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Abstract—Maultilevel inverters have emerged as a key research
focus in power electronics due to their increasing importance in
renewable energy systems and rotating machinery applications.
These devices produce output voltages that closely approximate si-
nusoidal waveforms, significantly improving signal quality. Among
available topologies, the Neutral Point Clamped (NPC) inverter
proves particularly suitable for such applications, especially when
numerous voltage levels are required. Our study examines a
Synchronous Reluctance Motor (SynRM) driven by a seven-
level multilevel inverter employing Maximum Torque Per Weber
(MTPW) control. This approach achieves outstanding dynamic
performance by directly linking torque control to current con-
trol. The selection of control methodology depends fundamen-
tally on how reference current values are determined. Through
comprehensive MATLAB/Simulink simulations, we performed a
comparative analysis of conventional inverter characteristics. The
results conclusively demonstrate superior performance in response
time, torque ripple reduction, and current waveform quality
enhancement.

Keywords—Multilevel Inverter; NPC Architecture; Synchronous
Reluctance Motor; MTPW Control; Current Ripple Minimization

I. INTRODUCTION

The significance of multilevel inverters in power electronics
cannot be overstated [1]. These devices constitute a major
advancement in power conversion technology, providing ef-
ficient solutions for enhancing electrical energy quality and
optimizing performance in diverse industrial applications. By
generating multiple voltage levels, multilevel inverters produce
output waveforms that closely approximate ideal sinusoidal
waves, thereby minimizing harmonic distortion and improving
current quality [2]-[4].

Multilevel inverters are characterized by superior energy
efficiency, enabling optimized power management that is crucial
for systems demanding stable and reliable power supplies. Their
design inherently minimizes harmonic distortion, thereby pro-
tecting sensitive equipment and extending operational lifespans.

This versatility renders them applicable across diverse domains,
from electric machine drives to energy storage systems [5], [6].

Pulse Width Modulation (PWM) is widely employed for
inverter control, offering a robust and effective solution par-
ticularly suited to our application given its simplicity and
compatibility with seven-level inverters. While Space Vec-
tor Modulation (SVM) provides superior voltage quality and
remains an attractive alternative, its implementation requires
greater computational complexity [7].

Several studies have focused on connecting multilevel in-
verters to motors [8], [9]. Recently, however, there has been
a growing trend toward the use of SynRMs [10], [11]. These
machines are more economical because they contain neither
rotor windings nor permanent magnets. They also offer good
energy efficiency due to the absence of rotor losses. Their
simple structure makes them robust and easy to maintain.
Furthermore, they allow for precise control of both speed and
torque [12].

The integration of reluctance motors with multilevel inverters
and MTPW control significantly enhances electric drive sys-
tem efficiency. Reluctance motors exploit magnetic reluctance
variations for torque generation while benefiting from precise
power regulation via the MTPW method [13]. This strategy
optimally allocates stator current between the ¢- and d-axes,
simultaneously minimizing power consumption and maximiz-
ing torque output. The MTPW algorithm dynamically adjusts
current and voltage parameters in response to load conditions
and motor characteristics, maintaining peak energy efficiency
across a wide operating range.

Recent studies demonstrate significant developments in con-
trol optimization techniques for enhancing SynRM performance
[14]-[16]. SynRMs have gained increasing adoption in electric
vehicle traction systems and other high-speed applications [17]-
[19].
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This research aims to optimize SynRM vector control perfor-
mance through implementation of the MTPW technique. The
study is organized along two principal research axes:

o Seven-level NPC inverter integration: The investigation
examines the incorporation of an NPC inverter topology into
the SynRM drive system, with comprehensive analysis of its
impact on overall system performance.

« MTPW control strategy analysis: The work evaluates the
effectiveness of MTPW control methodologies, demonstrat-
ing their advantages in three key areas: (a) energy efficiency
optimization, (b) operational speed range extension, and (c)
system robustness enhancement.

To achieve our objectives, this paper is organized as follows:
Section I presents the introduction, followed by an overview
of principal multilevel inverter topologies in Section II. Section
IIT describes SynRM technology, while Section IV details the
field-oriented control method. Finally, Section V analyzes the
simulation results, and Section VI presents the conclusions.

