phase voltage can be
located arbitrarily, as can be seen in Fig. 5. Hence, the initial
phase shift can generally be described by atan2( b1

a1
).

Taking (5) and (6) into account, the resulting fundamental
voltage vector can be visualized in the dq-reference frame,
as can be seen in Fig. 6. A decomposition into two orthogo-
nal vectors, �a1 and �b1 respectively, can be performed, which
represent the corresponding Fourier coefficients of the funda-
mental phase voltages. In this context, ϕ denotes the angle

FIGURE 7. Redundant waveforms and corresponding fundamental phase
voltages before and after the respective phase shift due to the angle ϕ.

between �b1 and the negative q-axis as well as the angle be-
tween �a1 and the positive d-axis. In the case of QWS and thus
a1 = 0, �b1 is always aligned with the fundamental voltage
vector �udq.

With the introduction of the phase angle ϕ for the general
HWS case, q redundant waveforms exist. These waveforms
have the same fundamental and the same harmonic spec-
trum, but different switching angles shifted by q different ϕ.
Fig. 7 shows two of three solutions with an arbitrary |�udq|
and arbitrary θu for q = 3. This will be further illustrated and
explained in Section III.

The most general form of HWS (a1 �= 0 , b1 �= 0), as in-
vestigated in this paper, is also denoted as non-restricted,
unrestricted, generalized or shifted HWS in the scientific lit-
erature [34], [35], [36]. The naming refers to the fact that
the zero crossings of the fundamental phase voltages do not
necessarily have to be located at edges of the corresponding
waveforms, see Fig. 4. However, this specific restraint can be
enforced by specifying a1 as zero, which is further referred to
as restricted HWS in the literature.

The dependency of the angle ϕ on the Fourier coefficients
a1 and b1 in the case of unconstrained HWS and thus the
need of a corresponding look-up table (LUT) for ϕ can be
completely avoided if the c̃ part in (4) is omitted and d := q
as well as a1 = 0 holds true. Nevertheless, it depends on the
implementation approach of the modulator whether it is more
advantageous to store an additional switching angle or ϕ. In
the following ϕ is used and d := q − 1 applies. This allows
a simple interpretable visualisation of the solution space for
the current harmonics of a salient PMSM regarding a pulse
number of q = 3.

B. ZERO-VECTOR PROPERTIES FOR TYPE-A AND TYPE-B
WAVEFORMS
Specifically for QWS, additional characteristics can be iden-
tified for Type-A and Type-B waveforms regarding zero
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FIGURE 8. Different QWS waveforms for q = 3. Just the positive halfwave
is displayed.

FIGURE 9. Three-phase pulse pattern for q = 3 with different QWS
symmetry conditions. The region where switching actions can
meaningfully take place is defined by the highlighted pink areas.

vectors. To the best of the authors’ knowledge, these char-
acteristics have not been discussed in literature yet. However,
they help to understand the results discussed in Section IV.
In the following, mainly pulse patterns with q = 3 will be
discussed, Fig. 8. However, the results are also applicable to
higher pulse numbers.

From the single-phase pulse pattern (Fig. 8), the three-
phase pulse pattern can be easily derived, Fig. 9. The high-
lighted pink areas define the region where switching actions
can occur meaningfully. Type-A is only defined for α1 within
the range of 60◦ to 90◦ for q = 3. α1 > 30◦ for Type-B wave-
forms results in a discontinuous sequence with respect to the
active space vectors for q = 3.

For the case q = 3, it is clear that the Type-A waveform
inherently includes zero vectors to establish the desired mod-
ulation index, while the Type-B waveform does not for α1 <

30◦. This characteristic can be further observed in the flux tra-
jectory ψ in the αβ-plane of the corresponding pulse patterns,
Fig. 10. The flux trajectory can be obtained by integrating the
respective three-phase pulse patterns.

From the flux trajectory alone, it is clear that there are sig-
nificant differences in the flux harmonics, and consequently
the current harmonics, depending on whether or not the wave-
form contains zero vectors. Specifically, at higher modulation
indices (m > 1.21, overmodulation region II), the flux tra-
jectory without zero vectors tends to approximate a circle,
whereas this is not the case at lower modulation indices. Here,
the distortion of the flux is more pronounced compared to
waveforms that include zero vectors.

FIGURE 10. Flux trajectory for q = 3 with different QWS symmetry
conditions. The flux trajectory can be obtained by integrating the
respective three-phase pulse patterns.

