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Full-Order Terminal Sliding Mode Observer With
Adaptive Gain Based Sensorless Control for Linear
Induction Machine in Urban Rail Transit

, Wei Xu
Zhongyong Chen

Siwei Cheng

Abstract—Speed sensorless control is essential for linear induc-
tion machines (LIMs) in urban rail transit. However, it is difficult
to obtain the accurate speed when the mutual inductance of LIM is
changed nonlinearly due to the end effect, especially in high-speed
flux-weakening region. To enhance the robustness of the sensor-
less control system against such parameter changes, an improved
speed sensorless control based on full-order terminal sliding mode
(FOTSM) observer with adaptive gain is proposed in this article.
First, to implement the minimum use of parameters affected by end
effect, an active flux observer with improved FOTSM is constructed
in the back electromotive force-primary current model. Then, an
adaptive gain is designed to guarantee the stability and effectively
attenuate the chattering. After acquiring the accurate estimated
active flux, a novel speed observer based FOTSM is established,
where the mutual inductance and estimated active flux are decou-
pled. Finally, comprehensive simulation and experimental results
have demonstrated the effectiveness and feasibility of the proposed
method.

Index Terms—Flux weakening (FW), linear induction machine
(LIM), sensorless control, sliding mode observer (SMO).
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1. INTRODUCTION

RBAN rail transit driven by linear induction machines
U (LIMs) has been fast developed in recent years and
commercialized in more than 20 linear metro lines around the
world due to its merits of strong climbing ability, small turning
radius, small cross-sectional area, and so on [ 1], [2]. Considering
the installation limitation and maintenance cost, the speed sensor
is unavailable to such urban rail transit. Thereof, the speed
sensorless control of LIM adopted to linear metro has attracted
more and more attention by both academia and industry [3].

However, the special structure of LIM, such as cut-open
of primary iron core, would lead to some end effects during
the operation, i.e., the air-gap flux usually goes down with
the rising speed, resulting in a drastic nonlinear change of
equivalent mutual inductance versus various speed, especially
in the high-speed flux-weakening (FW) region [4]. Generally,
the accuracy of observed speed depends on the performance
of flux and speed observation modules. Since the conventional
observation modules mostly rely on accurate parameters of LIM,
as easily affected by the end effect, it may finally lead to the large
steady-state error of speed observation. Therein, the scholars
around the world are dedicated to improving the accuracy and
robustness of flux and speed modules.

On one hand, to improve the precision of flux observation,
many advanced flux observers have been proposed till now [5],
[6],[71, [8]. Among them, the SMO has been extensively adopted
in the ac motor control system owing to its simple structure
and strong robustness, especially suitable for LIM with severe
nonlinear parameter variations. In [5], a flux observer based on
improved high order sliding mode is presented to obtain the
accurate observed flux of rotatory induction machine (RIM).
To deal with the uncertainties caused by parameter variation, a
terminal sliding mode rotor flux observer is proposed in [6] to
obtain a better observation performance in terms of rapidness
and robustness. In [7], a time-varying state observer based
on twisting control is proposed to implement the precise flux
observation. To enhance the robustness of flux observer against
the parameter variation, a super-twisting flux observer with
disturbance compensation term is proposed in [8]. Nevertheless,
the output injections of the flux observers aforementioned are
coupled with mutual inductance, where the observation accuracy
of flux would be reduced with the speed going up. Moreover,
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the flux observers mentioned above mainly work below the rated
speed of LIM, rather than in the high-speed FW region, where
the more serious nonlinear change of mutual inductance will
occur and the accuracy of flux observer will be decreased.

