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Abstract: It is widely recognized that the iron loss produced by motors at high speeds will directly
affect the angle and size of the back electromotive force, and, therefore, it cannot be ignored. In
this paper, a high-performance sensorless control algorithm is proposed for high-speed permanent
magnet synchronous motors (HSPMSM), taking the iron loss into account. First, the resistance
representing the core loss is precalculated by finite element analysis, and then a sliding mode
observer with disturbance observation is designed to estimate the rotor position. The observer
possesses the advantages of suppressing the chattering phenomenon and enhancing the robustness
against uncertainty. Meanwhile, the idea of the characteristic model is used to design an adaptive
robust control law to improve the speed control accuracy. Subsequently, a sensorless control scheme
is proposed by using the proposed observer in combination with the designed control scheme.
The stability of the observer and controller is verified by the Lyapunov theory method. Finally, a
simulation example is given to demonstrate the correctness and the effectiveness of the proposed
algorithm.
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1. Introduction

Nowadays, high-speed permanent magnet synchronous motors have been widely
used in many industrial applications that demand a high precision with good efficiency,
such as numerical control machines, electric vehicles and robots [1,2]. The vector control
strategy, which is extensively used in the control of motors, requires mechanical sensors
such as encoders to provide position information. However, the deployment of sensors
will inevitably lead to hardware consumption, reliability reduction and cost increases [3].
Moreover, at high speeds, it is very sensitive to environmental variations such as vibration
and temperature. As such, many scholars at home and abroad have carried out a lot of
fruitful research work on the sensorless control theory and technology, aiming to accurately
estimate the speed and position of the rotor through appropriate methods by using the
relevant electrical signals of the motor windings so as to replace the mechanical sensors.

The sliding mode control technique has many advantages, such as insensitivity to
structural uncertainty, a strong robustness against disturbances and a fast dynamic response,
but this method has inherent chattering problems. In [4], a low-pass filter and additional
position compensation of the rotor were used to reduce chattering problems. In [5], in
order to improve the observation accuracy and robustness of the sensorless control of
a permanent magnet synchronous motor, an over-twist algorithm based on adaptive
parameter estimation control was proposed, which had an integral effect on the switching
function, effectively improved the convergence speed of the system and enhanced the
observation accuracy of the rotor position and speed. In [6], a sliding mode observer
based on a two-stage filter was designed. The output of the first-stage filter provides a
feedback observer for the current. The rotor position is calculated by using the output of
the second-stage filter, and the position estimation error is compensated by piecewise linear
compensation. In [7], the saturation function was replaced by the sign function to weaken
the chattering. In addition, the steady-state performance of the sliding mode observer was

Energies 2022, 15, 7615. https://doi.org/10.3390/en15207615 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15207615
https://doi.org/10.3390/en15207615
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en15207615
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15207615?type=check_update&version=1


Energies 2022, 15, 7615 2 of 14

improved by estimating the variations of stator resistance. In [8], a high-gain observer
was used to estimate the state under scalar disturbance. In [9], an adaptive sliding mode
observer combined with back electromotive force error estimation was proposed to reduce
system chattering.

In the above-mentioned sensorless method, the iron loss of the motor is ignored.
However, in the high-speed area, the effects resulting from iron loss cannot be simply
ignored, as it increases to the square of the speed [10]. In [11], a sensorless drive control
based on a disturbance observer that accurately estimates the rotor position was proposed.
This is achieved by considering the iron loss so as to further reduce the rotor position
estimation error. In reference [12], a sensorless control strategy of permanent magnet
synchronous motors based on high-frequency switching voltage injection was proposed,
which considers the loss of iron and compensates it. In reference [13], a sliding mode
observer was designed for the iron loss model of the motor, and the recursive least square
method was used to estimate the motor parameters and iron loss resistance. The sensorless
control methods above only consider the variation in iron loss resistance or some system
parameters and consider the other parameters to be constants. In fact, the parameters of
flux linkage, resistance, inductance, etc. will vary with environmental factors. Therefore,
for the HSPMSM observer designs, it is desirable to deal with parameter variations and
unknown uncertainties simultaneously.

