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Abstract

In high-speed drive applications, including drone propulsion systems and high-speed
spindle drives, switching frequency is often limited by thermal constraints or cost consid-
erations when the adoption of wide-bandgap power devices is not economically justified.
Under these conditions, natural-sampled PWM offers significant advantages over regular-
sampled PWM, particularly at low switching-to-fundamental frequency ratios, by improv-
ing output waveform quality and reducing control-loop delay. This paper proposes an
adaptive modulation strategy for two-level three-phase voltage-source inverters, enabling
a seamless transition from space-vector PWM (SVPWM) to generalized discontinuous
PWM (GDPWM). The proposed approach preserves the number of switching events by
synchronizing the discontinuities of the modulation signals with the corresponding carrier
peaks, thereby ensuring a consistent switching pattern while exploiting the benefits of
discontinuous modulation.

Keywords: inverter; pulse width modulation; variable frequency

1. Introduction

In the field of electric drives, particularly in three-phase voltage source inverters (VSIs)
continuous efforts are devoted to reduce ripple and total harmonic distortion (THD) [1].
The growing adoption of high-speed applications, such as drone propulsion systems and
high-speed spindle drives, has led to operating conditions in which the fundamental fre-
quency of the output currents can be orders of magnitude higher than in conventional
drives [2,3]. Under these conditions, maintaining a sufficiently high modulation frequency
ratio becomes increasingly challenging. At low switching-to-fundamental frequency ratios,
harmonic distortion, output-voltage errors, and waveform degradation become increas-
ingly significant, motivating dedicated compensation techniques and alternative PWM
strategies specifically tailored for low-ratio operation [4-6]. This limitation is particularly
relevant when wide bandgap (WBG) devices cannot be adopted because of cost constraints
and conventional silicon devices impose thermal limits that prevent further increases in
switching frequency [7,8]. In applications characterized by a low modulation frequency
ratio, natural-sampled pulse-width modulation (NS-PWM) provides advantages over
regular-sampled PWM (RS-PWM) [9]. In particular, it reduces total harmonic distortion
and minimizes the delay introduced by the discretization process [10-12]. Conversely,
the phase delay and waveform distortion associated with regular-sampled PWM become
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less significant only as the modulation frequency ratio increases [13]. Besides the sampling
method, the modulation strategy also plays a key role in the performance of three-phase
VSIs, also in terms of THD reduction. Space vector pulse-width modulation (SVPWM)
is widely adopted as the industrial standard because of its good harmonic performance
and voltage utilization. However, alternative modulation methods are available, including
generalized discontinuous pulse-width modulation (GDPWM) [14,15]. By clamping one
phase for 120° of the fundamental period, GDPWM reduces the switching activity by
approximately one third, resulting in a significant reduction in switching losses. Moreover,
above a given modulation index threshold, denoted as my,, GDPWM can achieve lower
THD than SVPWM when the switching frequency is increased by a factor of 1.5, while still
maintaining lower switching losses depending on the power factor [16,17]. In addition to
the sampling and modulation strategies, variable switching frequency (VSF) techniques
have been shown to further improve drive performance by reducing current ripple and
THD through the adaptation of the switching frequency according to the fundamental
frequency during operation [18]. Based on these considerations, some studies have in-
vestigated the feasibility of online transitions between modulation strategies, particularly
from SVPWM to GDPWM when the modulation index exceeds the threshold my, [19-23].
In RS-PWM,, this transition is generally straightforward. Some of these approaches have
also been extended to variable switching frequency operation [24]. However, the additional
challenges arising from NS-PWM have not been fully addressed. This work contributes to
this area by demonstrating the feasibility of a transition from SVPWM to GDPWM under
NS-PWW, including operation with variable switching frequency. In addition, dedicated
solutions are proposed to prevent the current spikes associated with GDPWM operation,
ensuring current continuity during both modulation transitions and intrinsic GDPWM dis-
continuities. The proposed approach is especially beneficial in applications characterized by
a low switching-to-fundamental frequency ratio, where the advantages of natural sampling
are more pronounced [25]. Without specific countermeasures, uncontrolled variations in
the modulation signal in NS-PWM introduce local discontinuities in the switching pattern,
leading to current distortion. Two events are particularly critical and require dedicated
solutions: the transition from SVPWM to GDPWM and the intrinsic vertical discontinuities
of GDPWM associated with the transition between discontinuous pulse-width modulation
max (DPWMAX) and discontinuous pulse-width modulation min (DPWMIN). Different
GDPWM schemes can be generated by properly selecting the clamping interval and the
alternation pattern between DPWMAX and DPWMIN [26]. Among the most popular
GDPWM schemes are DPWMO0, DPWM1, DPWM?2, and DPWMB3. These vertical discon-
tinuities correspond precisely to the transitions between the DPWMAX and DPWMIN
operating modes. Without appropriate compensation, both events generate noticeable
current spikes at the transition instants. To address these issues, this paper introduces
a dedicated homologous peak commutation strategy. The proposed approach ensures
that transitions occur only at carrier peaks that coincide with future GDPWM disconti-
nuities. This feature is particularly important when a switching-frequency scaling factor
of d = 1.51is adopted, since it prevents the quarter-period desynchronization that would
otherwise degrade current quality. The approach is also compatible with variable switching
frequency operation, enabled by a dedicated synchronization strategy that preserves the
phase relationship among the carrier, the GDPWM trigger signal, and the modulating
signals. Several implementation aspects that have not been previously discussed in the
literature are identified and compensated. To the best of the authors” knowledge, the pro-
posed homologous peak commutation strategy, capable of preserving current continuity
during both modulation transitions and the intrinsic GDPWM discontinuities, is presented
here for the first time. This paper presents an extension of the seamless transition concept
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from SVPWM to GDPWM to the NS-PWM domain, which is particularly advantageous
at low modulation frequency ratios. In particular, the challenges associated with both the
transition process and the implementation of GDPWM under NS-PWM operation have
been identified. These challenges do not arise in conventional RS-PWM implementations
and manifest as duty-cycle errors and current spikes. Such phenomena are analyzed
and effectively mitigated through the proposed synchronization strategies. Furthermore,
the proposed framework extends the transition concept to variable switching-frequency op-
eration while highlighting the importance of the tuning factor d = 1.5 during the transition
to GDPWM, owing to its beneficial trade-off between harmonic performance and switching
losses. This paper is organized as follows. Section 2 reviews the theoretical background
and the main concepts relevant to the proposed approach. Section 3 presents the control
strategy and homologous peak commutation, describing the transition mechanism between
modulation methods and the measures required to implement discontinuous modulation
with NS-PWM while preserving current continuity. Section 4 provides numerical validation
through MATLAB/Simulink simulations. Section 5 presents the experimental validation
on a scaled test setup. Finally, Section 6 summarizes the main conclusions of the work.

