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Abstract

In order to control permanent magnet synchronous motor systems with different and nonlinear disturbances, this paper offers
an enhanced current control technique for PMSM systems using fuzzy model predictive control. Because traditional MPC
calculations should be performed live, load and speed changes are guaranteed by applying input modifications concurrently
with motor adjustments. In order to enhance system performance, a fuzzy error controller and a predictive model control
system are employed in this work. Additionally, a sliding mode observer using the sigmoid operation to control speed without
a PMLSM sensor is presented in the current study. The traditional sliding approach includes a phase delay and buzz observer.
Therefore, this study uses a sliding mode observer with a sigmoid function for detecting back-EMF in PMLSM instead of a
conventional sliding mode observer that uses sign or saturation functions that need a low-pass filter to detect back-EMF to
estimate rotor speed and position. To lessen the undesirable gap, a sigmoid function rather than a discrete sign function is
employed in this study. With no low-pass filter, the switching signal can be used to detect the back-EMF as the gap closes.

Keywords Fuzzy model predictive control - Back-EMF - Permanent Magnet Linear Synchronous Motor

Introduction

Modern permanent magnet synchronous motors have drawn
interest in a variety of applications, including transporta-
tion, domestic, and industrial (Xu et al. 2016). There is an
increasing demand for efficient energy, high-performance,
and dependable electric drives due to the global trend
towards energy conservation (Ye and Yao 2020). Due to
their high output power at any volume, good efficiency, and
superior dynamic performance, PMSMs make excellent
choices (Kakosimos and Abu-Rub 2017). In recent years,
using PMSMs has increased due to their advantages for DC
and AC applications compared to industrial motors (Ullah
et al. 2022). Some of these advantages include high effi-
ciency, low ripple, low maintenance cost, and high reliabil-
ity (Mahmoudi et al. 2017). These advantages have made
PMSMs an ideal candidate for tensile applications, robotic
applications, and hybrid electric vehicles that require high
efficiency and accurate response (Alexandrou et al. 2016).
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Some conventional controllers used to control motor speed
in the industry are PI and PID controllers, which are widely
used due to their simplicity. They convert motor speed
changes with respect to the reference speed to the estimated
torque of the motor (Li et al. 2021). But these controllers do
not represent a proper response in a wide range of speeds due
to issues like sensitivity to motor parameters under various
conditions, step changes of speed and load torque (Saraei
et al. 2022). Other controllers used to control motor speed
include a sliding mode controller and an adaptive back-step-
ping controller (Raj et al. 2020). But using these controllers
is difficult since they depend on motor parameters (Ab Ghani
et al. 2022). Another controller used to control internal per-
manent magnet drive speed is the smart controller, like the
fuzzy logic controller and neural network controller (Du
et al. 2020). Among smart controllers, the fuzzy logic con-
troller is one of the simplest ones for controlling the drive
speed of the PMSMs with high performance (Sahebjam et al.
2021). Since these controllers are based on linguistic rules
founded on human linguistics, they outperform conven-
tional controllers in terms of being insensitive to parameter
changes, load torque changes, proper time response, short
settling time, and stability (Khezri and Zeinali 2021).
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A predictive speed controller (PSC) built on managing
the forecast of a limited group of electric drives has been
introduced in Kakouche et al. (2023). Many prediction
steps can be removed by properly weighting speed errors
and current mistakes in the suggested PSC cost function.
A suitable predictive current controller (PCC) for monitor-
ing the high efficiency of a PMSM with constant switch-
ing frequency has been given in Alqudah et al. (2013).
Direct predictive control (DPC) and permanent control
approaches are properly combined to form the founda-
tion of the suggested controller. A modulated model pre-
dictive control system (MMPC) for PMSM based on a
Z-source inverter has been reported in another study (Zhao
et al. 2023). A 2DoF-PI controller has been employed in
Trik et al. (2022) and Khezri et al. 2023) to regulate the
PMSM's speed. An enhanced just-in-time learning tech-
nique using two new search engines has been given in
the first stage to identify the speed control system model
quickly. The future speed reference, which is inaccessible
between two terminal communication periods, has been
thought of in the second stage using a general formula. A
fractional order general prediction control (FOGPC) has
been included in the third phase to enhance the servo-drive
system's control capabilities.

