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Robust Continuous Model Predictive Speed and
Current Control for PMSM With Adaptive Integral

Sliding-Mode Approach
Zheng Li , Fengxiang Wang , Senior Member, IEEE, Dongliang Ke , Jiaxiang Li , and Wei Zhang

Abstract—Model predictive control has been considered as a po-
tential alternative method in electrical drives. High reliable predic-
tive model design is a research hotspot. To further improve the per-
formance, a robust continuous model predictive speed and current
control for PMSM with an adaptive integral sliding-mode approach
are put forward. The prediction model is directly derived from
the integral slinging-mode surface. By using the self-regulation
method control and the amplitude of the sliding-mode function,
an adaptive integral sliding-mode predictive control (AISMPC)
is designed. The proposed strategy solves the chattering problem
of sliding-mode control and improves the dynamics of the sys-
tem. AISMPC has been carried out on a digital signal processing
hardware system. The experimental results validate the excellent
tracking performance of the proposed strategy.

Index Terms—Adaptive integral sliding-mode predictive control
(AISMPC), load disturbance compensation, permanent magnet
synchronous machine (PMSM).

I. INTRODUCTION

THE progress of material science, the development of elec-
tronic chips, and the deep research of control strategy have

provided an important impetus for the development of mod-
ern power electronics. Permanent magnet synchronous motor
(PMSM) has been widely used in servosystems and electric ve-
hicles due to its advantages of small size, high power density, and
high reliability. Currently, the traditional proportional–integral
(PI) controller is commonly used as speed and current regulating
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controller in field-oriented control (FOC). PI controller is also
an important regulator in the speed control loop of direct torque
control (DTC) and model predictive control (MPC). Although
FOC and DTC methods have been widely used, the tuning
of parameters and the reduction of ripples still need further
research [1].

MPC is becoming an emerging control strategy in the areas
of electric drives and power electronics. MPC can be classified
into two categories: 1) continuous control set MPC (CCS-MPC)
and 2) finite control set MPC (FCS-MPC) [2]. When control-
ling electrical drives, FCS-MPC contains merits such as faster
dynamics, an intuitive concept of design, straightforward struc-
ture, and realization [3]. Deadbeat control (DB) is one of the
CCS-MPC, whose structure has no weighting factor and less
current harmonic. In the structure of MPC, the PI controller is
used normally for speed loop and the model prediction controller
is applied for the current loop [4].

Although the PI controller has the advantages of simple
algorithm structure, high reliability, and rapid speed regulation,
it is difficult to meet the precise positioning and speed regulation
requirements when the external disturbance is too large or in-
ternal parameters vary greatly. To meet the higher performance
requirements, many modern control theories, including active
disturbance rejection control, adaptive control, optimal control,
fuzzy control, and robust control, have been gradually applied
to the control system of PMSM [5]–[9]. Among them, the
sliding-mode controller (SMC) has been proposed to improve
the closed-loop robustness against the parametric uncertainties
and strong robustness to external disturbances.

Sliding-mode variable structure control is a special nonlinear
control strategy, which enables the state trajectory to reach the
predetermined sliding-mode surface and converge along the
sliding-mode surface to state origin. Owing to the sliding mode
can be designed and is independent of internal parameters and
external disturbance, the variable structure control has the ad-
vantages of fast response, simple physical implementation, and
strong robustness [10]–[12]. However, the exponential reaching
law arriving at the sliding-mode surface speed is determined
by the design value of the reaching law parameter, which
makes it contradictory to increase the reaching speed and reduce
the sliding chattering. To have a faster reaching performance
and suppress the chattering effect at the same time, in [13]
and [14], new sliding-mode reaching law is designed, which
included variable speed index reaching law and achieved better
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Fig. 1. Comparison of different controller structures.

performance as expected. In engineering applications, there
is chattering in discrete systems. To further improve the an-
tidisturbance ability of the system, many strategies are ap-
plied such as discrete-time SMC [15] and dynamic SMC [16].
In [17], Hassine et al. present an implementation of an extended
model predictive-sliding-mode control reduces the execution
time of the whole control algorithm significantly. A disturbance
observer (DOB)-based PTC approach has been investigated
in [18]–[21] for motor systems subject to load torque distur-
bances, parameter uncertainties, and time delays. Not only does
the speed loop adopt a DOB-based feed-forward compensation
method for improving the system antidisturbance ability and
robustness, but also the flux, current, and torque predictions are
also promoted.

