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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)

World Electr. Veh. J. 2026, 17, 398 https://doi.org/10.3390/wevj17080398

https://crossmark.crossref.org/dialog?doi=10.3390/wevj17080398&domain=pdf&date_stamp=2026-08-01
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/wevj
https://www.mdpi.com
https://doi.org/10.3390/wevj17080398


World Electr. Veh. J. 2026, 17, 398 2 of 19

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.

• In contrast 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

https://doi.org/10.3390/wevj17080398

https://doi.org/10.3390/wevj17080398


World Electr. Veh. J. 2026, 17, 398 3 of 19

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 q-axis current iq mainly affects electromagnetic torque, whereas the d-axis
current id regulates rotor flux. The symbols ψd and ω denote the rotor flux linkage and rotor
angular velocity, respectively. The following equations describe the motor dynamics [19]:

dω

dt
=

npLm

Lr J
ψdiq −

TL
J

,

diq
dt

= − L2
mRr + L2

r Rs

σLsL2
r

iq −
Lmnp

σLsLr
ωψd − npωid −

LmRr

Lr

iqid

ψd
+

1
σLs

uq,

dψd
dt

= −Rr

Lr
ψd +

LmRr

Lr
id,

did
dt

= − L2
mRr + L2

r Rs

σLsL2
r

id +
LmRr

σLsL2
r

ψd + npωiq +
LmRr

Lr

i2q
ψd

+
1

σLs
ud.

(1)

where np, TL, and Lm denote the number of pole pairs, load torque, and mutual inductance,
respectively. J denotes the moment of inertia; ω and ψd represent the angular velocity
and rotor flux linkage of the rotor, respectively; id, iq, ud, and uq are the currents and
voltages in the d-q reference frame; Ls and Lr denote the inductances of the stator and
rotor, respectively; and Rs and Rr are the resistances of the stator and rotor, respectively. In
addition, define the leakage coefficient as σ = 1 − L2

m/(LsLr).
The rotor-flux, d-axis-current, and q-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 x1 = ω, x2 = iq, x3 = ψd, and x4 = id. In
addition, define

b0 =
npLm

Lr
, b1 = − L2

mRr + L2
r Rs

σLsL2
r

, b2 = −
Lmnp

σLsLr
, b3 = np,

b4 =
LmRr

Lr
, b5 =

1
σLs

, d0 = −Rr

Lr
, d2 =

LmRr

σLsL2
r

.

These substitutions yield a compact state-space model while preserving the physical
meaning of the motor variables. Here, the definitions x1 = ω, x2 = iq, x3 = ψd, and x4 = id

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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

ẋ1 = x2 + F1,

ẋ2 = x3 + F2 + b5uq,

ẋ3 = x4 + F3,

ẋ4 = x4 + F4 + b5ud,

y = x1.

(2)

where
F1 =

b0

J
x2x3 − x2 −

TL
J

,

F2 = b1x2 + b2x1x3 − b3x1x4 − b4
x2x4

x3
− x3,

F3 = d0x3 + b4x4 − x4,

F4 = b1x4 + d2x3 + b3x1x2 + b4
x2

2
x3

− x4.

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 yr denote the desired speed trajectory. The tracking error becomes

e1 = 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) : Rq → R defined on a compact set as follows:

f (Z) = W∗TS(Z) + δ(Z), (4)

where W∗T denotes the optimal weight vector defined as

W∗ = arg min
W∈Rι

{
sup
Z∈Ω

| f (Z)− WTS(Z)|
}

,

δ(Z) is the approximation error satisfying |δ| ≤ ε, and ε is an unknown positive constant.
S(Z) = [S1(Z), S2(Z), S3(Z), . . . , Sι(Z)]T is a known smooth vector function with ι > 1 neural-
network nodes. The basis function Si(Z), i = 1, 2, . . . , ι, is chosen as a Gaussian function of
the form

Si(Z) = exp
(
−∥Z − µi∥2

(oi)2

)
, i = 1, 2, 3, . . . , ι. (5)

Here, oi is the width of the Gaussian function and µi = [µi,1, µi,2, µi,3, . . . , µi,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 ∈ R2, the following inequality holds:

xy ≤ δp

p
|x|p + 1

qδq |y|
q, (6)

where δ > 0, p > 1, q > 1, and (p − 1)(q − 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 e1 = y − yr, the desired
prescribed performance condition is

−ρ(t) < e1(t) < ρ(t), (7)

where ρ(t) is the prescribed performance function, which is defined as follows:

ρ(t) =

ρ0

(
1 − t

Ta

)
exp

(
1 − Ta

Ta − t

)
+ ρ∞, t < Ta,

ρ∞, t ≥ Ta.
(8)

Here, ρ0 determines the initial width of the performance bound, ρ∞ determines the
final steady-state error bound, and Ta is the prescribed settling time. A smaller ρ∞ gives a
higher steady-state tracking accuracy, while Ta 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:

λ(e1(t)) = tanh(e1(t)) =
exp(e1(t))− exp(−e1(t))
exp(e1(t)) + exp(−e1(t))

. (9)

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

λe1 =
∂λ

∂e1
= 1 − λ2(t) > 0. (10)

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

λ(−ρ(t)) < λ(e1(t)) < λ(ρ(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
ϖ(t) = v(t)/ω0 + λ(ρ(t)), where v(t) denotes the smooth function

v(t) =


(

ω0 −
t

Tf

)
exp

(
1 −

Tf

Tf − t

)
, t < Tf ,

0, t ≥ Tf .

(12)

where ω0 > 0 is a design constant, Tf 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 Tf < Ta.

At the initial time, v(0) = ω0, and hence

ϖ(0) = 1 + λ(ρ(0)) > 1. (13)

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

|λ(e1(0))| < ϖ(0), (14)

which shows that the transformed constraint is initially feasible without requiring
|e1(0)| < ρ(0). During the initial expansion stage, the transformed constraint is defined as

−ϖ(t) < λ(t) < ϖ(t). (15)

The indirect constraint enlarges the feasible region during the initial transient and
then gradually recovers the prescribed bound. For t ≥ Tf , v(t) = 0 and ϖ(t) = λ(ρ(t)).
Consequently, maintaining the transformed constraint implies

|λ(e1(t))| < λ(ρ(t)), t ≥ Tf . (16)

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

|e1(t)| < ρ(t), t ≥ Tf . (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 RBFNN 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
is introduced: ξ1 = tan

(
πλ

2ϖ

)
,

ξi = xi − αi−1, i = 2, 3, 4.
(18)
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Define the positive time-varying coefficient

R =
π(1 + ξ2

1)

2ϖ
λe1 > 0. (19)

For i = 1, 2, 3, 4, define

θi = ∥W∗
i ∥

2, θ̃i = θi − θ̂i,

where ci, ai, ri, τi > 0 are design parameters. In addition, α2 = yd, where yd denotes the
desired rotor-flux trajectory.

In this transformation, ξ1 is the transformed speed tracking error, while ξ2, ξ3, and ξ4

are the error variables introduced for the backstepping design. Since the tangent function
tends to infinity near the boundary, the boundedness of ξ1 implies that the transformed
tracking error does not violate the prescribed performance constraint.

The following design proceeds in four recursive steps. Step 1 treats ξ1 and leaves the
ξ2 coupling term. Step 2 treats ξ2 and leaves the ξ3 coupling term. Step 3 treats ξ3 and
leaves the ξ4 coupling term. Step 4 treats ξ4 and completes the Lyapunov construction.

Step 1: A Lyapunov function is chosen as

V1 =
1
2

ξ2
1 +

1
2r1

θ̃2
1 . (20)

From e1 = x1 − yr, ẋ1 = x2 + F1, and x2 = ξ2 + α1, it follows that

λ̇ = λe1 ė1 = λe1(ξ2 + α1 + F1 − ẏr). (21)

Differentiating ξ1 = tan(πλ/(2ϖ)) gives

ξ̇1 = sec2
(

πλ

2ϖ

)
π

2ϖ

(
λ̇ − λϖ̇

ϖ

)
= R

(
α1 + ξ2 + F1 − ẏr −

λϖ̇

ϖλe1

)
.

(22)

Therefore, the derivative of V1 is

V̇1 = ξ1
(

Rα1 + ξ2 + f̄1(Z1)
)
− 1

r1
θ̃1

˙̂θ1, (23)

where the unknown nonlinear function is defined as

f̄1(Z1) = R
(

ξ2 + F1 − ẏr −
λϖ̇

ϖλe1

)
− ξ2. (24)

An RBFNN function

f̄1(Z1) = W∗T
1 S1(Z1) + δ1(Z1), |δ1(Z1)| ≤ ε1, (25)

is applied to approximate f̄1(Z1), where

Z1 = [x1, x2, x3, x4, ξ1, ẏr, ϖ, ϖ̇]T. (26)

Using Young’s inequality, we have
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ξ1 f̄1(Z1) = ξ1W∗T
1 S1 + ξ1δ1

≤ 1
2a2

1
ξ2

1∥W∗
1 ∥

2ST
1 S1 +

a2
1

2
+

1
2

ξ2
1 +

1
2

ε2
1

=
1

2a2
1

ξ2
1θ1ST

1 S1 +
a2

1
2
+

1
2

ξ2
1 +

1
2

ε2
1.