In order to improve the tracking performance and robustness of the nonlinear sys-
tem, many advanced nonlinear controllers have been proposed, such as internal model
control [14], feedback linearization control [15], combined direct and indirect approaches to
adaptive control [16], adaptive backstepping control [17], etc. In [18], Cecati et al. proposed
a passivity-based control for induction motors. The reference position was reached very
quickly and without overshoot and was maintained with a high precision, even when load
changes and parameter variations occurred. Yao bin et al. proposed an adaptive robust
control (ARC) [19] method and successfully applied it to multiple systems [20–22]. These
controllers ensure the transient performance and final tracking accuracy of the given output
tracking and achieve asymptotic output tracking without unstructured uncertainties.

However, all of the above-mentioned nonlinear methods adopt the full-state feedback
method, where the position and velocity signals must be measured at least. It should
be pointed out that, for many systems, due to the cost reduction or the inconvenience of
system detection, only input and output signals are available. In addition, a large amount
of measurement noise may reduce the realizable performance of the full-state feedback
controller. Although some system states can also be estimated by state observers [23],
when the system order is relatively high, the backstepping control scheme needs to iden-
tify more parameters, and the number of the intermediate virtual control rate will also
increase rapidly, which makes the controller structure very complex and not conducive to
engineering applications.

The academician Wu put forward the idea of characteristic modeling in the 1990s [24].
The characteristic model compresses the high-order or uncertain terms of the complex
object into several time-varying characteristic parameters without losing the information
of the object, but the description form is very simple. The characteristic model provides
the basis for the design of low-order controllers for the high-order complex object, which
is convenient for the design of controllers and easy for engineering applications [25].
Reference [26] extended the characteristic modeling method to the gear-driven servo
system with inertia change, which reduced the complexity of the traditional mathematical
model, and the designed second-order terminal sliding mode controller achieved good
results. In reference [27], by combining characteristic modeling, a genetic algorithm and
terminal sliding mode control, an adaptive discrete terminal sliding mode controller based
on a characteristic model was proposed, which can not only enhance the robustness of
the system but also eliminate the chattering effect of system commutation. The above-
mentioned control methods use characteristic modeling to simplify the controller design
and have achieved good control results. The characteristic model solves the problem of it
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being difficult to accurately model the complex system and design the controller, which
provides a good reference for the modeling and controller design of high-performance
high-speed motor control systems.

This paper presents a sensorless control method of high-speed permanent magnet
synchronous motors (HSPMSM) that considers iron loss, which can achieve a good speed
tracking control performance under high-speed operation. The main contributions of
this paper are as follows: first, the iron loss in the motor system is obtained by using
finite element analysis, and the change relationship of iron loss resistance, inductance
and flux linkage is included in a lookup table to overcome the influence of iron loss on
sensorless control. Second, a disturbance observer is added to the observer to deal with
the influence of unknown disturbances on the system, and the arctangent function is
used to replace the saturation function in the traditional sliding mode control to reduce
chattering. Third, an adaptive robust control method based on a characteristic model is
designed. The characteristic model is used to describe the high-speed permanent magnet
synchronous motor, which solves the problem of the control system model being complex
and difficult to describe accurately. The adaptive robust controller that is designed based
on the characteristic model can deal with parameter uncertainty and unknown disturbance
simultaneously, which improves the control accuracy and robustness of the system.

This paper is organized as follows. The model and sensorless control of HPMSM
are presented in Section 2. Section 3 shows the design of the adaptive robust controller
based on the characteristic model and its main theoretical results. Section 4 provides the
simulation results. Some conclusions can be found in Section 5.

2. Model and Sensorless Control of HPMSM
2.1. Model of HSPMSM with Iron Loss

After the core loss is introduced into the HSPMSM model, its equivalent circuit is
shown in Figure 1.

Energies 2022, 15, x FOR PEER REVIEW  3  of  16 
 

 

based on a characteristic model was proposed, which can not only enhance the robustness 

of the system but also eliminate the chattering effect of system commutation. The above‐

mentioned control methods use characteristic modeling to simplify the controller design 

and have achieved good control results. The characteristic model solves the problem of it 

being difficult to accurately model the complex system and design the controller, which 

provides a good reference  for  the modeling and controller design of high‐performance 

high‐speed motor control systems. 