This article proposes a robust continuous model predictive
speed and current control for PMSM with an adaptive integral
sliding-mode approach. Based on the research of SMC and
MPC in deep, this article proposed a robust control strategy
for PMSM. AISMPC is different from the existed predictive
method, the prediction model is derived from the sliding-mode
surface. Aiming at solving the chattering problem of discrete
sliding-mode control approach law, an adaptive sliding-mode
structure is designed. At the same time, load disturbance com-
pensation effectively improves the antidisturbance capability of
the system. As MPC is applied for both external speed and inner
current controllers, fast dynamics of the system is achieved.
To verify the validity, the proposed strategy is compared with
FOC, SMC, DB, MPC, and other different control structures.
In this article, Fig. 1 shows the comparison of various control
structures, including classical control strategies and gradually
improved methods. The experimental results show that the
proposed strategy has the advantages of fast torque response,
small overshoot, and strong robustness against torque loading
and parameter variation.

The rest of this article is organized as follows. In Section II, the
PMSM mechanical motion equation and electromagnetic equa-
tion are given as the basis of the article. The proposed AISMPC
and load torque compensation are introduced in Section III. In
Section IV, the proposed algorithm is tested on PMSM speed

and current regulation system, and the results are compared to
the traditional control method FOC, FCS-MPC, SMC, and DB.
Finally, Section V summarizes the article.

II. PMSM MATHEMATICAL MODEL

Assuming that the employed PMSM has negligible cross-
coupling magnetic saturation, structural asymmetry, iron losses,
magnet eddy current loss, and harmonics in the descriptive
functions of windings, rotor anisotropy, and coercive force of
magnets, the voltage equations of PMSM in the synchronous
rotating frame can be described as follows [20]:⎧⎪⎪⎨

⎪⎪⎩
did
dt

=
1

Ld
ud − R

Ld
id +

Lq

Ld
iqωe

diq
dt

=
1

Lq
uq − R

Lq
iq − Ld

Lq
idωe − ωeψf

Lq
.

(1)

In this model, ud and uq , respectively, represent the d- and
q-axis stator voltages; id and iq , respectively, represent the d-
and q-axis currents;Ld andLq are the stator inductance;R is the
winding resistance;ψf is the flux linkage of permanent magnets;
ωe is the electrical angular velocity.

The mechanical motion equation and the electromagnetic
torque Te of PMSM are written as follows:⎧⎪⎪⎨

⎪⎪⎩
dωm

dt
=
Te
J

− Tl
J

− Bωm

J

Te =
3

2
Pn[ψf iq + (Ld − Lq)idiq].

(2)

In this model, Te and Tl, respectively, represent the elec-
tromagnetic torque and load torque; B represents the viscous
damping coefficient; ωm is the mechanical angular velocity;
J is the rotor inertia; Pn is the number of pole pairs. In this
article, the surface PMSM is used, Ld is equal to Lq . If the
sampling period T of the control system is short enough, the
discrete-time model of the PMSM can be described by finite
difference approximation series expansion (3). Then, the current
in discrete current predictive model of the PMSM is shown
in (4)

did,q
dt

≈ id,q(k + 1)− id,q(k)

T
(3)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

id(k + 1) =

(
1− RT

Ld

)
id + ωe

LqT

Ld
iq +

T

Ld
ud

iq(k + 1) = − ωe
LdT

Lq
id +

(
1− RT

Lq

)
iq

+
T

Lq
uq − ωe

ψf

Lq
T

(4)

where id(k + 1) and iq(k + 1) are the state value predicted at
the k + 1 period.

III. DESIGN OF ADAPTIVE INTEGRAL SLIDING-MODE

PREDICTIVE CONTROL

The proposed system consists of external predictive speed
control and inner predictive current control. Fig. 2 illustrates the
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Fig. 2. Overall structure of the proposed AISMPC system.

structure of the system. The details of the design are presented
in the following sections.

