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Abstract: In several applications, the accuracy and robust performance of the control method for the
speed of permanent magnet synchronous motors (PMSMs) is critical. Model uncertainties, caused
by inaccurate model identification, decrease the accuracy of PMSM control. To solve this problem,
this paper presents a super robust control structure for the speed control of PMSMs. In the proposed
method, the model uncertainties with Lipschitz condition together with disturbances are considered
during the PMSM modeling, and their effects are handled using a robust state feedback control. To
be more specific, the Lyapunov stability proof is performed in such a way that the model uncertainty
effects are eliminated. Before that, the Lyapunov stability criteria have been selected in such a way
that the Heo conditions are considered and guaranteed. This issue helps to eliminate the effects of the
disturbances. In addition, this paper considers another option to make the whole control structure
robust against sudden load changes. To solve this problem, a fuzzy adaptive sliding mode observer
(FASMO,) is presented to determine the load torque and use it in the control signal generation. In
this observer, the switched gain of the sliding mode observer (SMO) is adapted using a fuzzy system
to eliminate the chattering phenomena and increase the estimation accuracy. In fact, the proposed
method is called super robust because it resists model uncertainties, disturbances, and sudden load
changes during three stages by robust state feedback control, Hoo criterion, and load estimator,
respectively. The performance of the proposed approach is validated through a set of laboratory tests,
and its superiority is shown compared to other methods.

Keywords: PMSM; state feedback control; robust; fuzzy system; load torque observer; SMO

1. Introduction

Today, electric drives play an important role in industry. Electric motors and electronic
power converters and control systems are the components of electric drives. Actuators are
generally used for motion control, speed control, or position control purposes. Drives are
used in many industries, such as aerospace, vehicles, and automation. Electric motors are
the beating heart of electric drives and are of special importance. In recent years, permanent
magnet synchronous motors (PMSMs) have attracted the attention of many researchers
due to some of their features and characteristics.
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Advanced control methods are commonly employed for high-performance tasks in
areas such as manufacturing, mobile machinery, and industrial robotics. Mechatronic sys-
tems often face control challenges that affect precision. These challenges include dynamic
nonlinearities, uncertainties in parameters, unknown loads, and disturbances [1,2]. To
overcome these problems, this paper tries to introduce some novelties and precise con-
trol methods, especially for PMSM drives. Also, their efficiency is higher than similar
induction motors due to the absence of electrical losses in the rotor. Also, compared to
direct current motors, they have lower maintenance and repair costs due to the absence
of a brush. With recent advances in semiconductors, materials, nonlinear control theories,
and power electronics, the application of this class of motors in industry is increasing over
time. PMSMs are mostly used in the low-to-medium power range [3]. These motors play
an important role in motion applications, including robotics and precision instruments.
In the control of PMSMs, it is necessary to consider the nonlinear model and coupling
between the components. The control system should provide fast, accurate, and robust
responses to uncertainties and external disturbances in the system. Due to the nonlinearity
of the synchronous motor system, linear controllers will not perform well for the system
in a wide working range [4]. As a result, for the efficiency of the electric drive in a wide
working range, we will have to use nonlinear controls. The control of PMSMs is divided
into two general strategies: scalar control and vector control. Scalar control is known as
a simple and cheap method, but this control method does not have much effect on the
transient state of the system. This issue has caused this method not to be used in precise
and sensitive applications. Vector control is separated into two methods: direct torque
control and field vector control. The field vector control strategy has advantages such as
fast response, soft start-up, and appropriate initial acceleration [5]. Therefore, field vector
control is sensitive to changes in motor parameters and external disturbances [6]. Therefore,
external disturbances and uncertainties will have different effects on motor performance.
Applying robust control in the field vector control strategy can compensate for the effect of
uncertainties and disturbances and improve system performance. Direct adjustment of flux
and torque is undertaken in the direct torque control (DTC) method. This method has a
faster response compared to the field vector control. The DTC strategy is less dependent on
motor parameters. Also, removing the transformations of the stationary coordinate system
of the stator to the rotating coordinate system of the rotor and vice versa is one of the other
advantages of this strategy [7]. Due to poor performance at low speeds, the mentioned
strategy is not used in precise and sensitive applications [8].

