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ABSTRACT Improving the robustness and dynamic response of permanent magnet synchronous motor
(PMSM) drive systems with measurement noise has become one of the research focuses. Aiming at this
issue, a generalized adaptive disturbance observer (GADO) based global terminal sliding mode speed
control (GTSMC) scheme is proposed for PMSM. Firstly, a novel terminal sliding surface ensuring that
the initial system operates in sliding mode is introduced, and the GTSMC controller is thus derived. Further,
a current decoupling controller based on the linear extended state observer (LESO) is designed to realize the
accurate dynamic decoupling. Regarding the undesirable chattering of GTSMC, a disturbance attenuation
scheme based on generalized adaptive disturbance observer (GADO) is proposed. The uncertain disturbances
are estimated by the GADO, and equivalent compensation is introduced. Different from the conventional
fixed-gain disturbance observer, the influence of measurement noise is considered and the generalized
adaptive gain mechanism is introduced to the GADO. The gain of the GADO can be adaptively adjusted
according to the operating state, in which the excellent dynamic response and low sensitivity to measurement
noise are guaranteed. Finally, the proposed control scheme for PMSM are tested through simulation, and the
results verify its excellent performances in terms of speed tracking, robustness against uncertainties, and
sensitivity to measurement noise.

INDEX TERMS Permanent magnet synchronous motor, terminal sliding mode speed control, current
decoupling, disturbance observer.

I. INTRODUCTION
PMSM has the advantages of high power density, small
volume, simple structure and so on. It is widely applied in
industrial processes, electric cars and robots [1]. The wide
applications of PMSM in various fields also promote the
demands for high performance control system of PMSM.
The traditional PMSM control systems adopt the double
closed-loop control mechanism constructed by the inner
current loop and the outer speed loop, both the current
controller and speed controller adopt the PID algorithm with
simple structure [2], which has poor ability to deal with the
complex and uncertain disturbances.

The associate editor coordinating the review of this manuscript and

approving it for publication was Qinfen Lu .

The influence of uncertain disturbance on control per-
formance has attracted the attention of automatic control
experts. A large number of advanced control algorithms
have been proposed and applied to PMSM (e.g., Fuzzy
control [3], adaptive control [4], model predictive control [5]
and sliding mode control [6], etc.). These algorithms
improve the performances in different aspects. Among them,
sliding mode control (SMC), as a variable structure control,
is widely considered to effectively suppress the influence
of unknowable disturbance and improve the robustness.
Conventional SMC adopts appropriate switching control to
force the system to a predetermined sliding surface [7].
Although the variable structure of SMC leads to the switching
chattering, it also endows system with strong robustness.
SMC is widely studied and applied to control PMSM because
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of its strong robustness [8], [9], [10]. In [11], a novel sliding
mode speed controller for PMSM is proposed. A new sliding
mode surface and reaching law are designed to weaken the
chattering and improve the dynamic characteristics. In [12],
SMC is applied to the current control of PMSM, which
effectively improves the current tracking ability. In [13],
a sliding mode observer is designed to estimate the uncertain
disturbance of PMSM.

The dynamic response of the system is determined by the
sliding surface [14], [15]. Unfortunately, the conventional
sliding mode surface can only guarantee that the system
states exponentially converge to the equilibrium origin in
infinite time [16]. High control precision and fast response
are required for PMSM speed control. By introducing the
idea of the terminal attractor into the neural network, [17]
creates a terminal sliding mode surface to enable the system
to converge to the equilibrium point in finite time. In [18],
a novel terminal sliding mode speed controller (TSMC) is
designed for PMSM to improve the dynamic response and
tracking accuracy. The TSMC in [18] can force the system
to reach the reference speed in finite time by adopting the
non-singular terminal sliding surface.

In actual operating condition, PMSM inevitably suffers
deviation of parameters and unforeseen external disturbance.
As a result, the design of SMC must be conservative,
requiring a significant switching gain to achieve sufficient
robustness, which also results in the undesirable chatter-
ing [19]. Aiming at this issue, the combination of SMC
with disturbance observer (DO) has emerged as the novel
option and progressively got popular. In a general way,
the disturbance observer-based SMC (DO-SMC) utilizes the
disturbance observer to estimate the disturbance online and
transmits the disturbance information to the SMC to realize
the anti-disturbance compensation. Reference [20] introduces
a nonlinear disturbance observer (NDO) based sliding mode
controller for PMSM drives, in which a novel nonlinear
gain matrix is created to enhance the ability to estimate
disturbance. In [21], a DO-based adaptive non-singular
terminal sliding mode control method is proposed, and the
new reaching law is adopted to shorten setting time. However,
the above two methods presume that the disturbance changes
slowly over the sampling period. To make the theoretical
analysis of error convergence simpler, even the derivative of
the disturbance is disregarded. This is unrealistic and unrea-
sonable in practical engineering because the derivative of
disturbance is the critical factor affecting the estimation accu-
racy of DO. In [22], the Generalized proportional Integral
observer (GPIO) based non-singular terminal sliding mode
control is proposed, and the application of GPIO improves
the damping capacity against disturbance significantly. It can
be inspired that, the performances of DO-SMC rely on the
estimation ability of the DO closely. At present, the various
types of disturbance observers are developed and applied
widely (e.g., the equivalent input disturbance-based estimator
(EID) [23], the extended state observer (ESO) [24], [25],