A. Integral Sliding Surface

Different from the conventional sliding-mode design ap-
proaches, the order of the motion equation in integral sliding
mode is equal to the order of the original system, rather than
reduced by the number of dimensions of the control input. As the
result, robustness of the system can be guaranteed throughout
an entire response of the system starting from the initial time
instance [22], [23]. Especially for multiple differential calcu-
lations, the integral structure is necessary. According to the
principle of integral sliding mode, the ISMC surface is adopted
as follows:

s(t) = e(t) + c

∫ t

0

e(t)dt (5)

where e(t) represents the tracking error and s(t) represents the
sliding mode surface. c is the integral parameter and c > 0.

B. Adaptive Discrete Sliding-Mode Predictive Approach Law

Sliding-mode motion includes approach motion and sliding-
mode motion. The motion of the system from any initial state to
the switching surface is called the approach motion. According
to the sliding-mode variable structure principle, the sliding-
mode accessibility condition can only ensure that the moving
point from any position in the state space reaches the switching
surface in a finite time, and there is no restriction on the specific
trajectory of the approaching motion. The approach law method
can improve the dynamic quality of the approaching motion.

The exponent reaching law was first proposed and designed
by academician Gao et al. [11], which can be shown as

ds

dt
= −εsgn(s)− ks, ε > 0, k > 0 (6)

where εsgn(s) represents the isokinetic reach term;ks represents
the index reach term; and ds/dt is the derivative of sliding
surface.

According to Taylor series expansion, when the function f(x)
is differentiable at the point x0, there is always

f(x) = f (x0) + f ′ (x0) (x− x0) + o (x− x0) . (7)

Because o(x− x0) is an infinitely small quantity

f(x) ≈ f (x0) + f ′ (x0) (x− x0) . (8)

Similarly to (3), according to forward Euler’s discrete formula

f(t, x(t)) ≈ xt+T − xt
T

(9)

x(t+ T ) ≈ x(t) + T · f(t, x(t)). (10)

According to the design principle of sliding-mode surface,
the sliding-mode surface at time t+ T can be obtained, which
is expressed by the following equation:{

s(t+ T ) = e(t+ T ) + c
∫
e(t+ T )

ṡ(t+ T ) = ė(t+ T ) + ce(t+ T ).
(11)

The predicted sliding-mode surface after time T can be ex-
pressed as {

s(t+ T ) = s(t) + T ṡ(t)
ṡ(t+ T ) = ṡ(t) + T s̈(t).

(12)

By combining the model equations (1) and (2) of the system
with (11) and (12) of the sliding-mode surface, a sliding-mode
predictive controller can be obtained.

It has many advantages to designing the sliding-mode con-
trol law of the discrete system by using the discrete approach
law. However, under the influence of the parameters of the
discrete approach law and the discrete sampling control period,
the system will produce a lot of chattering. Therefore, for the
sliding-mode predictive control, the discrete adaptive control
law is designed to adjust the gain of the control function and
reduce chattering.

Then, applying (12) to the time step t+ T , the chattering
analysis of the discrete exponential approximation law for
sliding-mode predictive control is presented as follows:

ṡ(t+ T ) =
s(t+ 2T )− s(t+ T )

T

= −εsgn[s(t+ T )]− k[s(t+ T )]. (13)

Solving (13) for s(t+ 2T ) yields

s(t+ 2T ) = s(t+ T )− εT sgn[s(t+ T )]− kT [s(t+ T )]

=

(
1− kT − εT

|s(t+ T )|
)
[s(t+ T )].

(14)
From (14), the proportional coefficient p can be obtained to

predict the variation trend of sliding-mode surface

p =
s(t+ 2T )

s(t+ T )
= 1− kT − εT

|s(t+ T )| (15)

1) |p| > 1, |s(t+ 2T )| > |s(t+ T )|, s(t) is incremental;
2) |p| = 1, |s(t+ 2T )| = |s(t+ T )|, s(t) is self-oscillating;
3) |p| < 1, |s(t+ 2T )| < |s(t+ T )|, s(t) is diminishing.
According to the aforementioned analysis, the sufficient con-

dition for s(t) to decrease is |p| < 1. From the aforementioned
analysis, we can get the value range of ε as follow:

ε < |s(t+ T )| × (2− kT )× 1

T
. (16)
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Fig. 3. Convergence rate comparison of SMC and AISMPC.