Backstep control is used as one of the resistant control methods in controlling syn-
chronous motors [9]. The backward control law consists of nonlinear and complex functions
that are not easily obtained, and this is one of the problems of this control method [10].
Among other resistant methods that have been used in the control of synchronous motors,
we can mention sliding mode control (SMC) [11-13]. In [11], feedback linearization is
used for simplicity in controller design. However, the main problem in this article is the
presence of acceleration as a variable in the control law. The acceleration variable is not
easily obtained. The main problem in sliding mode control is the chattering phenomenon.
These fluctuations are called vibrations. This phenomenon can stimulate some system
dynamics and disrupt the system'’s performance. Vibration causes mechanical systems to
wear out and gradually lose parts. Two factors cause the phenomenon of vibration:

(1) Presence of high frequencies in the control signal;
(2) High gain in the control loop.

As a result, to reduce vibration, the above two factors should be considered and
resolved. One of the methods to reduce vibration is to remove the sign function in the
controller’s output. In [12], the saturation replaces the sign function in the controller’s
output, and this has reduced the vibration. In [13], using adaptive control theory, the
switching gain is approximated online. This has caused the vibration and control effort
to be reduced compared to the conventional SMC method. Although the phenomenon
of vibration is still seen in the controller’s output signal, one of the ways to reduce the
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phenomenon of vibration is the use of intelligent controls in SMC. Fuzzy systems have the
most important role in these studies. Fuzzy control is known as an intelligent method in
controlling complex systems. This control method does not need the model. Fuzzy control
for PMSMs has also been used [14,15]. Fuzzy rules in fuzzy control are determined by an
expert, although in some cases fuzzy rules and variables are obtained by trial and error.
Of course, research has been conducted to improve this problem. For example, in [14],
different parts of the controller are parameterized, and genetic algorithm (GA) is utilized to
make the controller optimized. In this method, there is no need for detailed information
about the system’s performance and the knowledge of an expert. The controller itself
achieves optimal conditions. The results of [14] show that the sensitivity to disturbances
and fluctuations has increased compared to the conventional fuzzy control. Another
method is provided to adjust the variables of the fuzzy controller. In this method, neural
networks are used for fuzzy controller settings. This category of fuzzy controllers is called
neural fuzzy control [16]. Fuzzy neural control [17,18] is designed to control the speed of
the synchronous motor in such a way that the neural network adjusts the membership
functions in the fuzzy controller. This unique feature has led many researchers to improve
the performance of controllers by combining this logic with other control methods. Fuzzy
control is resistant to uncertainties and external disturbances, but this control method is
not as powerful as SMC in overcoming uncertainties and disturbances. Fuzzy systems can
improve the conditions and performance of SMCs. Fuzzy systems can reduce vibration or
estimate the information required in the sliding mode control law. For example, in [19], a
hybrid controller is designed, which is an SMC in the range of large errors and becomes a
neural fuzzy controller in the range of small errors. This solution greatly reduces vibration
and is more resistant to fuzzy control.

Another commonly used control method for PMSMs is model predictive control
(MPC) [20]. In this control method, a cost function for optimization is defined so that an
optimization algorithm is executed during the production of the control law to produce the
best signal for the control of the system. It is possible to combine MPC with other numerical
methods (for example LMI) [21], and depending on whether the predictive range of this
control technique is restricted or boundless, it is capable of generating an ideal reaction
at every time interval to manage the system. Some studies use adaptive types of MPC or
robust types [22] of predictive control to increase the accuracy and robustness of the control
system. In some research, the MPC is mixed with other methods, such as SMC [23,24], to
provide an accurate and robust performance against model uncertainties.