[26], [27], [28], and the basic nonlinear disturbance observer
(BNDO) [29], etc.). Above mentioned disturbance observers
have one common point: Their estimation ability is positively
related to their observation gain [30]. Paradoxically, high
observation gain will aggravate the noise pollution caused
by measurement [31]. Therefore, the measurement noise
constrains the further improvement of DO.

In this paper, a novel terminal sliding mode surface-based
SMC speed controller is presented for the PMSM drive
system. Different from the non-singular terminal sliding
surface presented in [22], the proposed novel sliding surface
enables the states of the system to locate on the sliding
surface at the initial moment, and the reaching phase
is eliminated. Thus, the global robustness is guaranteed.
Additionally, the proposed global terminal sliding mode
speed controller (GTSMC) allows manually adjusting the
close-loop convergence time and enables the PMSM speed
to track the reference speed in the predetermined finite
time. Secondly, to deal with the coupling of electrical
dynamics with mechanical dynamics in the presence of
parametric uncertainties, a linear extended state observer
(LESO) based current decoupling controller is created for
the current loop. Furthermore, a novel generalized adaptive
disturbance observer (GADO) based on generalized adaptive
gain mechanism is created for the proposed GTSMC to
decrease the switching gain and the sensitivity to mea-
surement noise. It’s worth noting that the proposed GADO
operates on a principle different than the filter-based DO [31]
sacrificing the response speed to reduce noise pollution.
Instead, the proposed GADO adopts the same structure as
LESO, and the gain of GADO can be adaptively adjusted
in accordance with the closed-loop error. By this way, the
sensitivity of GADO to measurement noise in steady-state
is significantly reduced and the fast dynamic performance
of GADO in transition-state is maintained at the same
time. The main contributions of this paper are concluded as
follows:

(1) The GTSMC is proposed for the speed regulation of
PMSM, the global robustness and predefined-time stability
of system are thus guaranteed.

(2) The complete current decoupling control scheme based
on LESO is proposed to deal with the electrical dynamic
coupling.

(3) The novel GADO is proposed to decrease the switching
chattering of GTSMC, in which the generalized adaptive
gain mechanism is introduced to mitigate the contradiction
between noise sensitivity and dynamic performance.

The organization of this paper is as follows: In Section II,
the mathematical model with parametric uncertainties of
PMSM is studied. The GTSMC speed controller and
LESO-based current decoupling controller are constructed
in Section III. The GADO is designed for the GTSMC
speed controller in Section IV. Section V verifies the
effectiveness of the proposedmethod through simulation, and
the conclusion of this paper is drawn in Section VI.
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II. THE MATHEMATICAL MODEL OF PMSM WITH
PARAMETRIC UNCERTAINTIES
To simplify the analysis of the mathematical model of
PMSM, the following assumption is made,
Assumption 1: The impacts of magnetic saturation and

flux leakage of PMSM is ignored, thus the internal magnetic
field is sinusoidal.

According to the Assumptions 1 and [1], the nominal
mathematical model of PMSM in the synchronous rotation
d − q reference coordinate is represented as follows:

ẇe = f1iqs − f2we − f3TL
i̇qs = −f4iqs − f5we + f6vqs − weids
i̇ds = −f4ids + f6vds + weiqs

(1)

where, f1 = 3p2ϕf
/
8J , f2 = B

/
J , f3 = p

/
2J , f4 =

Rs
/
Ls, f5 = ϕf

/
Ls, f6 = 1

/
Ls.The mechanical and electrical

parameters of the PMSM nominal system are listed as
follows: Rs is the stator resistance, Ls is the stator inductance,
ϕf is the permanent magnet flux, ids and iqs are the d−q axial
components of the stator current, J is the moment of inertia,
B is the damping coefficient, we is the electrical angular
velocity, TL is the load torque, p is the number of poles.
Considering that the parametric uncertainties and model-

ing errors of PMSM exist, the mathematical model of PMSM
can be introduced as follows:

ẇe = f1iqs − f2we − f3TL + δwe

i̇qs = −f4iqs − f5we + f6vqs − weids + δq

i̇ds = −f4ids + f6vds + weiqs + δd

(2)

where, δwe , δq and δd are the internal disturbances caused by
uncertain parameters and modeling errors, namely,

δwe = 1f1iqs − 1f2we − 1f3TL + fwe
δq = −1f4iqs − 1f5we + 1f6vqs + fq
δd = −1f4ids + 1f6vds + fd

