Chapter 14

Speed Control of Induction Motor Servo
Drives Using Terminal Sliding-Mode
Controller

Yong Feng, Minghao Zhou, Fengling Han and Xinghuo Yu

14.1 Introduction

The induction motor (IM) is one of the most common electrical motor used in most
applications. This motor runs at a speed less than its synchronous speed, therefore
it is also called as asynchronous motor. The synchronous speed is the speed of
rotation of the magnetic field in a rotary machine and it depends upon the frequency
and number poles of the IM. The IM has been extensively used in many practical
applications due to its simply construction, lower repair and maintenance costs, high
reliability and relatively low manufacturing cost, etc [1]. With the development of
power electronics, electrical technique and control theories, IMs have been able to be
used in high-performance servo systems, such as speed servo systems, even position
Servo systems.

Three methods can be used for the control of IMs: the scalar control, the direct
torque control (DTC) and the field oriented control (FOC). The former method is
very simple method for controlling the speed of IM compared to the vector control
which is more complex. The latter two methods can be utilized to implement the
high-performance IM servo systems.
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In DTC-based IM servo systems both the stator flux and the torque are regulated
respectively using the bang-bang control strategies. This control method may lead to
the torque ripple. If the IM runs at low speed, its performances will become poorer,
and the speed range will be limited.

FOC is widely used in high performance control of IM servo systems. Since
the torque and flux of an IM are decoupled using FOC, the IM systems can yield
faster dynamic response and lower steady-state error. The mathematical model of
an IM in a three-dimensional stationary reference frame (abc) can be converted into
a model in a two-dimensional rotating reference frame (dq) using the Clarke-Park
transformation. The d-axis current in the stator represents the rotor flux and the g-axis
current represents the torque. Therefore, the decoupled rotor flux and the torque of an
IM can be separately controlled like as a decoupled excited DC motor. Consequently
it is possible to achieve good steady-state and dynamic performances of IMs [2, 3].

However, an accurate information on both the magnitude and the angular position
of the rotor flux are needed by FOC for the transformation between the rotating
and the stationary reference frames. There are two main methods for obtaining the
magnitude and the angular position of the rotor flux, the direct measurements or
the indirect estimation. The former needs special sensors, therefore it is difficult
in practical applications. The latter is popular and widely used [4]. It applies the
measurements of the stator currents, stator voltages and the motor speed into some
estimation algorithms to estimate the magnitude and the angular position of the rotor
flux. A lot of estimation methods for the rotor flux have been proposed, such as
Luenberger observer-based methods [5, 6], model reference methods [7, 8], Kalman
filter-based methods [9], and neural networks [10].

The high performance control of IMs is a challenge due to multi-variable, strong
coupling, and nonlinearities in the model of IMs [11, 12]. So far, a lot of control meth-
ods have been proposed to improve the robustness and dynamical performances of
IMs, such as neural network control, fuzzy control, optimal control, adaptive control
and sliding-mode control [13, 14]. Sliding-mode control has attractive advantages
compared to other control methods, such as low sensitivity to the system parame-
ter variations and strong robustness to external disturbances [15, 16]. However, the
chattering phenomena limit the practical applications of conventional sliding-mode
control [17]. In this chapter, a nonsingular terminal sliding-mode control (NTSM)
method is applied for IM velocity servo systems. To implement the FOC of IMs,
an NTSM observer is designed in the chapter to estimate the rotor flux of IMs with
equivalent smooth control signals [18, 19]. Additionally, the speed sensorless tech-
nology is also utilized in this chapter, afterwards an NTSM observer is utilized in the
FOC system of IMs to estimate the speed instead of practical sensors.The simulations
have been carried out to validate the applied method.
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14.2 Mathematical Model of Induction Motor

An accurate mathematical model of IMs is the basic factor for the implementation
of high-performance servo systems of IMs, especially for the FOC algorithms. For
simplicity of the analysis some assumptions for IMs can be described as follows:

(1) the effect of magnetic saturation is neglected.

(2) the three-phase windings have the same structure and the fringe effect is
neglected.

(3) the slots effect is ignored.

(4) the iron core loss is not taken into account.

