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Abstract

Asynchronous motors are widely used in electric vehicle drive systems because of their
simple structure, low cost, and high reliability. Accurate speed tracking and smooth tran-
sient response are important during start-up, acceleration, and deceleration. However,
sensing uncertainties and sensor faults may affect the measured signals and reduce control
performance. In this study, an adaptive prescribed performance control (PPC) method is
developed for asynchronous motor speed regulation. A nonlinear mapping and an im-
proved tangent-type barrier Lyapunov function (BLF) are used to remove the requirement
that the initial tracking error must lie within the prescribed performance bounds. Radial
basis function neural networks are used to approximate the unknown nonlinear terms. The
stability analysis shows that all closed-loop signals remain bounded and that the tracking
error enters and remains within the prescribed performance region after the initial expan-
sion stage. Simulations under different initial motor speeds, the considered sensor-fault
conditions, and load disturbances are conducted. Under the adopted comparative condi-
tions, the proposed method reduces the convergence time, steady-state error, maximum
tracking error, and recovery time by 69.5%, 93.4%, 92.2%, and 49.4%, respectively. The
results show that the proposed method improves the transient response, tracking accuracy,
and disturbance recovery of the asynchronous motor drive system.

Keywords: asynchronous motor; prescribed performance control (PPC); barrier Lyapunov
function (BLF); adaptive control

1. Introduction

Asynchronous motors are widely used in electric vehicle drive systems [1,2]. In
electric vehicle applications, the drive motor is required to achieve accurate speed tracking
and smooth transient response during start-up, acceleration, and deceleration. Therefore,
developing advanced speed control methods for asynchronous motors is important for
improving the dynamic performance of electric vehicle drive systems.

Extensive research on the control of asynchronous motors has primarily focused on achiev-
ing rapid adjustment and high-accuracy speed tracking [3-5]. In Ref. [6], fractional-order dynam-
ics were introduced into a motor system with an internal proportional-integral-derivative (PID)
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controller. However, the nonlinear characteristics of the motor degraded the performance
of the PID controller, resulting in a long settling time. To reduce the settling time, sliding
mode control (SMC) has been widely investigated. In Ref. [7], a hybrid control scheme
combining SMC with fuzzy logic control was proposed to improve field-oriented control
performance. A fast integral terminal sliding-mode surface was proposed in Ref. [8]. How-
ever, the high-frequency switching inherent in SMC may cause chattering in the control
input and lead to undesirable mechanical wear. To improve the disturbance rejection capa-
bility of motor control systems, a nonsingular fast terminal SMC strategy was developed
in Ref. [9]. Although these methods improve tracking accuracy and disturbance rejection,
transient requirements such as tracking-error peak and convergence speed are not always
explicitly guaranteed.

To improve transient performance, prescribed performance control (PPC) has been
introduced for asynchronous motor control [10-12]. PPC constrains the tracking error
within predefined performance bounds and thus provides a direct way to regulate transient
and steady-state performance. A predefined-time control method with prescribed perfor-
mance was proposed in Ref. [13], and an error-transformation-based adaptive PPC method
was applied to asynchronous motors in Ref. [14]. Nevertheless, the non-smooth terms
used in these control laws may induce chattering. To address this problem, a fixed-time
PPC method based on adaptive observers was proposed in Ref. [15], which ensures rapid
convergence and prescribed performance within a predetermined time. However, the error
transformation used in this controller may introduce singularity problems.

To avoid the singularities associated with error transformation, the barrier Lyapunov
function (BLF) has been introduced into PPC design [16-19]. BLF-based methods can
directly constrain the tracking error without requiring an inverse error transformation.
However, most existing BLF-based PPC methods assume that the initial tracking error is
located within the predefined performance bounds. This requirement restricts the selection
of the prescribed performance function and limits the applicable initial operating range
of the motor. To remove this restriction, a nonlinear mapping method was proposed in
Ref. [20]. This method allows the prescribed performance function to be selected indepen-
dently of the initial value of the constrained variable, thereby eliminating its dependence
on the initial condition. However, the conclusions in Ref. [20] were mainly developed for a
relatively simple system, and their extension to the multi-input-multi-output nonlinear
dynamics of asynchronous motors requires further investigation.

In practical motor drive systems, currents and rotor speed are obtained from sensors
or state observers. Sensing uncertainties and sensor faults may reduce the accuracy of the
measured signals and degrade the control performance [21,22]. Sensor fault modeling and
related control methods have therefore been investigated in Refs. [23,24]. In particular, in-
accurate speed measurements may result in a large measured tracking error. This motivates
the development of a PPC method for asynchronous motors that can guarantee transient
performance without requiring the initial speed tracking error to satisfy predefined bounds.