On the other hand, to enhance the speed observation accuracy
under parameter nonlinear change, more and more advanced
sensorless control methods have been proposed in recent years.
In these methods, non-model-based methods attract a lot of
attention due to the independence on the accurate model of
LIM [9], [10], [11], [12]. The speed signal can be extracted
through the injection of additional signals. However, when
the LIM operates in the high-speed FW region, the additional
signal injections will bring extra disturbance to the control
system, causing the degradation of dynamic performance and
even instability of the control system. Moreover, the additional
signals will produce inevitable loss and thrust fluctuation, re-
ducing the operation efficiency and comfort of urban rail transit.
Thereof, the non-model-based methods are not suitable for the
LIM senosrless control system in urban rail transit. Another
popular kind of speed observation method is the model-based
method, which contains two main kinds of speed observation
techniques: phase locked loop (PLL)-based method and speed
adaptive law method. The PLL-based method has been widely
used in speed observation with various advanced PLL structure
[13], [14]. To obtain the accurate estimated speed of LIM,
a novel double PLL structure is proposed in [13] with the
aim of acquiring the accurate synchronous angular frequency.
However, due to that the speed observation depends closely on
mutual inductance, as directly influenced by end effect, the speed
steady-state error will become much larger in the high-speed FW
region. In general, for the speed adaptive law method, various
kinds of speed observers are constructed to realize the speed
estimation, such as model reference adaptive system (MRAS)
[15], [16], [17], adaptive full-order observer [18], [19], [20],
sliding mode observer (SMO) [6], [21], [22], [23], [24], and
so on. Similar to the flux observer, the accuracy of the speed
adaptive law-based method depends on the parameters, which
also requires the strong robustness against the severe parameter
variation of the speed observer. The terminal SMO is proposed in
[6] to enhance the robustness against the parameter variation. In
[21], a super-twisting sliding mode speed observer is proposed
to acquire the accurate estimated speed with a twisting con-
vergence trajectory. However, the mutual inductance still exists
in the speed adaptive law, which will decrease the accuracy of
speed estimation, especially in the high-speed FW region. In
[22], combined with MRAS, a second-order SMO-based speed
observation is proposed, effectively improving the robustness of
the control system. To further strengthen the robustness against
the serious parameter variation, the SMO-based MRAS speed
estimation with online identification strategy is proposed in [23]
and [24]. The observation accuracy of speed under these methods
aforementioned depends on the accuracy of mutual inductance
in reference model. However, it is difficult to obtain the precise
parameters of LIM in practice, which may lead to an unsatisfied
observation performance of speed adaptive law method.

Thereof, in order to increase the observation performance of
LIM sensorless control system in terms of rapidness, accuracy
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Fig. 1. T-type equivalent circuit of the LIM [25].

and robustness against parameter variation, an improved speed
sensorless control strategy for LIM based on full order terminal
sliding mode (FOTSM) with adaptive gain is proposed in this
article.

The rest of this article is organized as follows. The math-
ematical model and FW operation principle of LIM are fully
introduced in Section II. The proposed speed sensorless control
strategy based on FOTSM is detailed in Section III. Compre-
hensive simulation and experimental results are presented in
Sections IV. Finally, Section V concludes this article.

II. LIM MODEL AND FW OPERATION
A. LIM Model

One typical T-type equivalent circuit of LIM proposed by
Duncan [25] is shown in Fig. 1. The specific characteristic of
LIM, end effect, is considered by end effect factor, as given by

Ry
p— 1
@ vo (L, + Li2) W

_lfe’Q

where v, is the secondary speed, / the motor effective length,
R, the secondary resistance, L,, the static value of mutual
inductance, and Lo the secondary leakage inductance. As seen
from Fig. 1, the mathematical model of LIM under secondary
flux orientation in the reference frame is expressed by

{h:aiK¢j—K&@J¢¢—M1—whﬁy+Ku1

.
Yy = Tty — by — (w1 — w2) Ty
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where i1 = [i1q4, ilq]T is the primary current vector, u; =
[u14, u14]” the primary voltage vector, 1s = [t2g4, agl”
the secondary flux vector, 7> the secondary time constant,
Lyeq = Lpn(1-f(Q)) equivalent mutual inductance, R; and
Ly = Lpeq+L;y are the primary resistance and inductance,
Ly = Lyeq+Lj2 the inductance, Lj; the primary leakage in-
ductance, w; and wy the synchronous and secondary angular
frequency.
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Fig. 2. Range of L,, variation with the change of speed.

B. FW Operation

The voltage of LIM in d—q axis can be expressed as

{Uld = Ryig + ULl.Z.'ld —wioLlqiig + E4haq
Urg = Rlilq + 0L1i1q 4+ wi0L1i1q + wi€thag

3)

When the LIM works in the high-speed steady-state condition,
the voltage drop of the primary resistance, the derivatives of
secondary flux and primary current are ignored. Thereof, (3)
can be transformed into

{Uld = —w1<T_L1i1q _ @)
Urg = wiliiig
The thrust F. is expressed as
3T Lineq . .
e = ﬁlldllq (5)

where 7 is the pole distance.

For the working safety in the FW region, the constraints
of the voltage, current and slip frequency must be satisfied
simultaneously, as given by

Z%(é'i_ Z%q S Z% maé(
(wlaLlilq) + (WlLlild) < u%max (6)
|U1d‘ <y max/\/§

where u1max and i1max are the maximum voltage and current.

