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Abstract: Permanent magnet synchronous motors (PMSM), which are with the advantages of high
torque-to-weight ratio and high efficiency, are widely applied in modern industrial systems. However,
existing approaches may fail to accurately track the speed trajectory because of the load disturbances.
This paper proposes an equivalent and combined control strategy to mitigate the slow time-varying
load disturbances and decrease the overshoot for PMSM in full speed range. First, a state observer
is proposed to reconstruct the current variables and speed state in the d-q axis. Hence, one can get
the speed and position information without the sensors. Then, the disturbance and the load are
estimated by the estimating law. Thus, it can reduce the effect of load and disturbances. Further,
the PD control is introduced to weaken the overshoot. As a result, the speed trajectory can be more
effectively hold both in high speed and low speed. Finally, numerical examples are presented to
demonstrate the validity and effectiveness of the proposed estimation scheme and its robustness
under different conditions.

Keywords: state observer-based control; PD control; permanent magnet synchronous motors (PMSM);
speed control

1. Introduction

Permanent magnet synchronous motors (PMSM) have been widely used in the fields of
electric vehicle drive system, robot, aerospace, intelligent manufacture, and other fields because
of the advantages of excellent efficiency, high power density, low inertia, high torque-current ratio,
no excitation loss, et al. [1]. In order to ensure the smooth running of the motor, it is very important
to adopt efficient and stable control strategies for each part of the three-phase permanent magnet
synchronous motor system, such as speed control [2], current control [3], and pulse width modulation [4].
Besides, sensor-less control also needs observer strategy or other control methods [5]. Among them,
speed control is particularly important.

The control of current loop can be simply divided into current control in static coordinate system
and current control in synchronous rotating coordinate system. For the current control in synchronous
rotation coordinates, hysteresis current control and PI current control are commonly used at present.
Hysteresis current control can meet the requirements of motor operation, but the electromagnetic torque
fluctuates greatly during the whole starting process, and PI regulator has good dynamic performance
and anti-disturbance ability, which can meet the needs of actual motor control performance [6].
The pulse width demodulation technology of three-phase voltage source inverter mainly includes

Appl. Sci. 2020, 10, 9006; doi:10.3390/app10249006 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://dx.doi.org/10.3390/app10249006
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/24/9006?type=check_update&version=2

Appl. Sci. 2020, 10,9006 20f13

two-level space vector pulse width modulation (SVPWM) and sinusoidal pulse width modulation
(SPWM). SVPWM has better harmonic elimination effect and torque ripple resistance than SPWM [7].

In recent years, many control technologies are used in the research of speed control for PMSM,
which can be divided into linear control and nonlinear control [8]. As is known to us all, many linear
control methods based on transfer functions (the most popular one is PI control [9]) are sensitive to the
system model accuracy, which is highly susceptible to external disturbances and internal parameter
mismatch. Therefore, many scholars draw attention on nonlinear control design for PMSM, such as
robust control [10], adaptive control [11], and sliding mode control [12].

Among these speed control strategies for PMSM, sliding mode control with the merits of simple
structure and fast response has become one of the most popular methods. In reference [13], a nonlinear
speed-control algorithm for the PMSM control systems using sliding-mode control (SMC) is proposed
to optimize the dynamic performance of speed regulation system. In which, the new sliding-mode
reaching law (NSMRL) using the system state variable and the power term of sliding surface function
can be expressed in two different forms during the reaching. This method can not only effectively
suppress the inherent chattering, but also increases the velocity of the system state reaching to the
sliding-mode surface. A new adaptive terminal sliding mode reaching law (ATSMRL) is proposed
with continuous fast terminal sliding mode control (CFTSMC) in reference [14]. It aims to enhance the
speed control performance of the permanent magnet synchronous motor (PMSM) with internal and
external disturbances. In reference [15], a novel sliding mode control (NSMC) strategy is developed
to improve the robustness, disturbance rejection, and dynamic response performance of permanent
magnet synchronous motor (PMSM) speed servo system. The integral of speed error is introduced into
sliding mode surface to avoid the requirements of acceleration signal and reduce the steady-state error
of the system. It can be found in the existing literature that many scholars focus on the design of new
sliding mode reaching law and novel sliding mode surface. One cannot deny that these literatures have
achieved good control performance. However, sometimes it is hard to know how to get a new reaching
law or a new sliding mode surface, that is, it requires more professional and profound knowledge of
sliding-mode control theories.