14.2.1 Mathematical Model of IM in Three-Dimensional
Stationary Coordinate (abc)

The mathematical model of IMs is usually composed of the voltage, flux, and motion
equations. Based on the assumptions above, the voltage equations of the IMs in three-
dimensional stationary coordinate (abc) are below:

Usa R0 000 07 i Vsa
Ugp 0 RS O O O 0 is;, wsb
ue | | 0O OR 00 0 || i Ve
i | =100 0R 00 ||iwl|™| v (14.1)
Uyp 00 00O Rr 0 irb K‘”rb
Upe 0000 0R,||irc Ve

where u,, us, and u, are three stator voltages in abc axes;

Urq, Uyp and u,. are three rotor voltages in abc axes;

isa, Isp and iz, are three stator currents in abc axes;

irq, irp and i, are three rotor currents in abc axes;

Ysa» Ysp and Y. are three stator fluxes in abc axes;

Yra, Wrp and ¥, are three rotor fluxes in abc axes;

R, is the stator resistance;

R, is the rotor resistance.

Therefore the flux equations of an IM in the three-dimensional stationary coordi-

nate (abc) include both the stator and rotor flux equations and describe the relation-
ships between the currents and the fluxes in the stator and rotor. They are given by

the following equations:
\) LSS LSV iS
=Ll w2
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cos(0 — 120°) cos(6 + 120°) cos 6

where ¥, and ¥, are the stator flux phase and the rotor flux phase in abc axes
respectively, by Vs = [Vsa, Ysb,s wsc]T, Yr = [Wras ¥rp, wrc]T

i, and i, are the stator current vector and the rotor current vector in abc axes
respectively, by iy = [isq, isp, i1 i = lirasipp, Brc]”:

Ly; and L, are the stator and rotor leakage inductance respectively;

Ly, and L,,, are the mutual inductance between the stator and rotor windings;

6 is the electric angle between the stator and rotor windings.

The torque equation of IMs can be given as follows:

Te = ansm[(isaira + isbirb + iscirc) sin6 + (isairu + isbirb + iscirc) Sin(9 + 1200)
+ (isaira + ispirp + iscirc) sin(@ - 1200)]

(14.3)
where 7, is the number of pole pairs.
Finally the mechanical equation of an IM can be described as follows:
J .
T,=T,+ —o (14.4)

np

where w is the electric angular velocity of the rotor;
J is the inertia of the motor;
Ty is the load torque.

14.2.2 Mathematical Model of IM in Two-Dimensional
Stationary Coordinate (af8)

Based on Clarke transformation, the mathematical model of IMs in a three-dimensional
stationary coordinate (abc) can be converted into a two-dimensional stationary coor-
dinate (@B). The Clarke transformation is given by the following equation:

1 1
2(1=3—3
Cs/z=\/g[o%§ @} (14.5)

Subsequently, the voltage equations of the IMs in a two-dimensional stationary
coordinate () can be described as follow:
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Usq = Rlse + Ls?sa + Lm‘ira
Usp = Rsisﬁ + Lsi_sﬁ + Lmi‘rb
Urg = Rrirot + Lr?ra + Lm‘irot + a)(Lmisﬂ + Lrirﬂ)
Urg = Rrirﬁ + Lrirﬂ + Lmi.vﬂ + a)(Lmi‘wx + Lrira)

(14.6)

where u, and ug are two stator voltages in o8 axes;

u,q and u,g are two rotor voltages in a3 axes;

iso and igg are two stator currents in o8 axes;

irq and i.g are two rotor currents in o axes;

Lg, L,, and L,, the stator inductance, the rotor inductance and the mutual
inductance between the stator and rotor windings, which are described by

3
Ls = Lm + L/s’ Lr = Lm + Lll’v Lm = ELmv

Then the flux equations of IMs in a two-dimensional stationary coordinate (o)
can be described as follow:

wsa = Lisq + Lyirg
1//519 = Lsisﬂ + Lmirﬁ

. . 14.7
1;0rot == Lmlsa + Lrlroz ( )
1prﬁ - Lmisﬂ + Lrirﬁ

where Y, and g are the stator fluxes in «f axes respectively;
Vo and v, are the rotor fluxes in axes respectively.
The torque equation of IMs in a two-dimensional stationary coordinate («f) is
described as follows:
T, = anm(isBirot - isairﬂ) (148)