However, the optimal voltage vector can be obtained only
when flux observation is accurate. The mutual inductance in the
LIM changes along with the speed, which means there will be an
error of flux orientation in the FW region. Fig. 2 shows the range
of mutual inductance variation with the change of speed. It can
be seen that the value of mutual inductance would be decreased
by 15% and 18% at 11 m/s (rated speed) and 30% and 44%
at 22 m/s for two prototyped LIMs (parameters of Motor A
and B will be shown in Appendix C). It can be indicated that
parameter variation becomes more severe when LIM operates in
high-speed FW region. This will decrease the accuracy of flux
orientation. To better analyze the impact of parameter variation
on LIM, the derivation process is given out.

Considering the flux orientation error ¢ caused by the param-
eter mismatch, it can be derived that

ia| _ [cosd —sind]| |ijy 7
i1g sing  cosd | |7,
where 7 ; and i}, are d—q axis currents under inaccurate FOC.

Fig. 3 shows the constraints of the primary currents and
voltages. The blue dotted lines and black solid lines represent
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Fig. 3. Constraints of the primary currents and voltages under the accurate
and inaccurate flux orientation.

the constraints under the inaccurate and accurate flux orientation,
respectively. The purple and green solid lines represent the tra-
jectory of current vectors in full speed region. It can be observed
that the rated d-axis current in the accurate flux orientation is
equal to

. ./ ./ .
i1drated = %1drated COS O — i1, SN0

(®)
which means that the LIM cannot work in the shaded region.
Substituting (7) into (5), it yields
B 37TL$neq

¢ 27‘L2

3L, (i1, — z‘%q)
4’7’L2

sin 26.
©)
It can be seen that the thrust expression considering the flux
orientation error in (9) is composed of two parts, including
common term and coupled term. When the error is rather small,
the approximation condition can be got by

i14%14 COS 20 +

cos2) ~ 1, sin20 ~ 0. (10)

Therein, the second part in (9) can be ignored, which would
be the same as (5). With the enlarging flux orientation error, the
approximation condition mentioned above is not reasonable. It
should be noticed that the double value of the flux orientation
error exists in the trigonometric function, which means that the
influence of the error is amplified. The thrust would be severely
decreased by the error under the inaccurate flux orientation.

III. ROBUST SPEED SENSORLESS CONTROL

To minimize the use of the parameters related to end effect,
the EMF-primary current model in a—# axis and the active flux-
primary current model in d—q axis are chosen for flux and speed
estimation, respectively. And the improved FOTSM observer
is constructed based on the two models to enhance robustness
against the parameter variation.

A. FOTSM Observer for Active Flux

Traditional flux observers are primarily designed based on
current models to estimate secondary flux. However, the ac-
curacy of these observers is highly sensitive to secondary-side
parameters, which brings significant challenges for the applica-
tion in LIM characterized by nonlinear parameter variations. In
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Fig. 4. Analysis of oL1 simplification with the change of speed.

contrast, flux observers based on voltage models are independent
of secondary-side parameters, which is more suitable for LIM
sensorless control system. According to the T-type equivalent
circuit of LIM in Fig. 1, the secondary EMF-primary current
model in a—f axis is described as

an

where ey represents the secondary EMF. It can be seen that
the coefficient K and &, affected by end effect, are used in
the secondary EMF-primary current model. Fig. 4 shows that
this coefficient 1/K hardly changes with the speed increasing.
Generally, this coefficient can be simplified as L;;+L;2 in RIM
considering that the ratio between mutual inductance and leak-
age inductance is large. However, it is not suitable for LIM due to
the ratio between mutual inductance and leakage inductance is
relatively small. Thereinto, an improved simplification method
for LIM is employed [26] to avoid model parameters with end
effect, as given by

ilaﬁ = K (u1 — Rit1ap + Ee2)

1 LisL,,
—_ = L _—.
K nt Lis + Ly,

To deal with another coefficient ¢ affected by end effect in the
secondary EMF-primary current model, the observed quantity
is chosen as the back EMF, rather than secondary back EMF,
which is defined as

12)

o Mo _ by
dt dt
where 1, is named as active flux [27]. It can be seen that the
active flux and the secondary flux share the same phase, differing
only in amplitude. Therefore, the active flux orientation control
can achieve a same control performance compared to that of

secondary flux orientation control.
To obtain the back EMF, an FOTSM observer is designed as

13)

tap = K (u1 — Ritiap + w) (14)
where [lenl|<Ge = w1l and [|ém]|<Gae = wi?[[ml]-

Then, subtracting (11) from (14), the error dynamics of pri-
mary currents can be obtained by

