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Abstract: This paper introduces a permanent
magnet synchronous motor (PMSM) with a
sliding mode control (SMC)-based wavelet
transform (WT). The PMSM motor is
vulnerable to variations in the motor
parameters and external disturbances, which
may deteriorate steady-state performance. The
proposed control system was tested using a 3-@
PMSM motor with 5 kW, 1000RPM, and a 3-¢
multilevel inverter. The results showed that the
motor can reach the estimated speed with good
tracking to the value set at a frequency varying
from [400, 1000, and 200] RPM. The system
uses the Daubechies wavelets (db) for feature
extraction due to their localization in both the
time and frequency domains. A multilevel
inverter with the space vector pulse width
modulation (SVPWM) modulation algorithm
was used to decrease the total harmonic
distortion (THD) of the system to less than
2.5%, with WT residuals almost zero, with
100% decomposition and reconstruction.
MATLAB 2020a was used for mathematical
modeling and simulation of the proposed
algorithm. The simulation results ensured
smooth operation in all regions for the PMSM
motor's speed and torque.
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1. INTRODUCTION

Industrial  applications  extensively use
Permanent Magnet Synchronous Motors
(PMSM) due to their compact size, excellent
speed control, and high efficiency. The load
torque and rotational inertia will, however,
fluctuate often during PMSM operation, which
will impact the control system's efficiency.
Increasing the system's anti-interference
capabilities and strengthening the durability of
parameter changes are essential for achieving
optimal performance. Researchers in this
instance employ a variety of cutting-edge
theories to enhance the performance of the
PMSM control system. Several popular
techniques include intelligent control, sliding
mode control (SMC), adaptive control, robust
control, and so on. Due to their strong
robustness and ease of implementation, PMSM
control systems have been widely studied and
applied, including SMC among these methods
[1]. Electric vehicles and industrial applications
have shown a great deal of interest in multilevel
inverters (MLIs) [2]. This interest stems from
the fact that 2-level inverters frequently
struggle to match the grid voltage ranges due to
semiconductor blocking voltages.
Consequently, MLIs have become the standard
option for grid interfacing. The sliding mode
control is a simple, effective control method
that works based on feedback from the system's
state variables [3]. In such a controller, the
inverter has a phase-modulated carrier (PM-
phase modulation) to reduce total harmonic
distortion (THD) in torque and current and to
reduce the common-mode voltages to achieve
the best possible result. The main objective of
SMC is to choose the sliding function and its
derivative to simplify higher-order systems.
The outstanding advantages of SMC are fast
response time, no overshoot, no oscillation,
zero speed setting error, and a high nominal

quality controller [4]. The PMSM motor drives'
signal characteristics are extracted via wavelet
analysis. In the field of high-power and
medium-voltage energy regulation, multilevel
inverters have become an essential substitute
technology. Semiconductor power devices are
frequently utilized due to their lower blocking
voltage requirements, lower output voltage
THD %, and lessened stress on the insulation.
In industrial applications, the semiconductor
power device is the most brittle part [5]. The
proportional-integral (PI) controller finds it
challenging to achieve good control results in
both rapidity and immunity [6, 7]. Sliding mode
control (SMC), one of many nonlinear control
techniques proposed to improve PMSM
performance, has attracted attention due to its
robustness and quick response times. Three
main steps are involved in designing the SMC
system: selecting the sliding mode surface,
formulating the reaching law, and determining
the control rate [8]. A standard AC-DC-AC
three-level electrical drive arrangement
achieves higher power and reduced harmonics
[o]. Three-level neutral-point-clamped
(3LNPC) inverters are a type of multilevel
inverter that keeps the unity power factor,
stabilizes the DC link voltage, and allows
sinusoidal input current. There are four main
types of multilevel inverters: H-bridge
multilevel inverters, capacitor-clamped or
flying-capacitor multilevel inverters, and
diode-clamped or neutral-point-clamped
multilevel inverters. This study proposes a non-
singular continuous sliding mode control
method with a wavelet to enhance the position
tracking performance and robustness of the
PMSM servo system, while also addressing the
non-singularity of SMC control. First, the
algorithm replaces the switching function with
a continuous function to mitigate its
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discontinuity. It then adjusts the SMC
parameters online and in real-time, extracting
signals using a wavelet-based control to
minimize system chattering due to improper
parameter settings. Second, the current loop
utilizes Direct-quadrature(dq) voltage
quantities to guarantee the current condition
upon motor startup and counteract any
fluctuations resulting from changes in internal
parameters. Also, the advantages of both WT
and SMC are that they can adjust the duty cycle
of the inverter to satisfy optimal conditions of
operation in terms of speed and torque without
producing steady state error. The approximate
nonlinear WT and fast convergence ability of
the WT system are used to approximate the
system uncertainties integrated with the SMC
performance, such as lower switching gain.
Finally, the PMSM position control system tests
this technology using continuous SMC with
multilevel inverters as the controller. To
evaluate the control approach,
MATLAB/Simulink R2020a simulations are
run. This paper's structure is as follows: Section
IT describes the mathematical model for PMSM.
Section III introduces the sliding mode control
technique. Section IV presents the proposed
multilevel inverter. Section V describes the
wavelet-based feature extraction process.
Sections VI and VII present the simulation
results and conclusions, respectively.

