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Abstract: To improve the suppression ability of uncertain disturbance of the sliding mode control
driving system of the surface-mounted permanent magnet synchronous motor (SPMSM) and to
reduce the chattering of the control output, a robust sliding mode control strategy with an improved
power reaching law (IPRL) is proposed in this paper. Compared with the traditional fast power
reaching law (FPRL), the IPRL incorporates the sum of the power terms of the system state variables
into the conventional power terms, and uses hyperbolic tangent saturation function to replace the
piecewise function, which can effectively suppress the sliding mode chattering and improve the
convergence speed of the system state to the sliding mode surface. Furthermore, the robust sliding
mode speed controller and sliding mode current controller of the SPMSM are designed separately
with the IPRL, and detailed simulation verification is carried out to reveal the effectiveness of the
IPRL. Simulation and experimental results show that compared with the FPRL, the proposed IPRL
can reduce the inherent chattering phenomenon in sliding mode control, and the IPRL-based speed
and current control strategy can effectively improve the dynamic performance and robustness of
the system.

Keywords: permanent magnet synchronous motor; sliding mode control; chattering; robustness

1. Introduction

The exciting field of the permanent magnet synchronous motor (PMSM) is provided
by permanent magnets, resulting in a simple structure, high power density, high efficiency,
and low maintenance cost; thus, the PMSM has been widely adopted as the drive motor
of electric vehicles and hybrid electric vehicles [1–3]. However, the control of PMSM has
some challenges, such as coupled variables, multiple control objectives, and uncertain
disturbances. In industrial applications that require a certain control accuracy range, the
proportional integral (PI) control is widely used. However, the integral part of PI leads to
the superposition of state errors caused by external disturbance and internal mathematical
model parameter changes, which will cause integral saturation [4]. In the high-performance
PMSM drive occasions, e.g., high speed and low speed/torque error requirements, the
conventional PI control may be hard to trace the expected goals dynamically [5,6].

To compensate for the disadvantage of the PI control of low accuracy when the
motor has external and internal disturbances, several modern control algorithms have
been proposed, such as fuzzy control [7], state feedback control [8], predictive control [9],
model reference adaptive control [10], active disturbance rejection control [11], and variable
structure control (VSC) [12]. Among them, the VSC is a special kind of nonlinear control
that is manifested as a control discontinuity. The VSC can make the “structure” of the
system change purposefully according to the current system state in a dynamic process.
If the system state moves according to the predetermined “sliding mode” trajectory, the
sliding mode VSC can be called sliding mode control (SMC) [13–15].
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However, practical applications show that when the system state variable slides to the
sliding mode surface, due to the influence of inertia and switching function, the variable
will continue to reciprocate on the sliding mode surface, i.e., the chattering phenomenon
occurs [16,17]. Therefore, the chattering problem of sliding mode control should be studied.
In view of this, an adaptive terminal sliding mode reaching law was proposed in [18],
which dynamically adopts the finite time convergence, and hence reduces the chattering
in of the control system and improves the convergence rate. Ref. [19] studied a global
nonsingular fixed-time terminal sliding mode control for a second-order uncertain PMSM
system, which adopts a time-dependent terminal sliding surface and a piecewise continuous
sliding mode control law to further improve its speed tracking performance. Ref. [20]
designed an SMC design method through the differential geometric method to deal with
the uncertainty nonlinear electricity generation hybrid system. To improve the dynamic
response under disturbance, compared with PI, ref. [21] proposed a compound SMC
controller combined with S-type function to enhance the anti-interference ability and
to reduce chattering. For the study of SMC observers, ref. [22] designed a novel SMC
combined with a non-homogeneous disturbance observer to eliminate chattering under
disturbance and guarantee that the sliding mode state can converge to the origin. The
sliding mode observer is introduced to improve the response speed of the improved non-
singular fast terminal sliding mode speed controller [23,24] added a nonlinear function to
the power term of the modified direct torque control (DTC) with sliding mode controller,
using the hyperbolic tangent function considering the state boundary layer to replace
the traditional switching function to speed up the convergence and reduce the torque
chattering. Additionally, in the DTC of the PMSM of electric vehicles, in order to reduce
the overshoot of the PI control, ref. [25] designed a sliding mode torque controller and
a speed controller based on the asymmetric boundary layer to replace the PI regulator.
The PMSM disturbances mentioned above are all non-periodic. For the case of PMSM
periodic disturbance, the adaptive sliding mode control arrangement in [26] is extended to
the periodic case to suppress torque ripple using a series-structured resonant controller.
Ref. [27] combined iterative learning control with SMC to enhance the PMSM system
robustness and suppress chattering by adopting the adaptive algorithms.