(27)

The virtual control law and adaptive law are defined as

α1 = − 1
R

(
1

2a2
1

θ̂1ST
1 S1 + c1 + 1

)
ξ1, (28)

˙̂θ1 =
r1

2a2
1

ξ2
1ST

1 S1 − τ1θ̂1, (29)

where ci, ai, ri, τi 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 ξ1ξ2 ≤ 1

2 ξ2
1 +

1
2 ξ2

2 and
substituting the above expressions yields

V̇1 ≤ −c1ξ2
1 +

1
2

ξ2
2 +

a2
1

2
+

1
2

ε2
1 +

τ1

r1
θ̃1θ̂1. (30)

After Step 1, the remaining coupling term in ξ2 is carried into the next Lyapunov
derivative. Step 2 selects V2 for ξ2 and designs the actual input and adaptive law according
to V̇2, so that the ξ2 term is made negative while the next coupling term in ξ3 is isolated.

Step 2: Define the Lyapunov function V2 as

V2 =
1
2

ξ2
2 +

1
2r2

θ̃2
2 . (31)

The derivative of V2 is given by

V̇2 = ξ2
(
ξ3 + F2 + yd + b5uq − α̇1

)
− 1

r2
θ̃2

˙̂θ2 (32)

An RBFNN function

f̄2(Z2) = W∗T
2 S2(Z2) + δ2(Z2), |δ2(Z2)| ≤ ε2, (33)

is applied to approximate the following function:

f̄2(Z2) = F2 + yd − α̇1 (34)

where

Z2 =
[
x1, x2, x3, x4, ξ1, ξ2, θ̂1, ẏr, ÿr, yd

]T
(35)

Using Young’s inequality, we have

ξ2 f̄2(Z2) = ξ2W∗T
2 S2 + ξ2δ2

≤ 1
2a2

2
ξ2

2∥W∗
2 ∥

2ST
2 S2 +

a2
2

2
+

1
2

ξ2
2 +

1
2

ε2
2

=
1

2a2
2

ξ2
2θ2ST

2 S2 +
a2

2
2
+

1
2

ξ2
2 +

1
2

ε2
2.

(36)
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Similarly, the actual control input uq and the adaptive law are defined as

uq = − 1
b5

(
1

2a2
2

θ̂2ξ2ST
2 S2 +

(
c2 +

3
2

)
ξ2

)
(37)

˙̂θ2 =
r2

2a2
2

ξ2
2ST

2 S2 − τ2θ̂2 (38)

Using ξ2ξ3 ≤ 1
2 ξ2

2 + 1
2 ξ2

3 and substituting the actual control input and adaptive
law gives

V̇2 ≤ −c2ξ2
2 +

1
2

ξ2
3 −

1
2

ξ2
2 +

a2
2

2
+

1
2

ε2
2 +

τ2

r2
θ̃2θ̂2 (39)

After Step 2, V̇2 has the same recursive form: negative terms in ξ2, a coupling term in
ξ3, and a bounded residual term. Step 3 selects V3 for ξ3 and designs the virtual control law
and adaptive law according to V̇3, so that the remaining coupling is shifted to ξ4.

Step 3: Consider the following Lyapunov function candidate:

V3 =
1
2

ξ2
3 +

1
2r3

θ̃2
3 , (40)

The derivative of V3 is given by

V̇3 = ξ3(ξ4 + F3 − ẏd + α3)−
1
r3

θ̃3
˙̂θ3 (41)

An RBFNN function f̄3(Z3) = W∗T
3 S3(Z3) + δ3(Z3), |δ3(Z3)| ≤ ε3 is applied to ap-

proximate the following function:

f̄3(Z3) = F3 − ẏd (42)

where
Z3 =

[
x1, x2, x3, x4, ξ1, ξ2, ξ3, θ̂1, θ̂2, ẏr, ÿr, yd, ẏd

]T
(43)

Based on Young’s inequality, we have

ξ3 f̄3(Z3) = ξ3W∗T
3 S3 + ξ3δ3

≤ 1
2a2

3
ξ2

3∥W∗
3 ∥

2ST
3 S3 +

a2
3

2
+

1
2

ξ2
3 +

1
2

ε2
3

=
1

2a2
3

ξ2
3θ3ST

3 S3 +
a2

3
2
+

1
2

ξ2
3 +

1
2

ε2
3.

