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Abstract

This paper aims to improve the energy autonomy and the mechanical performances of an
on-board drive chain for robotics. The energy autonomy improvement is performed by
reducing electrical losses in the inverter. Electrical losses are reduced by decreasing the
number of switching cycles per period of the inverter’s power semiconductor switches,
while maintaining a low Total Harmonic Distortion (THD). These improvements are ex-
pected thanks to a new control strategy called Pre-Calculated Pulse Width Modulation
(PC PWM). The principle of this new control strategy is that all the symmetries of an
ideal three-phase voltage system are assigned to the real output voltage of the inverter.
Then the switching instants of the inverter’s switches are determined off line, by means of
Fourier’s analysis, so that the maximum number of successive harmonics is zeroed. This
allows the optimal switching sequence to be predefined, thereby reducing unnecessary
commutations of the power switches. The performance of the new method (PC PWM)
is evaluated through detailed simulation studies and compared with the conventional
method called Sinusoidal Pulse Width Modulation (SPWM). The simulation results show
that despite the reduction in the number of commutations per period, the performance
of the actuation chain has been significantly improved with PC-PWM (new technique).
Indeed, for the same mechanical load, the PC-PWM method allows for a lower current, a
shorter transient response time and a lower torque ripple than the SPWM method.

Keywords: inverters; harmonics; Total Harmonic Distortion (THD); Sinusoidal Pulse
Width Modulation (SPWM); Pre-Calculated PWM (PC-PWM); switching number; induction
motor dynamics

1. Introduction
Nowadays, AC motors are widely used in industrial applications such as wind power

generation systems [1], electrical traction [2], and high-performance industrial drives [3].
This widespread adoption is mainly due to their simple structure, robustness, low main-
tenance cost, compactness and lightness compared to DC motors [4]. Induction motors
are low cost and offer good efficiency when their supply voltage profile is well suited [5].
DC-AC conversion is therefore crucial to optimize AC engine efficiency [6]. In addition,
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the rapid development of high-power semiconductor devices with high switching capabili-
ties, such as bipolar transistors, gate-turn-off thyristors, insulated gate bipolar transistors,
and more recently, Silicon Carbide MOSFET, has enabled the development of various
DC/AC inverter topologies including voltage source inverters (VSIs), current source in-
verters (CSIs), and Z-source inverters [7–10]. It well known that the power losses in the
inverter are classified into two categories: conduction and commutation [7,11], and that
conduction losses are negligible compared to switching losses [12,13]. When the switch is
in its stable “on” state, the voltage between its terminals is zero; and when the switch is
in its “off” state, the current flowing through it is zero. The power lost within the switch
is then zero in both of the two stable states “on” and “off” [13]. In contrast, during the
transient switching operation, the current and the voltage are simultaneously non-zero.
Then each switching operation induces a non-zero power loss within the switch, during
the transition of the switch’s state when the voltage and the current are simultaneously
non-zero [13]. The solution to reduce power losses is therefore to decrease the number
of switching operations [7,12,14]. The power losses in the inverter are converted to heat,
which risks damaging the semiconductor switch through overheating [15]. To avoid over-
heating, diffusers powered by small motors are used; this further increases power loss
and size [15]. However, harmonics and high switching frequency remain major issues in
power electronic converters and electric drive actuators. Excessive switching frequency
increases switching losses and reduces the overall efficiency of the converter [7,12,14].
These harmonics have two detrimental impacts: mechanical and electrical. The mechanical
impact manifests as torque ripples, causing rotor vibrations and thus accelerating wear
on its guide bearings. The detrimental electrical impact leads to the appearance of a skin
effect (increased resistance of conductors in a winding), eddy currents (currents induced in
the conductive volume of the ferromagnetic core of the windings), and hysteresis (faster
friction and orientation of Weiss domains). Consequently, Joule and ferromagnetic losses in-
crease. To address these issues, several modulation techniques have been proposed, among
which the most widely used are Sinusoidal Pulse Width Modulation (SPWM) and Selective
Harmonic Elimination Pulse Width Modulation (SHE-PWM) [14,16]. The major difference
between these two approaches lies in the way the switching angles are determined. In
SPWM, the switching instants are generated online in real time by comparing a sinusoidal
reference signal with a high-frequency triangular carrier. Although this technique is simple
to implement, it usually requires a relatively high switching frequency. In contrast, in
SHE-PWM, the switching angles are calculated offline by solving a system of transcenden-
tal nonlinear equations. This approach allows specific harmonics to be eliminated while
operating at relatively low switching frequencies, which makes its implementation less
computationally demanding during real-time operation [17]. Basically, the SHE-PWM
technique involves two main steps. The first step consists of determining the optimal
switching angles by solving nonlinear transcendental equations. These calculations are
performed offline using different numerical approaches such as iterative methods, elimina-
tion theory, Walsh functions, or optimization techniques including genetic algorithms and
particle swarm optimization [16,17]. In the second step, the calculated switching angles
are stored in look-up tables and used during real-time operation to generate the switching
signals [14]. Recently, several works such as [14,17] have proposed improved strategies
for harmonic control in real-time applications. They introduced a modulation strategy
based on a modified sinusoidal carrier that is compared with a sinusoidal reference rather
than with a triangular carrier, as in conventional PWM methods. A generalized real-time
harmonic control (RTHC) approach has also been reported in [14,17]. All these methods
propose an increase in the number of commutations to improve the energy quality and
reduce the THD. The dilemma is that the power switching losses increase [7,12,14].

