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ARTICLE INFO ABSTRACT

Keywords: This article aims to provide a high-precision sensorless controller for permanent magnet in-wheel motors
Sensorless control (PMIWMs) used in electric vehicles (EVs) when an unexpected failure of the position sensor occurs. To address
Permanent magnet in-wheel motor this, we propose a position sensorless control method that combines a global fast terminal sliding mode
Global fast sliding mode observer observer (GFTSMO) with a phase-locked loop (PLL) estimation scheme. First, the GFTSMO is introduced to

Phase-lock I o . . . is s .
ase-lockleop reduce the significant chattering that typically occurs in traditional sliding mode observers (SMO). This control

scheme can help the state variable converge to an equilibrium state from any initial condition and minimize
chattering. Second, we implement a PLL estimation scheme to replace the conventional arc-tangent estimation
method. This method avoids the triggering of high-frequency oscillations, thereby improving the estimation
precision and robustness of the control system. In addition, we discuss the stability of the proposed GFTSMO
using the Lyapunov function. Simulation and tests on a motor platform demonstrate that the proposed position
sensorless algorithm can track speed rapidly and accurately without overshooting. The proposed sensorless
control can ensure the control stability of PMIWMs and can be applied in other occasions where installing
motor sensors is challenging.

1. Introduction two sensors, the resolver exhibits inadequate control precision, which
cannot apply to high-accuracy PMIWM control, and the photoelectric

In recent years, electric vehicles (EVs) powered by permanent mag- encoder cannot be applied to complex operational conditions such as
net in-wheel motors (PMIWM) have become a significant focus of global dust, water vapor, and vibration due to its poor interference resis-
research [1,2]. The use of PMIWM in EVs effectively addresses issues tance [5,6]. Therefore, these two types of sensors cannot guarantee the
such as poor energy efficiency, slow response speeds, and environ- stability and accuracy of feedback. In addition, installing mechanical
mental pollution associated with traditional vehicles [3,4]. While the sensors complicates the motor control system’s layout and increases
PMIWM utilizes the permanent magnet synchronous motors (PMSMs) the unsprung mass of automobiles, which can deteriorate the EV per-

as its driving component and incorporates them within the wheels of
electric vehicles, it necessitates a higher level of control demand in
contrast to traditional PMSM. This increased demand for control arises
from the absence of a transmission shaft and gearbox in EVs driven by
PMIWM, which conduct to any speed change occurring in the PMIWM
can cause an imbalance of EVs. Aiming at ensuring the balance and
safety of EVs, it is crucial to ensure the high control precision and fast
response speed of each PMIWM.

Regarding improving control precision and response speed, it is
essential to implement real-time monitoring and feedback of speed
and position signals, and the most widely used motor sensors are the
resolver and photoelectric encoder. Considering the properties of these

formance [7,8]. Moreover, the installation of sensors can increase the
cost of the EVs. Considering stability, EV performance, and cost, it is
crucial to adopt the position and speed sensorless scheme for PMIWM.

To realize the position and speed sensorless scheme, a parameter
adaptive algorithm for online parameters identification and feedback
was proposed in [9], which can compensate for the nonlinearity of the
inverter to eliminate control errors in estimation process. However, it is
not suitable for heavy load occasions. To solve this, a sensorless motor
drive scheme that combines hybrid observer for heavy-load position
servo was designed in [10]. However, this method cannot ensure the es-
timation precision. To enhance the estimation precision of current and

* Corresponding author.
E-mail addresses: haohuang 130@whu.edu.cn (H. Huang), lik@nwpaltz.edu (K. Li), chunfen_gdxq@outlook.com (C. Yu), zhonghua_qdxq@outlook.com
(Z. Sun), yuanfen_qdxq@outlook.com (Y. Zhang), zzbwoaiwojia@outlook.com (Z. Zhao), binluo_gdxq@outlook.com (B. Luo).

https://doi.org/10.1016/j.isatra.2025.02.022
Received 14 November 2024; Received in revised form 1 February 2025; Accepted 14 February 2025

Available online 1 March 2025
0019-0578/© 2025 International Society of Automation. Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training,

and similar technologies.