Motivated by the above discussion, this study investigates a PPC strategy that is
independent of the initial motor speed for asynchronous motor systems. An adaptive PPC
method is developed, in which a nonlinear mapping is used to remove the initial-condition
restriction, and an improved tangent-type BLF is employed to constrain the tracking error
and guarantee the boundedness of all closed-loop signals. The main contributions of this
study are summarized as follows:

*  The present work generalizes the conclusions of Ref. [20] to a multi-input-multi-output
system.

¢ Incontrast to the methods in Refs. [14,15], the proposed controller does not require
the initial speed tracking error to lie within the prescribed performance bounds. The
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Lyapunov analysis guarantees the boundedness of all closed-loop signals and ensures
that the tracking error enters and remains within the prescribed performance region
after the initial expansion stage.

The remainder of this paper is organized as follows: Section 2 describes the system
and preliminaries; Section 3 discusses the controller design and stability analysis; Section 4
provides the simulation results; and Section 5 concludes this study.

2. Plant Formulation and Preliminaries
2.1. Plant Formulation

The asynchronous motor model uses the synchronous rotating d-q reference frame. In
this frame, the g-axis current i; mainly affects electromagnetic torque, whereas the d-axis
current iy regulates rotor flux. The symbols 1p; and w denote the rotor flux linkage and rotor
angular velocity, respectively. The following equations describe the motor dynamics [19]:

dw nply . Ty

= = dlq - Ty

at L ]

di L2 R, + 2R Lyn LR, igi 1

“hq _ _Em™r rRs. — mltp . . Lbm rLd L

dt oL L2 7 gL, T e T T G e :
dﬂ = —&I,U + L’”R’i @
dt . d L, dr

dig . L%Rr + L%Rs. LRy . LR, 1% 1

dt - onaz At opppVetmeia oy ot

where 1y, Tr, and L, denote the number of pole pairs, load torque, and mutual inductance,
respectively. | denotes the moment of inertia; w and ¢; represent the angular velocity
and rotor flux linkage of the rotor, respectively; iy, ig, ug, and u, are the currents and
voltages in the d-q reference frame; L; and L, denote the inductances of the stator and
rotor, respectively; and Rs and R, are the resistances of the stator and rotor, respectively. In
addition, define the leakage coefficient as o = 1 — L2, /(LsL,).

The rotor-flux, d-axis-current, and g-axis-current terms describe the coupling between
the mechanical speed and the electrical variables. The reciprocal rotor-flux terms come
from the field-oriented induction motor model. During normal field-oriented operation,
the rotor flux remains positive; assuming that it stays bounded away from zero keeps the
model well defined.

For a compact controller design, the following state variables and coefficients are
introduced. Set the compact notations as x; = w, x2 = ig, X3 = Pz, and x4 = iy. In
addition, define

nyLy L2 R, + %R Lyn
bg= LM py= —mmT TS, P by=mn,,
o= oL[2 27 ToLL, 2T
LRy 1 R, LR,
by = , bs=—, dy=—-=L, dp= .
T 5T oLy 10 L’ 7 oLl2

These substitutions yield a compact state-space model while preserving the physical
meaning of the motor variables. Here, the definitions x; = w, x = iy, X3 = 4, and x4 = iy
show that the state variables represent the motor speed, the torque-producing current, the
rotor flux linkage, and the flux-producing current, respectively.

The motor model then takes the form
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n=x2+h,
Xp=x3+F+ b51/£q,
X3 =x4+F;, )
Xy = x4 + Fy + bsuy,
y = X1.
where . T
0 L
B = —xx3 —x— —,
J ]
X2 X
F> = byxy + byx1x3 — b3x1x4 — b47x o,
3

F3 = doxs + byxg — x4,
X2
Fy = bixg 4+ doxz + byx1xo + b4;2 — X4.
3

By adding and subtracting appropriate state terms, the motor model can be rewritten
in the following strict-feedback-like form. The nonlinear functions therefore collect the
motor coupling terms, load effect, and electrical-mechanical interaction terms.

Let y, denote the desired speed trajectory. The tracking error becomes

er =Y —Yr 3)

The control objective is to design the voltage inputs such that the speed tracking
error converges within the prescribed performance bound, while all closed-loop signals
remain bounded.

2.2. Preliminaries

Before presenting the prescribed performance controller, two standard tools are intro-
duced. They will be used in the adaptive approximation and Lyapunov analysis.