In this paper, an SMC with an improved power reaching law (IPRL) is proposed, and
it is embedded in the speed loop and the current loop of the field-oriented control (FOC)
system of the PMSM to improve the control performance, such as obtaining the reference d-
and q-axis current and voltage accurately, reducing torque ripple, and improving the speed
dynamic response. The main contributions of this paper can be concluded as follows:

1. An improved power reaching law with hyperbolic tangent saturation function and the
PMSM system state variable is developed, and it can boost the sliding mode reaching
speed while keeping the chattering within a certain range. Therefore, the chattering
of the PMSM system can be constructively suppressed and the speed/torque tracking
performance can be advantageously improved.

2. A sliding mode speed controller (SMSC) and a sliding mode current controller (SMCC)
with the IPRL of the PMSM are designed, which can effectively reduce torque and
current ripples, and boost speed response and anti-disturbance ability.

The remainder of this paper is organized as follows. Section 2 introduces the design
process of the proposed IPRL and presents the design of SMSC and SMCC with the
IPRL. Section 3 depicts the detailed simulation and experimental verification, while the
conclusions and discussions are made in Section 4.

2. Design of the Sliding Mode Controller
2.1. The Improved Sliding Mode Reaching Law

The fast power reaching law (FPRL) [28] is as follows:

.
s =− ε|s|α sgn(s)− ks (1)
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where s is the sliding mode surface, while ε and k are positive constants.
By adjusting the value of ε, it can be ensured that when the system state is far from

the sliding mode dynamics, Equation (1) can guarantee that the system state tends to the
sliding mode dynamics at a higher speed. When the system state tends to the sliding mode,
the power term ε|s|α can ensure a small control gain to reduce chattering.

To avoid the rapid switching of positive and negative values of symbolic function
sgn(s) at s =0, the sgn(s) function can be modified as the saturation function which is
smoother at s =0. Substitute the conventional symbolic function sgn(s) with the hyperbolic
tangent saturation function, and the boundary layer thickness is further designed as
controllable and adjustable, and then the hyperbolic tangent saturation function combined
with the design of the boundary layer thickness is able to improve the quality of system
switching at s =0. Therefore, the sliding mode variable is continuous at the sliding mode
surface s =0, which is helpful to inhibit the influence of chattering.

The segmented hyperbolic tangent saturation function H(s) with adjustable boundary
layer δ is expressed as:

H(s) =

{
sgn(s) |s| ≥ δ

tan h(µs) |s| < δ
(2)

where µ = πδ, and δ is the thickness of the boundary layer. The setting of δ will affect
the amplitude of chattering. A larger value of δ can improve the system adaptability to
disturbances. However, the increasing δ will decrease the system response speed.

The improved power reaching law (IPRL) can be designed as:

.
s =− ε|s|α H(s)− k|x|β s (3)

where 0 < α < 1, β > 0, ε > 0 and k > 0. s represents the sliding mode surface, x is the system
state variable, ε is the switching gain and k is a linear gain.

Compared with the conventional FPRL, the reaching speed of the SPMSM control
system with the NPRL realizes the adaptive changes according to the system states and
sliding mode surface. When the system states at the beginning of the approaching motion,
the reaching speed of the NPRL is remarkably fast, while when the system states close to the
sliding mode surface, the reaching speed slowly decreases and eventually becomes zero.