https://www.elsevier.com/locate/isatrans
https://www.elsevier.com/locate/isatrans
https://orcid.org/0000-0002-8997-1123
mailto:haohuang_130@whu.edu.cn
mailto:lik@nwpaltz.edu
mailto:chunfen_qdxq@outlook.com
mailto:zhonghua_qdxq@outlook.com
mailto:yuanfen_qdxq@outlook.com
mailto:zzbwoaiwojia@outlook.com
mailto:binluo_qdxq@outlook.com
https://doi.org/10.1016/j.isatra.2025.02.022
https://doi.org/10.1016/j.isatra.2025.02.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isatra.2025.02.022&domain=pdf

H. Huang et al.

position, a sensorless machine drive scheme that combines predictive
control of the motion model in the speed loop with phase current was
considered in [11]. Additionally, a parameter-sensitive adaptive online
decoupling sensorless control strategy was also proposed to improve
the estimation accuracy of rotor position in [12]. In order to further
reduce the estimation error, a flux estimation was proposed to calculate
flux and reduce the indicating errors in [13]. In addition, a static error-
free position estimation strategy was applied to eliminate DC errors and
high-frequency noise in [14].

Compared with the methods mentioned above, the sliding mode
observer (SMO) has become an ideal sensorless control scheme due
to its advantages, such as the low requirement for modeling accuracy,
insensitivity to parameter disturbances, simple control structure, and
good robustness [15,16]. However, during the position sensorless con-
trol process of SMO, two key technical issues need to be overcome:
Firstly, there is a chattering value of the conventional SMO during the
control process, which can result in severe fluctuation of estimation
process [17]. Secondly, the conventional SMO scheme adopts the tradi-
tional arc-tangent function algorithm to estimate the speed and position
signal, which can trigger high-frequency oscillations and severely affect
the accuracy of motor speed and position estimation [18].

The chattering phenomenon in control systems arises from the error
that cannot approach zero within a finite time. To solve this issue, a
composite super-twisting sliding mode control (STSMC) integrated with
a novel disturbance observer was designed in [19]. This approach re-
duces the inevitable chattering phenomenon and estimates the lumped
disturbance. However, it struggles to estimate the upper bound of
this disturbance quickly. To further improve disturbance estimation, a
finite-time adaptive STSMC was proposed in [20], which ensures that
the dynamics of the tracking error can converge to zero in a finite time
and boosts the estimation speed of lumped disturbance. In addition, a
novel model-free STSMC method was developed in [21], enabling the
state variables to converge rapidly to the reference value within a finite
time and estimate unknown disturbances. Alongside STSMC, high-
order sliding mode control (HOTSMC) can also facilitate the control
error converge to zero. In [22], a high-order fast nonsingular terminal
sliding mode control was introduced to enhance convergence speed
and eliminate chattering. Furthermore, HOTSMC can be applied for
harmonic suppression and disturbance compensation [23].

Compared with the STSMC and HOTSMC, global fast terminal slid-
ing mode control (GFTSMC) has fewer control parameters and high-
order sliding mode surfaces, which can make the control error converge
to zero with less computational complexity of the control system,
as well as save the cost of the PMIWM control system. As for the
high-frequency oscillations of the arc-tangent function algorithm, the
commonly solved method is adding a low-pass filter. However, this
method can conduct the angle estimation error caused by the delay
effect. The key idea to avoid high-frequency oscillations is to design
a novel estimation scheme to replace the arc-tangent function.

In this paper, we design a global fast terminal sliding mode ob-
server (GFTSMO) combined with a phase-loop lock (PLL) estimation
algorithm. Firstly, a GFTSMO is designed for the control error of
PMIWM to converge to zero in a finite time and reduce the chattering
phenomenon. In addition, to further improve the position and speed
estimation precision of the PMSM control, a PLL algorithm is designed
to replace the arc-tangent position estimation algorithm, which can
eliminate the high-frequency switching parts by integral function and
enhance the estimation accuracy. The main contributions of this paper
can be summarized as follows:

(1) A GFTSMO is proposed to replace SMO in this article to realize
the estimation of the back electromotive force (BEF). This novel method
can reduce the chattering value that occurred in the SMO and enable
the tracking error to converge to zero in a finite time, which can further
reduce the fluctuation of speed estimation.

(2) To achieve higher precision in feedback results, a PLL scheme
is designed to estimate the system’s position and speed signal. This
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Fig. 1. The structure of PMIWM.

method effectively prevents high-frequency vibrations in the system
and reduces the error between the actual speed and the estimated
speed.

(3) Multiple sets of simulations and experiments designed to verify
that the proposed sensorless controller based on the GFTSMO can
achieve ideal sensorless control of the PMIWM, which owns a fast
response speed and strong anti-interference ability. This controller
demonstrates a rapid response time and robust anti-interference capa-
bility.