2,PMSM MATHEMATICAL MODEL
Figure 1 depicts the PMSM motor with a single
pole pair on the rotor.

Quadrature (g)
magnetic axis

Direct (d)
magnetic axis

Fig. 1 The PMSM Motor Architecture Features
a Single Rotor Pole Pair.

The cross-coupling, angular speed, and current
on the d and q axes make the PMSM's dynamic
model nonlinear. The aforementioned PMSM
model was linearized by creating additional
variables, as explained in [10]. If the magnetic
field is considered as symmetric in the motor,
the PMSM can then be simplified with a model
of a third-order state space model, as in Eq. (1)
[11]. where J, D, 8, L, and v represent the rotor
and load inertia, damping coefficient, rotor
angular position, load torque, and flux
amplitude caused by the rotor's permanent
magnets in the stator phases. The specifications
of the PMSM motor used in the present work
are shown in Fig. 2. Figure 3 displays the
electrical portion of the PMSM that Simulink
implemented.

R PP 0
L L 1/L
A=|159p - 1 B=|0|,C=[010] (€))
J J 0
0 1
"4 power_PMSynchronousMachineParams - O X
Specifications Block Parameters
Back EMF waveform Sinusoidal ~
Rotor type Round v Stator phase resistance Rs (ohm)
0.18
Resistance (ph-ph) R 0.36 Ohm
Armature inductance (H):
Inductance (ph-ph) Lab 167 mH 0.000835
0
0 Flux linkage established by magnets (V.s)
0.0714394
S Torque constant Y Voltage Constant (Vpeak L-L / krpm)
0 Vrms krpm 51.8307
. Torgue Constant (N.m / Apeak):
Torque constant kt vl f “
q 60.70 oz in Apeak 0.428636
Inertia I [poesd bins2 8 Inertia, friction factor, pole pairs [ J(ka.m*2) F(N.ms) p()]
Viscous damping F 45 ozinkpm v [0.000621417 0.000303448 4]
Pole pairs P 4
Compute Block Parameters Apply to Selected Block Help Close

Fig. 2 PMSM Motor Specifications.
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Fig. 3 The PMSM Motor's Electrical Component.

The mechanical part of the PMSM model is
computed depending on the motor torque, as in
Eq. (2).

Te = S28((Loa — Log)isaisg + isq¥m  (2)
The expressions for stator flux linkages in the
three-phase model are provided in Egs. (3-5):
For Phase a:

W, = Lol + Laplp + Locic + Wipcos (¢,) (3)
For Phase b:

Wy = Lpala + Lppip + Lpcic + P COS(¢T - ZT”) @)
For Phase c:

W, = Legiq + Lepip + Lecic + Wy COS((I)r + ZTH (5)
where Laa, Lbb, and Lcc are the self-
inductances of the stator a-phase, b-phase, and
c-phase, respectively, and ¥m is the flux linkage
established by the permanent magnet.
Equations (6—8) provide an expression for the

three-phase stator voltages in the coupled
circuit.