https://doi.org/10.3390/en19102258

https://doi.org/10.3390/en19102258


Energies 2026, 19, 2258 3 of 19

In this paper, a new inverter control strategy referred to as the PC-PWM technique is
proposed. In this approach, the switching instants of the inverter are determined offline
through a pre-calculation process, allowing the optimal switching sequence to be prede-
fined. This strategy aims to maximize the number of zeroed low successive rank harmonics
and to minimize the number of commutations of semiconductor switches. The proposed
method is applied to the control of a three-phase induction motor drive. Simulation re-
sults demonstrate that the proposed technique (PC-PWM) necessitates a low number of
switching operations per period (30) compared to conventional SPWM (180), provides a
fast speed response, and reduces torque ripple, which contributes to the protection against
bearing wear when compared with the conventional SPWM control strategy.

This paper is organized in six sections. After the introduction, Section 2 describes
the onboard actuation chain constitution. Section 3 gives the theoretical background of
the proposed PC-PWM, especially the study of the symmetry properties of an ideal three-
phase voltage system and the reconstruction of the actual inverter output voltages in a
complete period from only the sixth period, by using symmetry properties of an ideal
voltage system and the calculation of the commutation instants improving the actuation
chain performances using Fourier analysis. Section 4 is devoted to the induction motor
model. Comparative simulation results are given and discussed in Section 5. Finally,
Section 6 concludes the paper by summarizing the main improvements of an onboard
actuation chain.

2. The Onboard Actuation Chain Description
Figure 1 shows the actuation chain, which is composed from the batteries, the three-

phase inverter (with its gate signal generation), the induction motor, the single-ratio reducer
and the mechanical load.

 

Figure 1. Onboard actuation chain.

The actuation chain consists of a mechanical part and an electrical part.

2.1. The Mechanical Part Description

The mechanical part of the drive chain consists of a single-ratio (k > 1) reducer and
a mechanical load that the robot must lift. Unlike internal combustion engines powered
by fossil fuels, a multi-speed gearbox is not necessary. This is because the variation in
torque and speed can be more easily achieved by the electrical part [18–20]. The fact that a
single-ratio reducer is sufficient allows for better rigidity of the mechanical assembly and
a reduced footprint. The role of the single-ratio reducer is to amplify the electromagnetic
torque generated by the electrical part (k > 1) [21]. This allows the motor to operate at low
torque. Since torque is proportional to current, the motor can then operate at low current,
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which reduces energy losses in the form of heat due to the Joule effect in the motor’s copper
windings [22,23]. This study focused on the electrical part.