2.2. Design of the Sliding Mode Speed Controller (SMSC)

Inevitably, the model parameters of the PMSM are changing during operation, causing
the motor speed to deviate from the reference value. Moreover, sudden increase or decrease
of the motor load can also cause motor speed ripple. The aim of designing the SMSC should
be to maintain the actual motor speed ω to accurately track the reference speed ωref at any
time. Therefore, the speed tracking error can be selected as the performance evaluation
indicator, i.e., state variable associated with the approaching speed when designing the
SMSC, and then it can be calculated as:

eω = ωre f −ω (4)

where eω is the speed tracking error.
The design the SMSC includes two steps: establishing a suitable sliding mode switch-

ing surface, and developing an appropriate output control of sliding mode control based
on the IPRL.

The suitable sliding mode surface can be set as:

sω = eω (5)

The mathematical movement equation of the SPMSM can be written as:

.
ω =

1
J
(Te − TL − Dω) (6)
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where J, ω, Te, TL and D are the moment of inertia, angular speed, electromagnetic torque,
load torque and damping coefficient, respectively.

Taking derivatives of both sides of Equation (5), one obtains:

.
sω =

.
ωre f −

.
ω =

.
ωre f −

1
J
(Te − TL − Dω) (7)

Incorporating (3) into (7), one can obtain:

− ε|sω |α H(sω)− k|xω |βsω =
.

ωre f −
1
J
(Te − TL − Dω) (8)

The electromagnetic torque of the SPMSM can be calculated as:

Te =
3
2

iqλ f (9)

where Te is the electromagnetic torque, iq the q-axis current and λf the flux linkage of
permanent magnets.

Hence, the output of the SMSC, or the reference q-axis current iqref of the FOC system
can be organized as:

iqre f =
2

3λ f

(
J

.
ωre f + TL + Dω + εJ|sω |α H(sω) + kJ|xω |βsω

)
(10)

2.3. Design of the Sliding Mode Current Controller (SMCC)

The current equations of SPMSM are given as follows:{ .
id = − R

L id +
1
L ud + ωeiq.

iq = − R
L iq + 1

L uq −ωeid − 1
L ωeλ f

(11)

where ud and uq are the d- and q-axis stator voltages, and id and iq are the d- and q-axis
currents. L is the inductance, R is the stator resistance, and ωe is the angular velocity.

The proposed SMCC should maintain the actual motor d- and q-axis currents id
and iq to accurately track the reference current idref = 0 and iqref at any time against any
mathematical model parameter perturbation, such as resistance variation ∆R, inductance
variation ∆L and permanent magnetic flux linkage variation ∆λf. To realize this goal, the
current tracking errors are defined as:{

ed = idre f − id
eq = iqre f − iq

(12)

The current sliding mode surfaces can be set as:{
sd = ed
sq = eq

(13)

Taking derivatives of both sides of Equation (13), the following equations are obtained:{ .
sd =

.
idre f −

.
id =

.
idre f +

R
L id − 1

L ud −ωeiq
.
sq =

.
iqre f −

.
iq =

.
iqre f +

R
L iq − 1

L uq + ωeid +
1
L ωeλ f

(14)

Incorporating Equation (3) into Equation (14), one can obtain:{
−ε|sd|α H(sd)− k|xd|βsd =

.
idre f +

R
L id − 1

L ud −ωeiq

−ε
∣∣sq
∣∣αH(sq)− k

∣∣xq
∣∣βsq =

.
iqre f +

R
L iq − 1

L uq + ωeid +
1
L ωeλ f

(15)
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Hence, the output of the SMCC, or the reference d- and q-axis voltage udref and uqref
can be organized as:{

udre f = L
.
idre f + Rid − Lωeiq + εL|sd|α H(sd) + kL|xd|βsd

uqre f = L
.
iqre f + Riq + Lωeid + ωeλ f + εL

∣∣sq
∣∣α H(sq) + kL

∣∣xq
∣∣βsq

(16)

2.4. Proof of the Stability

To verify the stability of the improved SMSC and current controller, the Lyapunov
function is selected as V = s2/2. To satisfy the sliding mode arrival condition, the following
equation should be established.

.
V = s

.
s ≤ 0 (17)

Combining Equations (3), (5), (13) and (17), one has:

.
V = s

.
s = s

[
−ε|s|α H(s)− k|x|βs

]
(18)

Substituting Equation (2) into Equation (18), one can obtain:

.
V =

{
−ε|s|α+1 − k|x|βs2 |s| ≥ δ

−ε|s|α+1|tanh(s)| − k|x|βs2 |s| < δ
(19)

In Equation (19), ε and k are positive, while |s| ≥ 0 and |x| ≥ 0. Therefore, the first
derivative of the Lyapunov function is always less than or equal to zero, i.e., the stability of
the improved SMSC and SMCC can be guaranteed.