Although the sensitivity of the system to uncertainties and disturbances has increased
compared to conventional sliding mode control [25,26], in [26], an adaptive fuzzy mech-
anism is designed for optimal estimation of switching gain. This reduces vibration and
control effort compared to conventional sliding mode control and sliding mode control [25].
In most of the research conducted for the control of synchronous motors, the electrical
dynamics of the motor have not been considered in the analysis and design of the controller.
In precise and sensitive applications, it is essential to focus on this aspect of the motor.

In several applications, the robustness and accuracy of the control of PMSMs are
critical, especially when the model uncertainties cause inaccuracy. This paper presents
a super robust solution for this issue and introduces a robust control for PMSMs based
on load torque observation. In this regard, the model uncertainties and disturbances
have been considered in the nonlinear dynamics of PMSMs. In the proposed method, the
uncertainties adhere to the Lipschitz condition, and by employing robust state feedback
control, the impact of these uncertainties is mitigated. In other words, the Lyapunov
stability proof is performed considering the Lipschitz condition to be sure about the
elimination of the uncertainty effects. In addition, considering and guaranteeing the Hoo
conditions, the Lyapunov stability criteria are corrected and proven to eliminate the effect
of the disturbances. Moreover, this paper considers another additional option to make
the whole control structure robust against load changes. For this problem, a FASMO is
presented to estimate the load torque and use it for the control signal compensation. In this
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solution, the switching gain of the sliding mode observer is adapted using a fuzzy system
to eliminate the chattering, and the estimated load torque is used to make the controller
robust against the sudden load changes. The performance of the proposed approach is
validated through a set of laboratory tests, and its superiority is shown compared to other
methods. Generally, the main contributions of this study can be summarized as follows:

e  During the modeling of the PMSM motor, the model uncertainties are considered to be
handled with the proposed control method. During the design of the proposed state
feedback control, unlike the other state feedback control methods, model uncertainties
are considered to make the control loop robust against these uncertainties. It is worth
mentioning that the model uncertainties are considered to be in Lipschitz conditions,
which is a special case in robust methods.

e  Unlike the other state feedback control methods, in the proposed state feedback control,
Hoo performance is guaranteed to eliminate the effects of disturbances on the control
performance.

e  The combination of fuzzy adaptive sliding mode observer and robust state feedback
control is presented, for the first time, to impressively increase the robustness of the
proposed control structure against uncertainties, disturbances, and sudden load changes.

The structure of the paper is as follows: In Section 2, the dynamic model of the PMSM
is presented. Section 3 discusses the control strategy. In Section 4, the experimental results
are evaluated, and the conclusion is explained in Section 5.

2. Mathematical Model of the Motor
The dynamic behavior of the PMSM in the dgq-frame is extracted as follows [27,28]:

Eg = rsly+ Laly — welgl,,

Eq = rslq + Lqiq + we[jdld + (Ugl9f, (1)
T.— T = mWm + Mwyy,,

T, = 310 10y,

where E; and E; present dq voltages in the stator, I; and I; present dq currents in the stator,
Ly and L, present inductances in the dg-frame, l9f presents the linkage flux, w, and wy,
present the electrical and mechanical speeds, T. presents the electromagnetic torque, g
presents the friction factor, 7, presents the number of poles, M presents the moment of
inertia, and T} presents the load torque. Based on Equation (1), we write

wm=zxﬂ—ﬂl 5 Iy — gmwm). )
Assume 21 = Wy, f — Wy, 22 = 2] = —wWy, and T; = 0. Therefore, Equation (2) is
reformulated as follows:
Zl 01 ] [ Z1 :l 0|
EO T ERN ES )

Due to the uncertainty and disturbances in the dynamic behavior of the motor caused
by changes in temperature and changes in load torque, Equation (3) is modified as follows:

a0 L ]la ]

where p and ¢ present the uncertainties and disturbances, respectively. By considering

o Z1 3 . 01 . 0 o o B
z = (22>, v =1;,G = <0 0), H = (3;,;\?,), L=(1 0),ando = Wref — W,

Equation (4) is formed as follows:

01].
30 |lgtp+e (4)

2M
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2 =Gz+Ho+p+
{z z+Ho+p+e 5)

0=1z

3. Suggested Strategy
3.1. Speed Controller

We intend to design a new robust controller which reduces the effect of uncertainties
and disturbances on the tracking error of speed and delivers the tracking error within a
prescribed bound after a prescribed time. So, the requirements are outlined as follows:

(a) z(O)TCDz(O) <b = z(t)Td)z(t) < by, Vt > tp, where @ > 0 denotes the factor matrix
of the tracking error and b; and b, denote the prescribed bounds. Also, ¢, denotes
time related to the end of the interval.

(b) Assuming e = 0, the dynamic behavior satisfies the asymptotical stability.

(c) Assuming e # 0 and z(0) = 0, the following inequality is met:

/‘ oTodt S'yz/ eledt, (6)
t=0 t=0

where 7 presents the disturbance attenuation level. In the design procedure, we need the
following lemma and assumptions:

Lemma 1 [29]. Considering matrices A and B are positive scalar ¥, the following inequality is met:

ATB+BTA <0ATA+ 0 'BTB. 7)

Assumption 1. Disturbance term e meets the following inequality:

lell < JlI=Il, ®)
where | presents the Lipschitz constant.
Assumption 2. The disturbance meets the following inequality:

tp
/ ET‘C«dt < €max , (9)
t=0
where emax denotes maximum energy. In the controller design, the structure of control law is state

feedback as follows:
v="Tgz (10)

where T presents the control gain. So, Equation (5) is rewritten as follows:

(11)

2= (G+HT)z+p+¢
0o=1Lz '

To meet the requirements (1)—(3), we assume the Lyapunov function and stability
condition as follows:
w(t) = z"Kz, (12)

w(t) < Ew(t) —oTo+ %, (13)

where K presents the Lyapunov matrix and ¢ presents the variation rate of Lyapunov
function. Equation (13) ensures the following inequality:

tp
w(z(ty)) < e5w(z(0)) + / e %t (—oTo + y2eTe)dt. (14)
=0
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Consider K = &~ 2Kd 2. Also, define x| = Amax (K) and x3 = Amin (K), where Apin
and Amax present minimum and maximum eigenvalues, respectively. Therefore, we obtain

w(2(0)) = 2(0)TKz(0) = 2(0)T®IKD2z(0) < Amax(K)z(0)®2(0) < x1b1,  (15)

and
w(z(ty)) = z(ty) "Kz(ty) = 2(ty) T ©2KD22(1))

a (16)
> Amin(K)z(£) @z (ty) > xz(ty) @2(1y).
Based on Equations (15) and (16), we can obtain the following:
T T 1 1
Kaz(tp) Pz(ty) < v(x(tp)) = z(tp)” Pz(ty) < Ew(z(tb)) c
tr 1
(ebhw(z(0)) + [ e %t(—oTo+ 7%ele)dt) < —(ebhrw(z(0))+
t=0 K2 (17)
t 1 ty 1
[ e Sty2eTedt) < — (ebstrw(z(0)) + e %hy? [ eledt) < —
= K2 =0 K2

0
(egstbKlbl + e_éstb')’zemax)~
It is concluded that the inequality e%tx;by + e~%5'y2emay < koby meets condition (a).

Remark 1. K = & 2K® 2 is a matrix equality. In this equality, ® is a square matrix. The
singular value decomposition of ® is written as follows:

& =Uuxv’ (18)

where X is diagonal matrix. Now, @2 can be computed as follows:

1 1. —1 1 -1
o2 = (d2) = (uzz2vh) (19)

Since X is diagonal matrix, %% is obtained by taking the root of all the diagonal
elements of X.
In the following, Equation (13) is expanded as follows:

2"Kz + 27Kz < —oTo +72eTe = (Gz +p + ¢) Kz +2T%(Gz + p+e)
< —oTo+92%"e = 2TG Sz + pTKz + eTKz + zTKGz + zTKp + zTKe (20)
< —oTo+ 2T,

where G = G + HT. Using Lemma 1, Equation (21) ensures Equation (20):
2TG Kz + 927Kz + €Kz + zTKGz + 10 Ko +2TKe < —0To + 72¢e. (21)

Consider K < kI, where k = Amax(K) and I is identity matrix. Therefore, based on
Assumption 1, we can obtain:

2TG Kz + 027Kz + eTKz + 2TKCz + 0~ 12Tk Tz + 2TKe < —oTo +42eTe.  (22)

The matrix form of Equation (22) is obtained as follows:

<Z)T<GTK+KG+19K+19‘1k]T]+LTL K )(z)

<
: : ) () <o (23)
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where * presents the symmetric elements. Equation (24) ensures Equation (23):
<GTK+KG+19K+191k]T]+LTL K ) <0 b
* —21) =
4
Assuming N = KHT, we obtain
T T 134T T
(G K+ N —i—KG—i—N:ﬁK—l—ﬂ kJ'JT+L"L _521)30' 25)

According to K < kI and Equation (25), the requirements (a)-(c) with the minimum
value of 7 are met according to the following optimization problem:

min 7y
subject to :
(1) K<kI, (26)
GTK+NT +KG+N+0O9K+0"AJTJ+LTL K
(2) 21 ) =0,
* -7l
(3) egstbKlbl + eiéstb')’2€max < Kkaby.
Due to N = KHT, the control gain is obtained as follows:
T -1 T
T=((KH) (KH)) (KH) N. (27)
Finally, based on Equations (4), (5), and (10), I; is extracted:
t
I = / Kz. (28)

3.2. FASMO
Here, we intend to design a FASMO for estimating the load torque. This estimated
load torque is used to modify the controller and increase the robustness of the controller

against the load disturbances and mutations. If it is assumed that TL = 0, the estimation
structure is expressed as follows:
. _1,3r,0
wm:M l(TfLi_TL_gmwm), (29)
T, =0

Define the sliding surface as p = @, — wy, where @y, presents the estimated speed.
Therefore, the suggested estimator is as follows:

{a‘;m = 1,5rnl9fM_1'Iq — M_1TL — gmd)m + ﬂlsgn(P) (30)

TL = azsgn(p)

where a; and a; present the observer gains and T presents estimated load torque. By
subtracting Equation (30) from Equation (29), we obtain

{é}m = d)m —w —MilTL - gmelcTJm + msgn(p) (31)

m
TL = TL - TL = azsgn(p)
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where @,, and T present estimation errors. Now, to prove the asymptotic stability of
Equation (31), we define the following Lyapunov function:

u = 0.5p% (32)
Using Equations (30)—(32), we can obtain
u= pp=1p {ulsgn(p) —M1T; — gmelam}
=p {alsgn(p) —MIT, — gmM_lp} = —gmM™! (33)
PP+p [alsgn(p) - M’lfL] .

It is clear that p [a1sgn(p) - M! TL} < Oensures U < 0. p {alsgn(p) - leL} < 0can
be extended as follows:

M*lTL+a1 <0, p<0 (34)
M T, —a; >0, p>0"
Consequently, we obtain
a < f’M_lfL‘. (35)

Finally, inequality (35) ensures the asymptotical stability.

The suggested estimator induces the chattering phenomenon and degrades the motor’s
performance. Therefore, a Mamdani fuzzy system is proposed to receive online the sliding
surface and its derivative and compute the estimator gains. It is important to highlight that
the online computation of gains effectively mitigates the chattering phenomenon. In this
study, utilizing simulation and laboratory data, the sliding surface, derivative of the sliding
surface, and estimator gains have been normalized in Equation (34), and the membership
functions and rules of the fuzzy system have been derived. Membership functions and
fuzzy rules are illustrated in Figure 1 and Tables 1 and 2. It should be noted that the set of
terms (L3, L2, L1, M, H1, H2, H3) corresponds to membership functions.