2.2. The Electrical Part Description

The electrical part consists of a three-phase AC induction motor powered by a three-
phase inverter itself fed by embedded batteries, where the output voltage is Vdc. The
conversion from DC to three-phase AC voltage is performed by the three-phase inverter,
as illustrated in Figure 1 [24,25]. The three-phase inverter topology used in this work is
the conventional line-to-line three-level voltage, three-phase bridge inverter [25]. This one
is composed of three legs connected in parallel across the DC-link (Vdc) [25]. Each leg
contains two complementary power semiconductor switches associated with antiparallel
diodes to allow bidirectional current flow required by inductive loads such as induction
motors [26,27]. In each inverter leg, the two switches must be in a complementary state
to prevent short-circuiting of the DC-link. Consequently, when the upper switch of a leg
is turned ON, the lower switch must remain OFF, and vice versa. This complementary
operation ensures safe switching and proper voltage synthesis at the inverter output [26,27].
The midpoints of the three inverter legs form the output terminals a, b, and c, which are
connected to the stator windings of the three-phase induction motor [25].

The inverter generates the line-to-line voltages, which are applied to the machine
and are defined as: Uab, Ubc and Uca. These voltages constitute a balanced three-phase
voltage system used to drive the induction motor [25]. In the conventional method, the
conversion from DC to AC is performed by means of Sinusoidal Pulse Width Modula-
tion (SPWM) [28,29]. In this method, the switching times are determined in line by the
intersection of the reference signal whose frequency is f and the triangular signal whose
frequency is mf [28,29]. In the proposed method, the switching times are pre-calculated
off-line (PC-PWM). Thanks to this proposed method, the performances of the drive chain
are optimized. As a result, the proposed method allows a reduction in the switching
number per period, in the switching losses, in the THD, and in torque ripple. Then the
inverter can produce a high-quality three-phase voltage waveform suitable for the efficient
operation of the induction motor. Then, the energy autonomy of the onboard actuator chain
is increased and the bearing wear is decreased.

Figure 2 shows the ideal three phase voltage system. U with numerical indices (U12,
U23 and U31) corresponds to the ideal voltages. U with alphabetical indices (Uab, Ubc and
Uca) corresponds to the actual voltages in the inverter output.

Figure 2. Three phase ideal voltage system.
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3. Theoretical Background of the Proposed PC-PWM
3.1. The Principle of the Proposed PC-PWM

In order to improve the performance of the inverter and reduce switching losses, an
innovative control strategy based on PC-PWM is adopted. Unlike conventional SPWM
techniques, where the switching signals are generated by comparing reference and carrier
signals, the proposed method determines the switching angles in advance using Fourier
series analysis. The calculation model is based on the harmonic decomposition of the
inverter output voltage. The sine and cosine Fourier coefficients are expressed as functions
of the switching angles for a chosen number of commutations during one electrical period.
The objective is to determine these angles such that the largest possible number of successive
low-order harmonics are eliminated, starting from the lowest harmonic order (two). The
PC-PWM method is based on the following principle: all symmetries and anti-symmetries
of an ideal three-phase voltage system are attributed to the inverter output voltage.

3.2. Study of the Symmetry Properties of an Ideal Three-Phase Voltage System

The calculation of the switching angles is greatly simplified by exploiting all symme-
tries and anti-symmetries of an ideal three-phase voltage system. This one contains five
symmetry properties, as shown in Figure 2, where u12, u23 and u31 represent an ideal three-
phase voltage system. These properties are attributed to the line-to-line output voltages of
the reel inverter, namely Uab, Ubc, and Uca.

The five properties of symmetry and anti-symmetry of an ideal three-phase voltage
system are:

1. U12 is an even function:
U12(−α) = U12(α) (1)

2. U12 is anti-symmetric with respect to π2 :

U12

(π
2
+ α

)
= −U12

(π
2
− α

)
(2)

3. U23 is a symmetry of U12 with respect to π3 :

U23

(π
3
+ α

)
= U12

(π
3
− α

)
(3)

4. U31 is a shifted anti-symmetry of U12 with respect to π3 :

U31

(π
3
− α

)
= −U12(α) (4)

5. The sum of the three line-to-line voltages is equal to zero:

U12(α) + U23(α) + U31(α) = 0 (5)

