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ABSTRACT Permanent magnet synchronous motor (PMSM) is a typical nonlinear and multi-variable
coupled system, which is sensitive to the uncertainty or variations in the motor parameters and the external
disturbance which lead to the deterioration of the steady-state performance. Therefore, it is necessary to
introduce effective control methods to improve the drive quality. In this paper, the DQ-axes inductances
considering the magnetic saturation of the PMSM which has a significant influence on the operating
characteristics are obtained, and the variable parameters are substituted into the control system. Then, a novel
sliding mode control strategy is analyzed and adopted. An improved exponential reaching law is proposed
in order to solve the chattering problem and improve the performance, which is verified by the theory and
simulation. It demonstrates the smooth and quick responses using the new approach can be achieved to
enhance the robustness of the drive system compared with conventional sliding mode control method.

INDEX TERMS Permanent magnet synchronous motor (PMSM), variable parameters, slidingmode control,
improved exponential reaching law, drive performance.

I. INTRODUCTION
Permanent magnet synchronous motor (PMSM) has been
widely used in many fields due to its high power density, high
output torque and high efficiency [1]–[3].

PMSM is a typical nonlinear and multi-variable coupled
system, the parameters such as flux linkage and DQ-axes
inductances are varying due to the magnetic saturation in the
actual motor operation, and the uncertainties caused by these
variations have a great impact on the control performance.
Furthermore, different temperatures or operating conditions
in the external environment will also reduce the stability of
the drive system. So it is necessary to adopt more advanced
methods to solve the above problem.

Sliding mode control (SMC) strategy emerged at this his-
toric moment to overcome this serious difficulty. Its remark-
able advantage is that the structure of the SMC controller
is not complicated but it has strong robustness to uncer-
tain parameters and external disturbance, which has been
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described in detail in [4]–[6]. Therefore, this algorithm has
gradually became a widely used analytical method in various
systems.

The performance of sliding mode control system largely
depends on the design and selection of the sliding mode
surface, and it has become a very important issue. There are
two main types of sliding mode surfaces: linear sliding mode
surface and non-linear sliding mode surface.

Linear sliding mode surface is the most common surface,
it is a linear function of the system state. This control system
is simple, convenient and the design of its parameters is
relatively easy [7], [8]. However, its application in com-
plex non-linear systems is inadequate. So many scholars are
devoted to the study of the non-linear sliding mode surface,
and have proposed many methods: piecewise linear sliding
mode surface, terminal sliding mode [9]–[12] and integral
sliding mode [13], [14].

Terminal sliding mode [9], [10] control can improve the
convergence speed of the dynamic system, but this speed
is slow when the system state is far from the equilib-
rium point, even far lower than linear sliding mode control.
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So Yu improved this method, and proposed fast terminal slid-
ing mode (FTSM) [11] to try to achieve the optimal control in
time. In addition, Feng Yong proposed a nonsingular terminal
sliding mode (NTSM) [12] to solve the singularity problem.
Integral sliding mode (ISM) control is another kind of non-
linear SMC which is widely used. In the reaching movement
stage, the integrator is added to eliminate the steady-state
error. In [13], the robustness of ISM surface is analyzed and a
designmethod based on the disturbance normminimization is
proposed. In [14], the adaptive ISM control is used to improve
the control accuracy of PMSM. Although the ISM controller
improves the robustness, it makes the system no longer have
the reduced-order characteristics on the sliding mode surface,
that is, its order is high and its calculation is complicated.

Nowadays, more and more experts are interested in the
study of control laws. Among different reaching laws,
the exponential reaching law is the most popular since it is
easy to implement and control, while the chattering problem
may exist [15]–[17]. So many scholars try to improve it, for
example, Levant and Bartolini proposed a high-order SMC
method to solve this question [18]–[20].

Some intelligent algorithms such as adaptive control [21],
neural-network [22] and fuzzy control [23], are developing to
eliminate the chattering as well in last several years. In [24],
a neural network-based adaptive antiswing control method
is used into the ship-mounted crane systems, which is novel
and also applicable to this paper. In a word, SMC strategy is
becomingmore andmore widespread in practical application.