When the parameter satisfies⎧⎪⎪⎨
⎪⎪⎩
ε =

|s(t+ T )|
2

T <
4

1 + 2k

(17)

the inequality (16) is true. Then, the adaptive approach law is

ṡ(t+ T ) = −|s(t+ T )|
2

sgn[s(t+ T )]− k[s(t+ T )]. (18)

Therefore, according to the amplitude of the sliding mode
surface, the controller can adjust the output command signal
to achieve a faster dynamic response and smaller steady-state
chattering. By invoking the normal Euler forward method, the
discrete convergence process of SMC and AISMPC can be
simplified described as follows.

Fig. 3 shows the performance of convergence and equilibrium
point of SMC and AISMPC. It can be seen that AISMPC
achieves faster convergence rate.

The stability of the algorithm is proved as follows:

V (k) =
1

2
s2(t). (19)

As long as the conditions are met

ΔV (t) = s2(t+ T )− s2(t) < 0, s(k) �= 0. (20)

s(t) = 0 is globally asymptotically stable equilibrium sur-
face, that is, any initial position state tends to switch surface
s(t). The following conditions need to be met:

s2(t+ T ) < s2(t). (21)

When the sampling time T is small enough, the existence and
arrival conditions of the discrete sliding mode are as follows:

[s(t+ T )− s(t)] sgn(s(t)) < 0

[s(t+ T ) + s(t)] sgn(s(t)) > 0 (22)

[s(t+ T )− s(t)] sgn(s(t))

=

(
−kTs(t)− |s(t)|

2
Tsgn(s(t))

)
sgn(s(t))

= −(k + 0.5)T |s(t)| < 0 (23)

[s(t+ T ) + s(t)] sgn(s(t))

=

(
(2− kT )s(t)− |s(t)|

2
Tsgn(s(t))

)
sgn(s(t))

= (2− 0.5T − kT )|s(t)| > 0. (24)

The method of sliding mode meets the existence and arrival
condition of the discrete sliding mode, and the designed control
system is stable.

C. Design of Load Disturbance Compensation

PMSM dynamic space-state equation{
ẋ = Ax+Bu+Df

y = Cx
(25)

where x is state vector; u is control input; f is disturbance;A,B,
and D are matrix of the coefficients.

The disturbance can be expressed as

Df = ẋ−Ax−Bu. (26)

If the rate of change of disturbance f is 0, the estimate of
disturbance is the general design principle of the disturbance
observer. The error ef of the disturbance between real value f
and the estimated value f̂ is defined as

ef = f̂ − f. (27)

When the observed value is very close to the actual value, the
disturbance observer can be constructed as follows:

˙̂
f = −kf (Df̂ −Df) = −kf [Df̂ − (ẋ−Ax−Bu)] (28)

where kf is observer gain coefficient.
In order to facilitate computation, the intermediate variable

matrix M can be expressed as

M = f̂ − kfx (29)

Ṁ =
˙̂
f − kf ẋ = −kf [Df̂ − (ẋ−Ax−Bu)]− kf ẋ

= −kf (Df̂ −Ax−Bu). (30)
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And then, the structure of the disturbance observer is de-
scribed in

f̂ = kfx+

∫
Ṁ = kfx+

∫
−kf (Df̂ −Ax−Bu). (31)

According to the PMSM motion equation (2) and aforemen-
tioned design principle of the observer, the calculated value of
load torque of PMSM is

T̂l = kfωm −
∫
kf

(
− 1

J
T̂l +

B

J
ωm − 3Pnψf

2J
iq

)
. (32)

The load torque observer needs to meet Lyapunov stability
conditions, which are proved as follows. According to (27) and
(28), the torque observation error equation of PMSM can be
obtained as follows:

ėT − kfeT /J = 0 (33)

eT = T̂l − Tl. (34)

The constraint equation of stability is

V̇ = eT ėT = kfe
2
T /J < 0. (35)

Then, the stability condition of the load torque observer is
kf < 0.