This paper presents a sensorless control method of high‐speed permanent magnet 

synchronous motors (HSPMSM) that considers iron loss, which can achieve a good speed 

tracking control performance under high‐speed operation. The main contributions of this 

paper are as follows: first, the  iron loss  in the motor system  is obtained by using finite 

element analysis, and the change relationship of iron loss resistance, inductance and flux 

linkage is included in a lookup table to overcome the influence of iron loss on sensorless 

control. Second, a disturbance observer is added to the observer to deal with the influence 

of unknown disturbances on the system, and the arctangent function is used to replace 

the saturation function in the traditional sliding mode control to reduce chattering. Third, 

an adaptive robust control method based on a characteristic model is designed. The char‐

acteristic model is used to describe the high‐speed permanent magnet synchronous mo‐

tor, which solves the problem of the control system model being complex and difficult to 

describe accurately. The adaptive robust controller that is designed based on the charac‐

teristic model can deal with parameter uncertainty and unknown disturbance simultane‐

ously, which improves the control accuracy and robustness of the system. 

This paper is organized as follows. The model and sensorless control of HPMSM are 

presented in Section 2. Section 3 shows the design of the adaptive robust controller based 

on the characteristic model and its main theoretical results. Section 4 provides the simu‐

lation results. Some conclusions can be found in Section 5. 

2. Model and Sensorless Control of HPMSM 

2.1. Model of HSPMSM with Iron Loss 

After the core  loss  is  introduced  into the HSPMSM model,  its equivalent circuit  is 

shown in Figure 1. 

sR

iR

qmqiLe

du



dL

di dmidii








dmu

 

sR

iR qL

qi



me





qii

dmdiLe

mqu

qmi

qu

 

(a)  (b) 

Figure 1. (a) D‐axis equivalent circuit; (b) Q‐axis equivalent circuit. 
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Figure 1. (a) D-axis equivalent circuit; (b) Q-axis equivalent circuit.

Based on the above equivalent circuit, the mathematical model of HSPMSM consider-
ing iron loss can be obtained [2,28]:

[
ud
uq

]
=

[
Rm + pLd −ωeLq + p ωeLdLq

Ri

ωeLd − p ωeLdLq
Ri

Rm + pLq

][
id
iq

]
+

[
ω2

e Lqψf
Ri

ωeψf

]
, (1)

where id and iq are the currents of the d-q axis; ud and uq are the voltage of the d-q axis;
p = d/(dt) is the differential; Rm = Rs + ((ω2

e LdLq)/Ri); Rs is the stator resistance; ψf is
the flux linkage of the permanent magnet; Ri is the equivalent resistance of iron loss; Ld
and Lq are the inductance of the d-q axis; ωe is the speed.

In order to obtain the relevant motor parameters in the motor model, the electro-
magnetic field finite element method is used for the numerical analysis of the motor
electromagnetic field, and Table 1 lists the design parameters of the tested motor.
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Table 1. Parameters of the simulation model.

pole 1

number of conductors per slot 8

number of parallel branches 2

inner diameter of stator 70 mm

outer diameter of stator 130 mm

inner diameter of rotor 15 mm

outer diameter of rotor 64 mm

length of iron core 130 mm

The nonlinear relationship of motor parameters with respect to the d-q axis current
component is shown in Figure 2.

1 

 

  

(a) (b) 

  

(c) (d) 

 
Figure 2. (a) Variations curve of the direct axis inductance with the d-q axis current; (b) Variations
curve of the quadrature axis inductance with the d-q axis current; (c) Variations curve of the flux
linkage of the permanent magnet with the d-q axis current; (d) Variations curve of the iron loss
equivalent resistance with the d-q axis current.