In this paper, an interior PMSM is taken as the research
object. The motor structure and magnetic flux distribution are
obtained by finite element analysis as shown in FIGURE 1.
This motor is able to operate steadily since the magnetic
flux is symmetrical. Then, an improved exponential reaching
law based on traditional sliding mode theory is applied into
the motor control system. The superiorities of the proposed
method are as follows:

1. It is simpler without too much complicated calculation
compared with other improved SMC strategies.

2. The chattering is able to be suppressed well and the
robustness is improved although the proposed method is still
the first-order sliding mode.

3. The novel strategy is feasible and has better dynamic
performance compared with conventional reaching law and
PI method.

But, there are some difficulties encountered in practical
application:

1. The magnetic saturation has a serious influence on the
performance of the motor, such as the DQ-axes inductances
are varying along with the currents. Therefore, it’s important
to find appropriate ways to solve this problem.

2. The proposed reaching law contains many cases, so its
analysis and comparison with traditional methods are com-
plicated. Lots of time is needed.

Based on the above shortcomings and advantages,
a detailed introduction and research will be made in this
paper.

FIGURE 1. Cross sections of the structure and magnetic flux distribution
of the studied PMSM. (a) Motor structure. (b) Magnetic flux distribution
at no-load.

II. NOVEL SLIDING MODE CONTROL ALGORITHM
A. MODEL OF PMSM CONSIDERING MAGNETIC
SATURATION
The motor studied is an interior PM motor, which has asym-
metrical rotor structure, in other words, the magnetic circuits
of the DQ-axes are asymmetrical. This motor is equivalent to
a salient-pole motor and has a reluctance torque generated by
the salient effect.

The effect of armature reaction magnetic field makes the
reluctance change greatly, which results in serious magnetic
saturation and affects the output of the reluctance torque.
Because the D-axis is located in the axial position of the per-
manentmagnet and the permeability of the permanentmagnet
is close to the permeability of air, the effective air gap of the
D-axis is larger than that of theQ-axis. Besides, the reluctance
of the Q-axis varies greatly. Therefore, the change of the
Q-axis inductance (smaller air gap) with Iq is much larger
than that of the D-axis inductance with Id , that is, the influ-
ence of the magnetic saturation mainly exists in the Q-axis.
The variations of inductances along with the currents are
indicated in FIGURE 2.

In addition, after making some assumptions to simplify
the calculation, such as: stator windings are symmetrical and
identical; only sinusoidal wave flux potential is generated in
the air gap when the stator currents are three-phase symmet-
rical sinusoidal currents and so on [25], we can get some
essential equations. In DQ coordinate system, the voltage
equations are shown in (1), and the differential term is 0 when
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FIGURE 2. Variation of DQ-axes inductances versus DQ-axes currents.
(a) D-axis inductance (Ld ). (b) Q-axis inductance (Lq).

the motor is running in steady state, so we can get (2) by
simplifying the differential term. Then the expression of the
Q-axis inductance can be obtained as shown in (3). The torque
and motion equations of the motor are shown in (4) and (5),
respectively.

ud = Rid − ωeL̂qiq + Ld
did
dt

uq = Riq + ωe(Ld id + ϕf )+ L̂q
diq
dt

(1)

{
ud = Rid − ωeL̂qiq
uq = Riq + ωe(Ld id + ϕf )

(2)

L̂q = Rid − ud/ωeiq (3)

Te =
3
2
p[ϕf + (Ld − L̂q)id ]iq (4)

Te − TL =
J
p
dωm

dt
(5)

where uq, ud - the terminal voltages of the Q, D axes (V)
iq, id - armature current components (A)
ϕf - permanent magnet flux (Wb), regarded as a constant
L̂q,Ld - stator inductances (mH)
R - winding resistance (�), regarded as a constant
J - moment of inertia (kg·m2)
p- number of pole pairs
ωe, ωm - electrical and mechanical angular speed (rad/s)
Te, TL- electromagnetic torque and load torque (N•m)

FIGURE 3. Self-regulatory model of the Q-axis inductance.

Some equations have changed from non-linearity to linear-
ity under certain conditions. The purpose is very clear, that is,
we try to reduce the calculation and facilitate the analysis as
much as possible under the premise of less influence on the
model. All of formulas provide a necessary theoretical basis
for the realization of SMC method.