Atiop = K (—R1Ad10s +w — e,,). (15)

To achieve a satisfying dynamic performance of the observer
in terms of the accuracy, rapidness and robustness, an FOTSM
manifold is constructed as

Sy = Airas + C1ALL + Cosgn (Airag)  (16)
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where sy = [Sya, Sypsl’, C1 = diag(C14, C15), and Cy =
diag(Ca., Cap) are positive matrixes, p and g positive odds that
meet 0<p/q<1. In order to better elaborate the superiority of
the proposed FOTSM, full comparison between FOTSM and
high-order sliding mode (HOSM) [5] is made. As seen from
Fig. 5, state variables of FOTSM can converge to zero faster
than those of HOSM owing to the introduce of terminal attrac-
tor, and the convergency accuracy of variables under FOTSM
is more precise. Moreover, output injections of FOTSM are
smoother, which means the chattering can be effectively atten-
uated. Thereof, FOTSM has a slight advantage in performance
compared to HOSM.
The output injection of the observer can be designed as

W = Weq + Wy
Weg = RyNitp — (clmﬁ’{fﬁ + Casgn (Ailag)> /K
wy, = [ (—k1sy — kosgn (sy))dt/K
a7
where k1 and ko are positive constants. To further attenuate the
chattering, an adaptive control gain k- is designed as

(18)

where 1 > L2 ,,i1 4, rated/L2, € > 0. The stability analysis of flux
observer is listed in Appendix A. When the LIM operates in the
low-speed region, the parameter variation is not relatively severe,
and the adaptive control gain would be small to suppress the
chattering. In high-speed FW region, the adaptive control gain
can be large enough to satisfy the Lyapunov stability condition.

From the derivation aforementioned, the state variables of the
observer can converge to zero in the finite time, which means
the equivalent control law w., can be forced to converge to
zero. Meanwhile, owing to the integral-type control law w,,, the
chattering in the conventional SMO can be effectively attenuated
and the output signals of the FOTSM observer are smooth and
continuous.

The estimated active flux can be obtained by integrating the
estimated back EMF. To avoid the influence of the dc offset to the

ky = |on)?n+e



CHENG et al.: FULL-ORDER TERMINAL SLIDING MODE OBSERVER WITH ADAPTIVE GAIN-BASED SENSORLESS CONTROL

observation, a second order generalized integrator is employed
to estimate both active flux and synchronizing frequency.

B. Robust Speed Estimation Scheme

According to the estimated speed mentioned in the existing
methods [6], [13], the speed expression can roughly be divided
into the following two types:

2
| ) (19)
where wy; is the slip angular frequency.

It can be inferred from (19) that the mutual inductance is
contained in both expressions, which indicates that the accuracy
of speed estimation would be decreased with speed going up.
When the LIM system operates in a high-speed FW region,
the steady-state error will occur between the estimated and
actual speeds. In general, some speed observers in the existing
literatures are constructed in a—4 axis, where the accuracy would
be decreased due to the couple between secondary time constant
and flux. Thereof, the speed observer in this article will be
constructed in d-¢ axis to implement minimum use of parameters

affected by end effect.
Given parameter variations caused by end effect, it will get

CDQ = d)l — Wsl, Ws] = Lmeqilq/T2w2d

2 = (daotta = daas) / (K€

Lineq = Limeq + ALpeq, To = Th + ATs. (20)
Accordingly, relative parameter variations are shown as
E=6+AEA=ho+ ALK =Ko+ AK.  (21)

The parameter variations aforementioned are assumed as
upper-bounded, as given by
|AE] < Mg, |AA] < M, |AK| < M. (22)
Thereof, the primary current dynamics (2a) is expressed as
i1ag = KM — Mygq — w1 Jirag + Kuiag  (23)

where M = 1p,, /T — waJp,,. It can be seen that the speed
signals exist in M. To acquire the speed, an improved FOTSM
observer is designed in d-g axis by estimating M, as shown by

11dq = Koy — Mot1dg — w1 t14q + Kott1a,. (24)
Subtracting (23) from (24), it yields
Adgq = Koy — Aolirag — wiJAdrgy —d;  (25)

where d; = d;j; +djs +d;z = —Ari;— KM + AKwu,.
For better understanding on d;, the boundaries of uncertainties
are expressed by

|KM|| < G, |[hota]] < Gy, | Kour| < Gy

lem/ 12|l < G, |wadem| < Gup, (|41l < Timax,
w1l < w1 max

IWJIM| < Gwar, [[Mod Wit < Gy,
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Fig. 6. Block diagram of the proposed FOTSM observer.