(3)

where, fwe , fq and fd are the modeling errors.
Defining the lumped disturbances of mechanical(i.e. we)

and electrical(i.e. ids and iqs) dynamics of (2) as follows:
dwe = −f3TL + δwe

dq = δq

dd = δd

(4)

Further, (2) can be rewritten as
ẇe = f1iqs − f2we + dwe
i̇qs = −f4iqs − f5we + f6vqs − weids + dq
i̇ds = −f4ids + f6vds + weiqs + dd

(5)

In actual engineering, mechanical and electrical parameters
mainly change with temperature. Thus, the derivatives of
δwe , δq and δd are bounded and continuous. It is assumed
that the derivative of TL exists and is continuous. From
the above, the derivatives of dwe , dq and dd are bounded
and continuous. The following Assumption 2 is made for
designing control scheme.

Assumption 2: ids and iqs can be measured without noise
while we can be measured by sensors with certain amount of
noise.

In the practical PMSM drive systems, the three-phase
current can be directly measured by electric galvanometers,
its time constant is small and accuracy is high. Therefore,
we consider that no noise will be introduced in the
current measurement process. In the speed measurement, the
physical sensors are utilized to convert the angular velocity
into electrical signals. This measure will inevitably introduce
measurement error, that is, noise. Therefore, theAssumption 2
is in line with the practical engineering environment.

III. DESIGN OF GTSMC SPEED CONTROLLER AND LESO
BASED CURRENT DECOUPLING CONTROLLER FOR PMSM
The control scheme for PMSM in this paper adopts a double
closed-loop control mechanism, in which the current loop and
the speed loop are cascaded. The block diagram of the double
closed-loop control mechanism is shown in Fig. 1. In which,
the ASR and the ACR represent the speed controller and
current controller, respectively. The GTSMC speed controller
for the speed loop and the LESO-based current decoupling
controller for the current loop are introduced in this section.

A. GTSMC SPEED CONTROLLER
A new type of terminal sliding surface with finite conver-
gence time is designed for the speed controller.

The mechanical dynamic extracted from (5) is as follows:

ẇe = f1iqs − f2we + dwe (6)

Defining x1 = we as the state of (6) and uw = iqs as the
control law. Then (6) can be rewritten as

ẋ1 = f1uw − f2x1 + dwe (7)

Defining the reference speed as x1d = w∗
e and the tracking

error as ew = x1 − x1d , the mission of the GTSMC speed
controller designed in this section is to enable x1 to track x1d
in a finite time.

The terminal sliding surface is designed as follows,

σ (ew, t) = ew − p(t) (8)

where, p(t) is the designed time-varying trajectory function
for ew and satisfies the follow Condition 1.
Condition 1: p(t) ∈ C (R+) , ṗ(t) ∈ L∞. For constant T ,

p(t)is a bounded function in period of [0,T ]. In addition, p(t)
satisfies that p(0) = ew(0), ṗ(0) = ėw(0).

The time-varying trajectory function p(t) satisfying Con-
dition 1 enables the system to locate on the sliding
mode surface at the initial moment. Then, the following
time-varying trajectory function p(t) is constructed based on
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the Condition 1:

p(t) =



ew(0) + ėw(0)t

+[
a00
T 2 ew(0) +

a01
T
ėw(0)]t2

+[
a10
T 3 ew(0) +

a11
T 2 ėw(0)]t

3, 0 ≤ t ≤ T

0, t > T

(9)

Consider that p(t) is continuous and differentiable at t = T ,
thus aij, i, j = 0, 1 can be solved according to

p(T ) = 0, ṗ(T ) = 0 (10)

By solving the two equations of (10), the following results are
yield {

a00 = −3
a10 = 2

{
a01 = −2
a11 = 1

Remark 1: According to the previous design process, the
system is placed on the sliding mode surface at the initial
moment, i.e, σ (ew, 0) = ew(0) − p(0) = 0. By designing the
appropriate sliding mode control law, it can be ensured that
ew = p(t), t ≥ 0. Thus T is the moment when ew converges to
zero according to (9). In other words, the ew can be guaranteed
to converge in finite time by setting T .
Selecting the following Lyapunov function for (6)

V =
1
2
σ 2 (11)

The time derivative of V along system (6) is

V̇ = σ σ̇ = σ [ėw − ṗ(t)]

= σ [ẋ1 − ẋ1d − ṗ(t)]

= σ [f1uw − f2x1 + dwe − ṗ(t)] (12)

Consequently, the following GTSMC control law is created:

uw =
1
f1
[f2x1 + ẋ1d + ṗ(t) − (K1 + γ )sign(σ ) − K2σ ]

(13)

where, K1 and K2 are the sliding mode switching gain and the
exponential approach coefficient respectively, which satisfy
that K1 > 0,K2 > 0. γ is the disturbance rejection term
satisfying γ ≥