. dy
u, =Rala+d£$a (6)
o b
u, = Rblb + d_(llpt (7)
u, = R,i, + dtc €)]

The voltage equations in d-q rotating
coordinates are expressed by Egs. (9) and (10):

o digg ,
Ugqg = Rslsd + Lsdd_i_wrl‘sqlsq (9)

, di ,
Usq = Rsisq + Lsg—  +orLsqisqg + 0P (10)

Figure 4 shows the modeling of the mechanical
element of the PMSM motor using
discontinuous forward Euler trapezoidal
integration of machine equations in the
stationary reference frame.

’0@

Disc Integ

1 »(2)

Frictions 1J

> the

|—> Mechanical Express jﬂlux—b@

Fig. 4 Mechanical Part of the PMSM.

According to [12], the PMSM electrical dynamic
equations  mention both the  Park
transformation, which preserves the current
and voltage modulus. The synchronous rotor

4 sin(0) sin (9 — 2?”) sin (9 + 2{) a
[q] =|cos(8) cos (9 - 2?”) cos (9 + %n) ] [b] (11)
0 ) L

1

2

The high saturation level is considered with
PMSMs to achieve the best performance at high
speeds. When the machine is run in different
ways, its inductance values change in a way that
is nonlinear because the machine's reluctance

frame with the d-axis aligned to the rotor flow.
The Park Transform block implements the
transformation from an a-phase to a g-axis
alignment, as shown in Eq. (11).

may be altered by the magnitude and phase
angle of the current, which can also alter the
magnetic flux distributions and the saturation
of magnetic materials in the motor [13].
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3.SLIDING MODE CONTROL The tanh is a continuous function used instead
TECHNIQUE of the sign discontinuity function to reduce the
The SMC algorithm in Ref. [14] causes a oscillations around the sliding surface, as
chattering phenomenon in the controller's shown in Fig. 5.
output. To mitigate this phenomenon, the
discontinuous reaching law is replaced with the T tanh(s/&)
continuous reaching law. The position tracking +H1 ==
error is defined by Eq. (12): i
e=0—0, (12) i
where 0,. and 6 denote both the actual :
displacement and the reference position, -4 s
respectively. Calculating the derivative of Eq. s >
(12), the error is calculated in Eq. (13):
e'=w—0, (13)
The sliding surface of the system is designed as
in Eq. (14):
s=e+6(e)™ (14) ==
where 0 < § < 1, m and n are positive odd
integers withn < m < 2n. Fig. 5 Sign and tanh functions.
Th.e SMC reaching law of the System is designed Figure 5 shows the response of the sign and
as in Eq. (15): continuous tanh functions, 6>0, which are
s' = —k|s + |s|* tanh (f) (15) intermittently applied. According to Egs. (11-
) 15), the designed controller can be obtained as
in Eq. (16):
. (e/)l—l s . eZ—A
i = a[ ) (ks+k|s|“tanh(5)+bw+0ref——611 (16)
where coefficient, and w is the motor angular velocity.
2, _ B The Simulink implementation for speed
a= 3n,Y f’b - j_ok calculation is shown in Fig. 6 (a). The alpha-
and k > 0, and a is a positive odd integer with beta circuits are identical and can be
a <1 implemented, as shown in Fig. 6 (b).
where np is the pole pair, J0O is the system
moment of inertia, B is the viscous friction
1 > 1 2
U_alfa Lng
- »2 s+2
i_alfa alfa cct
»1 we »(1)
we
»1
& 1l 2 speed calculation
U_beta S+2
4
i_beta beta cct

Fig. 6 (a) SMO Simulink Implementation.

l

U_alfa i alfa'
" B REEROSe e
R/L l: ] Ksw Filter

22— 1L

i_alfa

Fig. 6 (b) Alpha/beta Simulink Implementation.
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The input of the first-order filter depends on the
values of R and L, as presented in Table 1. A
system with lower uncertainties requires a
lower value of switching gain (Ksw). The SMC
observer was suggested as a way to get accurate
information about the rotor's position and

lower the estimation error. As a result, the
system responds quickly and follows the input
signal without going off track [15], as seen in
Fig. 7. Figure 8 illustrates the implementation
of the complete PMSM controller using
Simulink/MATLAB.