D. Design of the AISMPC Speed and Current Controller

To sum up, the following speed controller is designed by
combining the AISMPC and torque observation compensation.
First, the sliding-mode surface of the speed controller is ob-
tained according to the mechanical motion equation and torque
equation of the motor⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

sω = cω

∫
eω + eω = cω

∫
(ω∗

m − ωm) + (ω∗
m − ωm)

ṡω = cωeω + ėω = cω (ω∗
m − ωm)− ω̇m

s̈ω = cω ėω + ëω = cω (−ω̇m)−
(
3Pnψf

2J
i̇q − Bω̇m

J

)
.

(36)
According to (12) and (36), following equation can be ob-

tained:

ṡ(t+ T ) = ṡ(t) + T s̈(t)

= ṡω(t) + T

(
B

J
− cω

)
ω̇m − T

(
3Pnψf

2J

)
i̇q(t). (37)

The approach law equation (18) is equal to the sliding mode
surface equation (37), and the following equation can be ob-
tained:

ṡω(t) + T

(
B

J
− cω

)
ω̇m(t)− T

(
3Pnψf

2J

)
i̇q(t)

= −|sω(t+ T )|
2

sgn [sω(t+ T )]− k [sω(t+ T )] . (38)

According to (2), the load torque on the motor can be regarded
as external disturbance. The accurate estimation of load torque is
conducive to improving the response performance of the motor
in the dynamic loading process. In particular, when the load

changes, the torque feed-forward structure can compensate the
action of the controller, thereby reducing the response time.

The change of load torque will cause the change of iq , so the
disturbance compensation value can be calculated to compensate
the current iq . The observed torque can be obtained from (32).
The current compensation value iqd, and the output value of
AISMPC i∼q can be calculated as follows:

iqd =
2T̂l

3Pnψf
(39)

i∗q = i∼q + iqd. (40)

Similarly, according to the current equation (1) in the d− q
coordinate system, the sliding-mode surface of the controller
mathematical equations can be expressed⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

sq = cq

∫
eq = cq

∫ (
i∗q − iq

)
ṡq = cqeq = cq

(
i∗q − iq

)
s̈q = cq ėq = cq

(−i̇q)
(41)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

sd = cd

∫
ed = cd

∫
(i∗d − id)

ṡd = cded = cd (i
∗
d − id)

s̈d = cdėd = cd
(−i̇d) .

(42)

The following equation can be obtained by combining the
mathematical model of the motor and the principle of sliding-
mode predictive control:

ṡq(t)− Tcq
1

Lq
[uq(t)−Riq(t)− Ldid(t)ωe(t)− ωe(t)ψf ]

= −|sq(t+ T )|
2

sgn [sq(t+ T )]− k [sq(t+ T )] (43)

ṡd(t)− Tcd
1

Ld
[ud(t)−Rid(t) + Lqiq(t)ωe(t)]

= −|sd(t+ T )|
2

sgn [sd(t+ T )]− kd [sd(t+ T )] . (44)

The voltage equation in the d− q coordinates system can be
expressed as

uq(t) =

{
−|sq(t+ T )|

2
sgn [sq(t+ T )] −kq [sq(t+ T )]

− ṡq(t)

}/(
−Tcq
Lq

)
+ [Riq(t) +Ldid(t)ωe(t) + ωe(t)ψf ]

(45)

ud(t) =

{
−|sd(t+ T )|

2
sgn [sd(t+ T )] −kd [sd(t+ T )]

− ṡd(t)

}/(
−Tcd
Ld

)
+ [Rid(t)− Lqiq(t)ωe(t)] .

(46)

According to (38), (45), and (46), the AISMPC algorithm of
speed loop and current loop is constructed, respectively. To fur-
ther improve the response speed, the disturbance compensation
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Fig. 4. Block diagram of the designed DSP-based experimental platform.

TABLE I
PARAMETERS OF PMSM

algorithm is constructed. Finally, the AISMPC is realized by the
output control signal of the space vector pulse width modulation
(SVPWM) section.

IV. EXPERIMENTAL VERIFICATION

In this section, to demonstrate the effectiveness of AISMPC,
the experimental contrast of FOC, PTC, SMC, DB, and the
AISMPC in the same PMSM system was carried out. Steady-
state loading tests and dynamic loading tests are carried out,
respectively. The validity of the proposed method can be verified
by the total harmonic distortion of the current and the dynamic
response time of the rotation speed.