For pulse numbers with odd degrees of freedom, such
as q = 3 (d = 1), the same conclusions can be extended to
higher pulse numbers for m > 1.21 (overmodulation region
II). Conversely, for pulse numbers with even degrees of free-
dom, such as q = 5 (d = 2), Type-A waveforms lack zero
vectors, while Type-B waveforms inherently contain them for
m > 1.21 (overmodulation region II).

C. SALIENT PMSM MODEL - MACHINE PHASE CURRENTS
A general model including non-linear magnetic behaviour of
a PMSM in the dq-reference frame is given in (9) [37]. Rs

is the stator resistance of the machine and ψp the flux of
the permanent magnet, Lx are the absolute inductances, Lxx

the differential inductances and ix are the currents in the dq-
reference frame. The dependences of the current id and iq of
the inductances are dropped for simplicity in the following.[

ud

uq

]
=

[
Rs −ωelLq

(
id, iq

)
ωelLd

(
id, iq

)
Rs

][
id
iq

]

+
[

Ldd
(
id, iq

)
Ldq

(
id, iq

)
Lqd

(
id, iq

)
Lqq

(
id, iq

)
]

d

dt

[
id
iq

]
+
[

0

ψpωel

]
(9)

Using synchronous modulation, the harmonic RMS-content
can be calculated considering the non-linear magnetic
behaviour. The PMSM parameters are listed in Table 2.

In order to facilitate an analytical derivation, the following
simplifications must be assumed for the modelling process:
� the stator resistance (e.g., here Rs = 12 m�) has a negli-

gible impact on the current harmonics. Thus, Rs = 0 m�
is assumed.

� the flux linkage ψp contains no harmonics, hence it does
not influence the current harmonics.

� the cross-coupling inductances Ldq and Lqd are ne-
glected, since they are small compared to Ldd and Lqq

(Ldq = Lqd < 30 micro; H depending on the operating
point).
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TABLE 2 Parameters of the PMSM

� the motor parameters do not depend on the stator or rotor
temperature and are assumed as constant for stationary
operating points.

� the flux tables, and therefore the inductances, are deter-
mined and measured at one specific speed. It is assumed
that these values remain constant over different speeds.

� interlocking time of the semiconductors and the ohmic
voltage drop in the inverter is neglected since fast switch-
ing, low Rds,on SiC inverters are used for automotive
traction drives.

The phase voltages uuvw described by (2) can be trans-
formed to ud and uq by using a Park-Clarke transformation. In
the next step, the obtained dq-voltages described by a Fourier
series expansion can be inserted into (9) and solved for the
current harmonics idq,n. Using the inverse Park-Clarke trans-
formation iu,n can be obtained and the RMS value iu,n,RMS can
be calculated.

This process is conducted step by step in [25]. The present
work refrains from such detailed exposition and instead only
presents the RMS value, which, contrary to existing literature,
has been reformulated to distinguish between isotropic and
anisotropic components within the current harmonics, (10)–
(12) (k ∈ N).

Gn = 1(
n2LddLqq − LdLq

)2 (10)

×
[(

(nLdd + Ld )2 + (
nLqq + Lq

)2
)

× 1

2

(
a2

n−1 + b2
n−1

)
+
(

(nLdd − Ld)2 + (
nLqq − Lq

)2
)

×1

2

(
a2

n+1 + b2
n+1

) + Gsaliency

]

Gsaliency =
(

n2
(

L2
qq − L2

dd

)
+ L2

d − L2
q

)
(11)

×
√

a2
n+1 + b2

n+1 ·
√

a2
n−1 + b2

n−1

× cos (2θu + 2 · atan2 (b1/a1)

+ atan2 (bn−1/an−1) − atan2 (bn+1/an+1))

iu,n,RMS = uDC√
2 · 2ωel

√√√√ ∞∑
n=6k

Gn

︸ ︷︷ ︸
σ

(12)

To reduce the harmonic content of the phase currents iu,n,RMS,
the switching angles α have to be selected in a way that σ is
minimal:

σopt(α) = min σ (α)

subject to

m
uDC

2
= |�udq| = uDC

2
·
√

a2
1(α) + b2

1(α)

0 < α1 < α2 < . . . < αd <
π

2
for QWS

0 < α1 < α2 < . . . < αd < π for HWS (13)

where m is the modulation index. As solver for the optimiza-
tion problem MATLAB’s fmincon is used. The optimization
process itself is explained in Section III.