As can be seen from FIGURE 2, the D-axis inductance is
regarded as a constant (0.20mH); but the Q-axis inductance
varies greatly with the Q-axis current. So in order to improve
the drive quality as much as possible, the varying Q-axis
inductance needs to be input into the system. According to
the basic idea of model identification, that is, the error is
adjusted by an adaptive mechanism to make the dynamic
process of the model as consistent as possible with the actual
process [26]. The expression of the Q-axis inductance is
presented in (6) and its self-regulatory model is established
as seen in FIGURE 3.

L̂q = 1Lq + Leq = (Lq − L̂q)(Kp +
Ki
s
)+ Leq

= {(Rid − ud )/ωeiq − L̂q}(Kp +
Ki
s
)+ Leq (6)

Leq is the rated Q-axis inductance. The parameters (ud , id ,
iq and ωe) are changing when the motor is running. Then
the varying Q-axis inductance is adjusted by the parameter
adaptive mechanism, and finally we can get the variation of
theQ-axis inductance which is similar to FIGURE 2. (b), then
it is applied to the drive system.

What’s more, the D-axis current is coupled with Q-axis
current due to the existence of DQ-axes stator inductances
and angular speed according to (2). So a voltage feed-forward
compensation module is needed to eliminate the interaction
between currents. After adding PI controllers to regulate
current and a series of formula transformations, the given
voltage of the decoupled DQ-axes can be obtained as shown
in (7). The structure of the feed-forward module is shown in
FIGURE 4. Inside it, the time-varying Q-axis inductance is
taken to compensate the voltage for more precise control.

ud∗ =
(
Kpd +

Kid
s

)
(id∗ − id )− ωLqiq

uq∗ =
(
Kpq +

Kiq
s

)
(iq∗ − iq)+ ω(Lqiq + ϕf )

(7)

Considering the effect of the magnetic saturation and prop-
erly simplifying the mathematical model of PMSM, the con-
trol method is simple but the drive performance can be
improved.
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FIGURE 4. Voltage feed-forward decoupling module.

B. PROPOSED EXPONENTIAL REACHING LAW
According to the basic principle of SMC theory, various
reaching laws can be designed to ensure the quality of the
movement stage. Among them, the exponential reaching law
is the most common and it will be studied in this paper.

The system state variables are defined as (8). And through
the derivation, the expression of conventional exponential
reaching law and the output of the controller (i.e. the given
Q-axis current) are obtained, as shown in (9) and (10), respec-
tively. s is the system sliding mode surface.

e = x1 = ωm ∗ −ωm
•
e = x2 =

dx1
dt
= −

dωm

dt

(8)

•
s = −msign(s)− qs, m > 0, q > 0 (9)

iq∗ =
1
A

∫
(cx2 + msign(s)+ qs)dt (10)

Based on the analysis of above traditional sliding mode
theory, an improved exponential reaching law is proposed
to enhance the dynamic performance of the drive system,
as shown in (11).

{•
s = −m |X |a sign(s)− qs
lim
t→∞
|X | = 0,m > 0, q > 0, a ∈ N∗

(11)

where X can take x1, x2 or s, that is, X is closely related to the
state variables.

When the distance between the system state and the slid-
ing mode surface is far, X is big and then the system state
will reach the sliding mode surface by the −m |X |a sign(s)
and –qs, so the reaching speed is improved; When the sys-
tem state is near to the sliding mode surface, –qs is close
to zero and the −m |X |a sign(s) plays the main role. In a
word, the increase of |X |a makes the state variables close
to zero and stabilize at the origin more quickly, which can
effectively suppress the chattering and improve the dynamic
performance.
Definition: A = 3p2ϕf /2J , U = diq/dt. Combing (4), (5),

(8), (11) and id = 0 control, we can get (12) and the new

FIGURE 5. Internal structure of new sliding mode controller.

given current iq∗ is shown in (13).
dx1
dt
= −

dωm

dt
= −

p
J
(
3
2
pϕf iq − TL) = x2

dx2
dt
= −

d2ωm
dt2
= −

3p2

2J
ϕf
diq
dt
= −AU

(12)

iq∗ =
1
A

∫
(cx2 + m |X |a sign(s)+ qs)dt (13)

Three adjustable constants (c, m, q) in SMC controller
are used instead of two adjustable parameters (kp, ki) in PI
controller, which is more likely to improve the performance.
After adjustment, we choose the appropriate value (c, m, q)
to use. In this paper, these values are: c = 60; m = 200;
q = 200.
According to the above Formulas, we can construct a new

SMC controller as shown in FIGURE 5. The connection of
three kinds of dotted lines represents the difference in the
value of X . The red line represents X = x1; the blue line
represents X = x2 and the green line represents X = s.