In this research, a pulse width modulation (PWM) speed
controller was used for the motor rather than the conven-
tional six-switch three-phase inverter. The switching fre-
quency may be regulated with this approach, unlike the tra-
ditional DTC, which makes it impossible to reduce torque
and current fluctuations at low speeds. The outcomes of
the simulation shows how well this instruction performs in
pair and flux behaviour. Thus, this study tries to present a
smart fuzzy controller for controlling the speed and torque
of PMSMs.

The contribution of the authors in this research is sum-
marized as follows.

e A fuzzy error controller has been used to improve the

system's performance along with the predictive model
control system.

Fig.1 PMSM (Ab Ghani et al.
2022)
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e Introduce a sigmoid-function-based sliding mode con-
troller for sensor-free speed regulation of a Permanent
Magnet Linear Synchronous Motor (PMLSM).

The rest of this paper is organized as follows. The sec-
tion reviews the literature. “The proposed model” section
presents the system model for PMSM and its mathemati-
cal model. “Evaluation and simulation” section presents the
proposed model. Section 4 gives the simulation results of
the proposed model. Finally, future suggestions are given in
“Conclusion” section.

System model
Synchronous motors with permanent magnets

PMSMs are ideal candidates for many industrial processes.
Figure 1 shows a PMSM. PMSM is a conventional syn-
chronous motor that employs a permanent magnet instead
of exciting the rotor, brushes, and slip rings (Samiei et al.
2023; Sun et al. 2022). The PMSM stator is like the induct-
ance motor stator, but the windings are located on the stator
and the heat resulting from the armature is transferred to
the surrounding air through the stator body. Also, additional
protection can be considered for the overloading of PMSM
because the temperature of the heat-generating section can
be sampled and controlled directly (Trik et al. 2021).

These motors are manufactured from low to high power
and speed of up to 6000 rpm (Cao et al. 2023; Ning et al.
2023). For instance, a motor with a rated power of 1 MW
has been constructed and used in energy generation pro-
cesses. Also, this motor is used as a propulsion force of a
ship (Khezri et al. 2022; Duan et al. 2022).

Model predictive control for PMSMs

The specification of the cost function in relation to control
objectives is the core technology of MPC. The stator torque
and flux are the main issues with the PMSM disc drive. As
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a result, the torque and flux at the conclusion of the control
cycle are as close to the reference values as possible (Cao
et al. 2022). The cost function is defined as follows in this
study:

min. G =

T: =Tl | = v

) ’ )
u' € {V0,V1,...V7,V8)}

where TX* le and ¥** ! are the anticipated torque and flux
values, Te* and 1//;‘ are the reference torque and flux values,
and k, is the weight factor. The weight factor k; is included
to reduce this disparity since the electromagnetic torque
and stator flux have distinct physical characteristics. In this
study, the stator torque and current, 7,/i,,, are used to cal-
culate k1.

{ Uy =Ry + L% — oL,
- @
b dy .
u, =R, +L, ~ o,Lji, + oy,
According to the above equation, stator current in the
d—q frame can be described as state space equations in the
following:

dy _ —Ryigto,Lyi +u,

dr L

A Y p— (3)
da L

q

It is possible to estimate the stator current in the d—q
frame at (k+ 1).

Al _ ok Lop ok o kp ok ok
i —td+Ld(Rsld+coquq+ud)Ts

dtl _ kL Lo o kr ok _p ik k_ ok
i, —tq+Lq(a)Ldld Rslq+uq o),

“

The torque and flux at an instant (k+ 1) can be estimated
using the present stator current.

Fig.2 Block diagram of the
MPC system (Trik et al. 2023)

Figure 2 displays the MPC block diagram. The reference
and predicted toque and flux values make up the system
inputs.

= Lyi, +
q q9°9
S I
e — Ep(wdlq - qud) (6)

Equation (7) provides the const function that is employed
in the predictive controller of the model to control the pre-
dicted speed of the permanent magnet synchronous motor.