D. INTERACTION OF QWS AND HWS WITH SALIENT
PMSMS
For PMSMs with no saliency (or induction machines),
Gsaliency = 0. For machines with saliency, Gsaliency �= 0 ap-
plies and lower σ can be obtained using HWS instead of
QWS. However, the following explanation highlights that
HWS outperforms QWS only within a specific operational
range.

Applying QWS, (11) simplifies to (14) since aν = 0:

Gsaliency =
(

n2
(

L2
qq − L2

dd

)
+ L2

d − L2
q

)
× |bn+1| · |bn−1| · (− cos (2θu)) (14)

The (14) shows that the harmonic content of salient PMSMs
depends on the voltage phase angle and thus on the torque
of the machine. The relationship between torque and voltage
phase angle can be expressed as (15) for salient PMSMs if the
resistive voltage drop is ignored [38]. In the following, only
motor operation will be of interest, but the conclusions are
also valid for generator operation, see Fig. 11(a).

TEM = − 3zp

4

(
ψPM

Ld
· uDC m cos(θu)

ωel

+Ld − Lq

LdLq
· u2

DC m2 sin(2θu)

4ω2
el

)
(15)

For the simplest case of QWS, the six-step modulation,
q = 1, α = [ ] and bν = 4

νπ
. So the switching frequency fsw

is equal to the electrical fundamental frequency fel. The re-
sulting values for σ are shown in Fig. 11(b) using the PMSM
parameters listed in Table 2. The harmonic content in the
phase currents is reduced in the high torque range using six-
step operation. Above 180◦ voltage phase angle, the harmonic
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FIGURE 11. (a) Torque of a salient PMSM with the parameters given in
Table 2 (−−−) at 6000 rpm, uDC = 640V and m = 1.15. Additionally, the
results are given for a non-salient PMSM (−−−) and a PMSM with 2 · Lq and
nominal Ld (−−−). (b) current harmonic content represented by σ using
six-step operation (nominal values (−−−), no saliency (L = Ld) (−−−), no
saliency (L = Lq) (- - -), 2 · Lq and nominal Ld (−−−).

FIGURE 12. Curve of − cos(2θu ) and its derivative. The harmonics are
inherently reduced by − cos(2θu ) in PMSMs with saliency. HWS can further
reduce the harmonics, especially where the derivative is greatest. When
the derivative is close to zero, HWS has little advantage over QWS.

content increases again. The curve follows that of − cos(2θu)
according to (14), see Fig. 12(a). In the high torque range of
a salient PMSM, the switching losses of the inverter can be
reduced while still maintaining good quality in the current
waveform using six-step modulation. With higher saliency,
the reduction of harmonics is more pronounced, while for
non-salient machines the effect cannot be used.

For QWS and q = 3, the single degree of freedom is used
to adjust the switching angles to set the desired modulation in-
dex. The bn’s in (14) cannot be tuned to minimize harmonics.
For higher pulse numbers q, i.e. higher degrees of freedom,
the reduction of harmonics is possible to a certain extent,
while keeping the general form of − cos(2θu).

When using HWS instead of QWS, (11) applies, and the
cosine function in (11) can additionally be used to reduce
harmonics, since aν and bν are arguments of the cosine. The
derivative of cos(2θu) describes the effect of the Fourier co-
efficients on the result of the cosine function, see Fig. 12(b).
When θu is close to 90◦ or close to 180◦, the derivative is

almost 0, so small changes in aν and bν have little effect on the
result. When θu is about 135◦, the derivative reaches its max-
imum. Small adjustments to the Fourier coefficients have the
largest effect on the cosine function. Thus, the improvement
from using HWS instead of QWS is expected to follow the
general shape of the derivative as shown in Fig. 12(b). Since
the function − cos(2θu) has its minimum at 180◦, no benefit
of HWS over QWS is expected at this point.

It can be shown that using restricted HWS for q = 3, one
degree of freedom is used to set the desired modulation index,
while the other degree of freedom is used to set a1 = 0. This
gives the same result as QWS.

A comparison and summary of the discussed waveforms is
given in Table 3.

III. OPTIMIZATION OF THE PULSE PATTERNS
The higher the number of pulses q, the more degrees of free-
dom d are available, the more complex the solution space
becomes, and thus the computational complexity increases.
MATLAB’s fmincon is a gradient-based optimization algo-
rithm, and thus convergence and reasonable performance of
the optimization process depend on an adequate choice of
initial values for the respective switching angles. For higher
pulse numbers this becomes increasingly difficult. In the liter-
ature this has been done using random values (100 are used
in [29], [39], [40], 1000 in [20]) for each operating point.
In the following, more detailed considerations are made for
a pulse number of q = 3 to increase the probability of finding
the global minimum.