2.2. Design of the Sliding Mode Observer

According to Equation (1), the dynamic equation of the stator current is rewritten as

.
idq = Aidq + Budq − Edq + D, (2)
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where idq =
[
id, iq

]T, udq =
[
ud, uq

]T, Edq =
[
Ed, Eq

]T, D =

[
−ω2

e Lqψf
Ri
− d1

−d2

]
, A =[

− Rs
Ld

Lq
Ld

ωe

− Ld
Lq

ωe − Rs
Lq

]
, B =

[
1

Ld
0

0 1
Lq

]
and d1,d2 are unknown disturbances.

In order to obtain the induced electromotive force in Equation (2), the sliding mode
observer is designed as

.
îdq = Âîdq + B̂udq −Vdq, (3)

where
.
îdq = [îd, îq]

T
are observer state vectors, and Vdq are observer control inputs, Â = − Rs

Ld

L̂q

L̂d
ω̂e

− L̂d
L̂q

ω̂e − Rs
L̂q

, B̂ =

[ 1
L̂d

0

0 1
L̂q

]
, D̂ =

[
− ω̂2

e L̂qψ̂f
R̂i
− d̂1

−d̂2

]
. R̂i, L̂d, L̂q, ψ̂f represents their

estimated values, respectively, which are obtained from Figure 2.
The control input of the sliding mode observer is designed as

Vdq =

[
ketanh(îd − id) +

ω̂2
e L̂qψ̂f
R̂i

+ d̂1

ketanh(îq − iq) + d̂2

]
, (4)

where ke is the sliding mode gain, and d̂1 and d̂2 are the disturbance estimates.
From Equations (2) and (3), the equation of the state of the current error system can be

obtained as
.
e = −Vdq + Edq − D′, (5)

where e =
[
îd − id, îq − iq

]T
denotes the current observation error, and D′ =

[
D′d, D′q

]
=

D̃ + [
ω̃2

e L̃qψ̃f

R̃i
+ Rs

L̂d
ĩd +

L̂d−L̂q

L̂d
(ω̂e îq −ωe îq), Rs

L̂d
ĩq −

L̂d−L̂q

L̂d
(ω̂e îd − ω̂eid)]T represents the con-

centrated disturbance.

Remark 1. Generally, the sliding mode gain needs to be large enough to reduce the current
estimation error. In addition, the discontinuous sign function is used, which leads to an obvious
chattering phenomenon, even if the filter is added. When the parameters of the sliding mode observer
are not suitable, the chattering phenomenon will be more serious, and the current estimation error
will increase. Using the arctangent function instead of the symbolic function can eliminate or
suppress chattering in the traditional sliding mode, but the accuracy and robustness are somewhat
reduced.

Theorem 1. For the high-speed permanent magnet synchronous motor model described by system
(2), the observer is designed as systems (3) and (4), which can ensure that the observation error
dynamics converge to zero, despite disturbances.

Proof of Theorem 1. The Lyapunov function is constructed as

S =
1
2

eTe +
1

2Γ
d̃

2
m. (6)

By deriving the Lyapunov function (6), we can obtain

.
S = 1

2 eT(−Vdq + Edq + D) + d̃m

.
d̂m

γ

= 1
2 eT(−Ktanh(ĩdq) + Edq + D− d̂m) + d̃me

(7)

According to the sliding mode reaching condition eT .
e < 0, the system (5) satisfies the

following identities:
0 ≡ −Vdq + Edq − D′. (8)



Energies 2022, 15, 7615 6 of 14

The expressions of gain K = [ke, ke]
T can be calculated as

K = nmax
[

Edqtanh(ĩdq)− D′
]
, (9)

where n is a normal number.
Therefore, by selecting the appropriate sliding mode gain K,

.
S ≤ 0 can be achieved. �

3. Design of the Adaptive Robust Controller Based on the Characteristic Model
3.1. Characteristic Model of HSPMSM

The mechanical motion equation of the motor is as follows:

J
.