3. Simulation and Experimental Verification

To further observe the performance of the proposed SMSC and SMCC, a prototype
of SPMSM is investigated, and the mathematical model parameters of the SPMSM are
presented in Table 1. To make the most use of the winding current to generate the elec-
tromagnetic torque, maximum torque per ampere control strategies of the SPMSM, i.e.,
id = 0, is constructed on Matlab/Simulink and experimental platform, respectively. The
segmented hyperbolic tangent saturation function H(s) simulation parameters are set as
follows: ε = 10, k = 200, α = 0.5, β = 1.5 and δ = 1.

Table 1. Parameters of the SPMSM.

Symbol Parameter Value

P Number of pole pairs 4

R Stator resistance (Ω) 0.365

L = Ld = Lq
λf
J
D

Stator inductance (mH)
Rotor flux linkage (Wb)

Rotational inertia (kg·m2)
Damping Coefficient (Nms)

0.1225
0.1667
0.00197
0.001

3.1. Comparison of the FPRL and IPRL

A comparison of the FPRL and IPRL in terms of the reaching time is presented
according to mathematical analysis. The typical motor controlled system is shown as:

..
θ(t) = − f (θ, t) + bu(t) + d(t) (20)

where u(t) represents the controller input, θ(t) the position instruction, while d(t) is the
external disturbance, and d(t) ≤ D. f (θ,t) = 25

.
θ, b = 133, and command position signal

satisfies θd(t) = sin(t).
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Assume that the sliding mode function can be computed as:

s(t) = ce(t) +
.
e(t) (21)

where e(t) = θd(t) − θ(t) denotes the tracking error, and
.
e(t) =

.
θd(t) −

.
θ(t).

Taking derivatives of both side of Equation (21), one obtains:

.
s(t)= c

.
e(t) +

..
e(t)

= c
( .

θd(t)−
.
θ(t)

)
+
( ..

θd(t) + f (θ, t)− bu(t)− d(t)
) (22)

Considering the sliding mode reaching law of FPRL in Equation (1) and IPRL in
Equation (3), the sliding mode controller input are as follows:

uFPRL(t) =
1
b

(
−ε|s|αsgn(s)− ks + c

( .
θd(t)−

.
θ(t)

)
+

..
θd(t) + f (θ, t)

)
(23)

uIPRL(t) =
1
b

(
−ε|s|α H(s)− k|x|βs + c

( .
θd(t)−

.
θ(t)

)
+

..
θd(t) + f (θ, t)

)
(24)

where Equation (23) denotes the FPRL controller input, and Equation (24) is the IPRL
controller input.

The simulations are carried out among FPRL and IPRL using MATLAB s-function.
The simulation parameters are set as follows: ε = 10, k = 200, α = 0.5, and β = 1.5. The ideal
position signal θd is set as sin(t). The controlled object x(0) is set as [x1, x2] = [−1.5, −1.5].
x1 and x2 denote the initial value of the position instruction θ and its first derivative
.
θ, respectively.

Figure 1 shows the performance comparison between FPRL and IPRL. It is seen that
the IPRL has significantly better performance than the FPRL in both position tracking of
the reference signal and suppressing the chattering. Compared with FPRL, the proposed
IPRL has faster arrival speed and better output performance. These advantages will be
further verified in the following simulations and experiments.

Figure 1. Performance comparison results of FPRL and IPRL: (a) Phase trajectory; (b) Error conver-
gence rate.

3.2. Simulation Verification

The simulation block diagram of the FOC system with the SMSC and SMCC of the
PMSM is shown in Figure 2.
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Figure 2. Block diagram of the FOC system with the SMSC and SMCC of the PMSM.