Considering QWS, the corresponding objective function
σ (α) depends only on a single switching angle α1 to be varied
and can be visualized according to Fig. 13(a). It can be seen
that the global minimum is located at 60◦, so for the corre-
sponding waveform there is an alternation between positive
and negative pulses of equal length, which in turn is accom-
panied by a modulation index of m = 0. This exact point
defines the boundary between the ranges that distinguish the
occurrence of a Type-A or Type-B waveform. For each type,
the switching angle α1 provides the only degree of freedom,
so the feasible region associated with an arbitrary modulation
index m to be satisfied is uniquely specified by discrete points
along the objective function, see Fig. 13(a).

Using a gradient-based optimization method such as MAT-
LAB’s fmincon with random initial values, it is likely that no
feasible solution will be found when optimizing, for exam-
ple, a QWS Type-A waveform with initial angles between 0◦
and 60◦. Instead, a proper initialization for q = 3 would be
α1 ∈ {0, 45◦, 90◦} applied in three optimization cycles. So for
q = 3 and higher pulse numbers the following initialization
angles are suggested:
� all permutations of the set {0◦, 45◦, 90◦} with re-

spect to α1 ≤ α2 ≤ . . . ≤ αd to find the initial an-
gles at the corners and edges of the solution
space (e.g. α1 ∈ {0◦, 45◦, 90◦} for q = 3; (α1|α2) ∈
{(0|0)◦, (0|45)◦, (0|90)◦, (45|45)◦, (45|90)◦, (90|90)◦}
for q = 5).
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TABLE 3 Different Symmetry Conditions Compared

FIGURE 13. Solution space of σ(α) using (12) for QWS (a) and HWS (b) with
q = 3, θu = 130◦ and nominal inductances. For HWS, q redundant solutions
exist. These solutions are distinguished by different marker styles.

� a uniform distribution of switching angles between 0◦
and 90◦ (e.g. α1 = 45◦ for q = 3; α1 = 30◦, α2 = 60◦
for q = 5) to locate the initial angles between the corners
of the solution space.

� two neighbouring, already optimized switching angle
sets are taken as initial values to locate the initial angles
close to already found optima. (e.g. using the solutions
α(m = 1.20, θu = 90◦) and α(m = 1.19, θu = 100◦) for
the optimization α(m = 1.20, θu = 100◦))

Since both Type-A and Type-B waveforms must be consid-
ered, the optimization must be performed twice to select the
best result.

In the case of HWS, two degrees of freedom are avail-
able, α1 and α2 respectively, and the objective function can
be represented by contour lines as shown in Fig. 13(b).
It can be observed that the previously discussed solution
space of Fig. 13(a) is included as a subset, which is gen-
erally valid regardless of the specified pulse number, since
the QWS can always be considered as a special case of the
HWS. In accordance with the previous discussion of QWS,
the global minimum of the objective function σ (α) lies at
(α1, α2) = (60◦, 120◦). Due to the additional degree of free-
dom introduced by the angle α2 to be varied, the feasible
region associated with an arbitrary modulation index m – in
contrast to QWS – takes on the appearance of closed curves,
as shown in Fig. 13(b).

As mentioned in Section II-A, there are q pulses that start
with a rising edge or a falling edge, resulting in q different
possibilities in terms of the waveform being shifted by the
phase ϕ. This results in q redundant solutions for each value
of the modulation index m, resulting in the same pulse pattern
and thus current distortion. In Fig. 13(b) this is shown for
q = 3, where different solutions are highlighted with different
markers.

Considering the occurrence of different local maxima in
the solution space, the optimization process is also performed
several times with an appropriate set of different initial values
for the switching angles as in the QWS case. Permutations
from the set {0, 90◦, 180◦} can be chosen for the initial values
of the switching angles, but due to the higher number of
switching angles to be varied, (q − 1), this leads to a higher
computational effort and will not be used in the following.
Instead, analogous optimization results can be obtained by
choosing the following initial values:
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FIGURE 14. Results of the optimization for q = 3. (a) QWS Type-A is
applied. (b) QWS Type-B is applied. (c) HWS is applied. (d) improvement
using HWS compared to best QWS results (Type-A −−−, Type-B −−−).

� using the angles resulting from the best QWS solution,
Type-A or Type-B, as mentioned above, since it can be
seen from Fig. 13(b) that the HWS solution is close to
the one obtained by QWS.