The whole paper is presented as follows: In Section 2, the PMIWM
mathematical model is constructed; In Section 3, an observer based
on the GFTSMO and a phase-lock loop(PLL) estimation scheme are
designed; Section 4 verifies the proposed sensorless control strategy by
simulation and physical platform test; Section 5 summarizes the whole

paper.
2. Modeling of PMIWM

This paper takes the external rotor interior PMIWM as the re-
search object and research on high-performance control strategies for
PMIWM-driven vehicles under complex operating conditions. The mo-
tor structure is shown in Fig. 1, the number of stator slots is 27 and
the rotor poles are 24, respectively, the axial length is 50 mm, and
the built-in permanent magnet is located inside the rotor along the
circumference. This motor provides high torque output for electric
vehicles while reducing the consumption of permanent magnets. The
dynamic equation of PMIWM is as follows

T,-T; =J£;—(;)+Bw (@D)]

where T, is electromagnetic torque, T; is torque load, B is friction
coefficient, w is angular velocity, J is Moment of inertia. The torque
of PMIWM can be given as

2p

> [(Ld - Lq>idiq + wfiq]
where P is pole pairs, i, and i, are current of d — g axis respectively,
L, and L, are inductance of d — g axis respectively, v, is the magnetic

flux. As the research object of this article is surface mounted motors,
L, =L, =L, Eq. (2) can be simplified as

T, = (2)

3 .
= 5Py/ftq (3)

The voltage in a — f stationary coordinate system can be expressed
as

Te

uy = Ri, + L%

7 +e,

4
— Ri dip
ug —Rzﬂ+L7 +ep
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Simplify (4) and the current of motor can be obtained as

do o Ry 41, — L,
d — L@ L L[«
di (5)
DRy Ly, - L
dt LAT TP LYH

Back electromotive force can be expressed as follows

= -y wsind

(6)

ey =yrwcosd

where e, and e are back electromotive force of a — § axis respectively,
u, and uy are stator voltage of a—f axis respectively, i, and i are stator
current of a — # axis respectively, R is electronic winding reluctance, 6
is the rotation angle of motor.

3. Global fast terminal sliding mode observer

In order to compensate for the chattering value and enhance conver-
gence speed when approaching the convergence point in the traditional
sliding surface [24,25], this section adopts a global fast terminal sliding
surface, which can effectively combine the merits of linear and fast
terminal sliding surface [26]. When the system state variable is distant
from the equilibrium point, a linear sliding surface is implemented to
enhance the state variable’s convergence rate. Conversely, as the state
variable approaches proximity to the equilibrium point, adopting a fast
terminal sliding surface facilitates the system state variable’s approach
to the equilibrium state within a finite time frame. Introducing this
sliding mode control surface can ensure a fast convergence speed when
approaching the zero point and effectively suppress the problem of
chattering value when approaching the equilibrium point, which can
combine the characteristics of fast response speed and low estimation
error.

3.1. Design of the traditional sliding mode controller

Establish the second-order nonlinear systems as

dx;
Tar
dxy
Tar

=X

= f(x)+d@) + bu

)

where x; and c are state variables, b is a constant and b > 0, f(x) is
continuous function, d(7) is external disturbances and |d(t)| < D, b is a
constant and b > 0, u is the output of the sliding mode controller.

Design the sliding mode surface based on the traditional sliding
mode control(SMC) as

s =cx|+ X, (€))
Eq. (8) can be differentiated as

ds _ dx,

E cxy + 7 9

where s is the sliding mode surface, c is the control parameter of sliding
mode surface.

Typically, the design of SMC can be categorized into two distinct
phases: firstly, design the sliding mode reaching law of the control
system; secondly, design the control input to direct the system trajec-
tory towards the sliding mode surface, guaranteeing the fulfillment of
the sliding mode reaching condition as determined by the Lyapunov
function, as shown in (10).
dav V d s

dr d t <0

Firstly, design the sliding mode reaching law proposed by Gao, as

shown in (11)

(10)

ds = —esgn(s) an

dt
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where ¢ and k are determined reaching parameters of the sliding mode
controller, € > 0, k > 0. Substitute (11) into (10) yields
dVv

_ds_ -
i _Sdt = —esgn(s)s = —¢|s| <0 12)
Secondly, design the SMC input u(¢) based on (11) and (7)
u) = =1 (£ +d@ - £2)
= 13)