Lemma 1 (See [23]). The radial basis function neural network (RBFNN) can approximate an
unknown smooth nonlinear function f(Z) : R1 — R defined on a compact set as follows:

f(Z) =Ws(Z) +6(2), )

where W*T denotes the optimal weight vector defined as

W* = i Z)-W's(2)| ¢,
arggggﬁ,{;léglf( ) ( )I}
4(Z) is the approximation error satisfying |0| < e, and € is an unknown positive constant.
S(Z) = [S1(Z),52(Z),S5(Z), . ..,S.(Z)]|" is a known smooth vector function with 1 > 1 neural-
network nodes. The basis function S;(Z), i = 1,2,...,1, is chosen as a Gaussian function of
the form

2

Si(Z)—exp(—w>, i=1,23,...,. ®)
(0)

Here, o; is the width of the Gaussian function and y; = [pi1, hi, Wi, - - -, ,ui,q]T is the center

of the receptive field.

In this study, the RBFNN is used to approximate the unknown nonlinear functions
generated by the motor coupling terms and the backstepping design. These nonlinear
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functions are related to the compact functions defined above. Thus, the RBFNN helps
compensate for model uncertainty, load variation, and unmodeled nonlinear dynamics.

Lemma 2 (See [15]). For any x,y € R?, the following inequality holds:

0y < S Jalf 4+l ©
=% g1
whered >0,p>1,q>1,and (p—1)(g—1) =1

This inequality is used to deal with the cross terms in the derivative of the Lyapunov
function. In the motor control problem, such cross terms are caused by the coupling
between speed, current, rotor flux, and neural-network approximation errors.

2.3. PPC-Based Speed Control

The purpose of prescribed performance control is to constrain the tracking error within
a predefined time-varying boundary. For the speed tracking error e; = y — y,, the desired
prescribed performance condition is

—p(t) < e(t) <p(h), )
where p(t) is the prescribed performance function, which is defined as follows:
t T, )
1—— |exp(1— + 000, t< Ty,
o(t) = po( Ta> P( T,—t) " ! (8)
pOO/ t 2 Tﬂ°

Here, pg determines the initial width of the performance bound, p. determines the
final steady-state error bound, and T is the prescribed settling time. A smaller p gives a
higher steady-state tracking accuracy, while T, reflects the expected convergence speed.

Conventional PPC methods usually require the initial tracking error to satisfy the
prescribed performance bound at the initial time. This condition is restrictive for electric
vehicle drive systems because the initial speed may vary under different driving conditions.
In addition, sensing noise or sensor faults may make the measured initial speed different
from the actual motor speed. To relax this restriction, the following nonlinear mapping
is introduced:

w _ exp(er(t)) —exp(—eq(t))
Alei(t)) = tanh(e; (t)) exp(e1 (1)) + exp(—ey(t))’ ©)

For notational simplicity, let A(t) = A(e1(t)). Its derivative with respect to e is

Ae, = =1—A%(t) > 0. (10)

de;

Remark 1. The mapping function tanh(-) € (—1,1) is strictly increasing. Therefore, the
prescribed-performance constraint can be transformed as follows:

A=p(t)) < Aler(t)) < Alp(t))- (11)

Since the nonlinear mapping is smooth and strictly increasing, a large tracking error
can be mapped into a bounded interval. This property allows the controller to handle a
large initial tracking error without directly imposing the original performance boundary at
the initial time.
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To describe the initial expansion stage, consider an indirect constraint function
@(t) = v(t)/wo + A(p(t)), where v(t) denotes the smooth function

T
(wo—t> exp(l—f>, t<Tf,
o(t) = Ty Tyt (12)

0, t> Tf’
where wp > 0 is a design constant, Ty represents the time at which the constrained variable

enters the prescribed performance region, and v(t) is the initial expansion function.

Remark 2. The initial expansion should be completed before the prescribed settling time. Thus, the
time parameters should be chosen such that T < T,.

At the initial time, v(0) = wy, and hence

@(0) =1+ A(p(0)) > 1. (13)

For any finite initial tracking error, |A(e1(0))| = | tanh(e; (0))| < 1. Therefore,

[A(e1(0))] < @(0), (14)

which shows that the transformed constraint is initially feasible without requiring
le1(0)| < p(0). During the initial expansion stage, the transformed constraint is defined as

—a(t) < A(t) < @(b). (15)

The indirect constraint enlarges the feasible region during the initial transient and
then gradually recovers the prescribed bound. For t > Ty, v(t) = 0 and @(t) = A(p(t)).
Consequently, maintaining the transformed constraint implies

Aer(D)] < Ale(t),  t=>Tf. (16)

Because tanh(-) is odd and strictly increasing, the above inequality is equivalent to

ler(B)] < p(t),  t>Tp. (17)

Thus, the proposed PPC design does not require the initial motor speed to satisfy the
original prescribed performance constraint.