A. System Structure and Test Bench

To verify the practicability and validity of AISMPC, the
experiment is carried out on a 3.8-kW PMSM test bench. The
parameters of the PMSM are given in Table I. In the experimental
test bench, a TMS320F28379D digital signal processor (DSP) is
employed for algorithm implementation. The control frequency
of the system is 16 kHz and the sampling time is 62.5 μs.
Fig. 4 shows the block diagram of the designed DSP-based
experimental platform. Fig. 5 shows the hardware platform of
the system.

Fig. 5. PMSM test bench.

Fig. 6. Experimental results: The parameter Ks adjustment process at
1200 r/min, 12-N·m torque loading.

B. Parameter Adaptive Adjustment Process

AISMPC is an organic combination of sliding-mode predic-
tive control and adaptive control. In this section, the changes
in rotation speed, current, and parameters during the dynamic
loading process will be shown. Fig. 6 shows the parameter ad-
justment process during the torque-loading process. At the speed
of 1200 r/min, a load torque of 12 N·m is suddenly added. For the
figure set, variables from the top down to the bottom are speed
ωr, current of phase-a ia, and adaptive parameterKs.Ks is the
amplitude variation of a sign function in the control law. It can
be seen from the figure that in the process of loading, the speed
tracking error increases, and the sliding-mode surface amplitude
increases. To achieve a better adjustment effect, the coefficient
Ks adjusts the amplitude along with the sliding-mode surface
to improve the dynamic response of the system.
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Fig. 7. Experimental results: Process of steady state of current control at 450 r/min and 12 N·m. (a) PI-PI. (b) PI-PTC. (c) PI-ISMPC. (d) PI-AISMPC.

C. Steady-State Performance Comparison

To verify the effectiveness of the proposed scheme, the ex-
periments of the speed loop controller and the current loop
controller are carried out, respectively. In the comparison of the
steady-state current loop, the external loop is set as a unified PI
control, and different controllers are used in the current loop.
In the comparison of steady-state speed loops, the inner loop is
set as a unified PI control. Finally, the controllers of different
control loops can be analyzed separately.

1) Comparison of Current Controllers: The steady-state
control precision of the system is an important factor in motor
control. In this section, to verify the steady-state performance
of the proposed AISMPC algorithm, PI is adopted for the
speed control loop. At the same time, PI, PTC, ISMPC, and
the proposed method are used in the current loop, respectively.
The THD of each control condition is analyzed to compare the
steady-state accuracy of the controller.

In the steady-state process, Fig. 7 demonstrates a comparison
of the current control, where the speed is 450 r/min and the load
torque is 12 N·m. For each figure set, variables from the top down
to the bottom are speed ωr, current of phase-a ia, d- and q-axis
current id, iq and total harmonic distortion. The control strategy
for comparison is (a) PI-PI, (b) PI-PTC, (c) PI-ISMPC, and (d)
PI-AISMPC. To show the difference between the algorithms,
the same set of PI parameters were used for the speed loop. The
results show that AISMPC can effectively improve the control
accuracy of the current with the smallest THD value of 2.1846%.

2) Comparison of Speed Controllers: To make a speed loop
controller’s comparison, the current loop is regulated by the PI
controller. The proposed strategy, respectively, compared with
SMC, ISMPC, and analyzes its steady-state performance.

In the steady-state experiment, Fig. 8 presents the precision
comparison of the speed control, where the speed is 450 r/min
and the load torque is 12 N·m. For each figure set, variables from
the top down to the bottom are speed ωr, current of phase-a ia,
d- and q-axis current id, iq and total harmonic distortion. The
control strategy for comparison is (a) SMC-PI, (b) ISMPC-PI,
(c) AISMPC-PI, and (d) AISMPC-AISMPC. According to the
aforementioned experimental data, the steady-state characteris-
tics of the rotating speed loop are improved after adopting the
proposed scheme. The ISMPC showed a significant improve-
ment over SMC, with THD reduced from 2.832% to 2.277%.