C. STABILITY ANALYSIS
Lyapunov function is often used to judge the stability of
a linear or non-linear system. We select V = s2/2 as the
Lyapunov function. The accessibility condition of sliding
mode must be satisfied in the normal motion stage as shown
in (14), so that the state variables can reach the sliding mode
surface in a finite time from any unknown initial state [27].
System sliding mode surface s = cx1 + x2, it satisfies two
conditions: s (x) is a differentiable function and s(0) = 0.

lim
s→0+

•
s < 0, lim

s→0−

•
s > 0⇒

•
ss < 0 (14)

where
•
s = ds(t)/dt ,

Combining Lyapunov stability theorem, the stability con-
dition of sliding mode controller is:

V =
1
2
s2 > 0&

•

V =
•
ss < 0 (15)

It is obvious that V > 0 is valid; Bring (11) into (15) and
the time derivative of the Lyapunov function is got:

•

V =
•
ss = s

{
−m |X |a sign(s)− qs

}
= −m |X |a |s| − qs2 < 0 (16)
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Sign (s) is a symbolic function that indicates whether the
parameter is positive or negative. When s > 0, sign (s) = 1;
s = 0, sign (s) = 0; s < 0, sign (s) = −1.
In some references, the function sign (s) is defined as: when

s > 0, sign (s) = 1; s = 0, −1 ≤ sign (s) ≤ 1; s < 0, sign
(s) = −1.
From (14), we can know that the value of s is infinitely

close to 0 in the positive and negative directions, but s 6= 0.
Therefore, the equation (16) is always true because |X | and
the constants (a, m, q) are all larger than 0, and s 6= 0.

So even when s = 0,−1 ≤ sign (s) ≤ 1; it does not affect
the stability of the system because it is not taken into account.
But sign (s) is 0 when s = 0 in this paper.
The equation (16) shows that the considered Lyapunov

function satisfies the stability condition, that is, the theo-
rem (15). So we conclude that the motor drive system using
the improved sliding mode controller is stable.

Detailed performance analysis of the proposed reaching
law will be made in the next section. The stability can also
be seen from the analysis below.

III. PERFORMANCE OF THE IMPEOVED METHOD
The performance of the reaching laws themselves can best
reflect their own intrinsic quality. X can take different values,
so can a. These reaching laws will be introduced separately
in this section.

A. X=x1
The exponential reaching law at this time is shown as:

•
s = −m |x1|a sign(s)− qs (17)

For the convenience of drawing analysis, the original slid-
ing mode control reaching law is defined as ‘‘SMC’’; When
a is a large value, such as a = 4, the reaching law at this time
is defined as ‘‘SMC NEW1’’ and its performance is shown in
FIGURE 6. It can be seen that:

1. For the state variable x1, the reaching law named ‘‘SMC
NEW1’’ falls slower and fluctuates more frequently when it
comes to the steady state compared with ‘‘SMC’’.

2. Similarly, for the state variable x2, ‘‘SMC NEW1’’ also
fluctuates more frequently.

3. The phase trajectory of ‘‘SMC NEW1’’ also has more
frequent fluctuation which is harmful to motor operation.

In summary, the reaching law of ‘‘SMC NEW1’’ is not an
appropriate reaching law because of its poor performance.

As the value of a increases, the fluctuation which is shown
above increases. So we need to reduce the value of a. But
when a is very small, a = 1, for example, the performance is
almost unchanged compared with the original reaching law.
So in order to improve the dynamic performance of themotor,
a takes values 2 and 3 in this paper.When a = 2, this reaching
law is defined as ‘‘SMC NEW2’’; the reaching law when
a = 3 is defined as ‘‘SMC NEW3’’. The comparison of the
performance curves of the three reaching laws are shown in
FIGURE 7.

FIGURE 6. Comparison of the performance for two reaching laws when
X = x1. (a) Reaching speed. (b) State convergence process. (c) Phase
trajectory.

We can know a lot from above figures:
1. For the state variable x1, the new reaching laws have

smoother transition to the steady state; and especially ‘‘SMC
NEW3’’ has no speed fluctuation as shown in FIGURE 7. (a).