& =p/|pmax|, ¢ = p/‘Pmax , Al =a1/|a1max|, A2 = a2/ |azmax]| - (36)

-

<
=

Degree of membership
s =
= =

=
()

L2

L1

M H1 H2 H3

=

Degree of membership
s = = =

L] = =% o
—

08 -06 04 0.2 L] 0.2 04 0.6 0.8 1

alpha

- i

Degree of membership
= = =
S

]

o
2

Degree of membership
'O =
= =

.
[

=
=
=
s
=
ta
=
n
=l
m
=
=
(=]
~1
=
t
=
o

Figure 1. Membership functions.
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Table 1. Fuzzy rules of Al.
o

L3 L2 L1 M H1 H2 H3

L3 L3 L2 L1 M L1 L2 L3

L2 L2 L1 M H1 M L1 L2

L1 L1 M H1 H2 H1 M L1

B M M H1 H2 H3 H2 H1 M
H1 L1 M H1 H2 H1 M L1

H2 L2 L1 M H1 M L1 L2

H3 L3 L2 L1 M L1 L2 L3

Table 2. Fuzzy rules of A2.
o

L3 L2 L1 M H1 H2 H3

L3 H3 H2 H1 M H1 H2 H3

L2 H2 H1 M L1 M H1 H2

L1 H1 M L1 L2 L1 M H1

B M M L1 L2 L3 L2 L1 M
H1 H1 M L1 L2 L1 M H1

H2 H2 H1 M L1 M H1 H2

H3 H3 H2 H1 M H1 H2 H3

3.3. Corrected Controller
By using the suggested controller and estimator, the corrected I; is extracted as follows:

t
D=L +1 = / Tz + a3y, (37)
=0

where a3 > 0 presents the feed-forward compensation gain.

4. Experimental Results

In order to check the effectiveness of the proposed method, a series of experimental
tests have been carried out in the laboratory on a PMSM motor. In this laboratory, a PMSM
motor with the specifications presented in Table 3 has been tested. In the purposed test
bench, a DSP TMS320F28335 has been used. In this configuration, LA-25 and LV 55 along
with their signal conditioning circuits are employed to gauge the current and voltage,
respectively. The speed sensor in this setup consists of an Omron Encoder E6B2-CWZ6C,
with a resolution of 2000 pulses per rotation. Figure 2 shows the experimental test setup.
These practical tests were conducted in two distinct scenarios to evaluate the performance
of the proposed method under varying conditions and with different reference inputs.
In all these tests, the proposed method has been compared with the performance of the
conventional sliding mode control method. In the initial case, the efficiency of the suggested
technique was assessed for step and ramp inputs. In the second instance, the effectiveness
of the proposed design was evaluated under more challenging inputs.
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Table 3. PMSM machine specifications.

Factor Value
Nominal speed 700 rpm
Nominal torque 80 Nm
Rating 50 kW
Resistance in stator 7.8 mQ)
Inductance in stator 0.45 mH
Flux linkage 100 mWb
Number of poles 4

Ids
Robust

Control

L |

Fuzzy
system

Estimated
Wm

(B)
Figure 2. (A) Test bench. (B) Closed-loop system.

4.1. Scenario 1

In this scenario, a simple step input is applied to the closed-loop system. This ref-
erence input is designed to step the motor speed to 200 rpm. In this reference input, the
performance of the proposed control to rotate the motor in the reverse direction is checked.
Figure 3 shows the performance of the desired method per step input in the first scenario.
As illustrated in this figure, the proposed control structure effectively follows the desired
input in both directions of rotation, demonstrating high accuracy in tracking the reference
speed. According to this figure, in transient times and when the reference rate has a jump,
the proposed method converges to the reference value after 0.15 s, while the conventional
sliding method converges to the reference value after 0.75 s. Also, the proposed structure
has an error of less than 0.5 RPM, while the conventional SMC shows a tracking error of
1.5 RPM. The main reason for the greater accuracy of the proposed method compared to
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the conventional SMC is that the proposed method removes both the effects of disturbances
and the uncertainties of the model simultaneously using the robust controller and the
H-infinity mechanism. Furthermore, the resilience of the entire control structure to load
changes is enhanced through the implementation of the modified load torque observer. On
the other hand, the conventional sliding controller only makes the system partially resistant
to the uncertainties of the model, and the chattering phenomenon has a negative effect on
the error of the conventional SMC.