∣∣dwe ∣∣.
From (12) and (13), the time derivative of V is

V̇ = σ [dwe − (K1 + γ )sign(σ ) − K2σ ]

≤ −K1 |σ | − K2σ
2 (14)

Thus, V̇ is negative. According to the sliding mode control
theory [7], the GTSMC control law enables the terminal
sliding mode surface (8) to be reachable. Further, according
to Condition 1 and REMARK 1,it is easy to know that

σ (0) = ew(0) − p(0) = 0 (15)

Therefore, σ ≡ 0, ∀t ≥ 0, that is, the closed-loop system
operates in sliding mode at the initial moment, which is the
most essential and outstanding advantage of the proposed

GTSMC speed controller. We can derive that the tracking
error ew will always move along the predetermined path p(t).
According to (9), ew and ėw must be continuous during

the operation, otherwise it will cause the system to deviate
from the sliding mode surface, which will result in the loss of
valuable global robustness. Although the system can return to
the sliding mode under the action of uw.

The selection of γ depends on the upper bound information
of

∣∣dwe ∣∣, however it is difficult to estimate
∣∣dwe ∣∣ in practical

engineering. In this case, large γ must be selected to enable
sliding surface to be reachable. This way will undoubtedly
increase the conservatism and cause undesirable chattering.
In section IV, a generalized adaptive disturbance observer
(GADO) will be introduced to collaborate with the GTSMC
speed controller.

B. LESO-BASED CURRENT DECOUPLING CONTROLLER
According to (5), there exist complex coupling effects among
the electrical dynamic (i.e., ids and iqs) and mechanical
dynamic of PMSM. These coupling effects lead to the actions
of the speed controller and current controllers coupling with
each other, the complexity of control is thus greatly increased.
In the condition that we, ids and iqs can be measured without
noise, the conventional methods introduce feed-forward
equivalent compensation to achieve dynamic decoupling.
However, in practical engineering, the measurement of we is
inevitably noisy due to the constraints of physical conditions
and sensors performance. In addition, the reference model for
designing the controller will deviate from the actual model
due to the uncertain parameters. Because of above factors,
the traditional feed-forward decoupling methods are unable
to accomplish complete dynamics decoupling.

In this section, a dynamic decoupling scheme for current
controllers of ids and iqs based on LESO is proposed, in which
the lumped disturbance different from the nominal electrical
system is extended as the new state and estimated by LESO.
Then the estimated lumped disturbance is directly compen-
sated by feed-forward to achieve complete decoupling.

The dynamic equations of iqs and ids extracted from (5) are
as follows:

i̇qs = −f4iqs − f5we + f6vqs − weids + dq (16)

i̇ds = −f4ids + f6vds + weiqs + dd (17)

The current controllers are designed as

vqs =
1
f6

(
f5w+ f4iqs + wids

)
+ uq (18)

vds =
1
f6

(
f4ids − wiqs

)
+ ud (19)

Substituting (17) and (18) into (15) and (16), respectively,
we can obtain

i̇qs = f6uq + dq (20)

i̇ds = f6ud + dd (21)
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FIGURE 1. The double closed-loop control mechanism for PMSM.

In order to deal with the unknown dd and dq, the LESO are
designed as (22) and (23) to estimate dd and dq respectively.{

˙̂iqs = d̂q − 2β1(îqs − iqs) + f6uq
˙̂dq = −β2

1 (îqs − iqs)
(22){

˙̂ids = d̂d − 2β2(îds − ids) + f6ud
˙̂dq = −β2

2 (îds − ids)
(23)

where, îqs, îds, d̂q and d̂d are the estimates of iqs, ids, dd and
dq. β1 and β2 are the bandwidth of (22) and (23) satisfying
β1, β2 < 0. It has been proved that the estimate errors ε1 =

dq − d̂q and ε2 = dd − d̂d will asymptotically converge to
zero [26].

In this paper, the current control strategy with the reference
current i∗qs = uw and i∗ds = 0 is adopted. It is desirable to
design the current controllers to enable iqs and ids to track the
reference current i∗qs = uw and i∗ds = 0.
By defining the tracking errors as eq = i∗qs − iqs and ed =

i∗ds − ids, the uq and ud can be designed as follows based on
d̂q and d̂d :

uq = −
d̂q
f6

+ k1eq (24)

ud = −
d̂d
f6

+ k2ed (25)

According to [27], it is easy to prove that the tracking errors eq
and ed will asymptotically converge to zero under the action
of uq and ud . The block diagram of the LESO based current
decoupling controller is shown in Fig. 2.