14.2.3 Mathematical Model of IMs in Two-Dimensional
Rotating Coordinate (dq)

The FOC strategy can decouple the d-axis and g-axis currents in the stator of an
IM applying the Park transformation, and make the rotor flux and torque of the IM
controlled separately like as decoupled excited DC motors. The relationship between
the two-dimensional stationary and rotating coordinates can be shown in Fig. 14.1,
where 6, represents the electric angle between the d-axis and the «-axis. The speed
of the two-dimensional rotating coordinate equals to w; which is the synchronous
electric angular velocity of the IM.
The Park transformation is given by

cosf, sinb, i| (14.9)

Casyor = |: —sin#6, cos6,
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D

C

Fig. 14.1 «f and dq coordinates

Then the voltage equations of the IMs in a two-dimensional rotating coordinate
(dq) can be described as follow:

Usd = Rsisd + 1u:ﬁsd - a)lwsq
Usg = Rsisq + qu + w; 1psd
Urg = Ryirg + wrd - wsl”rq
Urg = Rrirq + qu - wswrd

(14.10)

where u;; and uy, are two stator voltages in dg axes;
u,q and u,, are two rotor voltages in dq axes;
isq and iy, are the stator currents in d- and g- axes;
irq and i,, are the rotor currents in d- and g- axes;
Vsa and Vg, are the stator fluxes in d- and g- axes;
Yrq and v, are the rotor fluxes in d- and g- axes;
w;y 18 the slip angle velocity;
w 1s the synchronous angular velocity.
The flux equations of the IMs in a two-dimensional rotating coordinate system
(dq) can be described as follow:

1/fsd = Lgisq + Linira
1;Zfsq = Lsisq + Lmirq
wrd = Lmisd + Lrirq
qu = Lmisq + Lrirq

(14.11)
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The torque equation of IMs in a two-dimensional rotating coordinate (dq) is
given by

n,L

L

Te = “ (isq 1prd - isdqu) (1412)

Summarizing, the mathematical model of IMs in a three-dimensional stationary
coordinate (abc) is described by Egs.(14.1)—(14.4), which is further transferred to the
model in a two-dimensional stationary coordinate (), as shown as in Egs. (14.6),
(14.7) and (14.8), by the Clark transformation (14.5). Finally, the model of IMs in a
two-dimensional rotating coordinate (dq) is obtained in Eqgs. (14.4), (14.10), (14.11)
and (14.12) by the Park transformation (14.9).

14.3 Field Oriented Control System

For squirrel cage IMs, the rotor voltages are
Ug =g =0 (14.13)

The mathematical model of the IMs in the FOC systems can be finally described
in dg axes as follows by using Egs. (14.4), and (14.10)—(14.13):

isa = E%_l/frd + &Yy — Aigg + wrisg + Kuga

isg = —EVra + EFVrg — 1isa — Msg + Kugg

Vra = —7-Vra + (@1 — OV + Fisa (14.14)
Yrg = —(@1 — O Wra — 7-Vrg + Fiyg

. Ly . .
w = ;L,. (lsqwrd - lsdqu) - nTpTL

where o0 =1 — Li/ L,L, is the leakage coefficient; 7, = L,/R, is the rotor time
constant; and K = 1/oLs, & = K(Ly/L,), . = K(R; + L% /T,L,).

Based on the FOC strategy, the d-axis is orientated in accord with the axis of the
rotor flux. Therefore d- and g- axis rotor flux can be determined as follows

1{;’ Z_%’ (14.15)
rq —

where ¥, is the rotor flux.

The FOC of IMs is based on their mathematical model (14.14) and the field
orientated principle (14.15). It can be seen that the control of IMs is decoupled into
the rotor flux control and torque control. Then the FOC-based speed servo system
of IMs can be built using four nonsingular terminal sliding-mode controllers in
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Fig. 14.2 An FOC-based speed closed-loop control system of IMs

the speed-, flux-, d-axis current- and g-axis current-loops respectively, as shown in
Fig.14.2.

In Fig. 14.2, wy,,, is the required speed of the IM. The outputs of the speed and
flux controllers are the references of the stator currents in d- and g-axes respectively.
To implement high-performance control of the FOC position servo system of IMs,
four full-order sliding-mode controllers will be designed in the next section.

14.4 NTSM Controllers for IM Servo System

14.4.1 Speed Controller

The motion equation of the IMs can be obtained from the model of the IMs (14.14)
as follows:

. npLy . 1
Wy = _lsql/fr - 7TL

14.16
L, ( )

where w,, = w/n,, is the mechanical angular velocity of the rotor.