The upper-boundary and its derivative of d; are expressed as

il < [Ar{Jan]| + [ M| + [AK] [[u ]

- Mkll max + G(M + MKU1 max — GO (27)
di| < M, (Gpr +Gi +G) = G
diz|| < Mg (Gg + Gug) = Gao (28)

diz|| < My (Gwar + Gwi + Gwa) = Gas.

Thereof, the derivatives are upper-bounded, as given by

d;

< Gao, Gao = Ga1 + Gz + Gas. (29)

The full-order sliding manifold s,, is also selected from (16).
Then the output injections of speed observer are designed by

Y= ’qu + Tn

Yeq = )\.OAildq + legldq — ClA’LIl){iZ — Czsgn (Aildq)

Y = [ (—kss, — kasgn (s,))dt

(30)
where v = [v4, 741", k3 and k4 are control gains, satisfying
ks > 0and k4 > 0.

Itis noted that, Lyapunov stability proof of the speed observer
is not made here for its similarity to that of the flux observer,
as discussed in Appendix. In the accurate flux orientation, the
g-axis secondary flux is equal to zero, and the estimated speed
can be expressed as

Oy = =77,/ (ﬂ'z/}md) )

Fig. 6 shows the block diagram of the proposed speed sensor-
less control based on FOTSM. It is concluded that the estimated
speed can be obtained directly from the output injection of
FOTSM observer when the synchronous angular frequency and
amplitude of active flux are acquired precisely from the flux
observer. Due to the minimum use of parameters affected by
end effect and integral-type sliding mode output injections, the
estimated speed possesses a strong robustness against parameter
variation, which can track the actual speed more accurately.
Fig. 7 shows the overall block diagram of LIM speed sensorless
control.

(3D
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IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to demonstrate the effectiveness of the proposed
speed sensorless control based on the proposed FOTSM, com-
prehensive simulation and experimental studies have been car-
ried out in this section. The conventional SMO [6], MRAS-
HOSM-based method [5] and PLL-based method [13] are
adopted to compare with the proposed method.

A. Simulation Results

The related simulations are conducted on 12000-Type LIM
(motor B), as popularly adopted to actual linear metro. Main
parameters are summarized in Table III of Appendix C. The
reference speed is initially set as 11 m/s and changed to 22 m/s
at 6 s. The speed, active flux, and position are shown in Fig. 8.
As can be seen from this figure, the estimated speeds under all
sensorless methods can quickly track the actual value. However,
due to the inherent chattering in the output injection, there is
a relatively large speed fluctuation in the speed estimation of
the conventional SMO and the speed estimation accuracy is
not satisfactory. Meanwhile, the accuracy of estimated speed
under MRAS-HOSM-based method is decreased with speed
increasing due to the mutual inductance in the reference model.
By comparing the PLL-based method with the proposed method,
both methods can obtain the accurate speed estimation under the
relatively low speed. However, the disparity between calculated
and actual values of wy; is substantial with the increasing speed,
leading to a steady-state error. Even though some other nonlinear
changed parameters related to end effect are not considered in the
LIM model, such as secondary resistance, the proposed FOTSM
observer still benefits a superior observation performance in
terms of rapidness, accuracy and robustness against parameter
variation owing to integral type control law and adaptive gain.

Fig. 8(b) and (c) also shows the observed flux and phase
waveforms of the proposed method. The estimated active flux
can track the actual flux precisely and rapidly, which means the
phase of the estimated active flux is also accurate. Thereinto,
it can be concluded that the flux observation accuracy is high
under the proposed FOTSM observer.
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Fig. 9. Arc induction machine platform.

B. Experimental Results

To verify the proposed method, extensive experiments are
conducted on a 3 kW arc induction machine (motor A) platform,
as shown in Fig. 9. The testing system consists of motor A and
a permanent magnet synchronous generator (PMSG). Motor A
is coaxially coupled to the PMSG via a gearbox. The PMSG
is connected to a resistance box through a voltage regulator.
By adjusting the transformation ratio of the voltage regulator,
the energy dissipated by the resistance box can be controlled,
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Fig. 10. Dynamic performance of different sensorless control methods in low-medium speed region. (a) Conventional SMO. (b) MRAS-HOSM-based method.
(c) PLL-based method. (d) Proposed method.