IV. GENERALIZED ADAPTIVE DISTURBANCE OBSERVER
(GADO) FOR GTSMC SPEED CONTROLLER
The design of GTSMC speed controller depends on the
upper bound information of dwe and a large switching gain

FIGURE 2. The LESO based current decoupling controller.

is thus selected. In this section, a novel generalized adaptive
disturbance observer (GADO) is designed for GTSMC
speed controller to reduce the switching gain. A generalized
adaptive gain mechanism is adopted in the GADO to reduce
the noise sensitivity while maintaining a strong estimation
capability, in light of the issue that the high gain of DO will
exacerbate noise pollution.

The traditional PMSM system relies on the sensors to
measure the speed in real-time. Constrained by the technical
level and physical conditions, the noise will inevitably be
introduced in the speed measurement process. On the other
hand, general DO adopts the high-gain feedback of errors to
track the disturbance rapidly. Directly introducing the output
mixed with measurement noise into the high-gain feedback
channel will undoubtedly worsen the noise pollution and
reduce the steady-state control accuracy. Some techniques
introducing filters or lowering the gain of DO can lessen
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FIGURE 3. The adaptive gain β(ew ).

noise pollution, but the dynamic response is weakened
simultaneously.

A. DESIGN OF GADO
The generalized adaptive gain mechanism is presented in
this paper, focusing on the problem analyzed above. In this
generalized adaptive gain mechanism, the observation gain of
GADO can be adjusted adaptively according to the operating
state of system. That is, a large observation gain is adopted
when the system is operating far from the steady-state to
maintain quick dynamic response, while a small observation
gain is adopted when the system is operating close to
the steady-state to lessen the sensitivity to the measured
noise. For PMSM, the distance of working point from the
steady-state is the absolute speed-tracking error |ew| =

|x1 − x1d |. The generalized adaptive gain mechanism can be
concluded as follows: when |ew| is small, or close to the
steady-state (it should be noted that |ew| is primarily caused
by themeasured noise at this time), the small observation gain
of GADO is adopted to reduce noise pollution; and when |ew|

is large, or in the transient-state, a large observation gain is
adopted to maintain the fast dynamic response.

A structure similar to LESO is adopted in the GADO. The
goal of designing GADO for the GTSMC speed controller is
to estimate the lumped disturbance dwe caused by modeling
errors, uncertain parameters and load. According to (7), the
GADO for the GTSMC speed controller can be designed as
follows: {

˙̂x1 = d̂we − 2β(ew)(x̂1 − x1) + f1uw
˙̂dwe = −β2(ew)(x̂1 − x1)

(26)

where, d̂we and x̂1 are the estimation of dwe and x1
respectively. β(ew) is the generalized adaptive gain with
independent variable ew. According to the relationship
between ew and the observation gain in the generalized
adaptive gain mechanism, a novel adaptive gain is proposed
as follows:

β(ew) = p1 + p2(
1

1 + e−χ |ew|
δ

− 0.5) (27)

where, p1 > 0, p2 > 0, χ and δ are the adjustable parameters
of β(ew).

The adaptive gain β(ew) is shown in Fig. 3, which can be
divided into three regions, namely, the Region of Low Gain,

the Region of Buffer and the Region of High Gain. It should
be noted that β(ew) varies gently with ew in the Region of
Low Gain, which is to reduce the sensitivity of β(ew) to the
measured noise in steady-state. Thus, the width of the Region
of Low gain should be greater than the amplitude of the
measured noise. TheRegion of Buffer exists to distinguish the
natural speed fluctuation caused by disturbance from the false
speed fluctuation caused by measurement noise. Although
shrinking the Region of Buffer can improve the response to
disturbance, it can also easily cause confusion between the
measured noise and the actual speed fluctuation brought by
the disturbance. When the system enters the Region of High
Gain, β(ew) will reach the highest value, and the estimation
ability of GADO is optimal at that time.

The parameters tuning of GADO is concluded as follows:
p1 and p2 determine the upper and lower limits of β(ew), that
is,

βmin(ew) = p1, βmax(ew) = p1 +
1
2
p2

χ and δ can be utilized to adjust the width of the Region
of Low Gain and Region of Buffer. We can decrease the
width of the Region of Low gain and the Region of Buffer
by increasing χ . And we can decrease the width of Region
of Buffer and increase the width of Region of Low gain
by increasing δ. In practical engineering, the width of the
Region of Low Gain and the Region of Buffer should be
reasonably adjusted according to the strength ofmeasurement
noise by selecting χ and δ, so as to ensure that the Region of
Low Gain and the Region of Buffer can completely surround
the steady-state noise. And the upper and lower limits of
β(ew) should be determined according to the requirement on
transient-state performance and steady-state noise sensitivity.
We can improve the transient-state response speed and
steady-state anti-noise performance by increasing βmax and
decreasing βmin respectively.