3 (re+aw -2 - cx2>
—% (f () +d() + esgn(s) — cx,)

By designing the sliding mode reaching law and control input, the
control error can reach the equilibrium point, the sliding surface based
on the SMO can be obtained as follows

X1
= — =0 14
s=cx; + o 14)
Solve differential equation (14) yields
t 1 dxl t
/ —dt = / —cdt (15)
o Xy dt 0
Solve (15) and the following equation can be obtained
x (1)
= —ct (16)
X1 0)
Based on (16), the convergence result can be obtained as
x1(1) = e"x,(1) 17)

From (17), we can obtain that when colored ¢ — oo, the track error
cannot converge to 0 in finite a time, which can deteriorate the control
performance.

3.2. Design of the global fast terminal sliding mode controller
In order to make the tracking error converge to 0 within a finite

time, the sliding surface based on the global fast terminal sliding mode
control(GFTSMC) is designed as

s =Xx) +ax, +ﬂxq/p 18)
Eq. (18) can be differentiated as

dS dx qﬁ ‘l P

prialory +ax, + —x 7 X, (19)

where a, 8, p, q, are control parameters of global sliding surface, p > g,
we denote a = 2, f =1, p=5,q =3 in this paper.

In order to meet the Lyapunov function‘ii—lt/ - <0, using the
reaching law ds —esgn(s), which is shown in (11). Combine (7), (11)
and (19), the control input of global fast terminal sliding mode surface
can be obtained as

u) = =1 (fe0+dw - 2 )
=1 (fe+dw - (£ - ax

qux1 , xz)) (20)

—3(f(0) + d(1) + esgn(s) + ax; + "ﬁxl 7 xy)

Through designing the sliding mode reaching law and control input,
the state variable can reach the equilibrium point, and the sliding
surface based on the GFTSMC can be expressed as

a/p _

s=xy+ax +px"" =0 @D
Because x, = d_rl’ Eq. (21) can be expressed as follows

% +ax, = —ﬁx‘ll/p (22)
Divide both sides of (22) by x‘f/ P simultaneously yields

%xl—q/p + axl(p—fn/p =-p (23)

Let y = x,=9/p, % = %%‘xl“m’, Eq. (23) can be simplified as
follows
d

p%q d—}; +ay=-§ 24)
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Multiply both sides of (24) by ”;fq simultaneously yields

dy p—q pP—q

= 25
i +— » » p (25)
Solve (25) and the following equation can be obtained
t o t _ .
y=eh ¥“d’(/ kY o) (26)
0 p
When x; =0, y(0) = C, Eq. (26) can be rewritten as
,, =4 ;q“f !
y=e Eipte v | +y0)
0 27)

2q )
==L+l sy 7

When ¢ = 1,, the control can converge to the equilibrium state,
y=x,?"9/? = 0, Eq. (27) can be simplified as
p Ao, P

T

—ﬂar g
;e » 4+ y0)e » (28)
p—q
where y(0) = x,(0) » , the time 7, for convergence from any initial state
to the equilibrium state can be expressed as
p ax; (O)¥ +f
ap-q B
From (29), we can validate that the control can reach the equilib-
rium state in infinite time ¢, through setting the sliding mode control
parameters a, f, p, q.
Based on (22), the following equation can be obtained
dx
dr
As the system state variable x; diverges from the origin, the conver-
gence time 1s predominantly influenced by the fast terminal attractor

(21 = —px] a/py. Conversely, as the system state variable x, nears equi-

dt
librium, the convergence time is chiefly determined by (X —axy),

accompanied by an exponential decay of x,. Therefore, by introducing a
global terminal sliding surface, the system state variables can converge
within a finite time while retaining the fast performance of the linear
sliding surface in approaching the equilibrium state.