Nowadays, to get better performance, the integration of control categories with other methods
have been a hotspot. The authors propose a speed observer based on back-stepping and sliding mode
for low-speed operation in [16]. The reference [17] develops a low-order adaptive instantaneous speed
estimator (AISE) and a self-tuning control strategy to improve the speed control performance in a
wide speed range with unknown inertia parameters. In reference [10], a model predictive direct speed
control (MPDSC) method is proposed to get a good anti-disturbance ability for PMSM. It depends
both on full parameter disturbances and load torque observer and the precise mathematical model
parameters are not needed. Actually, these methods combine the advantages of various algorithms so
as to get good performance.

This paper develops a sliding mode control strategy associated with a load disturbance estimator
to enhance the dynamic performance of PMSM in full speed range. The proposed estimator can
reconstruct the disturbance in load caused by the variation of load environments. Then, PD control
is employed to decrease the overshoot. Finally, the speed tracking performance can be improved
by designing an equivalent control law. Further, numerical examples are proposed to verify the
effectiveness of the presented method under both high speed and low speed.

The rest of this paper is organized as follows. Section 2 describes the model of PMSM, in which,
the disturbance and uncertainties are discussed and modeled. An estimator and control strategies
are designed in Section 3. Then the main theoretical results are shown in Section 4. Finally, Section 5
summarizes the innovations of this thesis and makes a prospect of this paper.

2. Materials and Methods

In this section, PMSM mathematical model is constructed to support the design of control strategy.
Disturbance and uncertainties are modeled to clarify its impact on the system. Hence, one can
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understand how disturbance and uncertainties affect the performance of the PMSM system. Then,
the estimator and controller are designed to deal with the corresponding problems and achieve speed
regulation goals.

2.1. PMSM Mathematical Model

PMSM plays an increasingly important role in the speed regulation system because of its significant
advantages in structure, efficiency, and so on compared with other types of motors. In existing literatures,
all the PMSM mathematical model are based on the conventional assumption [15]. In order to improve
the effectiveness of the speed controller, this paper considers the mathematical model in the d-g
synchronous rotating reference. The stator’s voltage equation is shown as follows.

{ Md:Rid—f-%wd—a)glpq (1)

in which, subscript d and g refer to the d-component and g-component. u, i, and ¢ represent the stator’s
voltage, stator’s current, and stator’s flux, respectively. Then w, is the electrical angular velocity and R
is the stator resistor.

For surface-mounted PMSM, it can be obtained that stator inductor Ls = L; = L;. The following
mathematical model with the assumption that B = 0 is as following:

i
;l% = L—(—de + pnLswmig + ud>

1
d_,? LL( qu PnLswmiy — prﬂl’fwm + Uq) 2)

dwm 3pn l/)f
= (-1 + 254

in which, ¢ ¢ is the flux of magnet, p, is the pole pairs of PMSM, wj, is the mechanical angular velocity,
J is the inertia, B is the friction coefficient, and T}, is the load torque.

Based on the characters of PMSM, one can get that wy,, i, and iy are variables and bounded. Thus,
the nonlinear term in (2) is bounded and the varying range is determined by the value of mentioned
parameters above.

As is known to all scholars, the controller can achieve better performance according to using rotor
field orientation control (i = 0) strategy. Then, the mathematical model in Equation (2) can be written
as follows. y
@ = T (~Rig = puth pom + ug)

dwy, 3pn¢f (3)
e = 4 P50

Therefore, the complex nonlinear mathematical model function is simplified and linearized.