It can be seen below that these symmetry and anti-symmetry properties significantly
reduce the complexity of the Fourier series representation and allow the elimination of
several harmonic components without explicitly solving additional equations.
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3.3. Attribution of the Symmetry Properties of the Ideal Three-Phase Voltage System to the Actual
Inverter and Fourier Analysis

In order to determine the harmonic content of the inverter output voltage and to
establish the switching angle calculation model, the line-to-line voltage Uab is decomposed
in the Fourier series. The Fourier’s coefficients of the voltage U12 are given by:{

ak = 1
π

∫ π
−π uab(α)cos(kα) dα

bk = 1
π

∫ π
−π uab(α)sin(kα) dα

(6)

By exploiting the symmetry properties of the inverter output voltage, the calculation of
these coefficients can be significantly simplified. According to property 1, which indicates
that the voltage waveform Uab is an even function, the Fourier’s sine coefficient becomes
zero, and the cosine one becomes:{

ak = 2
π

∫ π
−π uab(α)cos(kα) dα

bk = 0
(7)

Furthermore, by applying property 2, which indicates that the voltage U12 is anti-
symmetric with respect to π

2 , additional simplifications can be obtained. In this case, all
cosine even harmonics have vanished. The remaining non-zero coefficients are only odd
harmonics, as expressed in Equation (8) below:

ak=2p+1 = 4
π

∫ π
0 uab(α)cos(kα) dα

ak=2p = 0
bk = 0

(8)

To further simplify the calculation, the integration interval is decomposed into
two subintervals: [

0,
π

2

]
=

[
0,
π

3

]
+

[π
3

,
π

2

]
(9)

By applying property 3 within the interval, performing a suitable change in variables,
and using properties 4 and 5, which correspond to symmetry and anti-symmetry with
respect to π/3, the Fourier coefficients can be rewritten as:

ak=2p+1 = 8
πcos

(
kπ6

)∫ π
3

0 uab(α)cos
[
k
(
α+ π

6
)]

dα
ak=2p = 0
bk = 0

(10)

From this formulation, it can be observed that the switching angles can be chosen only
in the interval

[
0, π3

]
T. The remaining portions of the waveform can be reconstructed using

the symmetry properties of an ideal three-phase system. The term cos(kπ/6) indicates that
all harmonics whose rank is a multiple of three are zero (k odd). Indeed:

cos
[
3(2p + 1)

π

6

]
= cos

[
(2p + 1)

π

2

]
= 0 (11)

It can therefore be concluded that all harmonics whose rank is a multiple of 2 or 3 are
already zeroed:

ak=2p = ak=3p = 0 (12)

Consequently the rank of the remaining non-zero harmonics is odd and a non-multiple
of three: k = 6q ± 1, which corresponds to the ranks: 5, 7, 11, 13, 17, 19, . . ..

The Figure 3 below shows the zeroed and the remaining non-zero harmonics. This
figure reveals that four out of six harmonics are zeroed, only by taking into account the

https://doi.org/10.3390/en19102258

https://doi.org/10.3390/en19102258


Energies 2026, 19, 2258 7 of 19

symmetrical properties of an ideal three-phase system. This relieves the inverter, which
only has to cancel two harmonics out of each family of six harmonics.

 
Figure 3. Symmetries: zeroed and remaining non-zero harmonics.

3.4. Reconstruction of the Output Voltages in a Complete Period

The DC-link voltage applied in the input of the inverter is generated by the onboard
batteries (Vdc). This voltage feeds the three-phase inverter, which generates the AC voltage
applied to the load. It can be seen in Equation (11) that the number of switching operations
can be chosen only in the sixth of the period

[
0, π3

]
. To reduce the number of switching

operations per period, we have chosen only two commutations within one sixth of the
electrical period: α1 and α2 with 0 < α1 < α2 < π/3. The corresponding waveforms
illustrating the switching instants are shown in the Figure 4 representing the inverter
output voltage in one sixth of the period and in one third of the period: [0, π3 ].

 
Figure 4. Chosen voltage waveform in sixth period [0, π/3].