II. MAIN MULTILEVEL INVERTER TOPOLOGIES

The concept of multilevel converters can be implemented
using various structures, based on the combination of power
semiconductors and, in some topologies, their series connec-
tions. Their common feature lies in their ability to generate an
output waveform with multiple voltage levels [20]. The switch-
ing strategy and control methods of a converter are determined
by the nature of the load and the specific requirements of the
application. Research [21] identifies the topologies best suited
for SynRMs, including N PC', Flying Capacitor (F'C'), and H-
Bridge structures [22]. The first two have the advantage of
operating with single-source voltage systems.

A. NPC Family

An NPC inverter is a broadly used multilevel inverter
topology in industrial applications requiring high-quality output
waveform. The number of components needed for an NPC
inverter depends on the desired number of voltage levels Ny pc
at the output. It includes 2(Nypc-1) switches IGBT's that
control the current path to generate the various voltage levels,
2(Nnypo-2) clamping diodes that direct the current to the
neutral point while limiting the voltage across each switch,
(Nnpc-1) capacitors that divide the DC bus to create and
stabilize the voltage levels, and (Nypc-2) neutral points that
serve as intermediate references for the voltages [23], [24].

B. FC Family

An F'C inverter is a multilevel inverter topology widely used
in industrial applications requiring high quality of the output
waveform. The number of components required for an FC
inverter depends on the number of voltage levels Npc desired
at the output. It includes 2(Npc-1) switches that control the

current path to generate the different voltage levels, Npc-1
floating capacitors that divide the DC bus to create and stabilize
the voltage levels, and Npc-2 neutral points that serve as
intermediate references for the voltages. The equation shows
the formula for fly capacitors [25], [26]. Equation (1) shows
the expression for DC-link capacitor [27]:

c> 1 o
n 4f inv A’Upp

The seven-level inverter features three symmetrical legs, each
containing twelve bidirectional switches arranged in series.
To avoid short-circuiting the inverter DC input or disrupt-
ing the inductive load, these switches must not be activated
simultaneously. Each switch is made up of a bidirectional
semiconductor paired with a diode connected in reverse. For
the NPC topology, each leg of the NPC inverter includes
ten diodes (Fig. 1), while in the F'C topology we find ten
capacitors, which are used to create various output voltage
levels for each leg. Each leg is linked to a DC power source
with a battery or source of energy of 6x V., with all six sources
being equal. This inverter is classified as seven-level because it
generates seven distinct voltage levels per arm: Vgc , VZC, Vg“,
0, -%, -%, and -%:

ey

Vic

1,1,1,1,1,1,0,0,0,0,0,0

p ]
Vae 1,1,1,1,1,0,0,0,0,0,0,0]
]

1,1,1,1,0,0,0,0,0,0,0,0
1,1,1,0,0,0,0,0,0,0,0,0] 2)
1,1,0,0,0,0,0,0,0,0,0,0]
1,0,0,0,0,0,0,0,0,0,0,0]

|

0,0,0,0,0,0,0,0,0,0,0,0

Each of the three legs of the inverter can independently take
the seven states 6, 5, 4, 3, 2, 1, or 0. The set of possibilities
for the complete inverter amounts to 73, or 343 states [28].

C. Switching Mode Control

The PWM control mode is still the most popular [29].
It is preferred for controlling multilevel inverters, but when
more than three are used, an imbalance is implemented to the
capacitors of the DC link. From the output voltages V,,, Vi,
V.o, we define the output voltage vector by:

Vout:Vaoe +% 63 “FVYCOBS —V +]VB (3)

Depending on the inverter states, the output voltage vector
could take a number of positions in the a-f3 plane. These
positions are indicated on the switching hexagon. There are 126
discrete positions, partitioned over six hexagons, in addition to
a position in the hexagon center. Some positions are generated
by various redundant states. From the inner hexagon to the outer
one, the positions of the vector V; were produced respectively
by one, two, three, four, five, or six redundant states.
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Fig. 1. Seven-level NPC inverter architecture

The position of the hexagon center, which aligns with a
zero output voltage, is generated by seven redundant states. We
therefore differentiate 36 positions with a single redundancy,
30 positions with two redundancies, 24 positions with three
redundancies, 18 positions with four redundancies, 12 positions
with five redundancies, and 6 positions with six redundancies.