U_alfa V_alf
speed e we i_alfa I_alf labe¢—(2 )
speed - -
P thet U_beta V_bet v ab labe
e abc
theta : -
i_beta |_bet
- Vabc
(1 ) Sliding model observer
thet
Fig. 7 SMO Correction Unit.
D, B> ] J > 2
rem rpm -> rad/s2rpm rpmdemnd
rad/s Imech 1
L wElectrical vdgRef
S daret —’—: thet ©
# wElectrical J # delay
iabe vdqRef [—
TqRef— —»{ Vde
— Vde theta
»—
Quter loop control Vde —» PwmEnable
Inner loop control PWM
>(3)
trqdemnd
»_ 4 )
iMotor

Input interface

Fig. 8 PMSM Controller [16].

4 MULTILEVEL INVERTER
The primary varieties of multilevel inverters,
together with the quantity of each type's

components, are shown in Table 1 [17]. The
inverter configuration is built like HiPako
Module line-up, as shown in Fig. 9.

Table 1 Multilevel Inverter with the Required Number of Switches.

Cascaded Flying capacitor Diode clamped
Main switching devices (N-1)*2 (N-1)*2 (N-1)*2
Main diodes (N-1)*2 (N-1)*2 (N-1)*2
Clamping diodes 0 o (N-1)*(N-2)
DC bus capacitors (N-1)/2 (N-1) (N-1)
Balancing capacitors 0 [(N-1)*(N-2)]/2 0

Fig. 9 The HiPako Module Line-Up [18].

Using several standard half-bridge power
modules, a 3-level NPC topology problem was
developed. In the IGBT configuration, a high
stray inductance is defined as an elevated in-
series connection with a high switching di/dt

ratio. The problem can be solved utilizing half-
bridge IGBT modules [19]. Utilizing loss
calculation blocks, three half-bridge IGBTSs are
used to execute the Phase-A leg. Compute and
inject switching and conduction losses into a
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thermal network. The three-phase, three-level
inverter's possible output power as a function of
switching frequency is shown in the simulation.
The implemented inverter is shown in Fig. 10.
The inverter control circuit is implemented in
MATLAB/Simulink, as depicted in Fig. 11. A PI
controller uses a current regulator to produce
the required voltage reference for the PWM
inverter generator based on the -current
reference d-axis and g-axis (Id and Iq). The PI
controller inputs are both measured and
reference current quantities (Id,Iq) to produce

Vd and Vq. The oscillation in voltage across the
switches is reduced to half when the induced
gate-source voltage amplitude and current
conduction are eliminated during the turning
off of the complementary switch [20]. The
SVPWM simulation, as shown in Fig. 12 (a), is
playing a vital role in the industry. The
complementary diode clamped switching is
shown in Fig. 12 (b). The 3-phase state-to-
pulses decoder firing pulses are shown in Table

3.

o +

G
+ Temp (C)
ﬁwﬁ} o]
- Xp—<3>
3-level Leg A
(Phase A)

+

G

@ NJ@
N

X

+

—<a>
B G
3-level Leg T:‘ (1)
(Phase B)
G
Lk @. L
- —<5>

X

Cc

3-level Leg

(Phase C)

Fig. 10 Inverter Connection.

wt > wt
1) » Vabc
Vabc » » =
Vdvq VdVq_meas Uabc_ref mal Uref_abc Pulses
(2D ¥jlabe Idig » Idlg_meas VdVq_conv|—»Vdvg_conv - P
labc (5) Few
PLL & Measurements Idlq_ref
e Uabc ref Fsw e
Current Generation -Level
Ly
Vabc . J—% PQ_meas Regulator max (m) = 1 PWM Generator1

Idiq_ref

Q
labc to-kW PQ_ref

Positive-Sequence
Active & Reactive Power

Pref
@ |

PQ Regulator

Inverter Control

Fig. 11 Inverter Control Complete Circuit.