ωe = 1.5npiq[ψf + (Ld − Lq)id]− Bωe, (10)

where J is the inertia, np is the polar logarithm and B denotes the damping coefficient.
Different working environments, working temperatures and currents will affect the

electrical parameters of the motor control system, and the parameters of the high-speed
motor will vary under different operating conditions. The characteristic modeling of a
high-speed motor model (1), (10) considering iron loss can compress the uncertain informa-
tion such as the parameter perturbation into several unknown characteristic parameters
through real-time on-line identification, making it equivalent to the actual model rather
than approximate. In this way, the controller based on the characteristic model design can
simplify the controller design and facilitate engineering applications.

From Equations (1) and (10), it can be concluded that:

..
ωe =

1.5np
J [ψf

.
iq + (Ld − Lq)(

.
id +

.
iq)]− B

J
.

ωe,

=
1.5np(ψf+Ld−Lq)

JLq
[uq − Rmiq +

(Ld−Lq)

(ψf+Ld−Lq)

.
id]

− 1.5np(ψf+Ld−Lq)
JLq

[Ldid + ψf −
LdLq

Ri

.
id]ωe − B

J
.

ωe,
= −α1(t)

.
ωe − α2(t)ωe + β1(t)u(t).

(11)

where u(t) = uq − Rmiq +
(Ld−Lq)

ψf+Ld−Lq

.
id denotes the driving quantity of the q-axis voltage,

and α1 = B
J , α2 =

1.5np(ψf+Ld−Lq)
JLq

[Ldid + ψf −
LdLq

Ri

.
id], β1 =

1.5np(ψf+Ld−Lq)
JLq

.
However, the system is usually affected by uncertainty, including modeling errors and

external disturbances. Thus, the model (11) has to be transformed to

..
ωe(t) + α1(t)

.
ωe(t) + α2(t)ωe(t) = β1(t)u(t) + ∆(t), (12)

where u(t) ∈ R and ωe ∈ R are the input and output of the system, respectively; ∆(t)
represents the lumped unknown nonlinear functions, including the unmodeled dynamics
and disturbances.

The expected velocity trajectory ωd(t) ∈ R is bounded, and the parameter set θ is
defined as follows

θ ∈ Ωθ
∆
= {θ : θmin ∈ θ ∈ θmax}, (13)

where θmin = [θ1min, . . . , θ3min]
T and θmax = [θ1max, . . . , θ3max]

T are known.

3.2. Parameter Projection and Parameter Adaptation

In the following section, •j represents the jth component of the vector •, and the
operation < for the two vectors is performed according to the corresponding elements of
the vector. θ is the estimated value represented by θ̂, θ̃ is the estimated error (θ̃ = θ̂ − θ)
and a discontinuous projection can be defined as [20]:

Projθ̂j
(•j) =


0, ifθ̂j = θjmaxand•j > 0
0, ifθ̂j = θjminand•j < 0
•j. otherwise

(14)
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where j = 1, 2, 3.
The following adaptive law is used to estimate the unknown parameters of the system.

.
^
θ = Projθ̂(Γτ)
τ = φz
.
d̂m = Γ4|z|.
v = −Γ5d̂mv.

(15)

In Equation (15), the initial value θ̂(0) should satisfy θmin ≤ θ̂(0) ≤ θmax. Γ =
diag

{
Γ1 Γ2 Γ3

}
is a positive diagonal matrix, Γ4 − Γ5 are all positive coefficients and τ

is an adaptive function. By using these parameter adaptive laws based on discontinuous
projection, the unknown characteristic parameters α1, α2, β1 can be estimated.

3.3. Controller Design

First, e(t) = ωe(t)− ωd(t) is defined to represent the tracking error of high-speed
permanent magnet synchronous motor speed, and an error factor z is defined as{

z = k1e +
.
e = x2 − x2eq

x2eq =
.
yd − k1e

, (16)

where k1 > 0 represents the feedback gain. By deriving from Equation (16), we can obtain

.
z = −θ1

.
y− θ2y + θ3u− .

x2eq + ∆
= φTθ− .

x2eq + ∆
(17)

where φT =
[
− .