� a uniform distribution of switching angles between 0◦
and 180◦ (e.g. α1 = 60◦, α2 = 120◦ for q = 3; α1 =
36◦, α2 = 72◦, α3 = 108◦, α4 = 144◦ for q = 5) to lo-
cate the initial angles between the corners of the solution
space.

� two neighbouring, already optimized switching angle
sets are taken as initial values to locate the initial angles
close to already found optima. (e.g. using the solutions
α(m = 1.20, θu = 90◦) and α(m = 1.19, θu = 100◦) for
the optimization α(m = 1.20, θu = 100◦))

In addition, this approach ensures that the optimization
process for HWS always produces the same or better solutions
than in the case of QWS.

IV. RESULTS AND DISCUSSION
A. OPTIMIZATION RESULTS FOR THREE-PULSE SWITCHING
The results obtained using (13) and the optimization proce-
dure described in the previous section are shown in Fig. 14 for
q = 3. Similar results are obtained using an extensive search
with 1000 random initial values, indicating that the proposed
optimization procedure yields nearly identical solutions.

In Fig. 14 the results for the motoring operation θu ∈
[0◦, 180◦] and for the modulation index m ∈ [1, 4

π
] are dis-

played. For many applications, such as drive trains for

electric vehicles, SVPWM or discontinues modulation
(DPWM) would be used for m > 1, since lower total losses
could be achieved in this operating range using the modulation
strategies mentioned [3].

QWS Type-A gives better results than using Type-B for
m = 1 up to m ≈ 1.21 (the beginning of the overmodulation
II region). This result is expected and follows the conclusions
from Section II-B. The results for HWS are a combination of
those obtained by QWS Type-A and Type-B with improved
results for σ depending on the voltage phase angle θu. The
improvement σdiff using HWS instead of QWS for different
m is displayed in Fig. 14(d). Here, HWS is compared to the
best result obtained by QWS σQWS, either by a Type-A or a
Type-B waveform:

σdiff = σQWS − σHWS

σQWS
· 100%. (16)

With a phase angle θu close to 90◦ or 180◦, the solution
obtained with HWS is basically the same as the one obtained
with QWS. The greatest benefit of HWS can be achieved
when θu is between 110◦ and 160◦. The results and the advan-
tage of HWS over QWS are as expected, see Section II-D. The
general shape of the improvement follows the derivative of
cos(2θu). For q = 3 there is only a small advantage with HWS
in the overmodulation region II (m > 1.21). For lower modu-
lation and medium load operation, the current distortions can
be reduced by 18% for the machine used. This again follows
the conclusions from Section II-B, since the zero vector can
be placed arbitrarily. For q = 3 Type-B naturally has no zero
vectors (if α < 30◦), so the benefit of HWS is less than QWS.

This can also be illustrated in the solution space, Fig. 15.
The solution space changes with different θu and - consider-
ing the current-dependent inductances Ld/q and Ldd/qq - with
different currents depending on the operating point. However,
the Fourier coefficients aν and bν for a given (α1, α2) point do
not change, nor does the feasible range for a given modulation
index. The phase angle θu is varied for m = 1.15. For θu

close to 180◦ or 90◦, the value of σ is nearly identical to that
obtained by QWS.

B. OPTIMIZATION RESULTS FOR HIGHER PULSE NUMBERS
As shown in Fig. 16, the results from above are also true for
q ∈ {5, 7}. For these pulse numbers, once again an extensive
search with 1000 random initial values as well as the proposed
optimization method mentioned in Section III is applied. Sim-
ilar results are obtained, indicating again that correct solutions
can be found applying the suggested initialization angles.

Discontinuities of σdiff can be seen in Fig. 16. This can
be observed exactly at the points where the Type-A QWS
becomes better than the Type-B waveform, or vice versa.

From Fig. 16 it can be concluded that higher pulse numbers
q also reduce the benefits of HWS.

Furthermore, within the overmodulation region II (m >

1.21), waveforms for q ∈ {5, 7} without zero vectors yield
optimal results for QWS. In this context, HWS also shows
comparatively modest advantages.
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FIGURE 15. Objective function for different torque operating points with
different voltage phase angles θu using q = 3 and m = 1.15. In the red
encircled area the results are just up to 3% higher compared to the
optimal solution marked with +. The black line marks the results that can
be obtained by QWS.

FIGURE 16. Improvement using HWS compared to best QWS results
(Type-A −−−, Type-B −−−) for pulse numbers q ∈ {5, 7}.