300 : .
} ] Proposed
200 |- ’—— —_—— SMC

L '¢ = = Ref

e I A nady S N

—100 |- ‘ e e

—200 - |1 I S ool - -ooo- ]

—~300 i |
0

Speed (rpm)

300 T T

Proposed | |
‘ - |——SMC
100 F--mmmmm e EEEEE | EREEEEEE (EEEEEE R

200 |- - - - oo

Speed error (rpm)

100 3 _____________________

200 ' :
0
Time (sec)
Figure 3. Speed tracking (step—scenario #1).

To validate the performance of the proposed control structure in the transient state, a
ramp input is applied to the closed-loop system in two different directions. Figure 4 shows
the performance of the proposed method and the SMC method in tracking the input of the
ramp reference. As is clear from this figure, the proposed method has been able to have
an error of less than 1 rpm in the reference input tracking in the transient mode, while the
conventional SMC method has a tracking error of about 9 rpm in transient mode. This
confirms that the proposed method can rapidly converge to and track the reference input
during continuous changes, while the conventional SMC method demonstrates a delay
in following the reference input. The noteworthy point is that in all these scenarios, both
methods have a little distortion, which is caused by the switching phenomenon in the motor
drive. However, in the conventional SMC method, due to the chattering phenomenon,
these fluctuations are more intense and reduce the accuracy of the control method. Figure 5
also shows the g-axis current for the step reference inputs. According to these figures, the
amount of current in this axis is reasonable, which confirms the feasibility of the proposed
control method. The estimation of the load torque using the proposed FASMO is shown in
Figure 6. As is clear from this figure, the proposed FASMO estimates the load torque with
no chattering.
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4.2. Scenario 2

4
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In this scenario, an attempt has been made to measure the performance of the desired
method for more complex inputs. For this reason, first, an input is applied in the form of
increasing steps in the control loop. In this scenario, the reference input increases three
consecutive steps from zero to 300 rpm and returns to zero again from 300 rpm. This input
is designed to check the effectiveness of the proposed control structure for sudden jumps



Actuators 2024, 13, 307

13 of 18

during motor movement. Figure 7 compares the tacking diagram of the proposed method
and the conventional SMC method for this reference input. According to this figure, the
proposed method has high accuracy, and its tracking error is less than 0.25 rpm, while
the conventional SMC method shows a tracking error of about 2 rpm. In addition, during
jumps that occur in the reference speed, the presented method can follow the reference
input in less than 0.2 s. This is while the conventional SMC method succeeds in following
the reference method after 1 s after reference speed jumps.
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Figure 7. Speed tracking (step—scenario #2).

However, this reference input is insufficient to assess the response of the proposed
method in transient states under more complex conditions. To address this, a reference
input consisting of a sequential combination of steep ramps is introduced to the closed-loop
system. Figure 8 compares the response of the presented method and the conventional SMC
method for this reference input. According to this figure, the conventional SMC method
has a tracking error of 10 rpm, while the presented method can follow the ramp reference
input with an error of about 1.2 rpm. This issue confirms the good performance of the
proposed method even in transient states and during reference speed changes. The reason
for this is the increase in the multifaceted resistance of the method in question against
model uncertainties, disturbances, and sudden load changes. As in the previous scenario,
Figure 9 also shows the Q-axis current for the motor. According to its logical value, it
is possible to understand the feasibility of the proposed method. Figure 10 indicates the
voltage diagram in both scenarios for step inputs. According to this figure, the value of
the voltage confirms the feasibility of the proposed controller. It is worth mentioning that
the jumps in this figure occurred at the step times, which is reasonable due to the sudden
change in the reference value.