2. Background and Theoretical Framework

The operating principle of a two-level VSl is based on the controlled switching of its
inverter legs [27]. Each leg x € {1,2,3} is described by the binary switching function g, 4,
which connects the corresponding output either to the positive dc-link rail Vj;, or to the
negative dc-link rail. The voltages measured between the inverter outputs and the negative
dc-link rail, referred to as pole voltages and denoted by vy, v2,;, and v3;,, can assume only
two discrete levels, namely V. and 0. For the analysis of three-phase systems, however, it
is more convenient to consider the line-to-line voltages

012 = U1n — O2n,

V23 = U2n — U3p, 1)

031 = U3n — U1n-
and the corresponding phase voltages e, ¢z, and e3. For a balanced three-phase load
connected in star configuration, the neutral voltage with respect to the negative dc-link rail
is given by

v v v
o0 = — 1n + ;nJF 3n @)

The phase voltages can therefore be expressed as

e1 = U1p + Uno,
€y = Vg + Upo, 3)

€3 = U3p + Uno-

A conceptual topology of a three-phase inverter with the presented annotation is in Figure 1.
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Figure 1. Conventional three-phase two-level voltage source inverter (VSI) topology with a generic
load connected in star configuration.

The objective of PWM is to synthesize a continuous low-frequency voltage waveform,
called fundamental frequency, by suitably switching between the discrete voltage levels
available at the inverter output. Although the instantaneous output voltage is discontinu-
ous, its average value over a switching period Ty, can be accurately controlled through the
duty cycle. Considering a generic switching period, the duty cycle J is defined as

TO n

5=,
Tsw

0<6<1, 4)

where Ty, is the conduction interval of the upper switch. The average pole voltage is therefore
Vavg = 0Vje. ®)

By continuously varying the duty cycle, the inverter generates a waveform containing the
desired fundamental component together with high-frequency harmonics. The quality of
the reconstructed waveform depends strongly on the switching frequency fsw = 1/ Tsy.
In general, higher switching frequencies shift the harmonic content towards higher frequen-
cies, simplifying the filtering action naturally provided by the machine impedance. Besides
the switching frequency, the waveform quality is also influenced by the sampling method
adopted by the PWM algorithm. Among the most common approaches are RS-PWM and
NS-PWM [28,29]. In RS-PWM, the modulating signal is updated once or twice during each
switching period and then held constant until the next update. Conversely, in NS-PWM,
the switching instants are ideally determined by the actual intersections between the carrier
and the modulating signal. As a result, NS-PWM provides a more accurate reconstruction
of the reference waveform and introduces less control delay [30]. These advantages become
increasingly significant as the ratio between the switching frequency and the fundamen-
tal frequency decreases, whereas they become negligible at high modulation frequency
ratios [25]. For a three-phase VSI, the modulating signals are defined as

> (6)

3
T
94+ ==
+ 2 g

1y = mcos(®) +

Uy = mcos| ¢ —

(
(

U3 = mcos
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where m is the modulation index, defined as

V2V
m= , )
Vdc

with V,c denoting the root-mean-square (RMS) value of the phase voltage. In a balanced
system, the same modulation index is applied to all three phases. Different modulation
strategies can be obtained by properly selecting the common-mode term -y, which deter-
mines the resulting PWM strategy, including continuous and discontinuous modulation
schemes [31]. Common <y choices are

YSPWM =0
max|uy]| + minfuy]
YSVPWM = - 5
YoPwMAx = 1 — max[uy] : ®)
YoPWMIN = —1 — min[uy]
YeopwMm = & YppwMax + (1 — &) YppwMIN

The signal g is a trigger signal used to alternate between DPWMAX and DPWMIN,
or equivalently, to switch the clamping interval between the upper and lower clamping
windows. Different alternation patterns generate different variants of GDPWM,; in this
paper, DPWM1 is the default choice and terms DPWM1 and GDPWM are from now on
considered interchangeable. For the purpose of this work, ¢ must be properly synchronized
with the carrier and the modulating signal, and a detailed description will be provided in
the next section. SVPWM is the most adopted modulation strategy in industrial applica-
tions [32]. The space-vector and carrier-based formulations of SVPWM are mathematically
equivalent, the latter being obtained through the injection of a suitable common-mode
signal into the sinusoidal modulating references. Although SVPWM is often derived using
geometrical considerations [33], the carrier-based implementation provides an equivalent
and often more convenient formulation for industrial implementation. This formulation is
particularly convenient because it allows SVPWM and GDPWM to be described within
a unified framework. A view of SVPWM and DPWM1 modulating signals are presented
respectively in Figure 2 and Figure 3.

uy Uz us YSVPWM

1 N T T T ]

- 1 1 1 1

0 5 10 15 20
Time [ms]

Figure 2. SVPWM modulating signals (11, u3, and u3) and corresponding common-mode injection
signal ysvpwm-
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Figure 3. DPWM1 modulating signals (11, u2, and u3) and corresponding common-mode signal
YGDPWM:-