2. As for the state variable x2, the maximum error at the
start time of ‘‘SMCNEW3’’ is near 4000, while that of ‘‘SMC
NEW2’’ and ‘‘SMC’’ are both bigger than 10000.

3. From FIGURE 7. (c), the two new reaching laws both
have more regular phase trajectories; and ‘‘SMC NEW3’’ is
the most regular and excellent one.

All in all, the new reaching law, especially ‘‘SMCNEW3’’,
has the smoothest reaching speed; the speed fluctuation
of the convergence process is smallest; and the phase tra-
jectory is the most regular. So it can be regarded as the

146870 VOLUME 7, 2019



A. Wang, S. Wei: SMC for PMSM Drive Based on an Improved Exponential Reaching Law

FIGURE 7. Comparison of the performance for other three reaching laws
when X = x1. (a) Reaching speed. (b) State convergence process.
(c) Phase trajectory.

best choice to build the motor controller and for further
application.

B. X=x2 OR s
The reaching law at this time is as follows:{

•
s = −m |x2|a sign(s)− qs
•
s = −m |s|a sign(s)− qs

or (18)

In this situation, whatever X takes x2 or s, and a takes
a large or small value, the performance curves of this kind
reaching law are all the same through the simulation. The rea-
son why the above situation occurs may be that both x2 and s

FIGURE 8. Comparison of the performance for two reaching laws when
X = x2 or s. (a) Reaching speed. (b) State convergence process. (c) Phase
trajectory.

contain x2, x2 is the derivative of x1 and is a differential term,
which may have a great impact on the system response.

The reaching law at this time is defined as ‘‘SMC NEW4’’
and its performance is shown in FIGURE 8. It can be seen
from FIGURE 8. (a) and (c) that the system state cannot be
stabilized at zero point, so this reaching law is not correct and
suitable.

By synthesizing the proposed reaching laws in this section,
we can draw a conclusion: After excluding the unreasonable
reaching law (i.e. ‘‘SMC NEW4’’), ‘‘SMC NEW3’’ has the
best reaching speed, state convergence process and the most
regular phase trajectory, which can be regarded as the most
suitable reaching law to apply in the motor control system.
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FIGURE 9. Control block diagram of sliding mode control system.

IV. SIMULATION AND CONTROL RESPONSES
In order to verify the effectiveness of the proposed control
algorithm, a simulation model using three different reaching
laws when X = x1(From the above section, we can know that
the performance of the reaching laws at this time is better
than the reaching law when X = x2 or s), is established.
Besides, to better illustrate the effectiveness of the novel
method, the model of PI controller and overall system is
also established and compared with three new reaching laws
mentioned above.

Internal structure of the new sliding mode controller when
X = x1 is already displayed in FIGURE 3 (the red line).
Also, the entire speed regulation system includes some other
modules, such as:

Feed-forward compensation model—in order to eliminate
the interaction between DQ-axes currents.

Coordinate transformation model—the amount of AC is
converted to DC to simplify the calculation.

SVPWM —to form the PWM waveforms required by the
inverter.

The control system block diagram is shown in FIGURE 9.
The parameters of the studied PMSM are shown in
TABLE1. The simulation time is set to 0.3s; themotor’s given
speed is set to 1000 r/min; the initial load torque is 0 N•m, and
it is changed to 10N•m at 0.15s. Run the simulation and the
system responses are shown in FIGURE 10-12 below.

The speed responses of three reaching laws and PI con-
trol algorithm coincide after nearly 0.08s, so do the torque
responses; except for the fluctuation of the starting time,
the trend of the current response curves are all the same.
A detailed comparative analysis on above figures is per-
formed, then the analysis results are given in the form of a
table, as shown in TABLE 2.

We can get the following information from FIGURE 10-12
and TABLE 2:

1) Speed response: the comparison of the maximum fluc-
tuation at the start time is: ‘‘PI>SMC>SMC NEW2>SMC
NEW3’’; the time to reach the steady state of all algorithms is
fast; and when the load changes at 0.15s, all control methods
can quickly return to the steady state.

TABLE 1. Modeling parameters of the studied PMSM.

FIGURE 10. Comparison of speed responses between three different
reaching laws when X = x1 and PI control algorithm.

FIGURE 11. Comparison of torque responses between three different
reaching laws when X = x1 and PI control algorithm.