The Figure 4 above shows the chosen inverter output voltage Uab in [0, π/3]. Uab is
assumed to have two commutations (α1 and α2). The complete waveform over the interval
[0, 2π] will be reconstructed from the voltage defined in [0,π/3] by using the five symmetry
properties discussed previously. Uca will be deduced in [0,π/3] by a shifted anti-symmetry
of Uab (4th symmetry property) and Ubc is deduced by the inversed addition of Uab and
Uca (5th property), as shown in Figure 5 below.
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Figure 5. Deduction of Uca and Ubc from Uab in [0, π/3]. AB=p/3- a2; BC=a2-a1; CD=2 a1-p/3;
DE=a2-a1; EF=p/3- a2.

Figure 5 shows the construction of Uca and Ubc from Uab in the first sixth of the period
(60◦), according to the symmetry properties 4 and 5, respectively.

Figure 6 shows the construction of Uca and Ubc from Uab in the first half of the
period (180◦), according to the symmetry properties 4 and 5, respectively. Finally the
reconstruction of the three-phase output voltages reveals that there are 30 commutations in
a complete period [0, 2π]. Namely, 10 switching operations per phase and per period, as
shown in Figure 7 below.

Figure 6. Reconstruction of the inverter output voltage in half period [0, π].

 

Figure 7. Reconstruction of output three phase voltages in one period.
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3.5. Calculation of Switching Angles α1 and α2

Based on the Fourier analysis established previously, the coefficient corresponding to
the odd harmonic order k = 2p + 1 is expressed as:

ak=2p+1 =
8
π

cos
(

k
π

6

)∫ π
3

0
uab(α)cos

[
k
(
α+

π

6

)]
dα (13)

Considering the piecewise expression of the voltage waveform in the interval, the
integration interval is divided according to the switching instants α1 and α2. The voltage
is equal to Vdc in the intervals [0, α1] and it is equal to zero in the interval [α1, α2].
Consequently, the Fourier coefficient becomes:

ak=2p+1 =
8E
kπ

cos
(

k
π

6

){
sin

[
k
(
α1 +

π

6

)]
− sin

(
k
π

6

)
+ sin

(
k
π

2

)
− sin

[
k
(
α2 +

π

6

)]}
(14)

We can see in Equation (15) above that lower rank harmonics are of higher amplitude.
Then the successive low-rank harmonics must be cancelled as a priority. Having only two
adjustable variables (α1a and α2), only two equations can be satisfied. Then we have chosen
to eliminate the 5th and 7th harmonics. The corresponding Fourier equations are:

{
a5 = 8

5π cos
( 5π

6
)
E
{

sin
[
5
(
α1 +

π
6
)]

− sin
( 5π

6
)
+ sin

[
5
(
π
2
)]

− sin
[
5
(
α2 +

π
6
)]}

= 0
a7 = 8

7π cos
( 7π

6
)
E
{

sin
[
7
(
α1 +

π
6
)]

− sin
( 7π

6
)
+ sin

[
7
(
π
2
)]

− sin
[
7
(
α2 +

π
6
)]}

= 0
(15)

These two equations form a system of nonlinear equations with two unknowns, α1a
and α2. This system was solved numerically using the simplex optimization method, which
yields the following switching angles:{

α1 = 0.6620286986
α2 = 0.7636303773

(16)

Once these switching angles are determined, the inverter output voltage waveform
over the entire electrical period [0, 2π] can be reconstructed using the symmetry prop-
erties of the three-phase system, as shown above. The resulting waveform provides a
reduced switching frequency and eliminates the dominant low-order harmonics. The
reconstructed three-phase voltage waveforms over the full electrical period are presented
in Figure 7 above.