B. CONVERGENCE OF ERRORS OF GADO
By defining x2 = dwe as the extended state, (7) can be
rewritten as {

ẋ1 = f1uw − f2x1 + x2
ẋ2 = ξ

(28)

where, ξ is the derivative of dwe.
Defining the estimate errors of GADO as

ε =

[
ε1
ε2

]
=

[
x̂1 − x1
d̂we − x2

]
(29)

The errors dynamic of GADO can be obtained by subtract-
ing (30) from (26), as shown in (30)

ε̇ = Aε + D (30)

where,

A =

[
−2β(ew) 1
−β2(ew) 0

]
, D =

[
0
−ξ

]
103758 VOLUME 11, 2023
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The errors convergence of GADO is illuminated in
Theorem 1.
Theorem 1: p1 is selected as p1 > 0, and supposing

that the time derivative of dwe (i.e. ξ ) is continuous and
bounded as ∥D∥ ≤ ϑ . Then, the errors of GADO would
be ultimately uniformly bounded (UUB) and forced to the
following bounded neighborhood of the origin

Bd =

{
ε ∈ R2 : ∥ε∥ ≤

2λmax(P)
λmin(P)

ϑ

}
where, P is the positive definite matric satisfying the
following equivalent Algebraic Riccati equation (ARE)

PA+ ATP = −Q < 0 (31)

Proof of Theorem 1: Since βmin(ew) = p1 > 0, the system
matric A satisfies the Hurwitze condition. Thus, there must
be positive definite matrices P for A to satisfy the ARE (31).
Defining the following Lyapunov candidate for (30)

V1 = εTPε (32)

The time derivative of V1 is

V̇1 = ε̇TPε + εTPε̇

= (Aε + D)TPε + εTP(Aε + D)

= εT (ATP+ PA)ε + 2εTPD

= −εTQε + 2εTPD

≤ −λmin(Q) ∥ε∥2 + 2λmax(P)ϑ ∥ε∥ (33)

When ∥ε∥ ≥
2λmax(P)
λmin(P)

ϑ , V̇1 ≤ 0.Thus, there must be t0 > 0,
which can lead to

∥ε∥ ≤
2λmax(P)
λmin(P)

ϑ, ∀t ≥ t0 (34)

Equ. (34) derives the UUB stability of estimated errors and
the invariant set Bd =

{
ε ∈ R2 : ∥ε∥ ≤

2λmax(P)
λmin(P)

ϑ
}
. □

Remark 2: If ξ = 0, the estimated errors of GADO would
asymptotically uniformly converge to origin, that is

lim
t→∞

∥ε(t)∥ = 0 (35)

Remark 3: The UUB stability is consistent with practical
engineering. It is impossible to eliminate the estimated errors
completely. The ultimate estimated errors depends on the
accuracy of the measuring and testing instrument.

To reduce the requirement for switching gain, the control
law of (13) is modified by the lumped disturbance estimation
d̂we, and the following GADO-based GTSMC control law is
obtained

uw =
1
f1
[f2x1 + ẋ1d + ṗ(t) − d̂we

− (K1 + γ )sign(σ ) − K2σ ] (36)

Theorem 2: By selecting γ ≥
2λmax(P)
λmin(P)

ϑ , theGADO-based
GTSMC control law (36) can ensure that the sliding
surface (8) is reachable.

FIGURE 4. The proposed GADO-based GTSMC speed controller.

Proof of Theorem 2: According to the proof process of
Theorem 1, we have the following conclusion∣∣∣dwe − d̂we

∣∣∣ ≤ ∥ε∥ ≤
2λmax(P)
λmin(P)

ϑ, ∀t ≥ t0 (37)

And then, the time derivative of V in (11) is

V̇ = σ [dwe − d̂we − (K1 + γ )sign(σ ) − K2σ ] (38)

Clearly, V̇ is negative when

γ ≥
2λmax(P)
λmin(P)

≥

∣∣∣dwe − d̂we
∣∣∣

Thus, according to Equ. (37), we have the conclusion that
there must be t1 > 0, which can lead to

V̇ ≤ 0, ∀t ≥ t1

That is, the sliding surface (8) is reachable. □
From the above analysis, the requirement for switching

gain is reduced from γ ≥
∣∣dwe ∣∣ to γ ≥

∣∣∣dwe − d̂we
∣∣∣. In this

way, the chattering issue on the sliding surface is significantly
eased.

Fig. 4 depicts the block diagram of the proposed
GADO-basedGTSMC speed controller. The actual speed and
desired speed of the PMSMare sampled at the initial moment,
and the time-varying trajectory function p(t) is constructed
according to (9). The real-time speed and control signals are
delivered to GADO for estimating the lumped disturbance
d̂we . Then, combining the estimated lumped disturbance d̂we
and time-varying trajectory function p(t) yields the final
GTSMC control law (36).

V. SIMULATION VERIFICATION
In this section, the performances of the proposedGADO-based
GTSMC scheme for PMSM in terms of speed tracking,
robustness against parametric uncertainties and load, and
the steady-state control accuracy influenced by measured
noise is tested by simulation in MATLAB/Simulink. The
parameters of PMSM for simulation are listed in Table 1.
Considering that the strength of measured noise of the
mainstream speed sensors in practical engineering generally
does not exceed 2 rpm (the electric angular velocity is
about 0.84), the adaptive gain law of GADO, as shown
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TABLE 1. PMSM parameters for simulation.