2) Torque response: the maximumfluctuations of ‘‘PI’’ and
‘‘SMC’’ are almost the same, but that of ‘‘SMC NEW2’’ is
about 35N•m and that of ‘‘SMC NEW3’’ is about 13N•m,
so ‘‘SMC NEW3’’ is the best one.

3) Phase current response: the relationship of themaximum
fluctuation among different strategies are the same as that of
torque response.

The ‘‘robustness’’ is a performance index of the control
system. For motors, it refers to the characteristic of the drive
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FIGURE 12. Comparison of phase current responses between three
different reaching laws when X = x1 and PI control algorithm. (a) PI.
(b) SMC. (c) SMC NEW2. (d) SMC NEW3.

TABLE 2. Comparison of the system responses between three different
reaching laws and PI control algorithm.

FIGURE 13. Variation of the load torque.

system to maintain its original performance under the pertur-
bation of certain parameters. That is, the robustness of the
system is the key to survive in abnormal situations such as
the situation where large disturbances exist.

Therefore, after the motor is running smoothly, we add or
reduce the load suddenly to observe whether the motor can
return to the stable operation state, and then judge the robust-
ness of the system. Similarly, we still compare four algo-
rithms described above. The original load torque is 10N•m,
the load torque increases to 40N•m at 1.1s, and decreases to
5N•m at 1.5s, as shown in FIGURE 13.

The variations of speed and output torque are shown in
FIGURE 14 and 16, respectively. For a clearer analysis of the
figures, the rectangular areas in the two pictures are enlarged
as shown in FIGURE 15 and 17. We can get the following
information from these four figures:

1) The variation of the actual motor speed of ‘‘SMC
NEW2’’ is identical with that of ‘‘SMC NEW3’’, so these
two algorithms are collectively called ‘‘SMC NEW’’.

2) Actual motor speed: from FIGURE 14 and 15, whether
the load is increased or reduced, the relationship of the speed
fluctuation is always: ‘‘PI> SMC> SMC NEW’’.
3) Output Torque: from FIGURE 16 and 17, whether the

load is increased or reduced, the relationship of the output
torque fluctuation is same as that of the motor speed.
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FIGURE 14. Variation of the actual motor speed along with the variation
of the load torque.

FIGURE 15. Partial enlargement of the actual motor speed.

FIGURE 16. Variation of the output motor torque along with the variation
of the load torque.

FIGURE 17. Partial enlargement of the output motor torque.

All of above figures and analysis indicate that the motor
control system using improved exponential reaching law has
a strong anti-disturbance ability, that is, a strong robustness.

Through a comprehensive analysis of the responses
between different reaching laws and PI control strategy,
the results are obvious that the performance of ‘‘SMC
NEW2’’ and ‘‘SMC NEW3’’ are both improved compared
with the original reaching law. Among them, the speed
response of ‘‘SMC NEW3’’ will smoothly transit from zero
to the steady state which has no speed fluctuation in the
start-up stage of the motor; and the fluctuations of torque
and current responses are all the smallest among the three
proposed laws. Although the time for the current to reach
the steady state is slightly increased, it has little effect on
the system. In addition, the improved reaching laws have less
fluctuation when the load changes, so their robustness is very
strong.

In summary, the improved reaching laws is useful and
‘‘SMCNEW3’’ can be considered as the most suitable reach-
ing law to apply in the control system for PMSM drive.

V. CONCLUSION
To solve the problem of magnetic saturation which has a seri-
ous influence on the performance of the PMSM drive system
in practical application, an improved sliding mode control
strategy based on exponential reaching law is proposed. The
main work of this paper are as follows:

(1) Mathematical model of PMSM considering magnetic
saturation is established and the varying Q-axis inductance is
applied into the system to reduce the error.

(2) An improved reaching law is proposed to effectively
improve the performance of the drive system. The intrinsic
properties of these reaching laws are analyzed to explain
whether they are suitable for application.

(3) Use suitable reaching laws to build the new controller,
run the simulation, and a comprehensive analysis is made.
The results show that the improved exponential reaching law,
especially ‘‘SMC NEW3’’ (i.e.

•
s = −m |x1|3 sign(s) − qs)

has the best performance of the system responses, so the
correctness and effectiveness of the proposed algorithm are
verified. It is regarded as the most appropriate reaching law
to be used in the PMSM drive system.
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