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ABSTRACT

In practical applications, permanent magnet synchronous motors's benefits over brush-type mo-
tors, such as compact designs, high torque to inertia ratio, high power density, high air-gap flux
density, and high efficiency. Moreover, they are also increasingly replacing induction motors in a
variety of fields of application. Fast reaction, accurate control, and minimal overshoot feature rep-
resent crucial installation considerations while developing a control system for permanent magnet
synchronous motors applications. Permanent magnet synchronous motor models are nonlinear
and high-order concerning time-varying parameters, so a suitable controller is required. One well-
known resilient model base control technique for systems with parameter fluctuations and outside
disturbances is sliding mode control. First, the sliding-mode controller is employed to reduce chat-
tering and stabilize the PMSM drive system. On the other hand, modifications to the drive system's
configuration and external disturbances might totally destroy the control performance. Therefore,
this paper investigates combining neural networks with the sliding mode technique to propose an
advanced robust permanent magnet synchronous motors velocity control algorithm. In order to in-
crease the robustness and stability and decrease sliding mode chattering of the controller, our goal
is to showcase several adaptive law designs for updating online sliding mode control laws and com-
posite controller designs using radial basis function neural networks. The suggested adaptive neu-
ral network sliding mode controller based on the field-oriented scheme ANSMC-FOC technique,
also known as the adaptive neural sliding mode based on a field-oriented control approach, con-
firms its complete accuracy and achieves outperforming control performance compared to PID and
classical sliding mode control methods. Thus, the proposed permanent magnet synchronous mo-
tors velocity control algorithm is convincingly better than other permanent magnet synchronous

motors' advanced speed control approaches.

Key words: SMC Technique, PMSM Motor, FOC Control, RBF Neural Model, adaptive Proportional
Integral (PI) control, Adaptive Neural SMC (ANSMC-FOC/ ANSMC) control

INTRODUCTION

The permanent magnet synchronous motor with ex-
cellent characteristics such as a straightforward struc-
ture, a small footprint, a high power factor, and in-
credible precision was created in 1980. Due to the
benefits above, PMSM is gradually displacing DC and
asynchronous motors in electric vehicles. The PMSM
motor has a lot of cross-sectional effects that de-
pend on time; therefore, to fully utilize its potential,
a proper controller must be designed. There are now
two primary ways to regulate PMSM motors: FOC
and direct force DTC control!. The DTC technique
directly handles the IGBT’s on-off switch, whereas
the FOC control calls for the current approach. De-
signing a PMSM controller that can deal with com-
plex system architecture and environmental impacts
is both a requirement and a difficulty. In some ex-
periments, the PID classic controller regulates motor
speed. The research employs the self-tuning PID set to
address the issue above because the PID set with pre-

set parameters is only appropriate for one type of con-
trol situation®~>. Much research has also been con-
ducted via using of advanced control methods, such as
sliding mode controllers®’, adaptive fuzzy®, and NN-
based applications®!?. Authors Xi et al. (2005)'!
regulated PMSM motor speed with a self-tuning PID.
Zhang, et al.'? created a slip control approach for
PMSM velocity regulation by proposing an estima-
tor to enhance the PMSM velocity precision regard-
less of plant perturbations. Li et al. ! introduced an
advanced internal IMC method to regulate the PMSM
motor velocity.

Multiple kinds of different research on advanced
PMSM motor speed regulation methods have re-
cently been conducted. For instance, authors'* sug-
gest observation diagrams based on a control dia-
gram and a neural network through which an ef-
fective sensor-free optimization for noisy and satu-
ration voltage permanent-magnet synchronous mo-
tors is researched. The PMSM drive system is sub-
jected to a novel vector-based controller via a new
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measured erroneous approach '°. The suggested con-
trol structure can identify common current-sensing
signal defects such as discontinuous signal, missing
returned signal, fluctuating gain, and significant ex-
ternal noise. In other research, the permanent mag-
net synchronous motor transmission system running
at high speed is proposed to be controlled by an
adaptively optimized super-twisting SMC control ap-
proach '°. Junejo et al.'” suggested a novel adaptive
terminal SMC reaching rule to decrease input control
efforts by dynamically adopting all favorable qualities
regarding finite time convergence, high tracking ac-
curacy, and chattering in the system’s control input.
For various driving situations, the finite control set
model predictive control gives an enhanced dynamic
response and a superior steady-state response 18, Re-
cently Shanthi'® (2021) suggested adaptive neuro-
fuzzy-dependent findings and proved they are tran-
siently efficient. The robustness of adaptive neuro-
fuzzy PID and SMC-PID control methods has shown
good regarding simple settled time, null-peak tran-
sient, and null steady-state erroneous value.