thereby achieving flexible regulation of the load force. Main
parameters of motor A are given in Table II of Appendix C.
"y 1) Case I: Dynamic Performance in Low-Medium Speed
Region: Fig. 10 shows the dynamic performance of different
sensorless control methods at various speeds below the rated
speed. The reference speed is set as 2 m/s, and changed to 5 m/s
at 10 s, and then to 8 m/s at 40 s, and finally to 11 m/s at 70 s.
The load force is set as 50 N. As can be seen from Fig. 10, the
estimated speed of conventional SMO can only track the actual
speed with a large overshoot and oscillation. The reason for the
severe speed fluctuation and overshoot is that the sign function
exists in the output injection of the SMO, thereinto leading to
the high frequency chattering in the estimated speed. Fig. 10
also shows that the estimated speed of the MRAS-HOSM-based
method can track the actual speed quickly. However, with the
speed increasing, the steady-state error between the actual and
estimated speeds becomes larger due to the mutual inductance
h m m - - o in the speed adaptive law. Similarly, the PLL-based method can
Time (5) obtain the accurate speed estimation under the relatively low
® speed. Nevertheless, the disparity between the calculated and
Fig. 11.  Active flux estimation in low-medium speed region. (a) a-axis active ~ actual values of w,; is substantial with the speed increasing,
flux. (b) a-axis current. which leads to decreasing the dynamic performance in terms of
overshoot and accuracy.

a-axis flux (Wb)

a-axis current (A)
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Fig. 12.  Dynamic performance of different sensorless control methods in high-speed FW region. (a) Conventional SMO. (b) MRAS-HOSM-based method.
(c) PLL-based method. (d) Proposed method.

In contrast, from Fig. 10, it is obvious that the estimated
speed of the proposed FOTSM observer can track the actual
speed quickly and precisely with small steady-state error and
fast dynamic response, owing to the advantage of rapidness and
stability brought by the finite-time convergence of the terminal
sliding mode and minimum use of the parameters affected
by end effect in the observer design. Even though secondary
resistance is not taken into consideration in the LIM model, the
IO e i proposed FOTSM observer still possesses a superior observation

Current model

L . . Esumaed_| performance in terms of rapidness, accuracy and robustness
o @ against parameter variation owing to integral type control law
and adaptive gain.

From Fig. 10, the maximum speed estimation error of all
20 - methods at 11 m/s is 0.26 m/s, 0.15 m/s, 0.17 m/s and 0.11 m/s,
respectively. It can be concluded that the proposed method can
obtain the accurate speed in low-medium speed region. Fig. 11
shows the active flux estimation of the proposed FOTSM flux ob-
server. Compared with the observed active flux of current model,
the proposed FOTSM flux observer can accurately observe the
0 20 O e @ 80 100 effective flux owing to integral type control law.

B 2) Case II: Dynamic Performance in High-Speed FW Re-
gion: To further validate the superiority of the proposed speed
Fig. 13.  Active flux estimation in high-speed FW region. (a) a-axis active ~ sensorless control in the high-speed FW region, the speed in-

fiux. (b) a-axis current. creases further from 11 to 14 m/s and finally to 16 m/s. As can be

a-axis current (A)
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TABLE I
PERFORMANCE INDICES OF DIFFERENT SENSORLESS METHODS
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Speed Over- Settling
Region Method shoot Accuracy Time
Conventional SMO 30.4% 0.26 m/s 5.75s
Low- MRAS-HOSM No 0.15 m/s 5.55s
medium -based method
PLL-based method 1.13% 0.17 m/s S.1s
Proposed method No 0.11 m/s 445
Conventional SMO 20.1% 0.32 m/s 475s
MRAS-HOSM
High -based method No 0.2 m/s 4.65s
PLL-based method No 0.25 m/s 445
Proposed method 0.65% 0.16 m/s 425

seen from Fig. 12, with the speed continuing to go up, arelatively
large steady state error occurs in the speed estimation of the
other three methods due to the severe parameter perturbations of
LIM in the high-speed FW region. Fortunately, the steady-state
performance of speed observation under the proposed method
is still superior than those under the other methods owing to the
strong robustness, and adaptive gain of the proposed FOTSM
observer. From Fig. 12, the maximum speed estimation error at
16 m/s of the all methods in the high-speed FW region is 0.32,
0.2, 0.25 and 0.16 m/s, respectively. It can be concluded that
the proposed method can also obtain the accurate speed in the
high-speed FW region. Table I gives the performance indices of
the different sensorless methods in both low-medium and high-
speed regions. It can be concluded that the proposed method
possesses a slight advantage in terms of accuracy, overshoot and
rapidness by comparing to the other three methods. Fig. 13 gives
the observation results of active flux. It can be seen that that the
active flux can be accurately obtained compared with that of
current model in terms of the phase and amplitude. The accurate
flux observation is a good basis for accurate speed observation.
Owing to the better performance of FOTSM in terms of accuracy,
rapidness, and robustness, both flux and speed can be estimated
accurately.