Fig. 2 provides a comparative analysis of the performance of the
GFTSMC and SMC methodologies. In Fig. 2(a), the phase trajectory
of the system state emanating from the initial position under the
influence of these two sliding mode surfaces is depicted, indicating that
GFTSMC achieves a more rapid convergence rate than SMC. Fig. 2(b)
presents the convergence process of the system state concerning these
sliding mode surfaces, highlighting that GFTSMC exhibits a reduced
steady-state error compared to SMC. In Fig. 2(c), the control input u
is demonstrated, revealing that GFTSMC produces smoother control
inputs with minimal chattering relative to SMC. Fig. 2(d) presents
the position tracking curves corresponding to these sliding mode sur-
faces, illustrating that GFTSMC attains higher speed and reduced error
when aligning with the reference position signal. In summary, GFTSMC
demonstrates enhanced performance in terms of convergence speed,
steady-state error, and chattering suppression compared to SMC.

s

(29)

= —ax; — ﬂx‘ll/p

(30)

3.3. State variable of global fast terminal sliding mode surface

Construct the PMIWM current equation as follows

R. 1 1
—le + ZuS - zes

di,
dt

(31)

where i, = [ia,iﬂ]T, uy = [ua,uﬁ]T, e, = [ea,eﬂ]T, construct the PMIWM

sliding mode observer equation as

di, R. 1 1

d_;__ZlS+ZuS_ZUS (32)

where i, is the observe value of i, U, is the control output and U, =
T

[U,.Uy]" .

Subtract (31) from (32) yields
di, R 1 1
PR AL A A ©3)
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Define the PMIWM state variables x; and x, as follows

Xy = ; s ix is ( 3 4)
di Rr , 1 1
Xy = Z = —ZIS+ Ies— ZUS
3.4. Control input of global fast terminal sliding mode observer
Construct the Lyapunov function as follows
V= ; 2 (35)
The stability criteria for Lyapunov functions is as follows
v _ds (36)
dt dt
Substitute (19) into (36)
dVv dx, ap 5*
E =S<7 +(1X2+?X1p Xy
- ~ fd 25
C (A 4
p t dt dr?
~ (37)

=sF dﬁ 1 dzls
dt F df?
T T b
where V = [V,,V;] , s = [s5.54] , F = %fs" +a > 0, Decompose (37)
into the a — # axis of PMIWM
ddl/t — F(dla _ _(Rdln _ dea + dt,,))
- (38)
ap dip _ 1 (g% _ ﬂ Yy
a =5 F G - Ry dt )

In order to satisfy the Lyapunov equation, the control input based
on global fast terminal sliding surface is designed as

U(,:/()’((Dm)sgn(sa) (R%e - FL%‘))dr

(39
di di
U= [, <(D +11) sgn(sy) — (R=L - FL%))dr
By substituting (39) into (38), it can be obtained as
di, de,
—-SFﬂ—L o~ TD+m
dt dt FL sgn(Sa)—(Rd'“ FLd‘ru)
d
=-5,1 ((D +msen (S,) - %)
1 iy dey (40)
i | RE-Fr@+w
avy dt FL dig dcy
T_SﬂF sgn(Sﬂ)—< ——FL—)
=-S8p+ T ((D+n)sgn (Sﬂ) - —)
de,,

When Eq. (40) meets D > max(
can be obtained

the following conclusion

>

ddlr" < —ls 258n(s,) <0
41
dr/’ < ——sﬂsgn(sﬁ) <0

To maintain the stability of the control system under the proposed

GFTSMO, the control parameter D is designed as
de
s

T (42)

D= kmax(|—

In Eq. (42), the control parameter k must satisfy k > 1 to meet
the Lyapunov function, which ensures the global fast terminal sliding
surface can reach 0 in a finite time. At this point, Eq. (18) satisfies

1”7 =0 (43)

s =xp +ax; + fx
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Fig. 2. Performance comparison between GFTSMC and SMC (a) Phase trajectory (b) System state convergence (c) Control input (d) Position tracking.

When the state variable can converge to 0 in a finite time, 7, = Z—i =
0. Eq. (33) can be simplified as
—%iﬁ%es—%uﬁo (44)
When i, = 0, simplify (44) as follows
e, =U, (45)

U, can be obtained from (39), so the back electromotive force e, can
be obtained based on the control input U,.

Compared with the GFTSMO, the conventional SMO has a non-
continuous sign function in the current estimation error, which can
cause chattering and affect the control accuracy. However, the sign
function under the GFTSMO can be suppressed through integral fil-
tering. In addition, there is no need for a low-pass filter to reduce
the discontinuous high-frequency switching signals with the GFTSMO,
which can avoid phase delay caused by filtering back electromotive
force estimation during the control process. In addition, this proposed
GFTSMO scheme can be applied to other consensus control problems,
such as resilient leaderless and leader-follower, multi-object consensus
control issues [27,28].