The 127 positions of the output voltage vector split the vector
diagram into six triangular sectors. Each sector is formed of 36
triangular regions. We thus have 216 triangular regions in the
complete vector diagram. In this study, an inverter is used with
DC voltage sources with PWM control to avoid this kind of
capacitive voltage imbalance [30], [31].

III. DESCRIPTION OF SYNRM

SynRM is a kind of AC motors that uses the principle of
magnetic reluctance to produce rotary motion. As opposed to
traditional motors, it does not contain permanent magnets or
field windings, which gives its design a simple and robust
structure [32]. The conventional model based on the Park
transformation relies on several assumptions: the hysteresis
of the magnetic circuit is minimal, the circuit is unsaturated,
gap harmonics are ignored, and the distribution of magneto-
motive forces in the air gap is sinusoidal. Additionally, the
influence of temperature on the resistances is disregarded,
which simplifies the analysis but may limit accuracy in real-

Reluctance
Motor

world applications [33]. The electrical equations for the SynRM
in the d-q reference frame are [34]:
—Lg||s,
o] @

Vsd isa| | La|d|isa 0
=R.|" — QU
L’SJ R |:qu:|+|:qu:|dt|:qu:|+p [Ld

where:

1sd, Lsq: Stator current components.

Vsd, Vsq: Stator voltage components.

Lg, Lg: direct and quadrature inductance.

Ry: stator resistance.

p: number of pole pairs.

Q,,: mechanical speed.

The electromagnetic torque is represented as follows:

3 .

Cem = i(Ld - Lq)lsdzsq (5)
The SynRM model in (4) exhibits nonlinear behavior. This
nonlinearity stems from two key terms: firstly, the product of
current and mechanical speed, and secondly, the product of
current and its time derivative, as emphasized by [35]. The flux

flowing across the windings in d-q frame are expressed as:
¢sda = Laisa
Psq = Lqisq (6)
s = \/ id + (bgq
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From (4) and (6), the direct and quadrature stator voltage is:

Vsg = Rsisqg + ¢jtd - me¢sq

é (7
VUsd = Rsisq + dstq +me¢sd
The torque becomes:
Cem = p(¢sdisq - (bsqisd) (8)

We can utilize the fundamental equations governing the
dynamics of the rotor. The analysis involves considering the
forces acting on the rotor and how they relate to its motion. The
dynamics of the rotor can be described by Newton’s second law
for rotational motion:

Sy,
J dtl = Cem -

Cl - me (9)

where:

f: the coefficient of friction;
Cy: the torque of the load;
J: the motor inertia.

Fig. 2 depicts the vector diagram of SynRM in steady-
state.
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Fig. 2. Vector representation of the SynRM in steady-state

The angle of rotation of ¢4 is:

tana = Lsq (10)

lsd
IV. FIELD-ORIENTED CONTROL (FOC) OF SYNRM

FOC of SynRM is a sophisticated control technique con-
ceived to accomplish precise and efficient torque and speed
control. The basic principle of F'OC is to transform the stator
currents from the stationary frame (a, b, ¢) to the rotating
reference frame (d, q), aligning the d-axis with the rotor mag-
netic flux and the g-axis with the torque-producing component.
This transformation decouples flux-producing currents i54 and
torque 44, allowing independent control of each. In SynRMs,

torque is proportional to the product of iy and iy, and
FOC exploits this relationship to optimize motor performance.
By using two internal current control loops to regulate iy
and 74, and an external speed control loop to generate the
reference torque, FFOC' ensures precise and dynamic motor
operation. Furthermore, the degree of freedom inherent in the
control system allows for the optimization of other performance
criteria, such as efficiency, power factor, or speed range [36],
[37].

A. Vector Control Structure

Fig. 3 illustrates the block diagram of the SynRM vector
control structure. This classical cascade structure comprises
three control levels. The first level involves the current loops,
which regulate the stator current d-q¢ components to preserve
steady-state signals. A basic PI controller ensures zero static
error and mitigates the electromotive force coupling the d and
q axes. The second level determines the current set-points i,
based on the desired torque, aiming to optimize current and
voltage constraints. The final level focuses on speed control,
utilizing the PI super-twisting controller as described in [38],
[39].

B. Constant Current and Constant Current Angle

When the target speed €2, is lower than the nominal speed
Q,,, the vector control becomes an effective solution. In this
operational range, the 754 component is held steady, ensuring
consistent performance. This approach is supported by research,
such as the findings of reference [40], which validate its
efficiency in applications with a lower nominal speed [41].