SVPWM and GDPWM exhibit different THD performance as a function of the modu-
lation index. Above a modulation-index threshold of approximately my, = 0.75, GDPWM
can achieve lower total harmonic distortion while also reducing switching losses due to its
clamped intervals [34]. In the generalized formulation, the parameter d acts as a tunable
switching-frequency scaling factor that can be adjusted to balance switching losses and
harmonic performance when transitioning from SVPWM to GDPWM. Therefore, d can
be regarded as an additional degree of freedom that allows the modulation strategy to be
tailored according to the design objective, such as minimizing switching losses or reducing
current and voltage distortion. This factor modified the f,,. The introduction of this factor
is motivated by the intrinsic clamping intervals of GDPWM. Since one inverter leg remains
clamped for part of the fundamental period, the switching events count is naturally reduced
with respect to SVPWM. Consequently, the switching frequency can be increased through
the factor d to partially compensate for the reduced switching activity while preserving
comparable switching losses and potentially improving harmonic performance depending
on the value. For d = 1, the modulation achieves the maximum reduction in switching
activity, decreasing switching losses by up to 50% compared to SVPWM. When d = 1.5,
the total number of switching events remains approximately unchanged, compensating
for the 120° clamping interval introduced by GDPWM while improving harmonic per-
formance and still providing a slight reduction in switching losses. For d = 2, switching
losses become comparable to those of SVPWM, whereas harmonic performance is further
improved [31]. Since the primary objective of this study is to reduce the THD without
increasing switching losses, the case d = 1.5 is of particular interest. As will be shown in
the following sections, however, this value requires specific implementation considerations.
The THD; is commonly used to quantify the harmonic content of a signal with respect to
its fundamental component and is defined as

/ 007 VZ

V1,rRMS

where V) ryvis is the RMS value of the fundamental component and Vj, is the RMS value
of the h-th harmonic component. Another factor that can significantly affect waveform
quality is the dead-time effect [35]. Since the switches of the same inverter leg must
operate in a complementary manner to avoid shoot-through conditions, a short delay,
commonly referred to as dead time, is introduced between the turn-off of one device and
the turn-on of its complementary switch. Although necessary for safe operation, dead time
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introduces voltage errors and current distortion. The voltage error introduced by dead
time depends on both the dead-time duration and the switching period. To compensate for
this effect, the modulating signal can be expressed as the sum of the original reference and
a compensation term

uy = uy + Auy. (10)

The dead-time voltage error depends on the sign of the phase currents and can be expressed as

by = AVd{—sign(ix) N sign(i1) + 5182(12) + sign(i3) } (11)

where ;
AV = =L v, (12)

sw
In some drive applications, additional improvements in harmonic performance can be
achieved by varying the switching frequency during operation. This approach, commonly
referred to as VSE, allows the switching frequency to adapt to the operating conditions
while maintaining a desired relationship with the fundamental frequency [36]. In this work,
among the various methods available for implementing VSF operation, the triangular
carrier signal is generated as

c= % arcsin(sin6,), (13)

where 6, denotes the carrier phase angle, which will be properly defined in the next section.
The arcsine operator is required to transform the monotonically increasing phase angle 6.
into a normalized triangular waveform suitable for carrier-based PWM generation. Based
on the concepts reviewed above, the objective of this work is to investigate the feasibility
of a transition from SVPWM to GDPWM driven by the modulation index under variable
switching frequency operation and NS-PWM. The analysis revealed that a direct transition
from SVPWM to GDPWM produces significant current spikes unless appropriate synchro-
nization strategies are adopted. In particular, without the synchronization mechanisms
presented in the next section, the abrupt change in the modulation strategy introduces
duty-cycle errors that lead to local voltage discontinuities and current distortions at the
transition instant. Furthermore, it was observed that the introduction of the frequency
scaling factor d = 1.5 at the transition instant creates additional challenges. Without a dedi-
cated implementation, referred to in this work as homologous peak commutation, multiple
current spikes appear during the subsequent GDPWM operation, potentially degrading the
resulting THD. The nature of the duty-cycle error is visible in Figure 4 in which the three
pole voltages obtained in the synchronized case (red) are compared with those obtained in
the asynchronous case (green). The lower plots show the corresponding modulating and
carrier signals. For conceptual clarity, the DPWM!1 discontinuities have been forced to occur
at the middle of a carrier half-period in the asynchronous case by introducing an initial
carrier phase shift equal to half a carrier semi-period. This configuration was intentionally
adopted to provide a clearer visualization of the duty-cycle error mechanism. An analogous
condition occurs when the synchronization between the GDPWM discontinuities and the
carrier peaks is not properly maintained. In particular, as rigorously demonstrated in
the next section, the introduction of the scaling factor d = 1.5 may lead to a half-carrier
semi-period displacement between the discontinuities and the carrier peaks if appropriate
synchronization measures are not implemented. In contrast, the discontinuities are aligned
with a carrier peak in the synchronized case. Focusing on the carrier interval surrounding
the discontinuity, namely the switching period delimited by the carrier peaks immediately
before and after the discontinuity, duty-cycle errors can be clearly observed. In particu-
lar, the pole voltage vy, exhibits rapid switching events in the asynchronous case due to
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multiple intersections between the modulating signal and the carrier at the discontinuity
instant. These events are not present in the synchronized case. The duty-cycle error is
even more evident in the pole voltage v3,,, where an undesired voltage pulse is generated,
resulting in a non-zero duty cycle during the switching period containing the discontinuity.
In contrast, in the synchronized case the duty cycle during the same switching period is
equal to zero. These differences illustrate how an unsynchronized DPWM1 discontinuity
modifies the generated duty cycle and introduces voltage errors. It is worth noting that
such duty-cycle errors are localized phenomena and occur only in correspondence with the
GDPWM discontinuities, namely during the transitions between DPWMAX and DPWMIN.
Outside these transition instants, the synchronized and asynchronous implementations
generate identical duty cycles.

b

1/171,A,Syn(:

VlrLAsync

]

V2714Sync

‘/2n7Async

‘/LirLSync

V3n4Async

Carrier

Uy

U
us

Carrier

Uy

U2
us

3.3 34
Time [ms]

3.5 3.6

Figure 4. Comparison between synchronized and asynchronous operation. The (upper plots) show
the pole voltages vy, v2,, and v3,, while the (lower plots) report the corresponding modulating
signals. In the synchronized case, the DPWM1 discontinuities are aligned with the carrier peaks.
In the asynchronous case, the discontinuities occur at the middle of a carrier half-period, producing a
duty-cycle error visible on v3,,.
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The following section presents the proposed synchronization methods designed to
preserve current continuity and prevent duty-cycle errors by aligning the modulation
discontinuities with the carrier peaks during both the SVPWM-to-GDPWM transition and
the intrinsic GDPWM discontinuities. Furthermore, when a frequency scaling factor of
d = 1.5 is adopted, an additional measure, referred to as homologous peak commutation,
must be implemented to preserve the synchronization between the carrier extrema and
the subsequent GDPWM discontinuities. The proposed approach extends the applicability
of GDPWM to the NS-PWM domain under variable switching-frequency operation while
maintaining current continuity and avoiding synchronization-related distortions.

3. Proposed Synchronization and Transition Strategy

The primary challenge associated with transitions between different modulation
strategies is the preservation of current continuity. A direct transition performed when
the modulation index exceeds the threshold my, in NS-PWM generally results in current
spikes and waveform distortion. By forcing the commutation to occur only at the top
or bottom peaks of the triangular carrier, the modulation change takes place when the
carrier comparison process is effectively reset. Under this condition, each modulating
signal interacts only once with a given carrier ramp, avoiding multiple intersections with
the same ascending or descending segment. When the transition is performed at a carrier
peak, the duty cycle of the following half-period is entirely computed according to the
new modulation strategy. As a result, two different modulation methods are never mixed
within the same pulse-generation interval, ensuring a smooth transition from the average-
voltage perspective. In the proposed framework, to preserve synchronization between
the modulating signals and the carrier, the fundamental frequency f is treated as the
reference quantity from which all the remaining signals are derived, specifically the trigger
and the carrier. The implementation of GDPWM under VSF operation requires particular
attention. Since GDPWM alternates between DPWMAX and DPWMIN, the trigger signal
g must operate at three times the fundamental frequency in order to maintain the correct
positioning of the clamped intervals. Therefore, the trigger signal can be generated as

¢ = sign [cos (Bgo + 61 /Otf('r) drﬂ . (14)

The parameter 0, represents the phase shift of the trigger signal and can be used to position
the clamped intervals according to the operating conditions. Accordingly, the carrier phase
angle is defined as

B = O + 27 /O 6k f(7) dr. (15)

To guarantee synchronization between the carrier and the GDPWM discontinuities, the ini-
tial carrier phase must satisfy

00 = 00 £ k71, k € Z. (16)

This framework enables both SVPWM and GDPWM operation under variable fundamental
and switching frequency conditions while preserving synchronization among the carrier,
the trigger signal g, and the modulating signals. The proposed transition involves not only
a change in the modulation strategy but also a simultaneous adjustment of the switching
frequency. To maintain comparable switching losses while improving current quality dur-
ing GDPWM operation, a frequency scaling factor d is introduced. In the SVPWM region,
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d = 1, whereas in the GDPWM region d = 1.5 is adopted. Consequently, the switching
frequency becomes

fsw = 6kfd- (17)

Different values of d lead to different trade-offs between switching losses and har-
monic performance. During the transition from SVPWM to DPWM]1, the value d = 1.5
was selected because it compensates for the reduction in effective switching activity intro-
duced by the intrinsic 120° clamping interval, thereby improving THD while maintaining
approximately the same effective switching frequency as in SVPWM. However, the intro-
duction of a non-integer scaling factor such as d = 1.5 during the transition introduces an
additional synchronization constraint. In a variable switching frequency regime, the carrier
and modulation signals must preserve a precise phase relationship. The discontinuities
inherent to GDPWM, corresponding to the transitions between DPWMAX and DPWMIN,
are intentionally aligned with specific carrier peaks. If the transition fromd = 1tod = 1.5
occurs at an unsuitable carrier peak, the subsequent carrier periods become shorter and
the GDPWM discontinuities may no longer coincide with the carrier extrema. This loss
of synchronization reintroduces the current spikes that carrier-synchronized GDPWM is
intended to eliminate. To preserve this synchronization during the transition, the proposed
Homologous Peak Commutation strategy is introduced. The conceptual implementation in
visible in Figure 5.

Uy d=1 d=1.5

Homologous
o o
(W) o (91

T T T
Il Il Il

1
p—

—

5
()]
T
1

Not Homologous
o

-1 I I | I
0 1 2 3 4 5

Time [ms]

Figure 5. Homologous Peak Commutation principle. (Top): transition performed on a carrier peak
homologous to the future GDPWM discontinuities, preserving synchronization after the change from
d = 1tod = 1.5. (Bottom): non-homologous transition producing a quarter-period desynchronization
between the carrier and the GDPWM discontinuities.

According to this approach, the commutation cannot occur at an arbitrary carrier peak
but must take place at a carrier peak belonging to the same “family” of peaks used by
the future GDPWM discontinuities. The relationship is determined by the initial phase
displacement between the carrier and the trigger signal. Depending on the selected phase
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configuration, the six discontinuities occurring during one fundamental period are syn-
chronized either with the carrier top peaks or with the carrier bottom peaks.

e If the GDPWM discontinuities are synchronized with the carrier top peaks, for
example with

7T
6o = < o0 = & 60 =

the transition from SVPWM to GDPWM must occur at a top peak.
*  Conversely, if the GDPWM discontinuities are synchronized with the carrier bottom
peaks, for example with

T 7T 3T

90 = gr Gg() = Er GCO = 7/

the transition must occur at a bottom peak.