FIGURE 5. The adaptive gain law of GADO for simulation.

TABLE 2. Parameters of the GADO-based GTSMC speed controller.

in Fig. 5, is designed for simulation. In which, p1 =

5000, p2 = 30000, χ = 3.5 and δ = 15. The parameters
of GADO-based GTSMC speed controller and LESO-based
current decoupling controllers are listed in Table 2 and
Table 3 respectively.

A. SPEED TRACKING PERFORMANCE
The proposed GTSMC control scheme does not allow the
reference speed with step signal. To verify the speed tracking
performance, the reference speed is designed to accelerate
uniformly from 0rpm to 1000rpm in 0.02s. The motor starts
under no-load condition. The speed responses are shown
in Fig. 6, in which the proposed GADO-based GTSMC

TABLE 3. Parameters of LESO-based current decoupling controllers.

FIGURE 6. The speed response curves of GADO-based GTSMC
(GADO+GTSMC) and PI: (a) Global; (b) Local amplification of the curve;
(c) Local amplification of the curve.

(GADO+GTSMC) scheme is compared with the traditional
PI control scheme. The comparison of speed tracking errors
is shown in Fig. 7, and the curve ofσ is shown in Fig. 8.

It can be seen from Fig. 6 and Fig. 7 that the proposed
GADO-based GTSMC scheme tracks the reference speed
without error when t = T = 0.002s, which is
preprogrammed. While the traditional PI scheme always has
a certain amount of tracking error during the acceleration
process, and the 14rpm speed overshoot occurs. The above
results show the excellent tracking ability of the proposed
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FIGURE 7. The speed tracking errors of GADO based GTSMC
(GADO+GTSMC) and PI.

FIGURE 8. The curve of σ .

GADO-based GTSMC scheme. It can be seen from Fig. 8
that the switching function σ is located on the sliding
mode surface from the initial moment. Thus it has global
robustness, which is the most essential characteristic of
GTSMC.

B. ROBUSTNESS AGAINST PARAMETERS
Due to the influences of temperature, mechanical friction and
other factors, the internal parameters, such as the inductance
Ls and permanent magnetic flux ϕf , would inevitably deviate
from the nominal value to some extent during the operation.
To verify the robustness against deviated parameters, the
Ls and ϕf are regarded as the variable parameters. The
comparative simulations of proposed GADO-based GTSMC
(GADO+GTSMC) scheme, GTSMC without DO and the
GTSMC based on LESO (LESO+GTSMC) with fixed gain
of β = 10000 are conducted. The following operating
conditions are investigated: the PMSM starts with TL =

10Nm and operates stably at 1000rpm. At 0.04s, Lsmutates to
0.3 times the nominal value and ϕf mutates to 1.5 times the
nominal value. At 0.07 s, Ls and ϕf recover to the nominal
value. Fig. 9 shows the comparative simulation results of
the proposedGADO+GTSMC scheme, GTSMCwithout DO
(GTSMC) and LESO+GTSMC, which include the speed
response curves and the lumped disturbance estimations d̂we ,
d̂q and d̂d .

It can be seen from Fig. 9(a) that the proposed
GADO-based GTSMC scheme shows the minimum speed
fluctuation (−5.3rpm and +6rpm) and the minimum set-
tle time (0.0035s and 0.0036s), compared with GTSMC

FIGURE 9. The comparative simulation results of GADO+GTSMC, GTSMC
and LESO+GTSMC: (a) The speed response curves; (b) The d̂we ; (c) The
d̂q; (d) The d̂d .

without DO scheme (speed fluctuation is −11.4rpm and
the speed cannot recover automatically) and LESO-based
GTSMC scheme (the speed fluctuations are −7.1rpm and
+9rpm, settle times are 0.005s and 0.0046s). The proposed
GADO-based GTSMC scheme has excellent robustness
against parametric perturbations. It can be seen from
Fig. 9(b), (c) and (d) that the disturbance observers of
both the speed controller and the current controllers can
effectively estimate the uncertain disturbance caused by
deviated parameters. The complete decoupling is realized.

To further reflect the robust advantages of GADO over
traditional fixed gain DO, multiple groups of comparison
simulations of GADO+GTSMC and LESO+GTSMC are
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TABLE 4. The ISE of GADO+GTSMC and LESO+GTSMC.

implemented for different deviations of ϕf in this paper.
The integral of the square speed error en (ISE) shown
in (39) is used to evaluate the robustness against deviated
ϕf . The ISE of GADO+GTSMC and LESO+GTSMC is
shown in Table 4. The results demonstrate that the ability
of GADO+GTSMC to cope with parametric perturbations is
better than that of LESO+GTSMC.