3. Prescribed Performance Controller Design and Stability Analysis
3.1. Controller Design

The controller is designed through a Lyapunov-based recursive procedure based on
the strict-feedback-like model obtained in Section 2. In each step, a Lyapunov function is
selected for the current error variable, and its derivative is calculated. The virtual control
law or actual control input is designed from this derivative to construct the main negative
feedback term, while the adaptive law handles the RBFENN approximation term and keeps
the parameter-estimation-related term bounded. Thus, each Lyapunov derivative can be
arranged as negative terms, next-step coupling terms, and bounded residual terms.

To construct the controller and adaptive laws, the following coordinate transformation

G1= ’fan(m),
2 (18)

Gi=xi—ai, 1=234

is introduced:

https://doi.org/10.3390/wevj17080398
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Define the positive time-varying coefficient

m(1+¢7)
R = Tl)\el > 0. (19)

Fori =1,2,3,4, define

~

0; = [|[W:|I>, 6 =60,

where c;, a;,1;, T; > 0 are design parameters. In addition, ay = y;, where y; denotes the
desired rotor-flux trajectory.

In this transformation, &7 is the transformed speed tracking error, while &5, ¢3, and ¢4
are the error variables introduced for the backstepping design. Since the tangent function
tends to infinity near the boundary, the boundedness of ¢; implies that the transformed
tracking error does not violate the prescribed performance constraint.

The following design proceeds in four recursive steps. Step 1 treats ¢; and leaves the
¢» coupling term. Step 2 treats ¢ and leaves the 3 coupling term. Step 3 treats {3 and
leaves the ¢4 coupling term. Step 4 treats ¢4 and completes the Lyapunov construction.

Step 1: A Lyapunov function is chosen as

1, 1 5
= Eél + Eel. (20)
From ey = x1 —y,, %1 = x2 + F1, and xp = & + a4, it follows that

A= Aeé1 = Aey (E2 + a1+ FL —1y). (21)

Differentiating &; = tan(7tA/(2w)) gives

. s TAN T . A®
= — —_— A j—
61 = sec <2w>2w< @ )

AD (22)
=R F — 1y — .
(061 +&+F (D)\el)
Therefore, the derivative of Vj is
. - 1~ &
Vi=C1(Ry + &+ fi(Zy)) — a9191, (23)
where the unknown nonlinear function is defined as
_ A
Zi)=R(&H+F -9 — —— ) —&. 24
f1(Z1) (52 1—Yr CM@) ) (24)
An RBFNN function
F(21) =WiTS1(Z0) +61(Zh),  |61(Zh)| <&y, (25)
is applied to approximate f1(Z;), where
Zl = [xll X2,X3,X4, 511 yrr @, (D]T (26)

Using Young’s inequality, we have
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Efi(Zy) = WIS + &6y

<12W*25TS ‘1% 1, 1,
_27%51|| 111751 1t 5 50+ 5ea

(27)
L oop ot af 1, 1,
The virtual control law and adaptive law are defined as
— - 1(LasTs
Mm=-g 22711 1+a+1)a, (28)
A 1’1 2T A
bh = 5 2615151 — by, (29)
1

where c;, a;, 14, T; are positive design parameters.

The factor 1/R in the virtual control law compensates for the coefficient generated
by differentiating the tangent transformation. The adaptive law is selected to cancel the
parameter-estimation term in the Lyapunov derivative. Using {182 < %@% + %cj% and
substituting the above expressions yields

. 1o 63 1, Ti;,
Vi< —ait+ 58+ 5+ e+ 00 (30)
2 2 2 1

After Step 1, the remaining coupling term in ¢ is carried into the next Lyapunov
derivative. Step 2 selects V;, for ¢, and designs the actual input and adaptive law according
to V3, so that the &, term is made negative while the next coupling term in 3 is isolated.