Let ¢ denote the time interval between the transition instant and the first subsequent
GDPWM discontinuity. Since both events are synchronized with carrier extrema, t. can be
expressed as

tczc%, ceN, (18)

where c is the number of carrier half-periods separating the two events. After the frequency
scaling factor is applied, the new carrier period becomes

T.
Tsw,d = % (19)
Therefore,
T.
te=cd %d (20)

For any integer value of d, synchronization is naturally preserved because an integer
number of carrier half-periods still fits within t.. However, for the specific case d = 1.5,

T, 1 T, T
fe=c sw,d <1+> =C< sw,d + sw,d). (21)

2 2 2 4

For odd values of ¢, the additional term introduces a phase displacement equal to one fourth
of the carrier period. This causes the GDPWM discontinuities to lose synchronization with
the carrier peak. To avoid this condition, c must be constrained to even values. In practical
terms, this requirement is equivalent to performing the transition only on carrier peaks
homologous to those used by the GDPWM discontinuities. Under this condition,

te = ¢ Tsw, (22)

and the frequency increase associated with d = 1.5 produces only a half-period shift, which
does not compromise synchronization. Consequently, the carrier extrema and GDPWM
discontinuities remain aligned throughout the transition process. The consequences of
synchronization loss can be understood by examining the interaction between the GDPWM
discontinuities and the carrier signal. When the transitions between DPWMAX and DP-
WMIN do not occur at a carrier peak, a condition that may arise after the introduction of
the scaling factor d = 1.5 without the proposed homologous peak commutation strategy;,
the discontinuity is shifted approximately to the middle of a carrier half-period. Under this
condition, the modulating signal changes while the carrier comparison process is still ongo-
ing rather than at a carrier reset point. Consequently, the pulse width generated during
that switching period does not correspond to either the pre-transition or the post-transition
reference. The resulting average pole voltage is therefore affected by an error, producing a
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local discontinuity in the phase voltages and, consequently, phase-current spikes. Repeated
occurrences of this phenomenon increase the harmonic content of the current and degrade
the overall waveform quality.

4. Numerical Validation and Performance Evaluation

To validate the proposed adaptive modulation strategy and the synchronization mech-
anisms presented in the previous section, a comprehensive MATLAB/Simulink model
was developed. The model consists of a three-phase two-level VSI supplying a balanced
RL-RC load, representing a simplified equivalent of motor stator windings. The simulation
setup was designed to reproduce realistic operating conditions and provide a suitable
framework for assessing the phenomena discussed throughout this work. All the analytical
formulations introduced in the proposed control strategy, including the synchronization
constraints and the homologous peak commutation mechanism, were directly implemented
in the simulation model. Unless otherwise specified, the fundamental frequency was set to
f > 300 Hz, consistently with the operating conditions of high-speed drive applications.
The only exception is the test investigating the intrinsic GDPWM discontinuities, where a
fundamental frequency of 50 Hz and a frequency ratio k = 8 are intentionally adopted to
facilitate the observation of the current spikes generated when the proposed homologous
peak commutation strategy is not applied, therefore, to ensure consistency, the simulations
were also carried out using those same parameter values. The dc-link voltage was set to
Vic = 98V. The load parameters were selected to emulate the experimental setup adopted
in this work. Furthermore, the ratio between switching and fundamental frequency was
intentionally kept low by selecting k = 4. This choice is consistent with the application
scenario considered in this paper, where the reduced switching-to-fundamental frequency
ratio makes the use of NS-PWM particularly advantageous and highlights the synchro-
nization issues addressed by the proposed approach. A fixed simulation time step of
Ts = 108 s was adopted. The main simulation parameters are summarized in Table 1.

Table 1. Simulation parameters.

Parameter Symbol Value Unit
DC-link voltage Vie 98 v
RL circuit R 727 m()
L 1.73 mH
RC circuit Ry 6.6 Q
Co 45 uF
Frequency ratio k 4 -

The main contribution of this work concerns the dynamic transition between SVPWM
and GDPWM according to the modulation index threshold my,. The first set of simulations
was therefore aimed at evaluating the effect of the transition timing. In NS-PWM,, if the
transition is triggered immediately when the modulation index crosses the threshold,
without waiting for a carrier peak, the inverter undergoes an instantaneous change in
modulation logic. This condition generates a significant current spike at the transition
instant due to the abrupt modification of the duty-cycle calculation, this is visible in Figure 6,
which alters the average voltage applied during that switching interval. By introducing
carrier-synchronized commutation, the transition is delayed until the next carrier peak,
preventing it from occurring at an arbitrary point within the carrier period and forcing
it to take place only at carrier peaks. To better highlight the effect of the synchronization
mechanism, the analysis was performed for d = 1. Under these conditions, the transition
occurs seamlessly and the phase current remains continuous without observable spikes.
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This result confirms that carrier-synchronized commutation effectively removes the current
discontinuity associated with a direct modulation change.
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Figure 6. Comparison of (a) phase-current i; and (b) phase-current-ripple Ai; waveforms obtained
with synchronous (blue) and asynchronous (red) transitions from SVPWM to DPWMI1. In the
synchronized case, the transition is delayed until a carrier peak after the modulation index exceeds
the threshold my, = 0.72. In the asynchronous case, the transition is performed immediately when
the threshold is crossed, without carrier synchronization. The proposed synchronization strategy
significantly reduces the current spike generated at the transition instant. The transition instant is
highlighted by the vertical light-gray line.