3) Comparison of THD: Combined with the previous ex-
perimental data, the steady-state summary results are obtained.
According to Fig. 9, since there is no SVPWM for the model pre-
dictive torque control, this control method has higher harmonic
content. In this experiment, the harmonic content is 4.1268%
and the steady-state accuracy of the system is greatly affected.
PI control is a relatively classic control, but under different
conditions, different PI parameter settings will also have a large
difference in control results. In this experiment, a set of speed
loop PI parameters with good performance is adopted, among
which Kp is 0.02 and Ki is 3. In sliding-mode control, the
excessive gain of sign function can improve the response speed,
but at the same time bring chattering to the system. The SMC
experiment’s THD is 2.8326%. To solve the problems of the
aforementioned controllers and balance the dynamic and steady
performance, the AISMPC strategy is proposed. ISMPC can
effectively reduce the harmonic content of the system. In order
to further reduce the chattering of the system, AISMPC can
reduce THD to 1.917%, which greatly promoted the control
accuracy. Due to the effect of adaptive parameter regulation, the
amplitude of sign function is small in steady state, and there is
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Fig. 8. Experimental results: Process of steady state of speed control at 450 r/min and 12 N·m. (a) SMC-PI. (b) ISMPC-PI. (c) AISMPC-PI. (d) AISMPC-AISMPC.

Fig. 9. Total harmonic distortion comparison.

Fig. 10. Experimental results: The control algorithm adopted is AISMPC-
AISMPC. Torque loading process from 0 to 5, 8, 10, and 12 N·m.

no chattering phenomenon caused by sliding-mode structure.
Therefore, the AISMPC algorithm can greatly improve the
steady-state performance of the system.

D. Dynamic State Performance

1) Torque Observation Process: Fig. 10 demonstrates the
torque variation and observation process. It can be seen from
Fig. 10 that when the rotation speed is 1200 r/min and the initial
torque is 0 N·m, the load is suddenly increased to 5, 8, 10,

Fig. 11. Experimental results: Torque feed-forward compensation. (a) The
state of AISMPC control. (b) The state of AISMPC control with torque feed-
forward compensation.

12 N·m. Under different loads, AISMPC controller can realize
fast tracking of target speed. The torque observer can realize the
tracking of the torque change in the dynamic response process.

2) Torque feed-forward compensation: The ability of the
system to resist disturbance is important. This article combines
a feed-forward compensation method as shown in Fig. 11(b).
At the moment of torque loading, the signal iqd is calculated to
compensate the speed controller’s output signal i∼q . According
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Fig. 12. Experimental results: The control algorithm adopted is AISMPC-
AISMPC. Speed reversion process from 1500 to -1500 r/min.

Fig. 13. Experimental results: Speed startup response process from 0 to 1300
with loading torque 5 N·m.

to (40), the feed-forward structure is established. As shown
in Fig. 11(a), the AISMPC torque loading response time is
110 ms. To further reduce the response time of the system, torque
feed-forward compensation structure is designed. When the
system is compensated, the response time reduced to 80 ms. The
experimental results show that the proposed method improves
the antidisturbance ability of the system.

3) Speed Reversion Experiment: Fig. 12 demonstrates the
speed reversion performance from 1500 to -1500 r/min without
load. The speed reference revers at 0.5 s and the torque changes
quickly to meet the needs of fast speed reversion. It takes
135 ms to complete speed reversion without overshoot. In the
experiment of rotational speed reversal, the proposed strategy
still responds quickly. From the previous experiments, it can be
concluded that AISMPC can realize fast response of rotational
speed without overshoot, satisfying the required control effect.

4) Speed Startup Response Experiment: To verify the speed
startup response of the proposed method, the comparison ex-
periments of different speed loop algorithms are carried out.
Fig. 13 shows the speed ωr and q-axis current iq responses at the
reference speed of 1300 r/min and the torque loading of 5 N·m.
The speed loop controller is PI, SMC, ISMPC, and AISMPC,
separately. To ensure the validity of the comparison, AISMPC
algorithm is used for the current loop. As shown in Fig. 13, PI
control has a faster response speed, but there is a large overshoot.
The response speed of SMC is slow and the time to reach the
target speed is 166 ms. ISMPC and AISMPC have the same
sliding-mode predictive structure, only the adaptive parameter
Ks is different. Because of the adjustment of the adaptive
parameters, the current is larger at the moment of acceleration.