(44)

By analogy, the virtual control law α3 and adaptive law θ̂3 are designed as

α3 = −
(

1
2a2

3
θ̂3ST

3 S3ξ3 +

(
c3 +

3
2

)
ξ3

)
, (45)

˙̂θ3 =
r3

2a2
3

ξ2
3ST

3 S3 − τ3θ̂3. (46)

Using ξ3ξ4 ≤ 1
2 ξ2

3 +
1
2 ξ2

4 and substituting the above expressions yields

V̇3 ≤ −c3ξ2
3 +

1
2

ξ2
4 −

1
2

ξ2
3 +

a2
3

2
+

1
2

ε2
3 +

τ3

r3
θ̃3θ̂3 (47)

After Step 3, V̇3 contains negative terms in ξ3, a coupling term in ξ4, 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 V4 as follows:

V4 =
1
2

ξ2
4 +

1
2r4

θ̃2
4 , (48)

The derivative of V4 is given by

V̇4 = ξ4(x4 + F4 + b5ud − α̇3)−
1
r4

θ̃4
˙̂θ4 (49)

An RBFNN function

f̄4(Z4) = W∗T
4 S4(Z4) + δ4(Z4) (50)

|δ4(Z4)| ≤ ε4 (51)

is applied to approximate f̄4(Z4) = x4 + F4 − α̇3, where

Z4 =
[
x1, x2, x3, x4, ξ1, ξ2, ξ3, ξ4, θ̂1, θ̂2, θ̂3, ẏr, ÿr, yd, ẏd

]T
.

Based on Young’s inequality, we have

ξ4 f̄4(Z4) = ξ4W∗T
4 S4 + ξ4δ4

≤ 1
2a2

4
ξ2

4∥W∗
4 ∥

2ST
4 S4 +

a2
4

2
+

1
2

ξ2
4 +

1
2

ε2
4

=
1

2a2
4

ξ2
4θ4ST

4 S4 +
a2

4
2
+

1
2

ξ2
4 +

1
2

ε2
4.

(52)

Analogous results can be obtained stating that the control law ud and adaptive law θ̂4

are defined as

ud = − 1
b5

(
1

2a2
4

θ̂4ST
4 S4ξ4 + (c4 + 1)ξ4

)
(53)

˙̂θ4 =
r4

2a2
4

ξ2
4ST

4 S4 − τ4θ̂4. (54)

Substituting the above expressions gives

V̇4 ≤ −c4ξ2
4 −

1
2

ξ2
4 +

a2
4

2
+

1
2

ε2
4 +

τ4

r4
θ̃4θ̂4 (55)

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 yr

and yd, 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

• All signals in the closed-loop system are bounded;
• The speed tracking error

e1 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 =
4

∑
i=1

Vi (56)

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

V̇ ≤ −
4

∑
i=1

ciξ
2
i +

4

∑
i=1

τi
ri

θ̃i θ̂i +
4

∑
i=1

(
a2

i
2
+

ε2
i

2

)
. (57)

where the parameter-estimation cross term is bounded as

τi
ri

θ̃i θ̂i =
τi
ri

θ̃i(θi − θ̃i) ≤
τi
2ri

θ2
i −

τi
2ri

θ̃2
i , (58)

and therefore

V̇ ≤ −pV + q,

p = min{2c1, 2c2, 2c3, 2c4, τ1, τ2, τ3, τ4},

q =
4

∑
i=1

(
a2

i + ε2
i

2
+

τi
2ri

θ2
i

)
.

(59)

Since p > 0 and q > 0, inequality (59) can be rewritten as

V̇(t) + pV(t) ≤ q. (60)

Multiplying both sides of (60) by the integrating factor ept yields

eptV̇(t) + peptV(t) ≤ qept. (61)

Noting that

d
dt
(
eptV(t)

)
= eptV̇(t) + peptV(t), (62)

inequality (61) becomes

d
dt
(
eptV(t)

)
≤ qept. (63)

Integrating both sides of (63) over [0, t] gives

eptV(t)− V(0) ≤ q
∫ t

0
epsds =

q
p
(
ept − 1

)
. (64)

Dividing both sides of (64) by ept yields

V(t) ≤ e−ptV(0) +
q
p
(
1 − e−pt). (65)

Therefore,

V(t) ≤ max
{

V(0),
q
p

}
, (66)

which proves that V(t) is uniformly bounded. Moreover,

lim sup
t→∞

V(t) ≤ q
p

, (67)
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which indicates that V(t) is uniformly ultimately bounded.
The inequality above is obtained by adding the four recursive derivative bounds. In

this summation, the coupling terms cancel as

1
2

ξ2
2 −

1
2

ξ2
2 +

1
2

ξ2
3 −

1
2

ξ2
3 +

1
2

ξ2
4 −

1
2

ξ2
4 = 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 ξi and parameter-estimation errors θ̃i are
bounded. Because each ideal parameter θi is a finite constant and θ̂i = θi − θ̃i, all adaptive
estimates θ̂i are also bounded.