Step 2: Define the Lyapunov function V; as

1 1 5
Vo = 2@'2 + 2r29 . (31)
The derivative of V; is given by
. . 1. 4
Vo =2(G3+ Fo +ya + bsug — ig) — 59292 (32)
An RBFNN function
fo(Zo) = W3TS2(22) + 62(Z2), 02(Z2)| < &2, (33)
is applied to approximate the following function:
fo(Z2) = Bty — iy (34)
where
AL T
ZZ = [xll X2,X3,X4, Cfl/ 52/ 91/]/1’/ Yr, yd] (35)
Using Young’s inequality, we have
82f2(Z2) = EW3TSs + 826
1 2 *12cT a% 1 2 1 2
< 24 - -
S 2a§§2||w2 175252 + > +2§2+2€2 (36)

1 o) o1 “% 1, ,1,
= 27%@2925252 Tt Egz T 5
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Similarly, the actual control input u,; and the adaptive law are defined as

I O A 3
Ug = b (2@92525252 + (Cz + 2)52) (37)
A T A
0, = 2722555552 — b, (38)
a3

Using €263 < %5% + %cf% and substituting the actual control input and adaptive
law gives
: 1o 1n,8 1, Tza
Vo<~ + 28— 2824+ 2 4+ 22+ 26,0 39
2= —0by+ 563 2§2+2+2€2+r222 (39)

After Step 2, V, has the same recursive form: negative terms in &, a coupling term in
¢3, and a bounded residual term. Step 3 selects V3 for 3 and designs the virtual control law
and adaptive law according to V3, so that the remaining coupling is shifted to ¢j.

Step 3: Consider the following Lyapunov function candidate:

1 1 -
Va = @2 4 — @2 4
3 263 + 273 93, ( 0)

The derivative of V3 is given by

. . 1.
V3 =038+ F—yq+a3) — E9393 (41)

An RBFNN function f3(Z3) = W;TS5(Z3) + 63(Z3), [63(Z3)| < e3 is applied to ap-
proximate the following function:

f3(Z3) =B —ya (42)

where . -
Z3 = [x1,%2,%3,%4,81,82, 83,01, 02, Yr, Yr, Y, V| (43)

Based on Young’s inequality, we have
83f3(Z3) = GsW5' S5+ 8303

1 0w 2aT 2 1, 1,
< Al e+ 30

(44)
1 a3 1,1
= —530:51S5+ 2 + &3 + -
2a3 2 2 2
By analogy, the virtual control law a3 and adaptive law 63 are designed as
w <1éSTS§ +<c +3>§> (45)
3= "\ 5723939363 3t 5 )63,
243 2
A - 1"3 26T N
93 = 27[1%5353 53 - T393. (46)
Using {384 < %C% + %(;‘Z and substituting the above expressions yields
. 1 1 a3 1 T3 5 A
< —pap2yta2 1o 4 1o B
Vs —al3+ 50— 503+ 5 Hoet s 0303 (47)

After Step 3, V3 contains negative terms in ¢3, a coupling term in ¢, and a bounded
residual term. Step 4 handles this final coupling term through the last Lyapunov deriva-
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tive. Since no further error variable is introduced, the recursive stability construction is
completed in this step.
Step 4: Define Lyapunov function Vj as follows:

1, 1 5
V4 - 264 + 21’4 94/ (48)

The derivative of V, is given by

. _ 1+ 4
V4 = 54(3(4 + F4 + b5ud — 0(3) — 59494 (49)
An RBFNN function
fu(Zs) = W;TS4(Zs) + 64(Za) (50)
04(Z4)] < &4 (51)

is applied to approximate fy(Zy) = x4 + Fy — i3, where
A A A o o 1T
Z4 = [xll x2r x3l x4l 61/ 52/ 63/ 64/ 91/ 92/ 93/ y}’/ yrr yd/ ]/d]
Based on Young's inequality, we have

Eafa(Zy) = EW TSy + E4d4

1 i2aT “ﬁ 1, 1,
< %54”‘/\74 | 5454+?+§C4+§€4

(52)
1 al 1 1
= 53Ci0aSiSa + 5 + 58+ el
4

Analogous results can be obtained stating that the control law u, and adaptive law 6,
are defined as

11 4
a = <%945154C4 + (cq + 1)54) (53)
A T N
0, = 27:12(;25}54 — b, (54)
4

Substituting the above expressions gives
V<—C§2—1§2+é+182+3éé (55)
S A B R PR

3.2. Stability Analysis

The main result of this paper is presented in the following theorem.