Recently, the efficiency and the promising potential
of adaptive PI-based disturbance observers and con-
trollers in PMSM speed control have increasingly at-
tracted the attention of researchers. The authors of-
fered a unique disturbance rejection control tech-
nique in which the suggested adaptive DR-PI control
technique was practicable with an affordable gain tun-
ing rule for PMSM control 20, Continually, the au-
thors?! (2022) successfully introduced an integrating
disturbance observer-based control combined with
an active disturbance rejection control for the PMSM
speed control which is based on an adaptive PI ap-
proach for enhancing both PMSM performance and
robustness. Apart from this method, a comprehensive
high-order fuzzy-PI observer > for computing the to-
tal disturbance of PMSM motors, including distur-
bance rejection and high-performance speed tracking
has been initiatively suggested. Moreover, an adap-
tive PI-PI control technique for PMSM %3 is improved
by using high-order PI-PI disturbance observer-based
control regardless of disturbance and unmodeled dy-
namics.

Inspired by the results above-mentioned, this study
thoroughly examines and verifies the combination of
adaptive SMC with RBF technique applied in PMSM
control strategy using the previously referred PMSM
velocity control research. The rest of this study is
structured with following sections. The section 2
presents the methodology which includes the PMSM
model is presented in Section 2.1 and Section 2.2 in-
troduces the suggested SMC for the PMSM utilizing

RBF neural technique. Section 3 shows the outcomes
of PMSM velocity regulation applying the suggested
control system. The conclusions will be given in Sec-
tion 4.

METHODOLOGY
PMSM MATHEMATICAL MODELLING

Suppose the magnetic circuit represents unsaturated
and the magnetic field is distributed sine-wave. The
frame below displays the PMSM mathematical model
under the conditions above:

diy 1 R . n . Ly
—= = —ug— —i ig—n
dt Ld d Ld d wqud P A
di 1 R L ),
aiq — *”q*iiqﬂmeiqfdnpf np Wy
dt Ly Ly Ly Ly (2.1)
doy, 1
dt ;J(Telewam)
Te=2np [Aig+ (La — Lq) iaiq)

Where ug,uy represent the voltage values in dg-
coordinate; ig,i; denote the current components in
dg-coordinate; Ly, L, denote inductance elements in
dq-coordinate; Ry represents stator resistance;
represents PMSM shaft velocity; eventually 77, np,, F,J
represent load moment, poles’ number, viscous pa-
rameter and PMSM inertial torque, respectively.

The PMSM description uses a 3rd-oder mathematical
scheme regarding components, PMSM velocity ®,,
and control voltage elements u,, 1. In dg0 coordina-
tion, such PMSM model is as follows:

. 1 R, L,
x| = aud — Exl +x3x25nl,
o1 R; Ly Anpxz
Xy = L—quq — L—qxz — X3X] L—qnp — L,
X3 = j(inp [lxz + (Ld —Lq) xlxg} (2-2)
—T1 —Fop)
Y1 =2x3
y2=x1
In which control variables uy, uy and x| = iy, x, =
ig, X3 = Oy

SUGGESTED ADAPTIVE RBF-NEURAL SMC
CONTROL METHOD

The PMSM driving system is described with respect
to the rotor as follows:
dig 1 R

= — g — —ig+ Opi ﬁn
dt Ld d Ld d qLd r

dig 1 Ry . Ly Any O
A=y — iy — Oign, — 2-3
a g, Onlag - — Y
dwy, 1

Tar 7(T67T’7Fw’”)

Where T, = 3n, [Aig+ (Ly — Lq) igig]
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In addition to the current controller created using the
FOC method, let us develop a PMSM velocity control
block.