Defining the desired mechanical velocity of the motor as @y,,,, which should be
smooth enough up to the second order time derivative, the error between the actual
velocity and the given velocity e,, is:

(14.17)

€y = a)m,ef — Wy



14 Speed Control of Induction Motor Servo Drives Using ... 349

Then the speed error dynamics can be obtained as follows using Eqs.(14.16) and
(14.17):

. . . . anm .
ey, = (,()m“,f — Wy = (,()m'_e/ — J—Lrwﬂ‘"’ + 7TL (1418)
A NTSM manifold [7] is designed as follows:
Sw = €, + y1eP/n (14.19)

where y; > 0; p; and ¢; are odd, and 1 < p;/q; < 2.

Theorem 14.1 The NTSM surface (14.19) and the following control assure that
finite-time convergence of the speed error dynamics (14.18):

Isgrey = Usgey + isq, (14.20)
JL, .
I5g,y = 5 O,y (14.21)
np Ly,
isg, + Tisg, =V (14.22)
JL, s eban=1
Vo = N |5, |é51/%71| (ki + 1) + q_léifpl/fh (14.23)
Y1DP1

n,L . -1
P mV¥r ’Swegl/m ‘

where ki > 0, n; > 0 are design parameters, and k; > (|%TL| =+ "”JL+V/’T1'5% D

Proof The following Lyapunov function is considered V,,(¢) = 0.5s,,%(t). We have:

V1) = 50 (050 (1) = 50 [éw + @éz“‘“"éw}
q1

SoVIPLpjgt [ _Mpkm oL @ 0y
= ——¢ - Isg, + =T, + ——¢é. 7P/
a ® JL, Y, Sqn J L Vip1 ®

_ Swylp1é£1/ql_, [_anmw,V N n,Ln,

. . q1 .o_
» Ti,, +—T, +——¢ pi/q
q1 .]Lr 4n J L [4)

JL, Y1P1
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sp1/q1—1
= WP gpa—1 | - 2080y [enV Y (ky 4 ) + ” ’”‘”f

q1

Tisg, + — TL

)/1]71 . _ . _ 1 . n mer .
o R A (R E ] o A o

anm wr Ti

1494 R L.
< s, p/a=1| _(k T o
= |5l €7 |[ (1+n1)+‘J L+ | Thsa

V1P1

o |eP|/(J1 I||S |

since k1 > (|TL/J| + |(”lmeWr/JLr)Tisq,-gf

), therefore

Vo) < =y1(p1/qm [é2/7 7 [s,|| <0 for|s,| #0

which means that the speed error dynamics (14.18) can reach the sliding-mode sur-
face in finite time, and then both e,, and ¢,, can converge to zero within infinite time.
This completes the proof.

14.4.2 Rotor Flux Controller Design

Define the desired rotor flux as ¥,,,, = sconst, the error between the actual rotor flux
and the desired flux is ey,:

ey =V — (14.24)

The rotor flux error system can be obtained as follows according to the mathe-
matical model (14.14):

. . 1 Ly .
ey = =Y, = Fl//r - Tlsd (14.25)

The sliding-mode surface sy, is designed as the follows:
sy = ey + el (14.26)

where y, > 0, p», g» are odd, and 1 < pr/qr < 2.

Theorem 14.2 The NTSM surface (14.26) and the following control assure the finite-
time convergence of the rotor flux error system (14.25):
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isdry = isdyy + isd, (14.27)
. Yy
ey = 14.28
Lsd,, L, ( )
isay + Tisa, = vy (14.29)

.p2/q2—1
JL, Syrey,

W npLmir ’swéf;z/qz—l)z | ’ ‘

éiz/'”_l‘ (ky +m2) + qizéi_m/qz (14.30)
Y2p2

where ky > 0, ny > 0 is the design parameter.

Proof This follows straightforwardly from Theorem 14.1.

14.4.3 q-axis Current Controller Design

Define the error between the desired current in g-axis (is,,,) and the actual current
in g-axis (is,) as follows:

Csq = isgry — isg (14.31)

The g-axis current error system can be obtained as the follow according to the
mathematical model (14.14):

byg = l:sq,.(,f — isq = isqu + oy, + wiigg + Mgy — Kug, (14.32)
A NTSM manifold s, is designed as the follow:

Ssq = €sq + v3els/ (14.33)
where y3 > 0, p3, g3 are odd, and 1 < p3/q3 < 2.