C. IMPLEMENTATION STRATEGY BASED ON THE
OBTAINED RESULTS
To obtain the actual RMS current distortion iu,n,RMS of a
PMSM, (12) can be applied. Equation (12) shows that with
higher electrical frequency ωel (refers to mechanical speed)
iu,n,RMS is reduced. Moreover, (11) illustrates that iu,n,RMS
decreases with increasing voltage phase angle θu (refers to
torque) in salient PMSMs.

Thus, even small pulse numbers such as q = 3 or six-step
modulation can provide satisfactory values of iu,n,RMS when
ωel is high and/or θu is high.

FIGURE 17. Test-bench measurement setup consisting of the PMSM with
the parameters from Table 2 and a VSI based on SiC-MOSFETs.

Higher pulse numbers would lead to better values of
iu,n,RMS, but are challenging to implement in automotive trac-
tion drives due to the limited resources of microcontrollers.
These limitations encompass computational capacity, memory
allocation, and peripheral components such as timers. For this
reason, pulse numbers greater than three will not be further
considered in the following discussion.

In combination with the results obtained in Section IV-A,
this knowledge results to the proposal of an operational strat-
egy for implementing OPPs in PMSMs of electric vehicles:

1) HWS should be used primarily at low modulation in-
dices (m < 1.15). However, in this modulation range,
OPPs, especially q = 3, would not be used in electric
vehicle applications [3], [41].

2) At low or very high θu, HWS has minimal advantages
over QWS. Memory and/or computation on the micro-
controller can be saved in these areas of operation.

3) To access the overmodulation region II OPPs can
be applied. Especially in this context, QWS without
zero vector gives good results, such that HWS offers
only marginal advantages. In a practical application,
the additional complexity of HWS would therefore be
avoided.

4) At very high ωel (which corresponds to the mechanical
speed) and especially under high voltage phase angle
conditions (refers to torque), six-step modulation or
three-pulse switching can be applied, since the current
distortion in salient PMSMs is already very low due to
the high speeds and high voltage angles.

V. EXPERIMENTAL VALIDATION
A. EXPERIMENTAL TEST BENCH SETUP
To confirm the validity of the model (10), the advantages of
HWS over QWS and the statements made in the previous
sections, measurements are made on a machine test bench.

In Fig. 17 the test bench setup is illustrated. A SiC inverter
is connected to 250 kW PMSM with the parameters from
Table 2.
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FIGURE 18. Measurement results to validate the current distortion
reduction by a higher voltage phase angle. (a) Six-step modulation is used
to acquire the phase current iu over a range of torque levels when the
motor is running at a speed of 7000 rpm. (b) FFT of the phase current iu.

A high-bandwidth LeCroy MDA810A oscilloscope is used
to obtain the DC-link voltage and the Drain-Source voltages
of the three high-side switches with 120 MHz differential
probes. The AC-phase currents are measured with 30 MHz
Rogowski coils. All signals are sampled with 10 MS/s. The
mechanical output torque and the mechanical speed of the
motor setup are measured using a HBM T12HP torque trans-
ducer connected to a Ýokogawa power analyser. The control
is implemented on a dSpace MicroLabBox and the syn-
chronous modulator is implemented on the MicroLabBox’s
field-programmable gate array (FPGA). The control algorithm
used for applying OPPs is explained in detail in [41].

B. EXPERIMENTAL VALIDATION: CURRENT DISTORTION
REDUCTION BY HIGHER VOLTAGE PHASE ANGLES
To validate the conclusions drawn from (14) and Fig. 11(b),
six-step operation is applied to the machine at 7000 rpm and
different torque set-points, see Fig. 18. The current waveform
itself already indicates that at higher voltage phase angles
(refers to higher torque), the current harmonics are reduced
for salient PMSMs. This observation can be confirmed by
examining the FFT. The RMS current distortion iu,n,RMS is
displayed in Fig. 20(a) and compared to the results obtained
by simulation. In particular, the 7th harmonic is drastically
reduced at higher load angles. Although six-step modulation

FIGURE 19. Measurement results to validate the current distortion
reduction by a higher voltage phase angle. (a) OPPs with q = 3 and
m = 1.24 are used to acquire the phase current iu over a range of torque
levels when the motor is running at a speed of 7000 rpm. (b) FFT of the
phase current iu.

FIGURE 20. Comparison of experimental (−−−) and analytical ((12)) results
(−−−) for the same pulse patterns but applied with different voltage phase
angles. For salient PMSMs an inherent reduction of the current distortion
can be observed, applying higher voltage phase angles.

is used with a pulse number of q = 1, the current waveform
remains nearly sinusoidal at 300 Nm. Increasing the pulse
number would result in higher switching losses, although the
current waveform is already satisfactory. The general shape
follows that expected in Fig. 11(b).