At first due to Ly = L it gives:

do, 1/3
O _ 2 (2, [Aig) ~ Ty —F
dr J(znp[’llq} ! w’”)

From (2-4), we develop a novel adaptive RBF-SMC
control method for accurately regulating the PMSM

(2-4)

velocity.
Consider x| = @y; u = ig (2-5) will be derived as fol-
lows:
. 1/3
=—(2 ~T,—F
X1 Vi (an [Au]—T; xl) (2-5)
y=x

Based on the SMC control approach, we have y =
a(x)+b(x)uwitha(x) = } (=Tj— Fxp) and b (x) =
} (%"P)“)

However, the slide controller cannot be implemented
due to unknown equations a(x) b(x). The problem
here is to identify the control law by online identifi-
cation and calculating the control law based on that
result u; this is called indirect adaptive control.

Uce = b1 () (=a(x)+v (1))
v(t) =y, + Ksign(s) (2-6)

withs =e=y,—y

Then a new adaptive RBF-SMC control approach was
proposed to estimate equations a (x) ; b (x) along with
computing the control law in (2-7):

tee =b ' (x) (—a+v (1)) (2-7)

The a(x) b (%) in (2-7) denotes the RBF model which
includes three basic equations in hidden-layer used to

estimate a (x); b (x) as presented in (2-8):

Q)= 0] & ()
b(x) = 0] & (x)

with 6,, 6, represent neuron weighting vectors.

(2-8)

These coeflicients will be adjusted adaptively in
real-time to ensure the optimum magnitude 6, —

~

0;, 0, — 6, asfora(x) = a(x), b(x) = b(x)..
Ga = ela 92a 93a
0, =101, 6y 63

Select

Sa(x) = |&a1 (x)  Ea2 (x)
& () = & (x) & (x)
where the primary equation is selected as & (x) =

[-?]
e o2 . The chosen RBF functions ensure unifor-

Sa3 (¥)

(2-9)
Ep3 (x)

mity in the state region and presented in Figure 1.

v

\

-1 0 1 X

Figure 1: Design of the RBFNN centre

Here o parameter of RBF functions is equally selected
o =—0.6.

sup|6; & —a(x)
XESy

sup|6y & — b (x)

XESy

0 =arg min

a gG“GQ“

(2-10)

0 = arg min

b gebeﬂ,,

When all coefficients are updated in real-time, the

structural error is a structural difference between the

identified and accurate models. Currently, the differ-

ence of the designed model with the real one is defined
as follows:

{a@—%@+&w

2-11
b(x) = ;& + 8, (x @10

where &, (x), 8, (x) represent the structure erroneous
values in comparison with the ideal RBF through
which, the erroneous values between the estimated
RBF with the ideal model described in (2-12):

a(x)—a(x) = 0] & — 8, — 8 (x) )
{B@—mm—%@—&—&u> —
We have:
y=a(x)+b(x) [ﬁce + Usi] N
=a(x)—a(x)+b(x)uce —b(x)uce
a(3) 4 b(3) e+ 1]
=a(x)+b(x)uce — [a(x) —a(x)] (2-13)

~[p@ b )] uee +b(x)us
=v(1) = [a(x) —a ()] = [b() =b (3)] uee
+b (x) ug;
From (2-12) and (2-13), the following Lyapunov
equation will be determined as:
§= =
=3 = [ () = [a(x) — a ()] = [b(x) = b ()] e
+b (x) ug;]
= —Ksign(s)+[a(x) —a(x)]+ [E(x) —b(x)} Uce
—b (x) ugi
Firstly this candidate is considered quadratic regard-

ing tracking erroneous and parametric erroneous val-
ues described as follows:

1, lxp & lap &
V= Es2+ Eefgaeﬁ ie[Q,,e,, (2-15)
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V=s5+ 5aTQu(;)~a + 51,TQ;)5/7
= [—Ksign(s)+[a(x) —a(x)]+ [Z (x)—=b (x)] Uce
b (x) ugils+ 87 Qb+ 87 0485
= [~Ksign (s) + 6] & — 8 (x) + [8] & ()] e
—b (x) usi}s + §aTQ¢1 ga + §bTQbéb (2 - 16)
= sKsign (s) +s(—04 (x) — 8 (x) ice)
+§aT (5as+ Qaéa) + 5},T <ébuce5+ Qb9b>
—b (x) ugis