Theorem 14.3 The NTSM surface (14.33) and the following control assure the finite-
time convergence of the q-axis current error system (14.32):

sy = tsq,, + lsg, (14.34)
U = (isqy +EQYr + @1isa + Aisg) /K (14.35)

Ugg, + Tlgg, = Vsq (14.36)
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1 - p3/q3—1

554654 s03/03—1 93 2—ps/as
Veg = Ssq | |€L3F (ks +n3) + e 3B (14.37)
YK 2p3/ar—1|? ssa] 65 | vsps !

S5qCsq

where ks > 0, n3 > 0 are design parameters.

Proof This follows straightforwardly from Theorem 14.1 as well.

14.4.4 d-axis Current Controller Design

Define the error between the desired and the actual d-axis current as the follow:
Csq = isd,gf — isd (1438)

The d-axis current error system can be obtained as follows according to the math-
ematical model (14.14):

1
ésd = isd,-ef - Ser + )\isd - wlisq - Kusd (1439)
A NTSM manifold is designed as the follow:
Ssd = esa + yaely " (14.40)

where y4 > 0, py and g4 are odd, and 1 < ps/q4 < 2.

Theorem 14.4 The NTSM surface (14.40) and the following control assure the finite-
time convergence of the d-axis current error system (14.39):

Usq = Usq,, + Usq, (14.41)
: 1 . .
Usdeq = \Isdey = 7 Vr + Msa — @1lsg ) /K (14.42)
ttgg, + Titgq, = Vsa (14.43)
1 ssdéﬁ/qu s pa/qa—1 44 .2—pi/qs
Vid = — > Issal [0 ‘ (kg + 14) + ——é2, (14.44)
K s;dép;/qu) Yap4

where ky > 0, n4 > 0 are parameters to design.

Proof This follows straightforwardly from Theorem 14.1.



14 Speed Control of Induction Motor Servo Drives Using ... 353

14.5 Numerical Simulation Test

Some simulations are carried out for an IM control system to validate the applied
NTSM controllers in MATLAB-Simulink. The parameters of the IM are give as
follows:

Py=1.1kW, Iy=28A, Uy=380V, fy=50Hz,n,=2, Ry =59Q, R, =
56Q, L, =37.94mH, Ly =058H, L, =055H, J =0.021kg -m?*, Yo =
0.7 Wb.

And the NTSM controllers are designed with the following parameters:

D1 =5, q1 =3, Y1 =50, k] =5000, T] 210; p2=5, QQ=3, )/2230, k2=
3000, T2 = 10; p3 = 7,q3 = 5,)/3 = 20,k3 = 6000, T3 = 5;p4 = 13,q4 = 11,)/4 =
10, ks = 3000, T4 = 5.

The desired speed is 20sin(4t) rpm and the desired rotor flux is 0.7Wb.

The motor speed and the its tracking error are displayed in Fig. 14.3. For clear
observation, the desired speed is shifted a little bit manually. It can be seen that the
motor speed can track its reference fast and accurately. The rotor flux and its tracking
error are shown in Fig. 14.4. It is clear that the rotor flux can track its reference value
reference. The desired flux is shifted a little as well. The stator currents are displayed
in Fig. 14.5. Both of the two currents track their references quickly and accurately.
The control signals of the NTSM current controllers are shown in Fig. 14.6. It can
be seen that the two control signals are smooth, which means that the chattering is
attenuated by the applied new high-order NTSM method, and better performances
of IM systems can be obtained.

40
E_ 20+
3 of
g \ / :
@ -20r s "' actual speed
40 | referrence
0 1 2 3 4 5 6

speed error/rpm
=]
\8]
I
q

time(sec.)

Fig. 14.3 The motor speed and its tracking error
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Fig. 14.4 The rotor flux and its tracking error
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Fig. 14.5 The stator currents in dg

14.6 Conclusion

This chapter has introduced a nonsingular terminal sliding-mode control method for
IM velocity servo systems. The NTSM controllers are applied into the speed, flux
and current closed loop of the FOC-based IM velocity servo systems. The designed
NTSM control law can suppress the chattering which exists in conventional sliding-
mode control. The results of simulation have proved that the applied method is

corrective and effective.
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Fig. 14.6 The control signals of the NTSM current controllers
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