*
Smax

-k
1 = C =
sd \/5 Ld
where (¢ is considered constant. The maximum value of the
stator flux linkage is subsequently determined on the basis of
the reference value of the electromagnetic torque.

o — | ACinLaly
s 3p(La — Lq)

Beyond the nominal speed, the i,y component declines as
the speed increases:

an

12)

Qm

Equation (5) yields the g-stator current reference as follows:
C*

loy = ——
M 3p(La = Lg)igy
C. Maximum Torque Per Weber (MTPW) Strategy

MTPW is designed to optimize torque production while
minimizing power consumption, making it ideal for applications
where energy efficiency is a priority.
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7 level inverter

Fig. 3. Proposed vector control architecture

Unlike Maximum Torque Per Ampere (MT P A), which may
fall short in high-speed scenarios due to voltage constraints,
MTPW addresses this limitation by focusing on the rela-
tionship between stator voltage, flux, and rotational speed. In
steady-state conditions, the stator voltage is straight propor-
tional to the stator flux and speed. By selecting an optimal
angle a=+45°, the MT PW ensures efficient torque generation
within voltage and speed limits, as demonstrated in [42]. This
approach balances performance and energy savings, particularly
in systems where voltage restrictions impact operation. The
formulation of the current reference will be as follows:

it = 2L,C¢r,
sd 7 3pLq—(La—Lg) (15)
-5 Lgg:x _; *

lsq = fqlsdszgn(cem)

D. Speed Control Architecture

Speed control of a SynRM often relies on the use of a
proportional-integral (PI) controller. The latter minimizes the
error between the set speed and the real speed of the motor
by adjusting the control action. However, when the system
reaches its physical limits, the windup phenomenon can occur,
leading to saturation of the controller and a degraded dynamic
response. The addition of an anti-windup mechanism helps
mitigate this effect and improve the broad performance of the
system [43], [44]. The error is sent to a gain block (with a time
constant 7) before being fed back into the integrator. Every
anti-windup controller has three tuning gains, the values of
which are resolute by trial and error [45]. This method involves
conducting repeated tests and adjusting each gain independently
to observe its effect, as Fig. 4 shows.

To ensure good performance in reference tracking and dis-
turbance rejection, we adopt the speed control loop schematic
shown in Fig. 5. Where:

dg --> abe
* * > >
Ct 1.!‘ V Vabe abc Uabe Uabc 1]
. em u . Sdg
anti-windup [ _/_ MTPW +_ anti-windup »
k ]
Synchronous
Reluctance Mator
Q a
" Ll
K
: ]
Iy g
Vabc
dq <-- abc

Fig. 4. Configuration of the designed anti-windup controller

C
K., Con T Q
Lo K —
. s PO f+sJ
Q,
Fig. 5. Loop of speed control
() = =5 (Com = 1) 16)
m\S) = em —
f+sJ !

After calculation, the closed-loop transfer function is expressed
as:

1
Fron) = —F—— a7
Kiq,, Kpap, Kiq,, Kpap,
By identification with a second order system:
/ 1
F(s)=—5—— (18)
D2+ 2541
The result is a set of identities:
J —_ 1
K’iQnLKPQnL - UJ%
Kpom +f  _ 2¢ (19)
Kia,, Kpa,, = wn
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By setting (=1, we can establish a connection between w,,
and the desired speed response time 7q,, which enables us
to control the system dynamics. This relationship is expressed
as: wpTq,,. With the damping coefficient (=1 and a chosen
response time 7q, =0.1s, we can solve for w,. Once w,, is de-
termined, the controller parameters can be calculated using (19)
through straightforward identification, leading to the following
results:

Kme = QJCWTL - f
(20)

2
wﬂ,
Kiq, =J

KPQ'm
E. Sampling Period Selection

To achieve effective vector control for a SynRM, selecting a
sufficiently short sampling period is essential. This is because
the reference voltages computed by the control algorithm
remain fixed and constant during this interval. However, in
steady-state operation, the phase of the stator voltages must
advance more rapidly as the machine operates at higher speeds,
as highlighted by [46], [47]. For an angular velocity €2,,,, while
the sampling period 7, the rotor of the SynRM rotates across
an angle defined by the relationship:

Ag = QT 21

In a steady-state condition, the phase of the reference volt-
ages shifts solely due to the Park transformation, which is tied
to the rotor’s position. Consequently, it needs to be updated
every 7 period. In sensorless control scenarios, this requirement
can lead to challenges in computational power.