Theorem 1. Consider the asynchronous motor system (1). Assume that the reference signals y,
and y,, together with their derivatives required in the controller, are bounded, and that the rotor
flux x3 remains bounded away from zero. If the proposed virtual control laws, actual control inputs,
and adaptive laws are applied, then

o All signals in the closed-loop system are bounded;

®  The speed tracking error
ey enters the prescribed performance region after the initial expansion stage and remains
within it.
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Proof of Theorem 1. Define the Lyapunov function of the motor system as ]

V=YV (56)

M-

i=1

From the four recursive Lyapunov derivative inequalities, the following inequality
is obtained:

. 4 b Efa2 &
V<-Y aii+Y 06+ > +5 ] (57)
i=1 i=1"i i=1
where the parameter-estimation cross term is bounded as
Tiza Tz . T
560, = 16,6, —0;) < ~-02 — 12, 58
i ¥ l( l l) 271 2r; ' )

and therefore

V< —pV+yg,
= min{2cq,2¢p,2¢c3,2¢4,T1, T2, T3, T4 },
Pmm{12341234} (59)
_ a + E Tl 2
Since p > 0and g > 0, inequality (59) can be rewritten as
V() +pV(E) < q. (60)
Multiplying both sides of (60) by the integrating factor e?! yields
V() + pel"V (1) < geP'. (61)
Noting that
d pt _ pt pt
3 €V (1) = V() + perV (1), (62)
inequality (61) becomes
d t
a(e’” V(t)) < ge. (63)
Integrating both sides of (63) over [0, t] gives
PtV (t) ) < q/ eFids = % (P! —1). (64)
Dividing both sides of (64) by ¢! yields
V(t) < e PV (0) + %(1 ) (65)
Therefore,
V(t) < max{V(O),Z}, (66)
which proves that V (t) is uniformly bounded. Moreover,
limsup V(t) < ﬂ, (67)
t—o0 p

https://doi.org/10.3390/wevj17080398
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which indicates that V (¢) is uniformly ultimately bounded.
The inequality above is obtained by adding the four recursive derivative bounds. In
this summation, the coupling terms cancel as

G284 3B B+ S8 =0 (68)
Hence, the coupling term produced in each recursive step is handled by the subsequent
step. Since V(t) is bounded, all error variables &; and parameter-estimation errors 6; are
bounded. Because each ideal parameter 0; is a finite constant and 0; =0, — 0, all adaptive
estimates 6; are also bounded.
The boundedness of §; gives the inverse relation

A(t) = 2‘”71(” arctan(, (£)). 69)

Since | arctan(;)| < 7t/2 for every bounded ¢, it follows that

[A(t)] < @(t). (70)
Fort > Ty, v(t) = 0 and therefore @(t) = A(p(t)). Thus,

| tanh(eq (f))| < tanh(p(t)), t>Ty. (71)

Because tanh(-) is odd and strictly increasing,

—p(t) <er(t) < p(t), t>Ty. (72)

Therefore, the speed tracking error enters the prescribed performance region after the
initial expansion stage and remains within it.

On the finite interval [0, Tf], the initial conditions are finite, and the functions in the
closed-loop system are smooth inside the transformed feasible region. Hence, the closed-
loop signals remain finite on this compact interval. For t > Ty, the boundedness of ¢; shown
above implies that A,, = 1 — A? is bounded away from zero. Since @(t) = A(p(t)) > 0 and
¢1 is bounded, both R and 1/R are bounded.

The boundedness of the remaining closed-loop signals then follows recursively from
the coordinate transformations. In particular, x; = e; +y,, %2 = G2 + a1, x3 = C3 + VY4,
x4 = G4 + a3. Since the reference signals and their required derivatives are bounded and
the RBF basis functions are bounded, the virtual control laws «1 and a3, the motor states x;,
and the actual control inputs u, and u,; are bounded. This completes the proof.

4. Simulation

In this section, a speed tracking simulation is conducted to evaluate the effectiveness
of the proposed controller. The simulation is designed to emulate the speed regulation
process in asynchronous motor drive systems, especially the start-up, acceleration, and
deceleration processes relevant to electric-vehicle propulsion.

The simulation study is organized in four stages. First, the basic tracking performance
and boundedness of the internal signals are verified. Second, different initial motor speeds
are tested to examine whether the prescribed performance bound can be selected indepen-
dently of the initial speed tracking error. Third, the performance is evaluated under the
considered sensor-fault model. Finally, a comparative simulation under load disturbance is
used to quantify the performance improvement over the reference method.
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Based on Ref. [23], the parameters of the motor are chosen as n, = 1, L;; = 0.068 H,
J = 0.0586 kg - m2, L; = L, = 0.0699 H, R, = 0.15 O, and R; = 0.1 Q. The load torque is
defined as

0.IN(0,1) +0.1sin(t), 0<t<3, )
T, = N-m, tins. (73)

—0.1U(-1,1) —0.1sin(t), 3 <t<5.

where N(0,1) is standard Gaussian noise and U(—1,1) is uniform random noise over
[—1,1]. The reference speed trajectory is designed as

30 + 10sin(t),
Yr = { +10sin(t) rad/s. (74)

35 + 8sin(t)

The selected piecewise sinusoidal reference speed represents acceleration and decel-
eration commands in electric-vehicle traction operation. Because its slope changes with
time, this trajectory can test both transient performance, such as tracking-error peak and
convergence speed, and steady-state tracking accuracy.