N,
J= Y k+d-yk+D +i=

i=N,
Au(k+i—1)=01<N, <i<N,

Nu
Z Alk+i—1)
i=1

(N
where N, predictive speed control, N; minimum model
prediction and N, maximum model prediction, i predictive
order, y* reference order, A weight factor, k time step and A
differentiation operator. The control input signal u is subject
to the following constraints:

Upin S Uk +10) <=u where i=1,2,3,...N,

max?

It is possible to forecast the future states and controlled
variables in the permanent magnet synchronous motor using
these two justifications and the predictive speed control
dynamic system model, and to minimize the cost function
accordingly.

PMSM as a mathematical model

The equation is usually written in the following extended
form:

Cost Function

Ve -

|
|
|
|
f
Minimization |
w T Wo~V7) | | vsI(Z™h
PE(Wo~Vy) > :
| |
I | ok [
e L | T, s
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i B N
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dids .

Vds = RSIdS + Ld? —_ C{)qulq
digs .

V=R, + Lq7 + (Lyigs + V) ®)
diOs

VOA‘ = RSIOS + L()T

The rotor's angular velocity is constant and equal to that
of the synchronously rotating reference frame in a balanced,
stable state. The basic state versions of the aforementioned
equations are converted in this state, while changes to all
flux linkages are disregarded.

Vi =Ry — oL,

Voo =R+ o, (Lyig +7,) )
VOS = RSIOS = O

The electromagnetic torque using stator variables in the
reference frame of the rotor can be described as follows:

T, = (%)(g)(ydslqs - J/qslds) (10)

Substituting in the above torque equation, we have:

7= (3) (5t + o= Lty an

The torque equation can be described as follows:

.d
Te = Tm +Jd_lwr +Bwr (12)

Fuzzy logic controller

Fuzzy logic controller systems can be used as open-loop or
closed-loop controllers. When used as an open-loop con-
troller, the fuzzy system usually determines some control
parameters and then controls the system according to these
parameters. Many applications of fuzzy systems in electron-
ics belong to this category. When fuzzy systems are used
as closed-loop controllers, in this case, they measure the
process outputs and perform control operations simultane-
ously. Applications of fuzzy systems in industrial processes
belong to this category. Figure 3 shows the basic configu-
ration of a fuzzy logic control (Raj et al. 2023; Chen et al.
2023; Morteza et al. 2023). A clear input signal undergoes
fuzzyification, which creates signals that are distinguish-
able by their level of membership in fuzzy sets. Fuzzy logic
uses linguistic variables instead of numerical variables. In
a control system, the error between reference and output
can be labeled as very small (VS), small (S), medium (M),
large (L), or very large (VL). The process of converting a
numerical variable (a real number) into a linguistic variable
(a fuzzy number) is called fuzzification.

@ Springer
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Fig. 3 Block diagram of fuzzy logic control function
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Fig.4 The scaling factors for FLC

FLC has an input error e(k) and the velocity error change
ce(k), and an output u(k) that shows the changes in the fourth
order reference current I:; k).

e(k) and ce(k) are calculated for all sampling times:

e(k) = (k) — w,(k) (13)

ce(k) =e(k) —e(k—1) (14)

where o (k) denotes the reference speed and w, (k) denotes
the actual speed.

As shown in Fig. 4, the constant gain blocks are used as
the GE, GCE, and GU scaling factors to obtain the normal-
ised inputs and outputs for the FLC.

e(k) = g e(k) (15)
ce(k) = g ce(k) (16)
u(k) = g,u(k) a7

Fuzzification, inference, and defuzzification are the three
steps in FLC. Using the triangle membership functions, cer-
tain variables e(k) and ce(k) are transformed into fuzzy vari-
ables of E(k) and CE(k) (Figs. 5, 6).

In the second stage, an inference engine processes
the fuzzy variables E and CE while carrying out a series
of control laws found in the rule bases (7 x 7). Knowing
how PMSMs behave helps create control laws (Zhang
et al. 2023). The centroid defuzzification algorithm, which
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Fig.5 The membership functions in FLC 1

calculates a specific value as the centre of mass of the mem-
bership function, is employed in this study.