When a given speed is reached, the control’s output is smaller and
the current is more stable. AISMPC method achieves a balance
between velocity and smoothness.

5) Load Disturbance Performance: In the process of system
torque loading, the external response speed of the control system
is very important. To verify the antidisturbance performance of
the system, the experimental comparison of torque loading is
carried out. In this experiment, the torque feed-forward com-
pensation method is adopted, and the control effects of different
controllers are compared. Fig. 14 shows that the comparison of
dynamic loading processes of different control strategies. The
rotation speed is 1500 r/min, and the load torque increased from
0 to 12 N·m suddenly. For each figure set, variables from the
top down to the bottom are speed ωr, current of phase-a ia, d-
and q-axis current id, iq . The control strategy for comparison is
(a) SMC-PI, (b) PI-DB, (c) ISMPC-ISMPC, and (d) AISMPC-
AISMPC.

By comparing the aforementioned experimental data, AISM-
PCs response is faster in the process of torque loading. Com-
pared with the sliding-mode control, there is no steady-state
error. Compared with DB, regulating time is shorter. Compared
with the integral sliding-mode predictive control, the proposed
scheme reaches a steady-state within a short period of time.
The load response time of AISMPC is 69 ms and the load
reduction response time is only 80 ms. Compared with other
control strategies, the effect is significant. To sum up, AISMPC
can achieve a better dynamic response. The experimental results
validate the previous design and hypothesis.

E. PMSM Parameter Mismatch Experiment

Nonlinear factors and temperature changes in the PMSM con-
trol system will lead to model parameter mismatch, which will
weaken the robustness and dynamic response of speed and cur-
rent predictive control. In this section, motor model parameter
mismatch in PMSM sliding-mode predictive control is analyzed.
The influence of resistance, inductance, flux linkage, inertia,
friction coefficient on the stability of the mismatched system
was investigated. The results show that the adaptive integral
sliding-mode predictive control still has good robustness in the
case of parameter mismatch, which provides strong support for
the accuracy of predictive control of PMSM.

Fig. 15 illustrates the parameter mismatch experiment results
of AISMPC method, where the speed is 1000 r/min and the load
torque is 12 N·m. For each figure set, variables from the top down
to the bottom are speed ωr, current of phase-a ia, the ratio of
parameter mismatches. The dynamic characteristics of 6 groups
of parameters (R, Ld, Lq , ψf , J , B) were compared under
the condition of parameter mutation. In the initial stage, the
parameter is less than the standard parameter. In the intermediate
stage, it is the standard parameter, and in the final stage, it is
greater than the standard parameter. The black lines in the figure
represent the ratio of set parameters to standard parameters. It
can be seen from the experimental results that the system still has
good robustness under the condition of parameter mismatch. At
the instant of the parameter mutation, the mismatch parameters
can affect the calculation of torque and the output value of
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Fig. 14. Experimental results: Process of dynamic loading at 1500 r/min and 12 N·m. (a) SMC-PI. (b) PI-DB. (c) ISMPC-ISMPC. (d) AISMPC-AISMPC.

Fig. 15. Experimental results: Motor parameter mismatch experiment at 1000 r/min and 12 N·m. (a) R. (b) Ld. (c) Lq . (d) ψf . (e) J . (f) B.

algorithm. But because the system has robust characteristics
of sliding-mode structure, the system can still track the target
of the control signal and satisfy the requirement of the system
robustness.

V. CONCLUSION

This article presents a robust continuous model predictive
speed and current control for PMSM with an adaptive integral
sliding-mode approach. Compared with traditional MPC, the
proposed control method has no weighting coefficient. In addi-
tion, AISMPC has better performance in both inner current loop
and external speed loop. Especially, it has characteristics of fast
response of predictive control and robustness of sliding-mode
control. Adaptive control reduces the chattering of sliding-mode

control and disturbance compensation improves the antidistur-
bance ability of the system. Experimental results confirm that the
proposed system has better performance in a wide speed range
and faster response with load torque disturbance. By considering
the improvement of eliminating chattering, a high-order SMPC
will be verified in future work.
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