Choose the adapted coefficient rule as:

h _ o1
Qa = Qiléas (2-17)
0, = _Qb ‘gauces
Then
V = —sKsign (s) +s (8, (x) + 8 () tce)
—b (x) ugis < —sKsign(s) +
Is] (18 (x) | +[8p (x) [[uce|) — b (x) usis (2-18)

< —sKsign(s)+|s| <5a (x) +5h—(x)|“ce|>
—b (x) ugis

Ensuring the structure erroneous value inside the pre-
determined bounds, choose the sliding SMC element
such that V < 0. Then from (2-18), it gives:

<50—(X)+5 (X)|”c'6|) sign (s) (2-19)

‘ -

Usi =

S

x)

Where 8, (x), 6, (x)| represent upper bounds of para-

metric erroneous values and b (x) represents the lower

limit of .

V < —sKsign (s) + |s] (8 () + 8 (9)lueel ) -

% ((T(x) + 8 (X)Iuce\) sign (s) | s

b(x)

&V < —sKsign(s)+|s| (Sa (x)+ m|uce|) -
b(x)

b(x)

(800 + 8 (5 e )
Qv < —sKsign(s)

b(x)

The system is stable because V ensures an un-negative

quadratic equation.

. <bg>1> (509 + E Wl )51 <0 220

RESULTS AND DISCUSSIONS

In the dq0 domain, a three-phase synchronous motor
is controlled using the FOC algorithm. The FOC di-
vides the current vector into two parts, one for each
component of the force and magnetic field. The goal
of FOC control is to make sure iy = 0. Because the
entire amount of electrical energy in the stator is uti-
lized to create the electric force, the motor driven by
the FOC method is highly efficient and presented in
Figure 2 and Figure 3.

The PMSM actual rotating velocity using ASMC well
tracks the referential curve compared to 2 other com-
parative control techniques. Concerning ASMC, dur-
ing an abruptly varying-load issues the PMSM’s co-
efficients to be varied, the ASMC output perfectly
adapts to these load variations. Then it keeps the real
PMSM rotating velocity to accurately track the de-
sired velocity.

with represent the parameters of the current iy con-
troller; P2, 12 represent the parameters of the current
ig controller and P3. I3 denote the parameters of the
current @y, controller. Figure 4 shows that systematic
response survey response is affected by parameter PID
changing as shown in Table 1.

Figure 5 shows that systematic response survey re-
sponse is affected by parameter PID changing as
shown in Table 2. Investigate the influence of con-
troller parameters on response quality, then select the
best control quality parameter set to implement on
the microcontroller. Those experiments are carried
out on simulation to choose the controller’s param-
eter before applying the control feature on an actual
test using formulas (2-7) and (2-19).

ee =1 (x) (=@ (x) +v (1))

wi= i (80 +5, (9)ltcel ) sign (s)

X

Figure 6 shows that the systematic response survey
response is affected by the parameter Q! Qb_1 of
the proposed controller changing as shown in Ta-
ble 3. From the simulation, we conclude that the
larger 0 !, Q;l the faster the system adapts.

Figure 7 shows that the systematic response survey re-

sponse is affected by the parameter 9, (X), 0 (X) of
the proposed controller changing as shown in Table 4.
The sliding mode control component ensures the sys-
tem’s stability when an error occurs between the rec-
ognized and correct model structure. When the se-
lection bounds are too small, the noise quickly affects
the system. When the selection bounds are too large,
chattering occurs as a result.
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._ Speed
Reference
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ud—H

Uug—H

FOC Scheme Model
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Figure 2: Experiment PMSM speed control block-diagram

Velocity
Control

5 ) ASM
C

Figure 3: Experiment PMSM speed control block-diagram

FOC
id=0 m q
dq0
) SPWM M| Inverter
1q 1
/—_\ PI abc
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e
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dq0
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e
Encoder /
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Table 1: Systematic response survey table affected by parameter PID changing P17, P2 as current control block