The proposed model

The proposed MPC's block diagram is shown in Fig. 7. It
can be seen that the speed control section creates the stator's
current reference in the g-axis. The stator's reference is now
set to zero. The following is a description of the remaining
sections.

Fig.6 The membership func-
tions in FLC 2

Levenberger observer

Being sensitive to system parameter uncertainty is one draw-
back of MPC. An observer is utilised to calculate the stator's
and the system parameters' uncertainty in order to overcome
this issue (Zhang et al. 2023). Based on (18), (19) and (20)
represent a mathematical observer model:

x(k + 1) = ax(k) + bu(k) (18)
x(k + 1) = ax(k) + bu(k) + g(yk) — y(k) (19)
cx(k) = y(k), (20)

where G is the observer gain, and the variables with a super-
script  are the estimated state variables. The observer gain
is chosen to have a faster dynamic than the system. Asymp-
totically constant error estimation error requires that the gain
be modified as well. The estimation error is computed using
the formula below:

e(k) = x(k) — x(k)

ey

Fig.7 Block diagram of the

proposed MPC ref
i
wref T q ( . L. d
r - Pl Model Predictive Uopt, Pulse  [Sa
iref L Current Control Generation J
d
Wy d x(k+1)
Fuzzy Logic
Modulator
Full Order us (k)
Observer & igpc (k)
b | ——
julk + )| Delay Lo
@ Jd Compensator [ |3p¢ —
w, (1) £ (k) PMSM
d
dt
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By substituting (18) and (19) in (20), the error dynamicity
equation is obtained as follows:

ek+D=xtk+1)+ik+1) = e(k+ 1) = aye(k) (22)

According to (22), the error’s dynamic equation would
be constant if the observer gain, G, is changed so that the
eigenvalues of the matrix A are contained within the unit
circle. The estimated states are near their genuine val-
ues (x (k+1)) —x (k+ 1) and the zero estimation error (e
(k+1)—0) (ignoring the initial estimation error, e(0)).

Current control model prediction
Choosing the best switching pattern to minimise a pre-
defined cost function is the goal of predictive control. In

this analysis, we use the following formulation for the cost
function:

j=

e — ik + 1)| + gtk + D] + f(ign i) (23)

where

. 0,1 —‘/IZ >0
f(ld’lq)={ o e (24

cst, otherwise

To make sure that the stator current stays within the
inverter current's current range, f (iy, I q) is added to the cost
function. A constant value that is greater than the other two
cost function criteria is added if the stator current exceeds
this range. For each accessible voltage vector, i, (k+ 1) and
i p (k+1)in (18) are estimated in (23). In the following sam-
ple step, the switching pattern that minimises the cost func-
tion J is chosen and used.

Evaluation and simulation
The MPC algorithm modeled in Simulink

The MPC simulations of a PMSM are shown in Fig. 8. The
total operation time is 1s. In 0.5 s, the reference speed goes
from 700 to 1200 rpm; in 0.07 s, the load goes from 5 to 8
Nm.

Figure 9 depicts the three-phase currents. Also, the simu-
lations are performed when the motor is controlled using a
PI fuzzy predictive controller. The three-phase currents are
obtained after transformation in the DQ coordinate, as in
Fig. 10, representing I and I,. Compared to the three-phase
currents obtained using two fuzzy and conventional PI con-
trollers, the inverter generates the MPNS current for MPC
and sinusoidal waves for SVPWM. Figure 11 also represents
the motor speed changes vs reference speed changes; as the
speed increases from 700 to 1200RPM, a settling time of

@ Springer

auigey snouonguls
oy JuaURLLRY 954 E

Fig.8 MPC blocks for PMSM

0.02s with minimum ripple in steady state and transient state
is obtained as in Fig. 12 for the fuzzy control. As can be
seen, using the FLC increases the system response speed to
speed changes. Also, this method reduces oscillations and
ripples of speed and torque in a steady state. Figures 13, 14,
15 and 16 show the system outputs with predictive control
based on conventional PI controllers. As can be seen, the
settling time of this controller for the motor speed is 0.04s,
and a high torque, current and speed ripple is seen in this
controller compared to the fuzzy controller, indicating the
optimal performance of the predictive control system with
fuzzy control. In all diagrams, the horizontal axis is the
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Fig.9 Fuzzy-controlled three-phase currents for the MPC motor
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Fig. 10 Motor currents for the fuzzy controller after three-phase to d-q frame conversion. (a) I; and (b) I

simulation time between 0 to 1s and the torque increases
or decreases corresponding to the changes in load torque
and speed.