2.2. System Model for Disturbance Estimator Design

It can be easily found that equation is obtained by the common assumptions. The rotor’s magnetic
field is sinusoidal in the air gap space. The saturation of stator core, core Eddy current, hysteresis
loss, and damping of rotor windings are ignored. It is also assumed that the magnetic circuit is linear.
However, these factors will affect the performance of PMSM in the actual operating environment.
Simultaneously, the nonlinear terms in system (2) also deteriorate the operating effects. Linearizing the
nonlinear system with linear equation will make the research relatively simple, but it cannot completely
reflect the complicated actual situation, so the accuracy of the calculation result is relatively low [18].

In this subsection, we will discuss the effects by modeling and quantifying these factors.

Define that xT = [ g Wm ], y= oy = ug, then one can get that

x =Ax+Bu+EE

) Cx )
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T
in which, the parameters can be obtained by Equation (6) as A = [ A A ] Al = Lls[ -R —puy ],
_ 1] 3puvy [ oV r_ ST LA B U
=i B olB=[£ o] E=[0 —j[,c=| ) [ |e=T0
Then, it can be assumed that the influence of fore-mentioned factors, including saturation of
stator core, hysteresis loss, and so on, can be quantified in the system load disturbances. The details of
considering the factors are as follows.

x=Ax+Bu+E(£+0) ®)
where 0 represents the load disturbances. Define that d = £ + 6. One can get that
x = Ax+ Bu + Ed (6)

Based on the model (6), the observer and estimator can be constructed to get the load, disturbance
value, and the estimation of x. It will be further discussed in the next section.

In practice, the dynamic change of load will cause load disturbance, and the output speed of
motor will also shake, which greatly affects the motion accuracy and working stability of PMSM drive
system [19]. How to suppress this load disturbance caused by load change is what this paper is doing.

2.3. System Model Design for Combined Controller

To get better control performance, we redefined the state variables and constructed another system
function in this subsection.
First, the state variable is defined as:

Z] = Wref — (Um @)

2 =21 = —Wpy

in which, w,, is the reference speed of PMSM, usually, it is set as a constant value. Hence, one can
get that

. . 3pnts .
P ®)
23 = —Wm = ——31 g

Then, one can obtain the system as follows.
7;'1 o 0 1 Z1 0 ’
E N E &

Conventionally, sliding surface and reaching law are designed to construct the control strategy in

_ _ 3pmyr
where u’ = igand D = e

order to achieve good performance. But abundant experiences and knowledge are needed to improve
them. To solve the mentioned problems above, this paper proposes a novel combined control approach
based on the principle of equivalent control.

3. Main Results

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can
be drawn.

3.1. Design of the Combined Estimator

In speed regulation of PMSM, model simplification and operating environments may cause the
parameter uncertainties and load disturbances. Hence, the dynamic and steady-state performance
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of PMSM will be reduced. In this paper, a compensational estimator is presented to reconstruct the

modeled disturbance signal, which contains the influence of both parameter uncertainties and load

disturbance. They can be used in controller design to improve the capability for anti-jamming.
Based on the system (5), state observer is proposed as follows.

X=A%+Bu+Ed+L(j-y)

c (10)

=

<>
Il

5 T
where £ and d are the estimation of xand d. L = [ Ly L ] represents the observer gain matrix.
The compensational estimator is presented as Equation (11) if d is a slow time-varying signal.

d=K(%—x) (11)

in which, K is the estimator gain matrix, and the parameters in K are positive. Then it is followed by
the stability analysis of the proposed method.

Lemma 1. Based on system (9) and the estimator (11), one can get that the observer (10) and estimator (11) can
achieve good performance if the following inequality holds [20].

(A-LC) <0 (12)
Hence, one can get that the proposed method can achieve stable convergence.

Proof 1: The Lyapunov function is defined as

_E» 1,
V= 2Kd + 2x (13)
where d = d — d, ¥ = x — 2. The derivative can be written as
Vo= Edl4
= d(d—ai)+x[Ax+Bu+Ed—(Ax+Bu+Eai+LC(ae—x))]
(14)

— dd—dd + #[Ax - Ed - LCH]
= dd — Ed% + A% — Edx — LCZ>
= dd+ (A-LC)&2

Under the assumption that d is a slow time-varying signal, it can be obtained that d = 0. Hence,
V < 0 holds if and only if inequality (12) holds.