Figures 3–5 compare the simulation results of the PMSM SMC system between the
FPRL and IPRL. As shown by the speed response curves in Figure 3, the response time
of the traditional SMC system with the FPRL is 0.025 s, while that of the proposed SMC
system with the IPRL is 0.0125 s. It is noted that the proposed SMC system with the IPRL
accelerates the speed response of the PMSM.

Figure 3. Speed response: (a) SMC system with the FPRL; (b) SMC system with the IPRL.

Set the desired speed of the PMSM to 1000 r/min and the load torque to 3 Nm at the
starting state, and the load torque changes from 3 Nm to 9 Nm at 0.1 s, and then to 5 Nm at
0.15 s. The speed response comparison results during the above condition are illustrated in
Figure 4, and the speed fluctuation between two different loads of these two SMC control
strategies are ∆ω = 4 and ∆ω = 0.5 r/min, respectively. Therefore, the proposed method
has better speed robustness.

Figure 4. Speed response when the load torque changes: (a) SMC system with the FPRL; (b) SMC
system with the IPRL.

Figure 5 describes the torque response during the load change conditions. The torque
ripple range of the traditional SMC system with the FPRL is approximately 1.65 Nm, as
shown in Figure 5a, while that of the proposed SMC system with the IPRL is 0.7 Nm, which
has been significantly reduced, as shown in Figure 5b.
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Figure 5. Torque response: (a) SMC system with the FPRL; (b) SMC system with the IPRL.

To further verify the effectiveness of the proposed SMC system with the IPRL, param-
eter mismatch simulation results are presented in Figure 6. Set the motor parameters to
R’ = 2R, L’ = 1.2L and λf’ = 0.8λf, taking into account the variation range of the motor’s
stator resistance, inductance and permanent magnet flux linkage during operation [29].
Figure 6 shows that the q-axis current pulsation of the proposed SMC system with the IPRL,
as shown in Figure 6b, is about 0.7 A, which is half of the q-axis current pulsation of the
traditional ones, as shown in Figure 6a. In other words, the proposed SMC system with the
IPRL has excellent anti-disturbance ability.

Figure 6. d- and q-axis current response: (a) SMC system with the FPRL; (b) SMC system with
the IPRL.

Figures 3, 4, 5 and 6 show that in the proposed SMC system with the IPRL, both the
speed and current of the PMSM have a fast response and small steady-state error, and the
proposed system can maintain good adaptability and robustness when the parameters of
the motor mathematical model change or load torque changes.

3.3. Experimental Verification

The effectiveness of the proposed SMSC and SMCC has been validated by simulations.
To further verify the superiority of the SMC strategy with the IPRL, a comparative experi-
mental analysis is carried out. The PMSM model parameters and SMC parameters in the
experimental cases are the same as the simulation parameters as listed in Table 1. Figure 7
shows the experimental platform of the PMSM system, and a load motor is connected via a
torque/speed transducer while the PMSM prototype is operated as a motor.
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Figure 7. Experimental platform of the PMSM system.

The platform’s main sensor acquisitions and motor drive equipment include:

(a) Torque/speed transducer which connects the SPMSM and ABB load motor, and it is
used to collect and display the motor speed and torque;

(b) The resolver analysis board is a bridge between the control board and the resolver in
the SPMSM. To be more specific, the outputs of the resolver are analog signals, which
are transformed into digital signals via the resolver analysis board;

(c) Control board is the heart of the SPMSM driven system. The primary function is to
process and analyze the three-phase current signals, the DC bus voltage signal, and
the digital quantity obtained by the resolver board, and then generate the required
six PWM signals to the drive board.

(d) Isolated emulator XDS200, which is the connection between the control board and PC.
It is able to transmit information between the PC and the control board bidirectionally.

Set the reference speed to 1000 r/min when the motor is stationary and the reference
load torque is 4 Nm, and then the load torque increases to 8 Nm at 1.5 s. Figure 8 shows the
torque and speed responses of the SMC system with the FPRL and IPRL. In the SMC system
with the conventional FPRL, the fluctuations of torque and speed are approximately equal
to 1 Nm and 0.25 r/min, respectively, as shown in Figure 8a. However, in the proposed
SMC system with the IPRL, they are respectively near 0.4 Nm and 0.2 r/min, which have
been remarkably weakened, as shown in Figure 8b.