3) Case IlI: Dynamic Performance Under Speed Reversal:
Fig. 14 shows the dynamic performance of the proposed method
under speed reversal. The reference speed reverses from 8 m/s
to —8 m/s at 40 s and then to 8 m/s at 70 s. It can be seen
that the estimated speed of the proposed method can track the
reference speed without overshoot and small speed fluctuation.
The reason for the properties aforementioned is that the d- and ¢-
axis currents can track their actual values rapidly and accurately.
Due to the minimum use of parameters affected by end effect,
the accuracy of the proposed observer is guaranteed. With the
integral type control law and adaptive control gain, the chattering
is effectively attenuated in the proposed FOTSM observer.

4) Case 1V: Dynamic Performance Under Parameter Vari-
ation: Fig. 15 shows the dynamic performance under the pa-
rameter variation of both secondary resistance R, and mutual
inductance L,, in 2 and 11 m/s, respectively. The Ry changes to
130% R5 and the L,,, changes to 70% L,,, at 15 s. The steady state
speed errors at 2 and 11 m/s are only 0.1 and 0.13 m/s, where the
speed estimation of the proposed method still possesses the high
accuracy. It is due to the reason that there are still parameters
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affected by end effect in the FOTSM observer. Owing to the
strong robustness against the parameter variation, only small
steady state error of speed estimation under the proposed method
occurs when the parameters are perturbated. Thereinto, these
experimental results demonstrate the superior performance of
the proposed method under severe parameter variation.

V. CONCLUSION

In this article, an improved speed sensorless control based on
FOTSM with adaptive gain is proposed to obtain the accurate
speed against the severe parameter variations caused by end
effect. By selecting proper state variables and coordinate system,
parameter dependence affected by end effect can be apparently
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reduced. Then, improved FOTSM observers with adaptive con-
trol gains are designed to enhance the accuracy and robustness.
Main contributions in this article can be summarized as follows.

1) An improved FOTSM is designed to guarantee the fi-
nite time convergence of the state variables and strong
robustness against the parameter variation. The integral
type output injections effectively attenuate the chattering,
which is beneficial to the proposed observer accuracy.

2) To minimize the use of the parameter related to the end
effect, the active flux observer based on improved FOTSM
is constructed in the EMF-primary current model. Then,
an adaptive gain is designed by the LIM operation speed
to guarantee the stability in the wide speed range.

3) To obtain the speed accurately, an improved speed ob-
server based on improved FOTSM is proposed by de-
signing the observer in the rotatory coordinate where
the secondary time constant and flux are decoupled. The
robustness against parameter variation of the estimated
speed is enhanced.

APPENDIX
A. Proof of Stability of FOTSM Observer for Active Flux

In order to prove the stability of the proposed observer, the
Lyapunov function is selected as
L7
Vy = 55w Sy
Combining with the primary current error dynamics (15) and
the output injection of the observer (17), the FOTSM manifold
can be transformed into

(AD)

Sy = K (’LU — €, — RlAil(Xﬁ) + ClAl?(/qu
+ Casgn (Ai1ap)
= 'u]n — Kem. (A2)

Taking the derivative of V,, with respect to time ¢, it yields

Vi = shéy = s), (w, — Kén,). (A3)
Then, combining with (17c), it gives
Vw = 35 (—k18y — kasgn (sy) +Kéy)
< = llsll (k1 sl + k2 = wi [, ]) - (A4)

Considering that the value of [|t),,|| equals to L?,,cqi1 4/L2 in
the steady state process and combing the adaptive gain (18) into
(A4), it yields

Vo < —lIsyll (k1 syl +@3n + e — wiL2, jira/L2)

A5
< syl (K1 [1s4]l +2) (A3)

Thereof, the error dynamics (15) can reach the FOTSM mani-
fold from any initial conditions in the finite time £, as illustrated
by

t,,/).,- S max;—q,3 In (2]{11‘/1/2 (Sq/)j (O)) /\/ik’z + 1) /k‘l
(A6)
After reaching the FOTSM manifold, the state variables of
the observer can arrive at the equilibrium point in the finite time
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along the sliding manifold 7, s as calculated by

q . (g—
——In (c e WP) . (A7
(q_p) c1; 27 15014 ( )

Thereby, the proof has been completed.