The same experiment is also conducted for OPPs with
q = 3 applying QWS. The modulation index for this exper-
iment is m = 1.24, addressing the overmodulation region II at

VOLUME 5, 2024 1291



HEPP ET AL.: DETAILED ANALYSIS OF OPPS INTERACTING WITH SALIENT PMSMS APPLYING DIFFERENT SYMMETRY CONDITIONS

7000 rpm. Again the current waveforms, Fig. 19(a), and the
FFT, Fig. 19(b), show the same effect as for six-step mod-
ulation regarding lower current distortions at higher voltage
phase angles (refers to higher torque) for salient PMSMs. The
RMS current distortion iu,n,RMS is displayed in Fig. 20(b) and
compared to the results obtained by simulation. Once again,
the results show that currents with low distortions can be
achieved at high voltage phase angles with significantly low
pulse numbers or switching frequencies respectively.

Experimental and analytical results match quite well, de-
spite some deviations arising from model inaccuracies and
simplifications as stated in Section II-C.

C. EXPERIMENTAL VALIDATION: QWS VS HWS FOR
DIFFERENT VOLTAGE PHASE ANGLES AND THREE-PULSE
SWITCHING
Further experimental investigations will now be carried out
to determine whether the previous findings regarding the ad-
vantages HWS over QWS in terms of modulation index and
voltage angle are correct.

For q = 3, different modulation indices (m ∈
{1.15, 1.18, 1, 20, 1.24}) are applied alongside various
torque set points to the PMSM. HWS waveforms and
QWS waveforms are utilized, and the corresponding
current harmonics are measured. Depending on m the QWS
waveform with the lowest current disortion is used: Type-A
for m ∈ {1.15, 1.18} and Type-B for m ∈ {1.20, 1.24}, see
Fig. 14(d).
σdiff is calculated from the experimental results obtained

and compared to the theoretical ones, Fig. 21(a)–(d). As
expected from Fig. 14(d) and the theoretical derivation in
Section II-D, the advantage of HWS over QWS is minimal
at both low and high voltage phase angles (refers to torque).
The same is true for higher modulation indices, especially
m = 1.24, representing the overmodulation region II.

Table 4 shows the comparison of the experimental and
theoretical current distortions for different m. Again, a good
agreement can be observed, despite small deviations aris-
ing from effects the model does not take into account, see
Section II-C.

Additionally, selected current waveforms are displayed in
Figs. 22–25. Within these figures, QWS and HWS are com-
pared, along with their corresponding FFTs. Waveforms for
small voltage phase angles (30 Nm) and medium voltage
phase angles (120 Nm) for m = 1.15 and m = 1.24 are se-
lected. Visually, it is apparent that for linear modulation, HWS
offers obvious benefits, while for the overmodulation region
II, no visual difference can be discerned.

The results obtained by experiments prove that the HWS
waveform has the greatest advantages over QWS in the
medium load range, with a θu between 120◦ and 150◦. In
contrast, the advantages of HWS decrease when it is used in
the low or high load range or in the overmodulation region.
Thus, the previously proposed theory based on the PMSM
model (10) is validated.

FIGURE 21. Comparison of experimental (−−−) and analytical (Eq. (12))
results (−−−). Different Torques ∈ {30, 90, 180, 240, 300} Nm applied to the
PMSM at different modulation indices m. HWS waveforms and QWS
waveforms are applied and the respective σdiff is obtained.

TABLE 4 Comparison of Experimental and Analytical Results Applying (12)
for Different θu, q = 3, and m ∈ {1.15, 1.18, 1, 20, 1.24}
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FIGURE 22. Measured current waveforms and current FFTs applying QWS
and HWS at m = 1.15 and θu = 99.19◦ (30 Nm) and 7000 rpm. Additionally
the applied pulse pattern obtained by measurements is displayed (−−−).
These measurements emphasizing the smaller benefits at m = 1.15
comparing HWS and QWS at small θu.

FIGURE 23. Measured current waveforms and current FFTs applying QWS
and HWS at m = 1.15 and θu = 125.95◦ (120 Nm) and 7000 rpm.
Additionally the applied pulse pattern obtained by measurements is
displayed (−−−). These measurements emphasizing the benefits at
m = 1.15 comparing HWS and QWS at medium θu.