ISE =

∫
e2ndτ (39)

C. PERFORMANCE TO COPE WITH LOAD DISTURBANCE
AND MEASUREMENT NOISE
To test the performance to cope with load disturbance and
measurement noise of the proposed GADO-based GTSMC
scheme, the following operating conditions are investigated:
A Gaussian white noise with a variance of 0.05 and sampling
time of 5E-5s is introduced to simulate the measurement
noise in practical engineering; PMSM operates at 1000rpm
with TL = 0; The TL steps to 25Nm at 0.4s and then declines
to 5Nm at 0.5s. The comparative simulation results of
proposed GADO-based GTSMC and LESO-based GTSMC
are shown in Fig. 10, which include the speed response
curves, the lumped disturbance estimations d̂we , control
signal uw, the current iq and the gain of disturbance observer.
As seen in Fig. 10(a), when a sudden change in load

occurs, the proposed GADO+GTSMC scheme experiences
less speed fluctuation and requires less settle time than
LESO+GTSMC. Thus the robustness against uncertain load
of GADO+GTSMC is better than that of LESO+GTSMC.
On the other hand, it is evident from Fig. 10(b), (c), and (d)
that the degree of noise pollution of GADO+GTSMC is
lower than that of LESO+GTSMC.

Benefiting by the generalized adaptive gain mechanism of
‘‘adopting high gain in the transition-state, adopting low gain
in steady-state,’’ which is illustrated in Fig. 10(e), GADO
significantly reduces the noise pollution while maintaining
its own dynamic performance.

To intuitively reflect the improvement of GADO to the
steady-state control accuracy in the presence of measurement
noise, the integral of square steady-state speed error (ISSE)
shown in (40) is introduced to evaluate the steady-state

FIGURE 10. The comparative simulation results of GADO+GTSMC and
LESO+GTSMC: (a) The speed response curves; (b) The d̂we ; (c) The uw ;
(d) The iq; (e) The gain of disturbance observer.

control accuracy. t0 is the time when the system reaches
steady-state and it is set as t0 = 0.1 for the follow simulations.
The operating conditions are investigated: PMSM operates
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FIGURE 11. The ISSE of GADO+GTSMC and LESO+GTSMC with fixed gain
of β = 7500, 10000, 15000.

at 1000rpm with TL = 0 and a Gaussian white noise
with a variance of 0.05 and sampling time of 5E-5s is
introduced. The ISSEof the proposed GADO+GTSMC and
LESO+GTSMC with fixed gain of β = 5000, 10000, 15000
are compared in Fig. 11. According to Fig. 11, the higher
the gain of the DO is, the more seriously the measurement
noise affects the steady-state control accuracy. Benefiting
by the adaptive gain mechanism of GADO, in which the
observation gain can be adjusted adaptively according to
the operating state, the steady-state control accuracy of the
GADO+GTSMC reaches a high level in the presence of
measurement noise.

ISSE =

∫ t

t0
e2ndτ (40)

From the simulation results, the presented GADO based
GTSMC scheme demonstrates the following advantages:

(1) The GADO based GTSMC scheme guarantees that
the speed of PMSM accurately tracks the desired value at a
predetermined time.

(2) The GADO based GTSMC scheme has better robust-
ness against disturbance than the LESO based GTSMC
scheme.

(3) The GADO based GTSMC scheme shows the better
dynamic response against load perturbation than the LESO
based GTSMC scheme.

(4) The introduction of generalized adaptive gain mech-
anism enables the GADO to have lower sensitivity to
measurement noise than the LESO.

VI. CONCLUSION
In this paper, a global terminal sliding mode control scheme
(GTSMC) for the speed control of PMSM is proposed, which
ensures that the system operates on the sliding surface at
initial moment. Secondly, to realize the complete dynamic
decoupling control under mismatched parameters, the current
decoupling controller based on LESO is designed. Further,
a novel generalized adaptive disturbance observer (GADO) is
proposed to reduce the requirement for switching gain. The
proposed GADO can adjust the observation gain adaptively
according to the operating state, which improves the dynamic
performance and steady-state accuracy in the presence of
measurement noise. The UUB stability of GADO and the
reachability of the GTSMC scheme are proved. Finally, the

proposed method is tested by simulation. The results show
that the proposed GADO-based GTSMC scheme for PMSM
has excellent speed tracking ability and strong robustness
against the uncertain internal parameters and external load.
The application of GADO effectively reduces the impact of
noise pollution on steady-state control accuracy compared
with traditional LESO-based control.

The proposed method has not yet been tested on the
experimental platform due to the high requirements for the
experimental device. In addition, the proposed GADO has
limited robustness against the measurement noise with high
intensity and low frequency. Future research will be devoted
to verify the proposed method on the experimental platform
and further improve the robustness of GADO against more
severe measurement noise.
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