4. Induction Motor Model
In order to validate the performance of the proposed power conversion system, the

dynamic model of the induction motor is implemented in the synchronous “d-q” reference
frame [30–33]. This reference frame allows the three-phase variables to be transformed
into two orthogonal components, which simplifies the mathematical representation of
the machine and facilitates numerical simulation in Matlab/Simulink R2024b [34,35].The
electrical dynamics of the induction machine are described by the following differential
equations expressed in the synchronous d-q frame [32,33]:

https://doi.org/10.3390/en19102258

https://doi.org/10.3390/en19102258


Energies 2026, 19, 2258 10 of 19



dids
dt = − 1

σLs

(
Rs + Rr

M2
sr

L2
r

)
ids +ωsiqs +

MsrRr
σLsL2

r
ψdr +

Msr
σLsLr

ψqrωr +
1
σLs

Vds
diqs
dt = −ωsids − 1

σLs

(
Rs + Rr

M2
sr

L2
r

)
iqs − Msr

σLsLr
ψdrωr +

MsrRr
σLsL2

r
ψqr +

1
σLs

Vqs
dψdr

dt = MsrRr
Lr

ids − Rr
Lr
ψdr +ωgψqr

dψqr
dt = MsrRr

Lr
iqs −ωgψdr − Rr

Lr
ψqr

(17)

where the stator currents ids and iqs, and the rotor flux linkages ψdr and ψqr, represent the
electrical state variables of the machine. Vds and Vqs represent d-axis and q-axis stator
voltages. The mechanical dynamics of the rotor are governed by the motion equation.

dΩr

dt
= − f

J
Ωr −

1
J
(Cem − Cr) (18)

where J represents the rotor inertia and f is the viscous friction coefficient. The relationship
between the electrical rotor speedωr and the mechanical rotor speed Ωr is given by:

Ωr =
ωr

p
(19)

where p denotes the number of pole pairs of the machine. The electromagnetic torque
produced by the motor is expressed as:

Cem = p
Msr

Lr

(
ψdriqs −ψqrids

)
(20)

The slip angular speed ωg appearing in the rotor flux equations is defined as:

ωg = ωs −ωr (21)

where ωs and ωr represent the stator and rotor electrical angular speeds, respectively. The
parameter σ denotes the leakage coefficient of the machine and is defined as:

σ = 1 − M2
sr

LsLr
(22)

In these equations, Rs and Rr correspond to the stator and rotor resistances, Ls and Lr
are the stator and rotor inductances, and Msr represents the mutual inductance between
the stator and rotor windings.

5. Comparative Simulation Results and Discussion
To evaluate the effectiveness of the proposed control strategy, detailed simulations

were carried out using Matlab/Simulink for a three-phase squirrel-cage induction motor
supplied by the proposed multilevel chopper–inverter structure. Two inverter modulation
techniques were considered in the study: the conventional sinus–triangle PWM (SPWM)
and the proposed PC-PWM strategy based on selective harmonic elimination [14,29,36].
The parameters of the induction motor used in the simulations correspond to a 1.5 kW
squirrel-cage induction machine, whose main characteristics are summarized as follows in
the Table 1:

https://doi.org/10.3390/en19102258

https://doi.org/10.3390/en19102258


Energies 2026, 19, 2258 11 of 19

Table 1. Parameters of the induction motor.

Symbol Quantity Value

Pn Rate power 1.5 KW
Vn Rate line voltage 220/380 V
Cn Rated load torque 10 Nm
P Poles pairs 2
Rs Stator resistance 4.85 Ω
Rr Rotor resistance 3.805 Ω

Msr Mutual inductance 0.258 H
Ls Stator inductance 0.274 H
Lr Rotor inductance 0.274 H
In Rated current 6.4/3.7 A
Ωn Motor speed 1420 rpm
f Viscosity coefficient 0.001136 N.m.s/rd
J Inertia 0.031 kg.m2

These parameters were implemented in the dynamic d-q model of the induction
machine developed in Matlab/Simulink in order to analyze the behavior of the motor
when supplied by the proposed inverter [36]. For the comparison to be relevant, the
number of switching operations must be identical. We chose m = 5, which corresponds to
10 switching operations per phase per period. The impact of m was also studied (m = 5
and m = 31) for the same conditions. At the instant t = 3 s, a load torque of 5 Nm is applied
to the motor in order to test the dynamic response of the drive system.

Figure 8a,b show the electromagnetic torque response of the induction motor, with the
proposed PC-PWM and SPWM with m = 5, respectively. These figures correspond to the
same number of switching operations per period and per phase: 10.