Figure 8. The torque and speed response: (a) SMC system with the FPRL; (b) SMC system with
the IPRL.
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To verify the steady-state characteristics of the two SMC control methods under
multiple speed and torque conditions, set the reference speeds of the PMSM vary from 0 to
1200 r/min, while the reference torques change from 2 Nm to 10 Nm, and the torque/speed
transducer is adopted to collect actual torque and speed of the motor. The errors between
the reference speeds/torques and actual speeds/torques are evaluated via the standard
deviation, and the standard deviation is calculated as:

σ =

√√√√ 1
N

N

∑
i=1

(xi − x)2 (25)

where

x =
1
N

N

∑
i=1

xi (26)

Figure 9 illustrates the contour maps of the speed standard deviation of two SMC
systems with different reaching laws. As shown in Figure 9a, the SMC control strategy with
FPRL, the experimental standard deviation of the speed is lower than 0.1 when the motor
speed is higher than 300 r/min during the full torque range. When the speed is lower than
200 r/min, the actual speed presents a larger deviation range, especially under medium
to high torque loads. The speed standard deviation drops sharply with the increase of
the speed, and it reaches a maximum of more than 0.25 when the PMSM is operating at
low speed.

Figure 9b presents the speed standard deviation of the proposed SMC system with
the IPRL. The speed standard deviation σspeed is lower than 0.08 during the overall speed
and torque ranges. Additionally, more than 95% of the contour map suggests that the
speed standard deviations are less than 0.04. In the high speed range of 1100–1200 r/min
and the load torque of 1 Nm, σspeed reaches the highest value of 0.08. It can be seen from
the comparison of the experimental results that compared with the traditional FPRL, the
proposed IPRL can effectively reduce the speed pulsation, i.e., the speed loop adopting
IPRL control strategy has the superiority of speed stability.

Figure 9. The speed standard deviation: (a) SMC system with the FPRL; (b) SMC system with
the IPRL.

Figure 10 illustrates the contour maps of electromagnetic torque standard deviation in
the same working conditions. It can be seen from Figure 10a that in the traditional SMC
system with the FPRL, the torque standard deviation σtorque increases as the motor speed
increases, and the σtorque varies from 0.1 to 0.5. On the contrary, in the proposed SMC system
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with the IPRL, as shown in Figure 10b, electromagnetic torque ripple can be effectively
suppressed. The average value of σtorque is below 0.25. In the surface-mounted PMSM, the
electromagnetic torque can be considered proportional to the q-axis current when the PM
flux is assumed to be constant. Therefore, Figure 10 can also reflect the pulsation of the
q-axis current, and it suggests that the harmonics of the three-phase current in the proposed
method have been dramatically reduced. Furthermore, the proposed SMCC with the IPRL
improves the performance of the current loop.

Figure 10. The electromagnetic torque standard deviation: (a) SMC system with the FPRL; (b) SMC
system with the IPRL.

4. Conclusions

This paper presented a robust sliding mode control of the PMSM with an improved
power reaching law. The improved power reaching law is able to effectively reduce the
chattering of the control system and improve the convergence speed of the state variables,
and this performance was verified by simulations. Accordingly, a sliding mode speed
controller and a sliding mode current controller with the IPRL of the PMSM were designed.
A series of simulations suggested that, compared with the traditional SMC system with
the FPRL of the PMSM, the proposed SMC system with the IPRL can accelerate the speed
response and reduce the torque ripple when the load changes; moreover, it shows better
speed and current robustness when the load changes or parameters mismatch. Finally,
bench experiments of SPMSM are carried out, and the proposed SMC system with the
IPRL demonstrates excellent accuracy in tracking the reference speeds and torques over the
whole operating range.

PMSM is often used as a drive motor for electric vehicles, electric aircraft, etc. The
driving conditions of the vehicle are complex and changeable. The proposed low torque
ripple SMC control scheme is feasible for the torque control requirements of vehicle dynamic
driving and stable driving under uncertain road load conditions. Electric aircraft have a
wide range of temperature changes, which cause the internal model parameters of the motor
to change. In addition, there is much aircraft vibration and electromagnetic interference, so
it is of certain significance to use SMC with strong anti-interference ability.
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