In fact, disturbance signals always show the characteristic of non-stationary in many systems.
To enhance the tracking performance, the proposed estimator in Equation (11) can be rewritten as

~

d=Ky(2-x)+Ky(2-%)+ 06 (15)

where Kj, Ky, and K3 are the gain matrices. It can be also obtained that the estimating signal can track
actual signal well if Theorem 1 holds. The parameter 0 is a correction term of estimating results error
due to the simplifications and constraint assumptions. 0 is determined by the experience and the
bounds of disturbance signal. O
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Theorem 1. Based on system (9) and the estimator (15), set thatE — M[K; + Ko (A — LC)| = 0 and assume
that d — KyEd < 0,d - 6 < pd, p < 0, one can get that the observer (10) and estimator (15) can achieve good
performance if the following inequality holds.

(A-LC) <0
KE >0 (16)
K1+ K2(A=LC) >0

That is, the estimator (15) can be applied in some time-varying disturbance reconstructions if the derivative

d of disturbance signal is bounded.

Proof 2: Define that £
V=—d+
2K

12 17)

I\.)

where V is the Lyapunov function, d=d—d, &= x—%. Then one can get the derivative as follows.

Vo= Lditx
— kg ( d) #[Ax + Bu + Ed — (A + Bu + Ed + LC(2 — )
— (i - dd) + s[Ax - B - 1C3] (18)
— Edi- Edo - SEP 1 Edx + AR - Edx - LCR?
— E(di- ~e)+ (A-10)2 - REp

Thus, the inequality V < 0 holds if the Theorem 1 holds. The derivative d should be bounded to
thatd — 0 < pd, p < 0.0

3.2. The Combined Controller for Speed Regulation

To obtain better speed regulation performance, a combined controller is designed for PMSM based
on the system function (9) in this subsection.
First, the sliding mode surface is introduced as

s=cz1+ 2 (19)

where c is the sliding parameter. Then, one can get that the derivative of Equation (19) is shown in
Equation (20).
$=cz1 +2p =czp — Du (20)

The exponential reaching law is employed to ensure the dynamic performance, thus it can be
obtained that 1
U= E[czz + esgn(s) + gs] (21)

in which, € and g are corresponding parameters. Hence, the current at 4 axis can be rewritten as
1 t
ig = Bf [czo + esgn(s) + gs]dt (22)
0

Note that, the integral term in Equation (22) is used to reduce the chattering of sliding mode surface
and eliminate system steady state error. However, the response ability of the system will be decreased.
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In this paper, PD control and sliding control are combined to get better dynamic performance. That is,
the control law in (22) is presented as

1 [
i = Bfo [c22 + esgn(s) +qsldr + Kyz1 + Kpz2 )

in which, K}, and Kp are gain parameters. Specially, one can set that Kp /K, = Nc. It should be pointed
out that the control law in Equation (23) is equal to the sliding mode control with general reaching
technique.

§ = —esgn(s) —gs — Ns (24)

In other words, (1+ N)s = —esgn(s) —gs, and the value of K can be adjusted to improve the
response speed.

Theorem 2. Based on system (9) and reaching technique (24), it can be obtained that the designed control law
can get good performance if and only if the following principles holds

g+¢e>0 g+e<0
{N>—1 Or{ N<-1 @)
and the stable state error will be uniform convergent.
Proof 3: The Lyapunov function is defined as
V= %52 (26)

Then one can get that
V =s5= N%_l(esgn(s) +4s)

(27)
< N+r1<_552 - qsz)
One can get that V < 0 holds if inequalities (25) holds. O
3.3. The Equivalent Controller Design
To achieve better speed regulation results, the equivalent controller can be presented as
T/leq = U, + Ue (28)
where, u. is the common control signal and 1, is the compensation signal. Then one can get that
. . 2]
iy =i, — d (29)
q q 3P, lzb f

Based on the discussion above, one can get better speed regulation performance by using the
estimation result in Equation (11).