 
(a) 

Figure 8. Cont.
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(b) 

Figure 8. Electromagnetic torque of the induction motor. (a): With proposed PC-PWM; (b): with
conventional SPWM, with m = 5.

Figure 9a,b show the comparison of the electromagnetic torque with PC-PWM, and
SPWM with m = 5 and m = 31, in a large time interval ([0, 6 s]) and with zoom in permanent
mode ([5.5, 5.54 s]). It can be seen in Figure 9 that the minimum torque ripple is obtained with
the proposed PC-PWM method. It can be also observed that the impact of m is not significant.
Indeed the augmentation of m from 5 to 31 engenders just a little reduction in torque oscillations.
It can be noticed in Figures 8 and 9 that the PC-PWM’s starting torque (transient mode) is higher
and its torque ripple in permanent mode is significantly lower (3.5 times smaller) compared to
the conventional SPWM. The reduction in the torque ripple will generate less vibration, which
helps protect the guide bearings from wear and reduces audible noise. This improvement is
mainly due to the selective elimination of successive low-ranked harmonics and the optimized
switching angles used in the proposed PC-PWM strategy.

 
(a) 

Figure 9. Cont.
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(b) 

Figure 9. Electromagnetic torque with PC-PWM, SPWM m = 5 and SPWM m = 31. (a): In a large time
interval ([0, 6 s]); (b): zoom in permanent mode ([5.5, 5.54 s]).

Figure 10a,b show the motor speed obtained with PC-PWM and SPWM-m = 31 and
SPWM-m = 5. Here too, the proposed PC-PWM method generates better motor behavior:
a more stable and higher speed in the permanent mode and a shorter transient mode. This
observation holds true both before and after the introduction of the torque load of 5 N.m (at
t = 3 s), demonstrating an improvement in dynamic performance, thanks to the proposed
PC-PWM method.

Figure 11a–c present the stator phase current ia of the induction motor, with SPWM m
= 5, SPWM-m = 31 and PC-PWM, respectively, in a large time interval ([0, 6 s]). Figure 11d
shows the comparison of this current after the establishment of the permanent mode. This
figure clearly shows that the current amplitude obtained with PC-PWM is 2.5 times lower
than that obtained with conventional SPWM. The Joule effect power lost due to PC-PWM is
then 6.25 (2.52) times smaller than that of SPWM for the same mechanical power developed
by the motor. The energy autonomy is then optimized with PC-PWM. The SPWM current
has a slight delay compared to that of PC-PWM. This suggests a higher reactive power, of an
inductive type, for SPWM.

 
(a) 

Figure 10. Cont.
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(b) 

Figure 10. Comparison of speed motor. (a): In a large time interval ([0, 6 s]); (b): zoom in permanent
mode ([5.5, 5.54 s]).

  
(a) (b) 

  
(c) (d) 

Figure 11. Stator phase current ia in the induction motor. (a) SPWM with m = 5; (b) WPWM with
m = 31; (c) PC-PWM; (d) zoom in 40 mS of stator current, during permanent mode, with PC-PWM
and SPWM (m = 5 and m = 31).

Figure 12 shows the stator phase current ia for PC-PWM and for SPWM with m = 5
and m = 31. The comparison reveals that PC-PWM requires a lower current during a steady
state, but a higher current during a transient state, for the same load. The PC-PWM strategy
is smoother and exhibits lower harmonic distortion, which helps to reduce Joule effect
losses in copper, and to improve the overall efficiency of the actuation chain.
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Figure 12. Comparison of the stator current using conventional SPWM and PC-PWM.

Figures 13 and 14 show the power semiconductor switch drain-source voltage (Vds)
and the line-to-line inverter output voltage (Uab), respectively, for the proposed PC-PWM
(a), the conventional SPWM-m = 5 (b), and SPWM-m = 31, during one period (20 ms).
Figures (a) and (b) are for the same number of commutation operations (10 per period and
per phase). Figure (c) is for 62 commutations per period and per phase. The conventional
SPWM exhibits less symmetry than the proposed PC-PWM method.