As a consequence of the proposed transition strategy, the THD performance of the
combined modulation scheme was re-evaluated over the entire modulation-index range.
The results, show in Figure 7, confirm that the transition mechanism allows the converter
to preserve the best available harmonic performance of each modulation strategy, enabling
the lowest THD operation across the complete operating range. For modulation indices
below the transition threshold, a lower THD could be theoretically achieved by increasing
the switching frequency in SVPWM. However, this improvement would be obtained at the
expense of higher switching losses. The factor d = 1.5 is of particular interest during the
transition to DPWM1 because it compensates for the reduction in switching activity intro-
duced by the intrinsic 120° clamping interval, thereby improving THD while preserving
approximately the same effective switching frequency as in SVPWM operation. However,
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as demonstrated in this work, the adoption of this scaling factor also introduces additional
synchronization challenges. In particular, if the transition is not properly synchronized,
a loss of alignment between the GDPWM discontinuities and the carrier peaks occurs.
The proposed homologous peak commutation strategy was specifically developed to over-
come this issue and preserve current continuity while retaining the benefits associated with
d=15.

40 1
30 1 DPWM1 d =1
d* DPWMI1 d = 1.5
= SVPWM
- 20 1 = = =Equivalent THD
my, = 0.75

10 + t

O 1 1 1 1
0.2 0.4 0.6 0.8 1

m;

Figure 7. THD as a function of the modulation index m; for SVPWM and DPWM. The results show
that, above a given modulation threshold, transitioning from SVPWM to DPWM with a frequency
scaling factor d = 1.5 provides lower THD.

Following the transition from SVPWM to GDPWM, a second aspect must be consid-
ered, namely the current spikes associated with the intrinsic discontinuities of GDPWM
when the Homologous Peak Commutation strategy is not applied. As discussed in the
previous section, a loss of synchronization causes the GDPWM discontinuities to occur
at the middle of a carrier half-period rather than at a carrier peak. Under this condition,
duty-cycle errors are introduced, producing local discontinuities in the phase voltages
and consequently phase current spikes. A specific focus of the numerical analysis was the
introduction of the frequency scaling factor d = 1.5 during GDPWM operation. This test
was conducted to verify the necessity of the proposed Homologous Peak Commutation
strategy. The results confirm the theoretical analysis. When the transition is performed
on a non-homologous carrier peak while simultaneously changing fromd = 1tod = 1.5,
a phase desynchronization is introduced. The resulting offset corresponds to one quarter of
the carrier period, causing all subsequent GDPWM discontinuities to lose alignment with
the carrier. As a consequence, periodic voltage and current distortions appear throughout
the discontinuous modulation interval. These distortions manifest as current spikes, clearly
visible in Figure 8, occurring at specific GDPWM discontinuities, precisely where the duty-
cycle errors are generated. Such events increase the harmonic content of the current and
can negatively affect both THD and converter losses.

As a consequence of the proposed Homologous Peak Commutation strategy, current
continuity is preserved and the harmonic performance is improved, as shown in Figure 9.
The results indicate that the benefit provided by the proposed synchronization method
becomes increasingly significant as the switching-to-fundamental frequency ratio decreases,
namely for lower values of m;. Under these operating conditions, the duty-cycle errors
generated by asynchronous GDPWM discontinuities have a greater impact on the output
waveform, making the proposed synchronization strategy particularly effective. It is also
worth noting that the THD improvement exhibits an approximately linear dependence on
the modulation index m; over the considered operating range.
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Figure 8. Comparison of (a) phase-current i; and (b) phase-current-ripple Ai; waveforms obtained
with synchronous (blue) and asynchronous (red) GDPWM operations. In the asynchronous case,
clearly visible current spikes appear at the DPWMI1 discontinuities due to the loss of synchronization
between the discontinuities and the carrier peaks. The lower plot compares the normalized current

ripple, highlighting the additional distortion introduced by the asynchronous implementation.

50 T . . :
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= 30 2400 Hz Sync

[ 2400 Hz Async
o 3600 Hz Sync
& 20 3600 Hz Async
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0 . . . .
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Figure 9. THD as a function of the modulation index m; for different switching frequencies under
synchronized and asynchronous operation. The asynchronous implementation has higher THD due
to the current spikes generated at the DPWM1 discontinuities. The impact of these spikes becomes
more pronounced at lower switching frequencies, where the resulting duty-cycle errors contribute
more significantly to the overall harmonic distortion.
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Finally, the robustness of the complete control architecture was assessed under fully
dynamic operating conditions by simultaneously varying the modulation index and the fun-
damental frequency. During the simulation, show in Figure 10, the fundamental frequency
was increased from 280 Hz to 380 Hz, while the modulation index was ramped from 0.5 to
0.95. Under these conditions, the controller successfully managed the following actions:

¢ Continuous adaptation of the switching frequency f; as a function of the fundamental
frequency f.

¢ Dynamic transitions between SVPWM and GDPWM when the modulation index
crossed the threshold my, in both directions.

* Instantaneous scaling of the switching-frequency ratio through the factor 4, resulting
ink-d = 6 during GDPWM operation. Although the carrier frequency is increased
through the factor d = 1.5 when DPWMI1 is implemented, the effective switching
frequency remains unchanged due to the intrinsic 120° clamping interval of DPWM1.
As a consequence, this increase does not result in a corresponding increase in switching
losses [31].

iy 2 i3
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Figure 10. Transition from SVPWM to GDPWM in a variable switching-frequency domain with a
simultaneous variation in the modulation index, using my, = 0.85, k = 4, and d = 1.5. From (top) to
(bottom): (1) phase currents during the full dynamic transition, (2) modulating signals and carrier
waveform, (3) modulation index trajectory, (4) fundamental frequency profile, and (5) time evolution
of the kd product.
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The simulation results demonstrate that the phase currents remain balanced and free of
transition-related spikes throughout the entire operating range. Furthermore, synchro-
nization among the carrier, the modulating signals, and the GDPWM discontinuities is
preserved under all tested conditions, confirming the effectiveness of the proposed control
strategy, even in high-speed applications characterized by a low switching-to-fundamental
frequency ratio.