3.5. Rotor position estimation based on PLL

Based on the BEF signal observed by GFTSMO, the position sig-
nal can be estimated, and the commonly used estimation method is
arc-tangent function, which can be expressed as

§ = —arctan fa __ arctan & (46)
€p s
From (39) and (46), there is a switching function sgn(s,) and sgn(sy)
in U, and Uy, which can trigger high-frequency oscillations [29,30],
resulting in significant errors in the estimation process, we adopt
a phase-locked loop (PLL)To solve this issue. The velocity position
estimation block diagram is shown in Fig. 3.

Denote |e| = y/e,% + ¢4, then ¢, and e; can be expressed as

{ea= |e| sin @ 7

ep =|e|cosd

>

v

Fig. 3. Phase-locked loop estimation.

According to Fig. 3, the following equation can be obtained
Ae = —e, cos ) — ep sin
= —|e| sin@ cos 6 + |e| cos € sin O
= —|e|sin0<:os(0+§)~+ |e|c0303~in(0+§) ) 48
= — |e| sin §(cos O cos @ — sin @ sin O) + |e| cos O(sin 6 cos 6 + cos 6 sin )
= |e| sin A sin @ sin f + |e| cos 6 cos O sin §
= |e| sinf

where # represents the error between 8 and 6 and § = § — 6. When
|6] = ‘é - 0| < ’é is satisfied, sind ~ 6, Eq. (48) can be simplified as

Ae = |e|sinf ~ |e| O (49)

From (49), it can conclude that the control input 4e of PI controller
in Fig. 3 is proportional to 4, and The PI controller can smooth the
high-frequency switching term of Ae through the integral controller.

Based on the above methods, the GFTSMO and PLL velocity position
estimation(abbreviated as GFTSMO-PLL) are shown in Fig. 4, and the
estimation method is executed as follows:

Step 1: Estimate the current of PMIWM through GFTSMO and
subtract the estimated current signal from the detected actual current
to obtain the current estimation error.

Step 2: Construct a GFTSMO based on this current estimation error
and obtain the estimated BEF through the design of the GFTSMO
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Fig. 5. PMIWM sensorless control system.

control law.
Step 3: Estimate the position and speed signal of the PMIWM
through using the PLL estimation strategy.

4. Simulation and experiments

This section establishes the PMIWM position sensorless control sys-
tem, as shown in Fig. 5. In this control system, the sliding mode
algorithm mentioned in [31] is adopted to control both the speed
and current control loops. Regarding acquiring speed and position
signals, we can choose between sensor control and sensorless control
strategies by switching on or off. Data from the traditional position
sensor is the reference value and data from the sensorless control
scheme is the observed value. To validate the observer precision, the
proposed sensorless control strategy was compared with the sliding
mode observer based on arctangent function rotor position estimation
(SMO-Atan) and the global fast terminal observer algorithm based on
arc-tangent function rotor position estimation (GFTSMO-Atan) through
Matlab/Simulink simulation tests.

4.1. Sensorless control simulation test

This section conducts simulation tests in PMIWM to compare the
observed performance of current and BEF from the proposed GFTSMO
and conventional SMO. The observed values are presented in Figs. 6
and 7. The observed values of the BEF are also shown in Figs. 7 and 8,
respectively.

Fig. 6(a) and (b) represent the observed value of i, of PMIWM under
GFTSMO and conventional SMO schemes, respectively. As shown in
Fig. 6(a), because the proposed GFTSMO adopts a nonlinear surface,
which can help suppress the chattering value during the convergence
process through integral filtering, the simulation result presents a minor
error between the observed value and the actual output value. There
is almost no current fluctuation during the observation process. Com-
pared to the GFTSMO scheme, the conventional SMO control scheme in
Fig. 6(b) has more significant current fluctuations and poorer tracking
performance, which owes to the switching function sgn(x) can conduct
to severe chattering value during the control process.

191

Table 1

Comparison of estimation performance of observers.
Symbol GFTSMO SMO
Maximum estimation error of i, (A) 1.83 4.86
Maximum estimation error of i; (A) 2.01 5.64
Maximum estimation fluctuation of e, (V) 3.95 21.5
Maximum estimation fluctuation of ey W) 3.87 22.3

Fig. 7(a) and (b) represent the observed value of i > which owes the
similar amplitude and frequency of i,, with only a phase difference.
Compared to the estimation of Fig. 7(a) and (b), the observation scheme
based on the proposed GFTSMO scheme shows the ideal performance
of the p Axis current observation within slight current fluctuation,
which is mainly attributed to GFTSMO’s ability to reduce the control
chattering.