P1

15

20

25

30

35

P2

15

20

25

30

35

P3

0.05

0.05

0.05

0.05

0.05

I1

1

12

1

13

0.1

0.1

0.1

0.1

0.1
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200 -
150

g 100

50 speedref
P15 P30
i ! | | P20 P35
o )
0 10 20 30 40 50 60

'0_1 i 1 ] ] ] 1 ]
0 10 20 30 40 50 60

Time (s)

Figure 4: Systematic response survey response affected by parameter PID changing P1, P2

Table 2: Systematic response survey table affected by parameter PID changing P3 as speed control block

PI1

20

20

20

20

20

P2 P3 11 12 13
20 1/5 1 1 0.1
20 1/10 1 1 0.1
20 1/20 1 1 0.1
20 1/50 1 1 0.1
20 1/100 1 1 0.1

Table 3: Systematic response survey table affected by parameter 0, !, Q;‘

TH 1 2 3 4 5
TS

Kpq 20 20 20 20 20
Kpa 15 15 15 15 15
K; 2 2 2 2 2
Kia 1 1 1 1 1
07! 10 25 50 75 100
o' 10 25 50 75 100
b (x) 0.4 04 04 0.4 0.4
8 (X) 0.06 0.06 0.06 0.06 0.06
8 (X) 0.04 0.04 0.04 0.04 0.04
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200 -
speedref P20
PS5 P50
1507 P10 P100
E 100 -
e
50
|
o 1 | | ] 1 |
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_02 1 ] Il 1 1 J
0 10 20 30 40 50 60
Time (s)
Figure 5: Systematic response survey response affected by parameter PID changing P3
400
—speedref —— Q50
—Q10 —Qr7s
200 Q25 Q100
E
E .I
1]
_200 i 1 1 1 1 1 ]

0 10 20 30 40 50 60

0 10 20 30 40 50 60

Figure 6: Systematic response survey table affected by parameter Q! Q;l
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Table 4: Systematic response survey table affected by parameter 6, (X), 5, (X)

Case 1 2 3 4 5
Par
Kpq 20 20 20 20 20
Kpa 15 15 15 15 15
Kig 2 2 2 2 2
Kia 1 1 1 1 1
07! 50 50 50 50 50
o," 50 50 50 50 50
b(x) 0.4 0.4 0.4 0.4 0.4
& (X) 0.005 0.01 0.06 0.1 1
8 (X) 0.005 0.01 0.06 0.1 1
400
——speedref ——xi0.06
300 ——xi0.005 - xi0.1
xi0.01 xit

_1 OO 1 1 1 1 1 ]
10 20 30 40 50 60
dl
1 o
<L = s
0 A b
-1t 1 1 1 1 | |
0 10 20 30 40 50 60

Figure 7: Systematic response survey table affected by parameter 6, (X), 6, (X)
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These results confirm that the erroneous value of
PMSM velocity curve has been quite improved via
ANSMC. The resulting erroneous value evidently
presents that the PMSM velocity regulated by the
ANSMC yields convincing results in comparison with
other advanced controllers, containing optimal PID
and standard SMC approaches.

with K g Kiq Kpq Kiq represent the parameters of the
current controller.

The parameters Q; !, Q;l are selected based on the
formula (2-17)

The parameters b(x)8, (X)d, (X) are chosen using

the formula (2-19)

Figure 8 shows that the PMSM real velocity well tracks
the desired curve using controller parameters in Ta-
ble 5. In case an abrupt load at ¢ = 25 seconds in Fig-
ure 8 issues the PMSM parameters to be varied, then
the proposed ANSMC quickly adapts to this variation
and ensures the real velocity to accurately track the
desired velocity accurately.

The fact is that the weight of the Lyapunov function
Qu, Qp decisively affects the adaptive speed of the con-
troller. If Q,, Oy, large, the system adapts slowly; con-
versely, if it is small, the system adapts faster, but in
this case, the system will also become very sensitive
to noise.

In summary, the test results were fully illustrated in
Figure 8, with the desired curve of PMSM speed in
the blue line and the real PMSM motor velocity in the
red with PID control, in the purple in the ANSMC,
and the orange in SMC approach. The resulted figure
shows that the suggested ANSMC gives a perfect ve-
locity response compared of two other advanced con-
trol approaches. Not only that, it is clear to see the
steady erroneous value of PMSM velocity response is
also perfectly ameliorated. The erroneous value figure
shows that the PMSM adjusted by the ANSMC yields
good results in comparison with other control meth-
ods, such as optimal PID and sliding mode control
techniques.