5. Experimental Validation of the Proposed Strategy

In this section, experimental results are presented to validate the analytical consid-
erations and the proposed modulation strategies under real operating conditions. Exper-
imental validation is essential to assess the real-time feasibility of the proposed control
algorithms and their interaction with physical power electronic hardware. For this purpose,
the complete control scheme was implemented within the PLECS environment. The experi-
mental platform is based on a PLECS RT Box [37], which operates as a real-time controller.
The setup is visible in Figure 11.

RT BOX 1 Inverter + DC link

PWM
optical
decoupling

TDK DC power
supply

Dummy load

— DC line
RT-Box 1
= AC line
e PWM command
—— Optic PWM command PWM optical
decoupling
TDK power DC-link Inverter Dummy load 3
supply

(b)

Figure 11. (a) Bird’s-eye view of the experimental setup. (b) Block schematic of the experimental setup.
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The experimental setup consists of a three-phase two-level VSI based on silicon IGBT
devices supplied by an adjustable dc power supply (GEN100-33, 100 V, 33 A, TDK-Lambda
Corporation, Tokyo, Japan [38]). The inverter is driven by the PWM signals generated
by the RT Box. A significant characteristic of the adopted inverter is the presence of a
hardware dead time equal to t; = 4 ps. This value is not a design choice of the proposed
control strategy but rather a hardware-intrinsic characteristic of the adopted laboratory
inverter. Although required to prevent shoot-through conditions, dead time introduces
nonlinear distortions in the output voltage. Dead-time compensation was therefore imple-
mented according to the formulations introduced in the background section. The inverter
feeds a three-phase passive load composed of magnetically independent air-core inductors
connected in series with a three-phase RC network. The phase currents are measured using
Hall-effect current probes. Experimental waveforms were acquired using a digital oscillo-
scope (DS1054Z, Rigol, Beijing, China [39]) at a sampling rate of 5 MHz without filtering
and subsequently processed (plotted) in MATLAB 2025b. The load can be represented as a
series RL circuit followed by a parallel RC branch for each phase. The adopted parameters
are consistent with the simulation:

e  Series RL1load with R = 727mQ and L = 1.73mH.
e  Parallel RC load with Ry = 6.6 () and Cy = 45 pF.

The DC-link voltage was set to 70 V. This value was obtained by scaling the simulation
voltage of 98 V to ensure safe operation of the experimental setup. Preliminary analytical
and simulation investigations consistently showed that, under asynchronous operating con-
ditions, the resulting duty-cycle errors could generate significant voltage and current spikes.
Such transients may compromise the reliable operation of the power converter and expose
the hardware to excessive electrical stress. For this reason, a lower DC-link voltage was
adopted during the experimental validation. In the present application, k = 8 was selected
as a compromise between waveform visibility and operating conditions representative of
the targeted application. In particular, a fundamental frequency of 50 Hz was adopted;
this choice is dictated by the inherent characteristics of the laboratory load. Nevertheless,
the resulting modulation frequency ratio m 1 remains relatively low, even with k = 8, when
compared with those typically encountered in conventional industrial drive applications.
Although this choice facilitates waveform observation, it still results in a relatively low
switching-to-fundamental frequency ratio, with the switching frequency never exceeding
3.6 kHz. Consequently, the experimental conditions remain consistent with the low-m
operating regime considered throughout this work. The algorithm used for the experi-
mental tests was directly derived from the simulation model using the embedded C-code
generation capabilities of PLECS. During the operation, the RT Box achieved an average
simulation time step of approximately 3 ps. Given a switching frequency of 3.6 kHz, which
corresponds to a carrier period of approximately 277.77 us, the modulating signals are
updated more than 90 times per carrier period. This represents a significant oversampling
rate compared to the standard double sampling per carrier period typical of RS-PWM.
Considering that even without rigorous code optimization and without leveraging spe-
cialized hardware such as FPGAs for PWM signal generation it was possible to achieve a
massive oversampling rate, it is reasonable to conclude that the intrinsic discretization of
the microcontroller aligns more closely with a theoretical NS-PWM rather than with the
forced sampling of a RS-PWM in this specific implementation. Table 2 resumes the main
test parameter.
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Table 2. Experimental setup circuital parameters.

Parameter Symbol Value Unit
DC-link voltage Vie 70 v
dead time tq 4 us
o R 727 mQ)
RL circuit I 173 mH
L R, 6.6 Q
RC circuit C, 45 uF
Frequency ratio k 8 -

The main objective of the test was to verify the occurrence of current spikes associated
with the intrinsic DPWM1 discontinuities when they occur at the middle of a carrier half-
period. This condition represents the most critical operating scenario, since the resulting
current spikes are not only larger in magnitude but also occur four times per fundamen-
tal period. Conversely, the current spike associated with the transition from SVPWM to
DPWML1, although potentially significant, is typically observed only when the modulation
index crosses the threshold value my, = 0.72. To this end, two different control configu-
rations were implemented. In the first configuration, referred to as the symmetric case,
the transition from SVPWM to DPWML1 is performed together with the frequency scaling
factor d = 1.5 while correctly applying the Homologous Peak Commutation strategy. Un-
der these conditions, the DPWMI1 discontinuities remain synchronized with the carrier
extrema and occur exclusively at the carrier top peaks or bottom peaks, depending on the
selected initial carrier phase. In the second configuration, referred to as the asymmetric case,
the Homologous Peak Commutation strategy is not applied. As a consequence, the DPWM1
discontinuities occur at the middle of the carrier half-period, generating the duty-cycle
errors discussed in the previous section. The experimental results obtained for both the
symmetric and asymmetric configurations are reported for modulation indices ranging
from m = 0.5 to m = 0.8. The comparison between the two cases is shown in Figure 12.

The THD values corresponding to the experimental results for modulation indices rang-
ing from 0.1 to 0.9 are presented in Table 3. The results are consistent with the numerical
analysis shown in Figure 9. In particular, the synchronized implementation exhibits lower
THD than the asynchronous one over the entire investigated modulation-index range, con-
firming the effectiveness of the proposed synchronization strategy in mitigating the current
spikes associated with unsynchronized GDPWM discontinuities. Furthermore, the relative
THD improvement follows a similar trend to that observed in the numerical results, increasing
from low modulation-index values up to approximately m; = 0.5, where the maximum benefit
is achieved, and then gradually decreasing as the modulation index approaches unity.