Figs. 8 and 9 show the simulation estimation tests of BEF e, and e,
under the GFTSMO and conventional SMO schemes, respectively. From
Figs. 8(a) and 9(a), we can find that the proposed GFTSMO estimation
strategy provides a relatively smooth simulation curve when estimating
the BEF value, and the estimated fluctuations of e, and e; are within
4 V. The BEF estimation results under the conventional SMO estimation
strategy shown in Figs. 8(b) and 9(b) fluctuate significantly, mainly due
to the chattering phenomenon in conventional SMO.

Comparing the simulation tests of current and back electromotive
force estimation in PMIWM using GFTSMO and conventional SMO
in Figs. 6, 7, 8, and 9, the GFTSMO proposed in this article has
more minor fluctuations compared to traditional SMO, mainly because
GFTSMO can approach the error to zero, as shown in Eq. (29), which
can reduce the chattering value and improve the control accuracy of
sliding mode observation. Based on the above advantages, PMIWM can
accurately estimate position and speed information during sensorless
control driving, improving the control performance of PMIWM. The
comparison of estimation performance data between the two observers
is shown in Table 1.
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Fig. 9. Estimation simulation of e¢; (a) GFTSMO (b) SMO.

4.2. Sensorless control experimental test

Based on the above simulation tests, the PMIWM sensorless control
technology designed in this paper based on GFTSMO has precise back
electromotive force and current estimation performance. This section
will present experimental tests on the motor physical platform based on
Links-RT to demonstrate the sensorless control strategy’s control effect
on the motor test platform. The motor platform and its control structure
are shown in Fig. 10.

The motor experimental testing platform is established based on the
Links-RT simulation system and consists of a motor towing platform
(load motor, torque sensor, drive motor), an oscilloscope, a drive
controller, and a PC. The parameters of the motor and the physical
platform components are shown in Tables 2 and 3, respectively.

Fig. 11 shows the experimental results when receiving a starting
command of 1000 r/min under three sensorless control strategies:
GFTSMO based on PLL position estimation(GFTSMO-PLL), GFTSMO
based on arctangent position estimation(GFTSMO-Atan), and SMO
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Table 2

Motor parameters.
Symbol Name Value
B Viscous friction coefficient 0.008 N m s
L, g-axis stator inductance 10.0 mH
L, d-axis stator inductance 10.0 mH
J Moment of inertia 0.004 kgm?
v Rotor flux linkage 0.285 Wb
R Resistance 2.375 Q
P Pole pair 4
T, Sample time 0.0l m s
f Switching frequency 8 kHz

based on the arctangent position estimation(SMO-Atan). By comparing
Fig. 11(a)-(c), the proposed sensorless control technology based on
GFTSMO-PLL has a fast starting response speed, which can complete
the starting response within 75 ms. It has a small tracking error
during the response process. Compared with the GFTSMO-PLL control
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Table 3
Platform components.

Components Name Manufacturer/Location
Collection card Links-IPC-DAQ-04 Links/China

PMIWM PMIWM-01 Links/China

Load sensor POB1KAO Kilster/German
Control box Links-Box-03 Links/China

Control software RT-Sim Plu Links/China

Table 4
Comparison of starting performance of PMIWM.

Symbol SMO-Atan GFTSMO-Atan GFTSMO-PLL
Start response time (1000 r/min) (s) 0.243 0.157 0.128
Maximum tracking error (startup) (r/min) 283.6 62.4 18.7
Maximum tracking error (stable) (r/min) 8.4 4.6 3.8

strategy, the other two sensorless control strategies have defects in the
observed accuracy and position velocity extraction strategy, resulting
in overshoot and significant tracking errors during the starting process.
The detailed comparison of starting performance is shown in Table 4.

In order to validate the acceleration ability of the proposed scheme,
we conduct acceleration experiments. Fig. 12(a)-(c) show the speed
observation and d-axis current results of PMIWM under these three
control strategies, respectively. Comparing Fig. 12(a)—(c), the GFTSMO-
PLL control scheme can accelerate without overshoot value, showing
better acceleration performance than the other control strategies. In
addition, during the acceleration process, the fluctuation of current i, is
minor under the GFTSMO-PLL control scheme. The detailed comparison
of acceleration performance is shown in Table 5.