 
Figure 13. Voltage between the drain-source of a power semiconductor switch. (a): With the proposed
PC-PWM; (b) with conventional SPWM-m = 5; (c): with conventional SPWM-m = 31.

Figure 14. Inverter line-to-line output voltage. (a): With the proposed PC-PWM; (b) with conventional
SPWM-m = 5; (c): with conventional SPWM-m = 31.
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The results clearly show that, for the same number of switching operations per period
and the same load torque, the PC-PWM strategy significantly reduces the harmonic dis-
tortion, the motor current and the torque ripple. This reduction leads to lower Joule effect
power losses in the induction motor, lower mechanical vibrations in the actuation chain,
less noise disturbance and protects the rotor guide bearings from wear.

Figure 15 shows the comparison between the proposed PC-PWM and the conventional
method with m = 5 and m = 31, in terms of the harmonic spectrum. The Total Harmonic
Distortion (THD) is shown in Table 2. It can be seen from the harmonic spectrum that the
proposed PC-PWM method cancels all harmonics from two to 10. In contrast, the SPWM
with (m = 5) presents high amplitudes in these harmonics. Increasing the modulation index
to (m = 31) leads to a reduction in these components, but they still remain higher than those
obtained with PC-PWM. This behavior is confirmed by the THD results. The lowest THD
is obtained with the proposed PC-PWM (50.77%), while higher values are observed with
SPWM (77.30% for (m = 5) and 73.37% for (m = 31)). It can also be noticed that increasing
(m) improves the waveform quality, but the improvement remains limited compared to the
proposed method. Finally, the cancellation of low-order harmonics leads to lower torque
ripple, which helps reduce mechanical vibrations, limits wear of the bearings and decreases
acoustic noise. This improvement is mainly due to the selective elimination of low-order
harmonics and the optimized switching angles used in the PC-PWM strategy.

 

Figure 15. Harmonic analysis comparison for PC-PWM and SPWM.

Table 2. Total Harmonic Distortion (THD).

Method PC-PWM SPWM—m = 5 SPWM—m = 31

Fundamental (V) 308.9 250.4 248

THD (%) 50.77% 77.30 73.37

6. Conclusions
An innovative Pre-Calculated PWM (PC-PWM) strategy, based on symmetry in the

properties of an ideal three-phase voltage system and on Fourier’s analysis, was developed
to minimize the number of switching operations and to maximize the number of zeroed
harmonics. All the symmetry properties of an ideal three-phase voltage system were
attributed to the reel inverter output voltages. Thanks to symmetry properties attribution,
four out of each family of six harmonics are already zeroed. This reduces the constraint on
the total number of commutations of the inverter’s power semiconductor switches, which
now only have to cancel two harmonics in each family of six harmonics. Indeed, with only
10 switching cycles per period of a three-level phase-to-phase voltage inverter, the first nine
harmonics are successively canceled from two to 10: the rank of the first non-zero harmonic
is 11. The performances of conventional SPWM and the proposed PC-PWM methods
were compared using the d–q model of a squirrel-cage induction motor implemented in
Matlab/Simulink, for the same conditions (same number of switching operations and same
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mechanical load). The obtained comparative simulation results clearly demonstrate that the
proposed PC-PWM method improves significantly the dynamic behavior of the actuation
chain. In particular with the proposed PC-PWM, the rotor speed is higher and is stable
after a lower transient time. The electromagnetic couple exhibits a lower ripple in both
modes (transient and steady state). The stator current is lower for the same mechanical
load. For the same number of switching operations (10 per period and per phase), the rotor
speed is 20% higher, the torque ripple is 3.5 times lower and the stator current is 2.5 times
lower than that of conventional SPWM. The Joule effect power lost due to PC-PWM is then
6.25 (2.52) times smaller than that of SPWM. Therefore, the proposed PC-PWM represents
an effective solution for low-cost and high-performance robotics onboard actuation chains.
The proposed PC-PWM improves the battery’s autonomy, increases the energy efficiency
of the actuation chain, reduces energy losses due to the Joule effect, decreases torque ripple,
reduces vibration and noise, and protects the rotor guide bearings from wear. Future work
may focus on the experimental validation of the proposed control strategy.
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