The controller parameters are selected as follows: ¢y = 4, co = 4, c3 = 70, c4 = 200,
rn =1 =13 =1t =5a =a =a3=a, =101 = =1 =17 = 1, and
[x1(0), x2(0), x3(0), x4(0)]T = [20,0,0.1,0]T. The prescribed performance function is de-

t 0.4
06(1—— |Jexp|(1l— +0.05, t<04,
p(t) = < 0.4) p( 04— t) (75)

0.05, t>04.

In the RBFNIN, the centers of the receptive fields are u; = [~1.5,—1,—0.5,0,0.5,1,1.5,2]T,
0;j=2andi=1,2,3,4.

The baseline simulation results are shown in Figures 1-5. The pink dashed boxes
and their associated arrows denote the local zoom-in views of the corresponding regions.
Figure 1 presents the motor speed tracking response x; and the reference trajectory y,. The
results demonstrate that the proposed controller can accurately follow speed commands,
which is essential for maintaining dynamic performance in electric vehicle drive systems.
The two trajectories are almost coincident, indicating the ability of the proposed controller
to achieve accurate tracking.

40

35

30

25

System output(rad/s)

20

15 L L L L
o 0.5 1 15 2 25 3 3.5 4 4.5 5

Time(s)

Figure 1. Motor speed tracking response x; and reference speed y, (rad/s).

Figure 2 shows the tracking error e and the prescribed performance boundary p. The
tracking error initially lies outside the prescribed boundary, but it enters the prescribed
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region before the specified settling time. This result shows that the prescribed performance

bound can be selected independently of the initial speed tracking error, which is important

under sensing uncertainty.

Tracking error e, (radis)
|
£

Time(s)

Figure 2. Speed tracking error e; and prescribed performance boundary p (rad/s).

Figure 3 shows that the rotor flux linkage and d-q-axis currents remain bounded.
Figure 4 shows that the control voltage inputs are bounded. Figure 5 confirms that the

adaptive estimates also remain bounded.

Rotor flux linkage (Wb)
i=J
=
&

042 f

Time (s)

(@)

current{A)

Figure 3. Internal motor states: (a) rotor flux linkage

current x4 (A).
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Figure 4. Control voltage inputs: (a) 4 and (b) u4 (V).
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Figure 5. Adaptive parameter estimates used in the four adaptive laws.

Figures 1-5 demonstrate that all internal signals remain bounded, thereby confirming
the boundedness result proven in Section 3.2.

To verify that the proposed method does not require the initial speed tracking error to
satisfy the prescribed bounds, simulations are conducted with three different initial motor
speeds, defined as follows:

e Casel: [x1(0),x2(0),x3(0),x4(0)] = [40,0,0.1,0];
e Case2: [x1(0),x2(0),x3(0),x4(0)] = [50,0,0.1,0];
e Case 3: [x1(0),x2(0),x3(0), x4(0)] = [10,0,0.1,0].

In this simulation, all system parameters remained the same, except for the initial
motor speed. The tracking errors are shown in Figure 6, which reveals that the prescribed
performance can be achieved under different initial motor speeds, indicating that the
prescribed performance design is independent of the initial speed tracking error.

25 ‘ ;
----- e in Casel
201 s e annl
- - =-¢; in Case2
15t e in Case3| |
0 p
h=) 10
g P
o st
e
@
=] L -
£ e . u I
8 s ~a' 7 |
= : L] I
0
-10F 1 1
1
15 : 2 '
L_O___Q;(N___Q.Q_Z__I

=20
] 0.5 1 15 2 2.5 3 3.5 4 4.5 5

Time(s)
Figure 6. Tracking errors under different initial motor speeds (Cases 1-3).
To evaluate the performance of the proposed controller under measurement un-
certainty in practical electric drive applications, the considered sensor-fault model is
adopted [23]. Such sensing uncertainties may arise from sensor aging, electromagnetic

interference, communication disturbances, or harsh operating environments in electric
vehicle drive systems. The measured signal ymea is expressed as

Ymea = E:G]/ + &g, (76)
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where £ = 0.5 represents gain fault, and Zp denotes bias fault. Specifically, Zp is con-
structed as Eg = 0.5N(0,1) + 0.5U(—1,1), The simulation results are shown in Figure 7.
It can be observed that, despite the presence of gain error, bias error, and measurement
noise, satisfactory tracking performance is maintained under the considered sensor-fault
conditions. The tracking error remains within the prescribed performance bounds after a
short transient phase, and no significant oscillations are observed.