4. Simulation Results and Discussions

Because of the limited experimental conditions, only simulation verification was carried out rather
than actual experiment. Therefore, the simulation results may not be so accurate. After the follow-up
funds are sufficient, some practical verification studies will be done. As for the selection methods of
these parameters, they are artificially selected according to the conditions calculated in the theoretical
part, which is not necessarily the best. In the follow-up, it is considered to use those optimization
algorithms such as genetic algorithm and particle swarm optimization algorithm for adaptive selection.
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In this section, the surface-mounted three phase PMSM is used as the simulation model.
The parameters are shown in Table 1. The solve method is selected as variable-step ode23tb algorithm,
the relative tolerance is set as 0.0001, and the simulation duration is set as 0.4s.

Table 1. Parameters of PMSM.

Parameter Name Value
Pole-pairs P, 4
Stator inductance Lg 8.5 mH
Stator resistance R 2.875Q)
Flux linkage ¢ 0.175 Wb
Rotational inertia | 0.003 kgm2
Damping Ratio B 0.008 N-m-s
DC side voltage U, 311V
Switching Frequency of PWM fpum 10 kHz
Sampling period Ts 10 ps
Rated output torque 3Nm
Rated output current 5A
D axis current iy 0A
Speed at low speed Nr 300 rpm
Speed at high speed Nr 1000 rpm
Load torque at 0-0.02 s T, 0Nm
Load torque at 0.02-0.04s T}, 10 N'-m

The flowchart and the Simulink block diagram of speed control and estimator are shown in

Figures 1 and 2. As seen from Figure 1, estimator is used to reconstruct the disturbance and uncertainties
and the combined controller is designed to achieve better dynamic performance and reduce the influence
of the disturbances.

It can be seen from Figure 2 that the control method proposed in this paper is based on i; = 0
strategy. The vector control of three-phase PMSM mainly includes four parts: state observer, speed loop
combined controller, current loop PI regulator, and SVPWM algorithm. The design of this paper is
mainly embodied in the state observer and speed loop combined controller, and its control effect will be
reflected in the following simulation. According to the existing examples [21] with good control effect,
the traditional PI control strategy is adopted for current control, and the SVPWM control strategy is
adopted for pulse width demodulation.

Sliding PD PARK
mode controller : transform
controller 1dg

Inverse Clark
transformation

-~
Q

iab c
|

Input rated Combired PI current Tverse Three-phase
speed PARK .
speed controller inverter
controller transform
A

A
SandTeL

.
Estimator [« PMSM

Figure 1. The speed control and estimator flowchart.
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m Estimator
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Figure 2. The speed control and estimator blocks.
4.1. Simulation Results at Low Speed

In this subsection, the reference speed is set as N, = 300 r/s, then it can be obtained that w;, = %Nr.
The load and disturbance are set as Tr, = 10 N-m and 6 = 2sin(500¢), respectively.

To obtain better speed response, the gain parameters are set as follows. The parameters of sliding
mode controller are set as ¢ = 200, g = 300, and ¢ = 70. The PD controller parameters are set as
K, = 10 and Kp = 0.07. The observer parameters are set as L1 = [ 10 0 ] and L, = [ 0 10 ]

The estimator gain is set as K; = [ 0.01 10 ], Ky = [ 0 0 ] In addition, the correction parameter
0 = 0. The simulation results are shown in Figures 2—4.

Figure 3 shows the estimation results of load and disturbance. It can be seen that the estimate
signal has some slight errors with the actual signal before t = 0.02s and can track the actual signal well
after t = 0.02s. This means that the proposed method can well suppress the load disturbance caused
by load change. Also, one can find out that the estimate signal has some noise. The reason of the
phenomenon is that the numeral model is simplified from Simulink model. Some uncertainties are
ignored and operating states are in ideal condition.

-2
0.05 0.1 0.15 Actual TL and disturbance
4| S Their estimates T

Output estimate(TL+d)(N-m)

i L 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time(t)

Figure 3. The actual load and disturbance with their estimates in low-speed condition.
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The speed response results with compensation and without compensation are shown in Figure 4,
respectively. One can obtain that the results with compensation are better than that without
compensation. The PD control is added to reduce overshoot. In addition, the estimates of load
and disturbance are utilized to reduce the impact of noise on the system.