Determining rotor speed and position using
the proposed method

The sliding mode observer can be used to explain back-
EMF, although these signals still contain high-frequency
components. As a result, they cannot be utilised directly
to determine the position and speed of the rotor. In a tra-
ditional sliding mode, the cut-off frequency and angle of

the input signal are used to produce a low-pass filter to
filter the processes that cause phase delay. The informa-
tion from the true linear speed should be used to make
up for the phase lag caused by the delay; the information
from the estimated linear speed is insufficient. In order
to avoid using the low-pass filter and phase compensa-
tor based on back-EMF, a sliding mode observer is devel-
oped for detecting back-EMF in a PMLSM for computing
rotor speed and location. It is assumed that @ =0 because
changes in the motor's linear speed are less significant than
changes in stator current. Therefore, the following descrip-
tion fits the back-EMF of the PMLSM:

@ Springer
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: |

Fig. 11 The motor's output speed and reference speed for the fuzzy controller

<Te> =
400
aoff
| |
Fig. 12 Motor torque for the fuzzy controller
de, de, ] _
o =% == T @eam0ey — l(e,—e,) (26)
de where 1 is the observer gain and should be greater than 1, it
—L e, (25)  is selected as 100.
dt Subtracting (25) from (26), we get the observer's error
Considering this equation, the following forms the basis equation:
for the proposed back-EMF observer: de
a . T .
— = —wez—weéy—leé

— =—we —Il(é,~e,)
B

dt
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Fig. 13 The motor's output speed and reference speed for the traditional PI controller
id =
|
Fig. 14 Fuzzy controller motor currents in the resulting d-q frame from the three-phase input. (a) I; and (b) I
déa . . . = —] '2+2 <0
®=0—-0——-—de;—wes—leg Q7n Vv= €, Teé | = (30)

dt

Since (26) is stable, the Lyapunov operation can be
defined as follows:

(ei + e/2) + w2)
h 2

v (28)

vV =2e.6,+ ége s + 00 (29)

Differentiating the above equation results in the follow-
ing: By substituting (27) in (29), we have:

The aforementioned equation demonstrates the back-EMF
observer's stability in the absence of a sign. As a result, the
location signal may be estimated using the back-EMF col-
lected from the observer and the back-EMF and rotor state
equation:

ea
@ = arctan| —
€p

With the help of an integrator in the observer, speed is
achieved.

€29}
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Figures 17 and 18 illustrate the target sliding mode
observer block diagram as well as the generic PMLSM sen-
sor design. It is important to note that the motor voltage is
utilised as the input to the sliding mode observer rather than
the output voltage u’ and uE from the current loop. Both u,,

and ug reduce the inverter's dead time. This results in more
accurate measurements of motor voltage and computations
of motor speed and position.

Figures 19 and 20 show the simulation results of the slid-
ing mode estimator for the conventional PI predictive control
system. As can be seen, the estimator system estimates the
speed in a steady state with an error of zero based on the
three-phase current and voltage of the motor, indicating the
proper performance of the estimation. A delay of 0.1s of this
estimator is also based on the delays defined to realize the
speed estimation system in the simulator.

Additionally, Figs. 17 and 18 show how the speed
sliding mode controller and speed loop disturbance com-
pensation technology may greatly enhance the system's
anti-disturbance performance. Figures 19 and 20 illustrate
how the current loop disturbance technology can reduce
adjustment time and speed up the system's dynamic reac-
tion. Additionally, it can speed up and improve the stabil-
ity of tracking iq reference. Table 1 displays quantitative
performance comparison information.