In order to validate the anti-disturbance ability of the proposed
GFTSMO strategy, we conduct loading and unloading experiments
based on the motor’s physical platform. Fig. 13(a)-(c) show the speed
observation and torque detection results of PMIWM under these three
control strategies, respectively.

According to Fig. 13(c), the PMIWM can receive less fluctuation in
speed regulation under the sensorless control of GFTSMO-PLL when
receiving external load interference, which can be controlled within
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45 r/min, and the tracking error during the control process can be
limited within 10 r/min. Compared with the GFTSMO-PLL scheme,
the motor’s anti-interference ability is significantly weakened under
sensorless control based on GFTSMO-Atan. The speed fluctuation am-
plitude of the output value exceeds twice that of the GFTSMO-PLL
strategy, as presented in Fig. 13(b). The sensorless control strategy
based on SMO-Atan exhibits significant amplitude fluctuations and
overshoot in the output and observation values when receiving load dis-
turbances, with the maximum fluctuation of the output value exceeding
90 r/min. By comparing the above load experimental results, the
proposed GFTSMO-PLL sensorless control strategy has good speed reg-
ulation performance, strong anti-interference ability, and good robust-
ness, which can effectively ensure the stability of distributed PMIWM
driving under load disturbances. Table 6 shows a detailed comparison
of loading performance.

In order to demonstrate the performance of position estimation
based on the proposed GFTSMO-PLL strategy, a rotor position esti-
mation experiment was conducted at a command of 500 r/min. The
actual output value of the rotor position was detected through a 2500-
line photoelectric encoder and compared with the position observation
value. Fig. 13 presents the position estimation testing under three
control strategies under the instruction speed of 600 r/min.

Comparing the experimental results 14(a)-(c) of PMIWM rotor po-
sition estimation under the three strategies, we can find tracking error
of the proposed GFTSMO-PLL sensorless control strategy proposed in
this paper can be controlled within 0.25 rad, reflecting good rotor
position estimation accuracy and stability. Compared to the GFTSMO-
PLL scheme, the tracking accuracy of the other two control strategies
needs to be improved. As for the GFTSMO-Atan sensorless control
strategy, there is an 8% amplitude fluctuation during the steady state.
The SMO-Atan scheme has a tracking error over 0.4 rad during position
estimation, and the amplitude fluctuation exceeds 10%.

5. Conclusion
In this paper, we design a global fast terminal sliding mode observer

(GFTSMO) combined with a phase-loop lock (PLL) estimation algo-
rithm. Firstly, a GFTSMO-based strategy is used to research the position
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Table 5
Comparison of acceleration performance of PMIWM.
Symbol SMO-Atan GFTSMO-Atan GFTSMO-PLL
Average acceleration response time (observed value) (s) 0.027 0.025 0.013
Average acceleration response time (output value) (s) 0.028 0.024 0.012
Maximum acceleration response overshoot (r/min) 43.2 25.8 0
Maximum acceleration current fluctuation (A) 18.24 17.46 12.53
Table 6
Comparison of loading performance of PMIWM.
Symbol SMO-Atan GFTSMO-Atan GFTSMO-PLL
Loading response time (observed value) (s) 0.038 0.023 0.018
Loading response time (output value) (s) 0.041 0.024 0.016
Loading response speed fluctuation (observed value) (r/min) 94.2 48.5 32.7
Loading response speed fluctuation (output value) (r/min) 93.8 47.3 32.3
Unloading response time (observed value) (s) 0.042 0.030 0.013
Unloading response time (output value) (s) 0.045 0.029 0.012
Unloading response speed fluctuation (observed value) (r/min) 88.3 46.6 29.3
Unloading response speed fluctuation (output value) (r/min) 87.6 45.3 28.5
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sensorless control of the PMIWM system. Compared to the conventional
SMO, the proposed method reduces the high-frequency chattering value
and enables the state variable convergence to reach zero. Through the
observation result, the proposed GFTSMO can eliminate about 80% BEF
fluctuation and 64% current fluctuation, reducing the chattering value
without sacrificing the converging value. In addition, a PLL estimation
strategy is proposed to obtain a more precise speed and position signal,
limiting the angle estimation error of the motor to within 0.25 rad
and enhancing the anti-interference ability. This GFTSMO-PLL-based
sensorless control can be adopted for EVs, small aircraft, robots, et al.
In addition, the control parameters of the GFTSMO are constant, which
cannot be adjusted to obtain the ideal control performance. Our future
work will be dedicated to automatic parameter adjustment of PMIWM
to obtain better control performance.
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