€1

System output(rad/s)
&
Tracking error e (radfs)
1
&
¥
F

Figure 7. Tracking performance under sensor fault conditions: (a) motor speed output and reference
speed; (b) tracking error.

Note: Convergence time is defined as the first time at which the tracking error enters
and remains within the prescribed performance bound before the load disturbance. The
steady-state error is calculated as the mean absolute tracking error over the final 0.5 s of
the simulation. The maximum tracking error is the maximum positive tracking-error peak
after the first zero crossing. The recovery time is the time required for the tracking error to
re-enter and remain within the prescribed performance bound after the load disturbance
att=3s.

To evaluate the advantages of the proposed method, a comparative simulation with
the adaptive controller in Ref. [25] was performed. In this simulation, to evaluate the
robustness of the controller, the load torque is defined as

1.5+ 05sin(t), 0<t<3, ]
T = N:-m, tins. (77)
—1+4+03sin(t), 3<t<5.
The model perturbation
05+03U(-1,1), 2i<t<2i+1, _ ,
dr = ) ) N:m, tins i=0,1,2,... (78)
—03+01U(-1,1), 2i+1<t<2i+2,

is introduced into the motor model. Accordingly, the third equation in (1) is rewritten as
X3 = x4 +F+d]. (79)

The other parameters were the same as those used in a previous case.

Figure 8 compares the tracking errors. Table 1 presents a quantitative comparison
between the proposed method and the method in Ref. [25]. Compared with Ref. [25],
the proposed method reduces the convergence time, steady-state error, and maximum
tracking error by 69.5%, 93.4%, and 92.2%, respectively. After the disturbance is applied,
the proposed method returns to the specified error range more rapidly, with a 49.4%
shorter recovery time. These results indicate that the proposed method provides faster
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convergence, higher steady-state accuracy, a smaller maximum tracking error, and better
disturbance-recovery performance.

| Wu 2024 MD=0-342 Wu 2024 t =21.04 ms

_af
-05
—af !
i
i

g
< 1
B -5F 0 0.1 002 003 0.04
= Initial transient
< 6k
E Proposed t =6.42 ms 0
s 0
Proposed t =7.63 ms ~**
-8 r -04
~06
-9|——Proposed ¢ ----— e in Wu 2024 |-os
P e data proposed -1
- p = data in Wu 2024] °

0 05 1 15 2 25
Time (s)

Figure 8. Tracking-error comparison between the proposed method and the method in [25] under
load disturbance.

Table 1. Performance comparison of tracking-error metrics for e;.

Metric Proposed Method Method in Ref. [25] Improvement
Convergence time (s) 0.00642 0.02104 69.5
Steady-state error (rad/s) 0.00697 0.10505 93.4

Maximum tracking error
(rad/s)
Recovery time after
disturbance (s)

0.02685 0.34216 92.2

0.00763 0.01508 494

5. Conclusions

In this study, an adaptive PPC method was developed for asynchronous motor speed
regulation. A nonlinear mapping and an improved tangent-type BLF were used to remove
the restriction that the initial tracking error must lie within the prescribed performance
bounds. Therefore, the prescribed performance function can be selected independently of
the initial motor speed. The stability analysis showed that all closed-loop signals remain
bounded and that the tracking error enters and remains within the prescribed performance
region after the initial expansion stage.

Simulations with different initial motor speeds, the considered sensor-fault model, and
load disturbances verified the effectiveness of the proposed method. Under the adopted
comparative conditions, the proposed method reduced the convergence time, steady-state
error, maximum tracking error, and recovery time by 69.5%, 93.4%, 92.2%, and 49.4%,
respectively, compared with the reference method. These results show that the proposed
controller provides faster response, higher tracking accuracy, and better recovery after
disturbance. However, the proposed method has only been verified through numerical
simulations, and the considered disturbance and sensor-fault models are relatively simple.
Future work will focus on experimental validation under more realistic disturbances, sensor
faults, parameter variations, and input constraints.
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The following abbreviations are used in this manuscript:

PID proportional-integral-derivative
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PPC prescribed performance control
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