Additionally, the fuzzy logic controller (MPC) for the
thrust force error graphs during the transient phase is cal-
culated as calculated in Table 1 in order to statistically
examine the control performance for these PI increases.
Furthermore, it is well known that the MPC for the thrust
reaction likewise reduces as the rising time does.

e

Ty
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Synchronous Machine

=

Teffib)

is-abe(A)
: >

spued abserver
U_abe_a befa
Speed vanfe—J i E,,_, B )
B=—<¢% -+ | o
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Fig. 17 PMLSM sensor control block diagram
Fig. 18 The proposed slid- E,.
ing mode observer (PSMO) is
shown in a block diagram i pos itton Calculation
*" 8
3
e .e
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= Sliding Mode Ca 4 BackEMF L,
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Fig. 19 Both real and estimated speeds

02

Fig.20 Real speed and speed estimator

03

04

05

Table 1 Comparing the details of the proposed model with a quantitative method

06

08 09

Control method

Over-shoot

Setting time (s)

Speed during disturbance

Steady state

Rise time (ms)

(%) error (rpm)
Decrease (rpm) Increase (rpm)

Speed: PI 27 0.4 — 242 338 +19 5.0
Current: PI

Speed: SMC 1 1.28 — 247 49 + 14 4.4
Current: PI

Speed: FMPC 4+ SMC 1 1.08 —113 19 +14 3.8
Current: PI

Speed: FMPC + SMC 1 0.546 -29 19 +11 2.61

Current: FMPC + PI
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Conclusion

In this study, the MPC of a PMSM is studied. The math-
ematical model of the motor and Simulink modeling of the
MPC method are presented. The simulation results show
that the designed MPC can improve motor characteris-
tics. Also, the main algorithm is programmed for practical
applications. The speed responses show that the MPC per-
forms better than the conventional controllers, as shown
in the simulation results. It is shown that MPC can fast
track with small constant errors in speed adjustment, and
the speed obtained from the fuzzy control methods has
a smaller overshoot and shorter settling time under vari-
ous speed changes. The important point in this study is
the use of fuzzy controllers compared to conventional PI
controllers. The speed response might be limited to motor
changes. The simulation results show the feasibility and
efficiency of the MPC method. This control method might
be a promising candidate for PMSM control in the future.
The key point in this study is the use of a sliding mode
estimator for estimating speed with high accuracy, which
can be implemented in the speed range of the motor very
well. Finally, the following results are obtained.

e Increasing system stability for responding to speed and
load changes.

e Reducing the steady-state error towards zero.

e Reducing the torque ripple and current by over 60%.

e Reducing the settling time by 50% and increasing the
speed by two—three times using the fuzzy controller
compared to the conventional PI controller.

e Using a sliding mode estimator with minimum motor
speed deviation.

It is shown that MPC is a fundamental improvement
in transient reactions compared to the classic FOC. The
predictive deadbeat controller provides a current ripple
competitive to FOC. However, it is difficult to improve the
steady-state error of FOC. The designed predictive con-
troller, including the dead time, ignores the voltage error
resulting from voltage drop in the transistors, diodes and
switching time of the transistors because their impact is
negligible and their value is variable. To achieve maxi-
mum accuracy, the DC voltage error estimation, including
a non-linearizing converter, should be considered.

The MPC method can provide minimum transient
reaction and reduce the ripple to improve the steady-state
response using the modulation proposed in Zhang et al.
(2022). It should be mentioned that the modulator also
presents a useful correction frequency.

Also, it should be noted that a voltage with a smaller
DC connection, higher sampling frequency or higher motor

induction improves the MPC current ripple. Each factor
facilitates converting the current to a smaller multivariate
and more accurate current reference tracking. Therefore,
in another experiment with these characteristics, the MPC
can be compared. If the MPC is implemented, new con-
straints, including minimization of switching losses, are
added due to its excellent performance that can be stud-
ied. Finally, the following items are suggested for future
studies:

e Changing the MPC program to improve control of
switches’ pulses.

e Using a fuzzy PI controller, its coefficients are improved
adaptively with the fuzzy controller.

e Using other algorithms for generating switch pulse.
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