Table 3. THD calculated from the experimental waveforms at various m;.

m; Asynchronous THD (%) Synchronous THD (%) THD Reduction (%)
0.1 38.14 34.40 9.824
0.2 29.74 26.65 10.38
0.3 26.18 22.54 13.88
0.4 23.23 19.29 16.96
0.5 21.13 16.53 21.77
0.6 16.42 14.26 13.17
0.7 12.81 11.77 8.145
0.8 9.906 9.453 4.571
0.9 7.764 7.660 1.350
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Figure 12. Experimental comparison between asynchronous (left column) and synchro-

nized (right column) DPWM1 operation for modulation indices ranging from m; = 0.5 to m; = 0.8.

In the asynchronous case, current spikes are clearly visible due to the lack of synchronization between
the DPWMI1 discontinuities and the carrier peak. In the synchronized case, the proposed Homologous
Peak Commutation strategy eliminates these disturbances, preserving current continuity over the

entire operating range.

Another significant result is the experimental validation of the transition between
SVPWM and DPWM]1; the effect of the transition on the three-phase currents is visible
in Figure 13. The figure reports the experimental transition from SVPWM to DPWM1 ob-

tained by varying the modulation index from m; = 0.6 to m; = 0.8, while maintaining the
transition threshold at m;;, = 0.7. The modulation-index variation is applied at = 30 ms,
causing the control algorithm to commutate from SVPWM to DPWMI1 once the threshold is
exceeded. The transition is completed without observable current discontinuities or current

spikes, confirming the effectiveness of the proposed synchronization strategy under dynamic

operating conditions. These results experimentally validate the feasibility of a seamless transi-

tion between continuous and discontinuous modulation strategies and further demonstrate

the robustness of the proposed implementation in a realistic operating scenario.
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Figure 13. Experimental transition from SVPWM to DPWM1. The modulation index is varied from
m; = 0.6 to m; = 0.8, causing the commutation from SVPWM to DPWM1 when the threshold

my, = 0.7 is exceeded. No observable current spikes or discontinuities are generated during the
transition, confirming the effectiveness of the proposed synchronization strategy.

6. Conclusions

This work has been developed in the context of high-speed drive applications, where
the switching-to-fundamental frequency ratio is typically low and the advantages of NS-
PWM over RS-PWM become increasingly significant. Within this operating scenario,
the feasibility of a transition between SVPWM and DPWMI1 under variable switching-
frequency operation has been investigated and experimentally validated. The proposed
approach extends the implementation of online modulation transitions to the NS-PWM
domain. During the analysis, several synchronization issues, not previously addressed
in the literature, were identified and resolved. In particular, a dedicated synchronization
strategy among the carrier, the modulating signals, and the GDPWM trigger signal was
introduced, enabling seamless transitions between SVPWM and DPWM1 without generat-
ing current spikes at the transition instant. A second contribution concerns the analysis of
the intrinsic DPWM1 discontinuities when a frequency scaling factor d = 1.5 is adopted to
compensate for the reduced switching activity introduced by the clamped intervals. It was
demonstrated that, without the proposed Homologous Peak Commutation strategy, the re-
sulting loss of synchronization generates recurring duty-cycle errors, leading to voltage
discontinuities and current spikes during normal operation. The proposed synchronization
method effectively eliminates these distortions by maintaining the alignment between the
GDPWM discontinuities and the carrier extrema. Numerical and experimental results
confirmed the validity of the proposed approach. The developed control strategy preserves
current continuity during both modulation transitions and intrinsic DPWM1 discontinuities
while maintaining compatibility with variable switching-frequency operation. Furthermore,
the elimination of asynchronous discontinuity events leads to an improvement in current
quality and THD, which becomes increasingly significant as the switching-to-fundamental
frequency ratio decreases. The experimental validation further confirmed the theoretical
and numerical findings. In particular, the measurements showed that, when the proposed
Homologous Peak Commutation strategy is not implemented, current spikes appear at
the DPWMI1 discontinuities due to the loss of synchronization between the discontinu-
ities and the carrier extrema. Conversely, when the proposed synchronization method
is applied, these spikes are effectively eliminated, preserving current continuity under
real operating conditions. These results provide experimental evidence of the practical
effectiveness of the proposed approach and confirm the validity of the theoretical analysis.
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These results demonstrate that synchronized transitions between SVPWM and DPWM1
can be reliably implemented in NS-PWM-based high-speed drive applications, extending
the operating range of discontinuous modulation techniques while preserving waveform
quality and reducing the adverse effects associated with asynchronous modulation changes.
Future research will investigate computationally efficient implementations capable of re-
producing the benefits of NS-PWM with reduced oversampling requirements, including
carrier-synchronized approaches based on the analytical estimation of carrier-modulating
signal intersection points. Such techniques could improve the practical applicability of
the proposed strategy on embedded control platforms while preserving the advantages of
natural-sampled operation.
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The following abbreviations are used in this manuscript:

VSI Voltage Source Inverter
THD Total Harmonic Distortion
WBG Wide Bandgap

PWM Pulse-Width Modulation

NS-PWM  Natural-Sampled Pulse-Width Modulation

RS-PWM Regular-Sampled Pulse-Width Modulation

SPWM Sinusoidal Pulse-Width Modulation

SVPWM Space Vector Pulse-Width Modulation

GDPWM Generalized Discontinuous Pulse-Width Modulation
DPWM Discontinuous Pulse-Width Modulation

DPWMAX  Discontinuous Pulse-Width Modulation Maximum
DPWMIN  Discontinuous Pulse-Width Modulation Minimum

VSF Variable Switching Frequency
RMS Root Mean Square

RL Resistor-Inductor

RC Resistor—Capacitor
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