tys < MaXj—q g

B. Proof of Stability of LIM Closed-Loop Control System

In order to prove the closed-loop system stability of the
proposed method, the overall closed-loop system can be decom-
posed into two distinct time-scale subsystems by adopting the
singular perturbation technique [29]. The fast subsystem for the
closed-loop system represents the current loop while the slow
subsystem represents the speed loop and the observer. Thereinto,
the completed closed-loop system in slow time scale () can be
expressed as

et = fr (xy, x5, t) Fastsubsystem
s = fs (x5, x5, 1) Slowsubsystem (A8)

where x ¢ = [€;d, €ig Zids Zigl X5 = [€0s Zus Suds Svgs Sipas Syp) s
e satisfies 0<e << 1. Defining the following variables:

€id = lg — id,€iqg = i’; — g, ey =0V — 0
(A9)

Zid = €idy Ziqg = €iqg, UV =V — VU, 2y = €Ey.

According to (2) and (A8), the dynamics of the fast subsystem
can be obtained by treating the slow variables as constants in the
fast time scale (¢t)

Ty =Apx;+dy (x5 (et), et) (A10)
where
[—A — Kkpiq 0 —Kkiiq 0
. 0 —A — Kkpiq 0 —Kkiiq
As = 1 0 0 0
i 0 1 0 0
_ZZ + Ay + K&y /To + w1l
ds = iy + Ay + K%Jzi/)zd + wiing
L 0

kpid,q and kiiq, 4 are the coefficients of PI current controllers.
By selecting appropriate PI controller gains for current loop,
the fast subsystem is asymptotically stable.
The error dynamics for speed loop can be expressed by
by = ret — D= — (i”ﬂwmduq - FL) (A1)
2T
where k,,, and k;, are the coefficients of PI speed controller.
With the stability proof of fast subsystem, it can be assumed
that the current loop achieves the ideal tracking (i; 4~i14"). The
error dynamics of speed loop can be transformed into

. 3m .
v = (g Woml ity 71 )

1 . 1
= = [ ol G (e 4.8 + i) =
(A12)

where K = X4, ||.
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The coefficients of speed PI controllers are designed to satisfy
the following conditions:

kpv > K1
{?KTkiv — 674 > Ko (Al3)

where k1 and ko are positive.
The Lyapunov function [30] for the slow subsystem is selected

as

1
T
5 8v Sv +

‘/slow = 9

1 1 1
—s)sy+ 5Meg + §kz2 . (A1)

2

observer

speedtrack

The stability proof of observer has been proved, as shown in
Appendix A. Therefore, the slow subsystem is stable if the speed

track is stable
. 9 B
‘/speed = - KTkpveu - KTkpvevw - KTkiveva

+ evFL + kivzvev

1\ Krkw 1 ki)
< Kpkpy (14 — ) ¢ 2200 2
- ( Thp ( +2€1)+ 262 +2€3 2€4>ev
€1 -~ €2 €4 €3
~ 5 Khyp® - (EKTkm - 5) 2+ SF
(A15)

where €1, €2, €3, and €4 are positive constants.
According to the coefficients of current PI controller (A13),
(A15) can be transformed into

Vipeed < —K1€2 — Koz? — Kai? + %Ff (A16)

Since the load force is bounded, the derivative of Lyapunov
function for slow subsystem can be derived from (A14) and
(A16), as given by

‘/;low < _54‘/510\1\/ + K5

(A17)

where 14 and k5 are positive. It means that the slow subsystem
is also stable.

This comprehensive stability proof provides theoretical jus-
tification for the excellent performance demonstrated by the
FOTSM-based sensorless LIM control system in experimental
results. The system maintains robust stability under parameter
variations and external disturbances while ensuring smooth,
chattering attenuation operation through the integral-type con-
trol laws.

C. Main Parameters of Motors A and B

TABLE I
MAIN PARAMETERS OF MOTOR A

Symbol Name Value and Unit

Ln Mutual inductance 35 mH
Ly Primary leakage 9 mH

Lp Secondary leakage 3.8 mH
R, Primary resistance 1.06 Q
R, Secondary resistance 24Q

Yoy Rated speed 11 m/s
Fy Rated thrust 270 N
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TABLE III
MAIN PARAMETERS OF MOTOR B [28]

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

Symbol Name Value and Unit
L, Mutual inductance 26.477 mH
Ln Primary leakage 6.688 mH
Ly Secondary leakage 2.091 mH
R, Primary resistance 0.1382 Q
R, Secondary resistance 0.576 Q
Von Rated speed 11 m/s
Fy Rated thrust 10800 N
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