Actuators 2024, 13, 307

14 of 18

250

200 Proposed

150 = = Ref [ 14+

100 il

Speed (rpm)

50 B SEEEEI B AEEEEEEEE | EEEEEEEEE | AEEEEEEEE

0 5 10 15 20 25 30
Time (sec)

150 ;
Proposed
100 =——8MC |-

L R e T R e Bkt EEEEEEEEREE

Speed error (rpm)

=50

25 30
Time (sec)

Figure 8. Speed tracking (ramp—scenario #2).

1.75

Q-axis current (Amp)

Time (sec)

Figure 9. Q—axis current (step—scenario #2).

50

Voltage in d axis (V)
o

=50

Time (sec)
(A)

Figure 10. Cont.



Actuators 2024, 13, 307

15 of 18

50 T

Voltage in d axis (V)

=50 L

Time (sec)

(B)

Figure 10. D—axis voltage (step—(A) scenario 1 and (B) scenario 2).

The proposed controller is based on robust state feedback and, unlike SMC, does
not have any signal discontinuity. Therefore, it does not cause any vibration in the mo-
tor. In addition, this scheme also reduces the effects of other disturbing signals, such
as disturbances.

In addition, the proposed estimator is from sliding mode observers (SMOs), which
are robust against model uncertainties. But the conventional SMOs have chattering in
their response, and this paper solves this problem. To be more specific, by using a fuzzy
system, the switching gain of the proposed estimator has been adapted, and in this way
the chattering is eliminated. In other words, by the design of a fuzzy system, the proposed
method tried to reduce chattering effects to a great extent, and as a result, motor vibrations
will be very minor.

In addition to the comparison with the SMC, the performance of the proposed method
has been compared to the conventional state feedback control. The result of this comparison
is indicated in Figure 11. As is clear from Figure 11, and as is shown in scenario 1, the
proposed method is able to follow the reference speed of less than 0.15 s with an error of
0.5 rpm. While the conventional state feedback control does not have a good performance,
it has a prolonged convergence time and approximately cannot converge to the reference
value. To be more specific, the conventional state feedback control is not robust against
model uncertainties, disturbances, and load changes. So, it cannot have an acceptable
performance subject to the uncertain model and reference input. For further comparison,
the proposed method has been compared to two other methods in Table 4.

Table 4. Comparison of proposed method to other control methods.

Convergence . . Disturbance Computational

Method Accuracy Speed Chattering Uncertainty Compensation Load

MPC [30] Low Medium x x x Low

Sliding mode Medium Medium v v x Low
control [31]
Feedback

linearization [32] Low Low x x x Low

Proposed scheme High High x v v Low

The proposed method be extended to uncertain nonlinear systems, such as refer-
ence [33], with the following conditions. The nonlinear term should have the Lipschitz
property. The uncertainty term should have the Lipschitz property or norm-bounded
property. The uncertainty term should be additive with state equations.
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5. Conclusions

In this paper, a super robust solution for this issue has been introduced, and a robust
observer-based speed control for PMSM has been proposed. Model uncertainties and distur-
bances have been considered in the nonlinear dynamics of the PMSM, and in the proposed
method, the uncertainties fit the Lipschitz condition; by using a robust state feedback control,
the effects of the uncertainties were eliminated. In addition, considering and guaranteeing
the Heo conditions, the Lyapunov stability criteria were corrected and proven to eliminate
the effect of the disturbances. Besides, a FASMO was presented to determine the load torque
and was used for the control signal compensation. In this solution, the switching gain of the
FASMO was adjusted utilizing a fuzzy system to mitigate chattering. The performance of the
proposed method during two different scenarios was compared with the performance of a
conventional SMC method. During the practical tests conducted in the laboratory in these
two scenarios, it was found that the proposed method has a much higher convergence speed
of as much as 8 sec and a much higher convergence accuracy of as much as 7 rpm than this
method, both in the steady state and in the transient state.
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