ωe, −ωe, ua
]T, in general, under the actual working conditions, and the

nonlinear term ∆ is bounded
|∆| ≤ δ(t), (18)

where δ(t) is a continuous and bounded but unknown function.
From [20], for any adaption function τ, the adaptation in (15) satisfies

P1 : θ̃T [Γ−1projθ̂(Γφz)− φz] ≤ 0. (19)

P2 : θ̂ ∈ Ωθ̂
∆
=
{

θ̂ : θmin ≤ θ̂ ≤ θmax
}

. (20)

In addition, the adaptive algorithm is used to eliminate the influence of parameter
uncertainty so as to obtain a higher steady-state tracking performance and asymptotic
output tracking. The adaptive robust control of high-speed permanent magnet synchronous
motors based on a characteristic model can be proposed as follows

u = (ua + us)

ua =
1
θ̂3
(θ̂1

.
y + θ̂2y− θ̂4 +

.
x2eq)

us = us1 + us2
us1 = −ksz.

(21)

In (21), ua is the model compensation term. us is a robust control law in which us1 is
used to stabilize the system.

In order to make the control system robust regarding external disturbances and reduce
chattering at the same time, a nonlinear robust term us2 is designed

us2 = −d̂mtanh(
z
v2 ), (22)

where d̂m is the estimated upper bound of external interference, and v(t) is a time-varying
parameter and satisfies v(0) > 0.
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Lemma 1. For any real number x and non-zero real number y , the following inequality holds [29].

0 ≤ |x|(1− tanh(
∣∣∣∣ xy
∣∣∣∣)) ≤ Γ5|y|, Γ5 > 0 (23)

Theorem 2. For the HPMSM system described by Equation (12), the tracking error of the whole
closed-loop control system can converge to 0 by using the adaptive control law (21) and the parameter
update law (15).

Proof of Theorem 2. Design the Lyapunov function as:

V =
z2

2
+

~
θ

T
Γ−1

~
θ

2
+

d̃2
m

2Γ4
+

v2

2
, (24)

where
~
θ =

^
θ − θ denotes the estimation error of characteristic parameters and d̃m =

d̂m − dm is the estimation error of the disturbance upper bound.
From (21), (15) and (17), the derivative of a non-negative function V is

.
V = z[−ksz− θ̃Tφ + ∆− d̂mtanh(

z
v2 )] + θ̃TΓ−1

.
θ̂ + d̃m|z| − Γ5d̂mv2. (25)

Considering the property (19), we can further obtain

.
V = (∆− d̂mtanh( z

v2 ))z + d̃m|z| − Γ4d̂mv2 − ksz2,

≤ zdm −
d̂mv2ztanh( z

v2 )

v2 + d̃m|z| − Γ4d̂mv2 − ksz2,

≤ |z|dm + d̂mv2(Γ4 −
∣∣∣ z

v2

∣∣∣) + d̃m|z| − Γ4d̂mv2 − ksz2,
≤ −ksz2 = M.

(26)

Therefore, M ∈ L2 and V ∈ L∞. Since all signals are bounded, according to Equation
(17), it is easy to check that

.
M is bounded and thus uniformly continuous. By applying

Barbalat’s lemma, M→ 0 as t→ ∞ ; so, e→ 0 . �

4. Comparison and Analysis of Simulation Results

The i∗d = 0 vector control is used to simulate the control system of high-speed perma-
nent magnet synchronous motors. Considering the influence of magnetic circuit saturation
and core loss, the nonlinear relationship between the inductance, flux linkage, core loss
resistance and d-q axis current is calculated by finite element analysis, and the rotor position
is estimated by the sliding mode observer. This paper designs a speed controller, and the
current controller uses PID control.

Figure 3 establishes the framework of a vector control system of high-speed per-
manent magnet synchronous motors, which consists of a high-speed permanent magnet
synchronous motor (HSPMSM), space vector pulse width modulation (SVPWM) module,
Park and Clark coordinate transformation, voltage source inverter, current regulator and
speed controller. In addition, the stator phase resistance is 0.0244/Ω, and the no-load
moment of inertia is 0.00128474/(kg ·m2).

The design parameters of the sliding mode observer are chosen: (1) Sliding mode
observer: k1 = 25. (2) Improved sliding mode observer: k1 = 25, k2 = 500.