D. EXPERIMENTAL VALIDATION: IMPLEMENTATION
STRATEGY OF OPPS
To validate the proposed operating strategy suggested in Sec-
tion IV-C, based on the accumulated knowledge, various
speed-torque points in the operating map of a PMSM are

FIGURE 24. Measured current waveforms and current FFTs applying QWS
and HWS at m = 1.24 and θu = 98.89◦ (30 Nm) and 7000 rpm. Additionally
the applied pulse pattern obtained by measurements is displayed (−−−).
These measurements emphasizing the minimal differences at m = 1.24
comparing HWS and QWS.

FIGURE 25. Measured current waveforms and current FFTs applying QWS
and HWS at m = 1.24 and θu = 124.69◦ (120 Nm) and 7000 rpm.
Additionally the applied pulse pattern obtained by measurements is
displayed (−−−). These measurements emphasizing the minimal
differences at m = 1.24 comparing HWS and QWS.

targeted. The base speed range is omitted in this context, as
SVPWM is typically employed in this region.

SVPWM with a maximum modulation index of mmax =
1.15, OPP with q = 3, mmax = 1.24 and QWS, as well as
six-step modulation is applied. For each operating point in

VOLUME 5, 2024 1293



HEPP ET AL.: DETAILED ANALYSIS OF OPPS INTERACTING WITH SALIENT PMSMS APPLYING DIFFERENT SYMMETRY CONDITIONS

FIGURE 26. Experimental results: optimal outcomes regarding overall
efficiency (VSI and PMSM) achieved with SVPWM, q = 3 and q = 1 across
the torque-speed map. The shaded area indicates the practical application
where the respective modulation strategy is used to reduce transitions
between different pulse numbers.

the torque-speed map, the results with the best efficiency is
displayed.

Fig. 26 shows the optimal results for the highest overall ef-
ficiency (VSI and PMSM) over all evaluated operating points
(indicated by a square �). The shaded area indicates the prac-
tical application where the respective modulation strategy is
used to reduce transitions between different pulse numbers.

It is evident that at higher torque levels, six-step oper-
ation yields the best results. As the speed increases, the
torque threshold at which six-step becomes more efficient
than SVPWM or three-pulse switching decreases. This effect
is also observed when comparing three-pulse switching to
SVPWM.

Three-pulse switching exhibits the best efficiency in the
most critical region of the characteristic map, which is at
high speeds and low torque levels (long-range highway driv-
ing), underscoring the utility of the insights gained from the
previous sections.

Statements about actual application usage, when to use
q = 3, when to use six-step or when to use SVPWM, are
difficult to assess. The optimal efficiency achieved through
modulation is highly dependent on the specific characteris-
tics of the machine and the inverter. In addition, the DC-link
voltage ripple and the torque ripple are strongly influenced by
the modulation strategy. This could prevent the use of the most
efficient modulation scheme by exceeding application specific
limits (e.g. a specified maximum voltage ripple). Especially in
six-step operation near the maximum power curve, there is a
high probability that these limits will be exceeded.

This experiment was able to confirm the operational strat-
egy proposed in Section IV-C.

VI. CONCLUSION
The performance of electric vehicle drive systems is mainly
assessed by efficiency and power density. OPPs can enhance
both. In particular, three-pulse switching at very high modu-
lation indexes in the overmodulation region II, is practical for
use in automotive microcontrollers.

This work investigates the current distortion in salient
PMSMs induced by OPPs, with a focus on three-pulse
switching, under various symmetry conditions and in the
overmodulation region. The findings can be summarized as
follows:
� It is demonstrated analytically and experimentally, that

the voltage phase angle θu affects current harmonics. At
high θu, the distortion reduces considerably, also for low
pulse numbers or six-step. Thus, switching losses can
be reduced while maintaining good current waveform
quality.

� Regarding voltage phase angles θu close to 90◦ or 180◦,
HWS does not show significant advantages compared
to QWS. Best results using HWS can be obtained at
medium-load operating points having θu between 120◦
and 150◦.

� HWS has advantages over QWS in cases where wave-
forms contain zero-vectors, because the placement of
these zero-vectors can be adjusted arbitrarily (linear
modulation region). For waveforms that do not contain
zero vectors, the advantages of HWS are small (over-
modulation region II).

� Based on the results obtained, a practical implementa-
tion strategy for OPPs is proposed that leads to the best
trade-off between implementation effort and best results
in terms of efficiency.

� The solution space for HWS and QWS is carefully
studied, and initial angles are selected based on this
understanding to increase the likelihood of discovering
the global optimum.
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