- *
State ) :

* (N[ =]]

w

>

Pulses

>

FN[=
w

0110

v
BIE

Fig. 12 (a) SVPWM Implementation.
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+ Vdc
| I |
[Qs] [@s] Q1]
o Ul e 1) [ 12 s
' ! | | R
! ' | I I |
I [Q10] i [Qs] I Q2]
. ! I | , !
[ — i 0 N jo B Nt jr— A
I I I I | I
I @] I [an } [Q3]
| | |
I | | | I |
| | ' | i :
L S D
[12] [Qs] Q4]
| | |
| | |
- Vdc I | I

Fig. 12 (b) Complementary Diode Clamped Switching Arrangement.

Table 3 State/Pulse Configuration.
State Q1 Q2 Q3 Q4
1 Il 1 1 0 0
0 I 0 1 1 0
A4 0 1 1
|

The modulation index is measured according to
Eq. (17):

(17)

where Vr is the maximum amplitude of the
reference voltage signal, and V¢ is the
maximum amplitude of the carrier wave. The
frequency modulation index (mf) is measured
in Eq. (18):

me = E (18)

Where fc is the carrier frequency, and fr is the
reference frequency.

Table 4 Pulse Pattern Configuration.

5:Q1(phase B) 1:Q1 (phaseA)
6: Q2 (phase B)
7: Q3 (phase B)
8: Q4 (phase B)

9: Q1 (phase C)
10: Q2 (phase C)
11: Q3 (phase C)

12: Q4 (phase C)

2: Q2 (phase A)
3: Q3 (phase A)
4: Q4 (phase A)

5.WAVELET-BASED FEATURE
EXTRACTION

The wavelet transform (WT) can extract local
signal characteristics in the time-frequency
domain [21]. In practice, Daubechies wavelets
(db) allow for precise temporal and spatial
analysis of dynamic waves in elastic materials.
This method helps explain how elastic solids
react to changing dynamic conditions. Adding
the db to the finite wavelet domain method may
have made transient dynamic waves in elastic
solids more analyzable and robust [22]. Figure
13 shows a 6-level db1o wavelet.

Hibandl— »(1)
Lo band | Hiband »(2)
Lo band .
Hi band >3 )
Lo ba"dj Hi band}——»(4)
Lo band 1, Hibandf—(5)
Lo band Hi band—»(®)
Lo band —‘
Hi band
Lo band ] | Hiband »(8)
Lo band Hi band — - g &B —»(10)
—L. Hi band -
Lo band > Hi band 4% 11 E
Lo band "| Lo band
Hi band
Lo band—»(13)

Fig. 13 Wavelet db1o with 6 Levels.
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The continuous-time wavelet transform (CWT),
which offers an affine-invariant time-frequency
representation, is used in the majority of data
analysis applications. The most popular
variant, however, is the discrete wavelet
transform (DWT), which is distinguished by its
exceptional signal compaction features across a
wide range of real-world signal classes and
computing efficiency. Furthermore, since the
DWT depends on up- and down-sampling
methods in addition to flawless reconstruction
filter banks, its implementation is simple. [23-
24]. The discretized mother wavelet function
can be defined as:

Ymn(® = ap 2 (220)  (19)

And the corresponding DWT can be defined as
[25-26]:

DWTy x(m,n) = jw(x(t)lﬁ*m’n(t)dt) (20)

where a0 and b0 are fixed constants with a0 >
1land b0 > 0, m,n€N, and N is the set of
positive integers. The wavelet decomposition
levels are performed according to the criteria in
Eq. (21):

Wdecomp = LogUs/P) 4 4

. * (21)
0g(2)

where fs is the sampling frequency (10 kHz),
and f is the source frequency.

Many comparative studies address the gap in
highly advanced applications using nonlinear
control or combined WT and SMC, such as [27-
28]. The sensors' variation angle was estimated
and shown in Fig. 14.