I~
=
(=]

)

(=3

(=
T

Speed response(rpm)
s 8
(=] (=}

f=1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time(t)
400 T T T T
g
=300 v
qu‘)‘ (
g
& 200 i
v
=
B 100 .
(9]
[=9
v
O Il 1 1 Il 1 1 Il
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time(t)

Figure 4. The speed response results without compensation and with compensation in low speed
condition (the blue line indicating the speed response results with compensation, and the red line
indicating the speed response results without compensation).

From Figure 4, the Table 2 can be obtained. In the first column of the table, are the rising time,
setting time, overshoot of the speed curve, the lowest speed dropped when encountering torque
interference in 0.02 s, and the time to restore to the rated speed. The second and third columns of the
table are the values corresponding to the first column of the combined controller and the traditional
sliding mode controller designed in this paper. All the five indexes show that the control effect of the
proposed combined controller is very good.

Table 2. Simulation comparison performance (N, = 300 1/s).

Items Combined Controller Traditional SMO
Rise time/ms 3.324 5.375
Setting time/ms 3.148 /
Overshoot/% 0.468 19.88
Lowest speed/rpm 290 193.7
Recovery time/ms 0.07 0.33

4.2. Simulation Results at High Speed

In this subsection, the parameters are set as same as the low speed condition. The ideal speed is
set as N, = 1000r/s. While, the correction parameter 6 = 1. Then the simulation results are shown in
Figures 5 and 6.

One can find out that the estimating result is worse than that under low-speed condition. It can
be concluded that the proposed method has better estimating performance under low-speed condition.
However, the speed-tracking performances are better than sliding mode control under both high-speed
condition and low-speed condition. In practical, the factors of load disturbance and measurement
noise can cause the change of system performance, even cause safety accident. Through the proposed
method, these problems can be reduced or avoided and maintain normal operation of the system.
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14 T T T T T
12 - 3
=10
=
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< 8
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-
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1 1 1

0 0.05

0.1 0.15 0.2
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Figure 5. The actual load and disturbance with their estimates in high-speed condition.

T

1000

T

500 H

Speed response(rpm)

T T

0 0.05

0.1 0.15 0.2

0.25 0.3

Time(t)

0.35 0.

—_

(=3

(=3

(=]
T

T T T

Speed response(rpm)

1 1 1

0 0.05

0.1 0.15 0.2

0.25 0.3

Time(t)

0.35 0.4

Figure 6. The speed response results without compensation and with compensation in high-speed
condition (the blue line indicating the speed response results with compensation, and the red line
indicating the speed response results without compensation).

The Table 3 can be obtained from Figure 6. It also shows that the control effect of the proposed
combined controller is very good. The decrease of overshoot is due to the addition of PD controller
based on sliding mode controller. The anti-torque capability is enhanced because the state observer is
used to estimate the torque disturbance, and then compensate it into the combined controller.

Table 3. Simulation comparison performance (N, = 1000 1/s).

Items

Combined Controller

Traditional SMO

Rise time/ms
Setting time/ms
Overshoot/%
Lowest speed/rpm
Recovery time/ms

6.509
4.376
0.498
989.1
0.05

7.609
/
38.184
886.8
0.28
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5. Conclusions

This paper investigates a combined controller base on sliding mode control method and PD control
strategy and a combined estimator based on slow time-varying estimation law and state observer.
The combined controller is used to improve the tracking performance and increase the response speed
of PMSM’s speed regulation by the analysis of PD control method. In addition, the estimator is
presented to reconstruct the disturbance and uncertainties caused by environment and simplified
model. Numerical examples based on Simulink model show the proposed algorithm can obtain a
superior dynamic performance with reducing the effect of load disturbances and overshoot. The
experimental implementation of the proposed algorithm, adopting optimization algorithm to select
parameters adaptively, researching the high-frequency low-voltage signal injection sensorless control
method, and modelling the PMSM system as a nonlinear model for research are planned to be carried
out in the future.
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