V. SIMULATION AND RESULTS ANALYSIS
A. Simulation Environment

The system studied in this paper was modeled in MAT-
LAB/Simulink. It comprises a seven-level NPC inverter, imple-
mented with IGBT semiconductors (as detailed in Section II-C),
and controlled using In-Phase Disposition PWM (PDPW M)
to supply a SynRM. The motor parameters are provided in Table
L

This method was selected for its low Total Harmonic Dis-
tortion (T'H D) and superior voltage balancing compared to
alternative techniques. By maintaining all six triangular carriers
in phase, PDPW M ensures improved harmonic distribution
and reduced switching losses, making it an optimal choice for
high-performance multilevel inverters.

B. Results Analysis

The overall system design optimizes response time through
the integration of an anti-windup controller, which effectively
manages integrator saturation and improves transient response
compared to conventional methods. Additionally, vector control
ensures excellent dynamic performance, particularly during

start-up. This is demonstrated by the system’s ability to com-
pensate for load variations, resulting in a minimal speed drop of
only 1.4 %d at 0.6s and 1.5s, as well as precise reference speed
tracking, as illustrated in Fig. 6. Furthermore, Fig. 7 shows that
the speed error under the MT PW technique remains below 6

rad
> -

TABLE I. SYNRM PARAMETERS AT RATED CONDITIONS

Parameters Symbols Values Units
Power P 1.1 KW
Speed of synchronism Qm, 1500 tr/min
Torque Cem 7 N
Voltage %4 220/380 \4
Frequency f 50 Hz
Stator apparent inductance in d-axis Lg 0.34 H
Stator apparent inductance in g-axis Lg 0.105 H
Moment of inertia J 0.08 N.m.s>
150
Sl'm
X!m
100
% 50
& o0
% -50
=
-100
-150
02 04 06 0.8 1 1.2 1.4 16 18 2
Time (s)
Fig. 6. Mechanical speed profile
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Fig. 7. Speed error

The MTPW control strategy produces an exceptionally
smooth torque waveform, significantly reducing torque ripple.
Increasing the number of inverter levels further attenuates
torque fluctuations, enhancing both dynamic performance and
overall torque quality (Fig. 8).

Similarly, the phase current waveform, illustrated in Fig.
9 and Fig. 10 for d-q and a-b-c frames respectively, appears
significantly smoother. The increased number of inverter levels
effectively reduces phase current ripple.
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The current waveforms in Fig. 11 demonstrate the three-
phase sinusoidal currents over a limited interval, showing sig-
nificant quality improvement compared to conventional invert-
ers. Fig. 12 presents the output voltage levels generated by the
seven-level inverter. Additionally, this architecture effectively
minimizes the stator current 7'H D, as evidenced in Fig. 15.

The seven voltage levels produced by the suggested NPC'

inverter are displayed in the line voltage in Fig. 13. These levels
. _Vae _Vae _Vae Vae  Vae Vdc
are.-2,-4,-6,,0,6,4 and .

Phase a
Phase b
Phase ¢

NN
N

Stator phase currents (A)

Fig. 11. Zoom on stator phase currents
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Fig. 12. Phase voltage

The angle required for the coordinate transformation is
displayed in Fig. 14. In the vector control law, this angle is
mandatory in order to transition from the bi-phase coordinates
to the three-phase coordinate system and vice versa.

VI. CONCLUSION

This research presents the modeling, identification, and sim-
ulation of a vector control strategy applied to the SynRM.
The MT PW approach provides flexibility in managing stator
currents by regulating their product based on the desired torque.
When combined with a seven-level N PC' inverter, this control
method enhances performance by minimizing Joule losses and
optimizing system dynamics at low speeds. Moving forward,
the results of ongoing simulations aim to validate the effective-
ness of this approach with other multilevel inverter topologies.
The obtained THD value of the stator current is 37.04%,
demonstrating a significantly lower harmonic distortion level.

Potential improvements include integrating nonlinear con-
trollers to replace the super-twisting controllers and employing
an Artificial Neural Network (AN N) observer for mechanical
speed estimation, eliminating the need for a speed sensor.
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