CONCLUSIONS

This study attains scientific significance since it of-
fers both simulation and experimental foundations
for comparing and evaluating the efficacy of compar-
atively advanced control techniques applied to PMSM
The suggested ANSMC con-
trol methodology yields perfect results in compari-

velocity regulation.

son with other traditional control methods like field-
oriented FOC-PID and SMC PMSM speed control

techniques. The topic’s practical significance lies in
its ability to address the issues of PMSM speed con-

trol, a prevalent problem with widespread applica-
tions. Concerning the restriction of this study, in the

future, we can produce advanced steering circuits for
application in conveyor belts and electric vehicles EV
based on these contributions.
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Figure 8: Comparative PMSM motor velocity performance
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TOM TAT

Trong cac Ung dung thuc té, déng co déng bd nam cham vinh cliu ¢ nhiéu Igi ich hon déng co
loai ch&i than, chdng han nhu thiét ké nho gon, ty [é mé-men xodn va quan tinh cao, mat do cong
suat cao, mat do tur thong khe ha khoéng khi cao va hiéu suat cao. Hon nia trong xu huéng gan
day, chiing cling thay thé déng co cdm Ung trong nhiéu linh vuc Ung dung. Phan tng nhanh, diéu
khién chinh xac va gidm thiéu dé vot 16 trong chat lugng diéu khién va nhimng yéu té quan trong
dugc can nhéc trong quy trinh phat trién va thiét ké hé théng diéu khién cho cac tng dung déng
co dong bod nam cham vinh ciu. Cac mo hinh dong co dong bd nam cham vinh clu la mé hinh
phituyén va bac cao lién quan dén cac tham sé thay d6i theo thai gian, do dé can co bo diéu khién
phu hop. Mot ky thuat diéu khién dua trén mé hinh toan ctia déi tuong rat phd bién danh cho cac
hé théng c6 tham sé dao dong va nhiéu bén ngoai la diéu khién ché do trugt. Dau tién, bo diéu
khién ché do truot dugc st dung dé gidm rung lac va 6n dinh hé théng truyén dong PMSM. Mat
khéac, viéc stra d6i cau hinh hé thong truyén dong va céc nhiéu loan bén ngoai co thé phéa hily hoan
toan hiéu suat diéu khién. Vi thé Bai bdo nay nghién cu viéc két hop mang Iudi no réon véi ky thuat
ché d6 trugt dé dé xudt thuat toan diéu khién téc do dong co déng bd nam cham vinh cliu manh
mé tién tién. DE tang tinh manh mé, &n dinh va gidm rung lac ché do truct clia bd diéu khién,
muc tiéu clia chiing téi la gidi thiéu mét s thiét ké luat thich tng dé cap nhat luat diéu khién ché
do truot truc tuyén va thiét ké bo diéu khién tdng hop stt dung mang na ron véi ham co s& xuyén
tam. Bo diéu khién ché dé trugt mang naron thich Ung dudc dé xuat dya trén so dé dinh hudng
trudng dugc viét tat la ky thuat ANSMC-FOC, hay con dugc goi la ché do trugt no ron thich nghi
dua trén phuong phép diéu khién hudng trudng, da khang dinh do chinh xac hoan toan ctia né
va dat dugc hiéu suat diéu khién vuat tréi so véi PID va phuong phap diéu khién truct ¢ dién. Do
d6, thuat toan diéu khién téc do dong co dong bod nam cham vinh cliu dugce dé xuét tét hon maét
cach thuyét phuc so véi cac phuong phap diéu khién téc do tién tién ctia dong co déng bd nam
cham vinh cliu khac.

Tu khoa: Diéu khién trugt thich nghi (SMC), Dong co déng bd nam cham vinh clu (PMSM), Diéu
khién hudng truong (FOC), Mé hinh mang no rén ham ca s& xuyén tam thich nghi, Diéu khién
PID, Biéu khién truct thich nghi duing mang no ron thich tng dua trén mo hinh diéu khién hudng
truong (ANSMC-FOC/ANSMCQ)
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