200

-

o

o
T

sesor (Deqree)
-
o
o
T

50 -

1.5
Time(sec)

2 25 3

Fig. 14 Sensors Variation Angle.

Figure 14 shows that the nominal gain was
selected as the least gain to force the system to
converge. The convergence time (T) increased
by values of |1x| when approaching the limit of
stability of 180° to ensure the characteristic
equation of the system:

The residual WT of the stator current is shown
in Fig. 15. The original details coefficient of the
current waveform is shown in Fig. 16. Figure 17
shows the wavelet details at level 5 of the PMSM
motor current, as well as Simulink's
implementation of the proposed diagnosis

1+ G(s)H(s) =0 (22) method. The switching frequency and
In polar: modulation index were set in this algorithm to
|G(s)H(s)| = 1,< 180 (23) 10000 kHz and 0.85, respectively.
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Fig. 15 Residuals of 1D Demising of db10o at level 5.
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Fig. 17 Simulink Proposed Circuit.

6.CONTROL SYSTEM SIMULATION
RESULTS

The software implementation of the suggested
approach uses a wavelet toolkit and
MATLAB/Simulink software to create a
simulation drive control system for an electric
machine. The validity and accuracy of the
system were verified using the Simulink model,
including the diode-clamp inverter and vector
control. The simulation was conducted with a
sampling period of 5e-5 sec and ideal switching

devices of 0.85 Wb flux reference. Figure 18
displays the corresponding torque. For a large-
scale operation, the estimated torque was close
to the actual torque, as shown in Fig. 18. When
the system worked properly, the error became
small; hence, the PMSM operated smoothly.
The power dissipated waveform is shown in Fig.
19. In rated condition, the 5 kW PMSM motor
with a 500v-3LNPC inverter is shown in Fig. 20
(a and b).
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Fig. 18 PMSM Torque with its Reference.
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Fig. 20 (a) Diode-Clamped Inverter Voltage.
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Figure 21 shows the speed command and
tracking of the PMSM motor in various
situations. When the speed command changed
from (0—400) RPM at 1 sec, these were
completely coincident. The system then
increased and settled to 1000 RPM at (1-2.5)
sec, before reducing to 200 RPM after 2.5 sec.
The total harmonic distortion (THD) was very
small in this system to ensure better operation,
as shown in Fig. 22. Figure 23 shows the current
waveform during the input mechanical torque
in many situations. The PMSM controller
employed two PI current controllers in both the

0.15
Time (sec)

Fig. 20 (b) Diode-Clamped Inverter Voltage.

0.2 0.25 0.3

inner and outer control loops, resulting in
stator currents less than 2.5% of the THD.
Figure 24 displays the components of the Idq
current responses with the rotor speed of 400
rpm and the magnitude of the d—q axes
reference voltages. The current response
obtained with the proposed method is smoothly
varied with respect to the reference speed due
to the optimality considered in the sliding mode
control. The space vector pulse width
modulation was used to control the multilevel
inverter [29], as shown in Fig. 25.
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Fig. 21 PMSM Reference Speed.
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Fig. 22 Total Harmonic Distortion.
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Fig. 23 The Stator Current Waveform Due to the Variable Reference Speed.
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Fig. 24 PMSM Idq Current under the System Variation Parameter.
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7.CONCLUSIONS

In the present study, the simulation of the 3-
phase with 3-level diode-clamped inverter and
wavelet-based sliding mode control was
performed using MATLAB/Simulink program.
The PMSM power parameters were 5 kW,
220/380V, and 500 V at the DC-link. The
SVPWM is a crucial modulation in the
advanced control system of the machine drive
to control the duty cycle of 0-99%. The db1o of
WT was utilized to approximate the system
uncertainties and yielded a minimum ksw to be
used, eliminating the steady-state error. In

addition, to ensure the system starts from the
initial time without any delay, continuous tanh
functions were used in the proposed control of
the sliding surface. The simulation results
showed that the proposed algorithm worked
well for both the PMSM motor and machine
drive operation.
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