The boundedness of ξ1 gives the inverse relation

λ(t) =
2ϖ(t)

π
arctan(ξ1(t)). (69)

Since | arctan(ξ1)| < π/2 for every bounded ξ1, it follows that

|λ(t)| < ϖ(t). (70)

For t ≥ Tf , v(t) = 0 and therefore ϖ(t) = λ(ρ(t)). Thus,

| tanh(e1(t))| < tanh(ρ(t)), t ≥ Tf . (71)

Because tanh(·) is odd and strictly increasing,

−ρ(t) < e1(t) < ρ(t), t ≥ Tf . (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 ≥ Tf , the boundedness of e1 shown
above implies that λe1 = 1 − λ2 is bounded away from zero. Since ϖ(t) = λ(ρ(t)) > 0 and
ξ1 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, x1 = e1 + yr, x2 = ξ2 + α1, x3 = ξ3 + yd,
x4 = ξ4 + α3. Since the reference signals and their required derivatives are bounded and
the RBF basis functions are bounded, the virtual control laws α1 and α3, the motor states xi,
and the actual control inputs uq and ud 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 np = 1, Lm = 0.068 H,
J = 0.0586 kg · m2, Ls = Lr = 0.0699 H, Rr = 0.15 Ω, and Rs = 0.1 Ω. The load torque is
defined as

TL =

{
0.1N(0, 1) + 0.1 sin(t), 0 < t ≤ 3,

− 0.1U(−1, 1)− 0.1 sin(t), 3 < t ≤ 5.
N · m, t in s. (73)

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

yr =

{
30 + 10 sin(t),

35 + 8 sin(t)
rad/s. (74)

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: c1 = 4, c2 = 4, c3 = 70, c4 = 200,
r1 = r2 = r3 = r4 = 5, a1 = a2 = a3 = a4 = 10, τ1 = τ2 = τ3 = τ4 = 1, and
[x1(0), x2(0), x3(0), x4(0)]T = [20, 0, 0.1, 0]T. The prescribed performance function is de-
signed as

ρ(t) =

0.6
(

1 − t
0.4

)
exp

(
1 − 0.4

0.4 − t

)
+ 0.05, t < 0.4,

0.05, t ≥ 0.4.
(75)

In the RBFNN, the centers of the receptive fields are µi = [−1.5,−1,−0.5, 0, 0.5, 1, 1.5, 2]T,
oi = 2, and i = 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 x1 and the reference trajectory yr. 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.

Figure 1. Motor speed tracking response x1 and reference speed yr (rad/s).

Figure 2 shows the tracking error e and the prescribed performance boundary ρ. 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.

Figure 2. Speed tracking error e1 and prescribed performance boundary ρ (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.

(a) (b)

Figure 3. Internal motor states: (a) rotor flux linkage x3 (Wb); (b) q-axis current x2 and d-axis
current x4 (A).

(a) (b)

Figure 4. Control voltage inputs: (a) ud and (b) uq (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:

• Case 1: [x1(0), x2(0), x3(0), x4(0)] = [40, 0, 0.1, 0];
• Case 2: [x1(0), x2(0), x3(0), x4(0)] = [50, 0, 0.1, 0];
• 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.

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 = ΞGy + ΞB, (76)
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where ΞG = 0.5 represents gain fault, and ΞB denotes bias fault. Specifically, ΞB is con-
structed as ΞB = 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.

(a) (b)

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
at t = 3 s.

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

TL =

{
1.5 + 0.5 sin(t), 0 < t ≤ 3,

− 1 + 0.3 sin(t), 3 < t ≤ 5.
N · m, t in s. (77)

The model perturbation

dL =

{
0.5 + 0.3U(−1, 1), 2i ≤ t < 2i + 1,

− 0.3 + 0.1U(−1, 1), 2i + 1 ≤ t < 2i + 2,
N · m, t in s i = 0, 1, 2, . . . (78)

is introduced into the motor model. Accordingly, the third equation in (1) is rewritten as

ẋ3 = x4 + F3 + dL. (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.

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 e1.

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) 0.02685 0.34216 92.2

Recovery time after
disturbance (s) 0.00763 0.01508 49.4

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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