The parameters of the controller are designed as follows: (1) PID control: through
the trial-and-error method, adjust the controller gain to kp = 10, ki = 8, kd = 0. (2)
Adaptive robust control: the control strategy designed in this paper. The initial values of
the unknown parameters are chosen as: θ̂(0) =

[
0, 0, 46

]T. The parameter adaptation

rates are set as
[
Γ1 Γ2 Γ3

]T
=
[
2.5× 10−6 3× 10−5 0.026

]T and ke = 500, ks = 0.5.
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Figure 3. Overall structure block diagram of high-speed motor vector control.

Using PID as the speed controller, set the given speed to 15,000 rpm and add a load
of 0.5 N ·m at 5 s. Figure 4 shows the performance results of the traditional sliding mode
observer without considering the iron loss, and Figure 5 shows the performance results
of the observer with considering the iron loss in this paper. Figure 6 shows the torque
response. In Figure 6, Te1 is the torque of the traditional sliding mode observer, and Te2
is the torque of the improved sliding mode observer. From these results, it can be seen
that the speed estimation effect of the improved sliding mode observer is obviously better
than that of the traditional sliding mode observer. This is because a disturbance observer
is added to the improved sliding mode observer, and the influence of iron loss is taken
into account. The disturbance estimator is used to deal with unknown disturbances, and
the parameter uncertainty is dealt with by looking up the iron loss resistance, d-q axis
inductance and flux linkage in Figure 2. It is worth noting that, in 5 s, the feedback speed
is affected due to the load change. However, the traditional sliding mode observer has
a better anti-disturbance ability, which shows that the robustness will be sacrificed if the
arctangent function is used instead of the symbolic function. It can be seen in Figure 6 that
the torque of Te1 is smaller than that of Te2, because the iron core loss will reduce the actual
output torque. The improved sliding mode observer can deal with the influence of iron
loss and improve the performance of the system.
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Figure 4. (a) Speed estimation of the traditional sliding mode observer; (b) Estimation error.

To verify the effectiveness of the proposed controller, the sliding mode observer is
combined with the adaptive robust controller, and the speed tracking performances of
the adaptive robust controller and PID controller are compared. The set speed is 15,000
revolutions, with a load of 1 N·m. The control effects of the HSPMSM system are shown in
Figures 7 and 8. It can be seen from the results in Figures 7 and 8 that the designed adaptive
robust controller is obviously superior to PID control in terms of transient and steady-state
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performance. The maximum control error of the adaptive robust controller is 98, and the
steady-state error is less than 5.
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Figure 7. (a) Speed response under PID control; (b) Tracking error of PID.
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Figure 8. (a) Speed response under adaptive robust control; (b) Tracking error of adaptive robust
control; (c–g) Parameter adaptation of the proposed adaptive robust control.

To test the robustness of the proposed controller regarding external disturbances,
we add 0.2 N ·m, 0.5 N ·m and 0.6 N ·m disturbances to the system at 1 s, 5 s and 14 s,
respectively. The tracking results are shown in Figures 9 and 10. It can be seen from
Figures 9 and 10 that the disturbance rejection effect of the adaptive robust controller based
on the characteristic model is better than that of PID. Although the high-speed motor is
subject to unknown disturbances, the proposed adaptive robust controller can still make
the speed return to the given trajectory quickly.
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Figure 9. (a) Speed response of PID control in case of external disturbances; (b) PID tracking error in
case of external disturbances.
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5. Conclusions

In this paper, a sensorless control method has been designed. The estimation of core
loss resistance and stator inductance has been used in the design of a sliding mode observer
to reduce the estimation error related to parameter fluctuation. At the same time, the
characteristic model has been used to design the speed controller, and the adaptive rate
robust control rate has been designed to realize the accurate compensation of the system
model and suppress the external interference of the high-speed motor system. Finally, the
simulation results have been given to show that the proposed control method improves the
accuracy of the rotor position estimation and speed tracking. In future work, we will further
study the sensorless control of permanent magnet synchronous motors in the full-speed
range and try to combine the low-speed operation control algorithm with the high-speed
operation control algorithm.
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