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Abstract: Induction motors are still the most used in industrial applications due to
the simplicity of installation and low maintenance cost, especially for the squirrel
cage type. The significant development in power electronics in terms of high-
speed technologies in power electronic switches, their availability in high ratings,
and the considerable decrease in the cost of the power electronics components
supports this increase in uses. However, changing the induction motor's speed
with loading, load torque measurement devices, and speed sensors limit this
increase in using such motors. This paper proposes a state feedback controller-
based backstepping technique for robust speed regulators of induction motor
loaded without measuring the load torque. Designing such a controller (state feed-
back controller) needs to know the value of the load torque, and hence torque
values are assumed to start the design process. A state observer as output feedback
is integrated into the speed controller proposed in this paper instead of load torque
measurement. To asset the proposed controller's capability to keep the induction
motor speed at the desired value, the global stability is investigated using Lyapu-
nov direct theorem. The simulation results show that the proposed method's effec-
tiveness in keeping the motor speed at the desired value without load torque
measurement.

Keywords: Induction motor; speed regulation; backstepping state observer;
lyapunov direct method

Nomenclature

g Stator current direct axis

ig Stator current quadrature axis
Vid Stator voltage direct axis

Vig Stator voltage quadrature axis
Ma Stator flux direct axis

Ag Stator flux quadrature axis

W Stator (supply) frequency

10} Rotor electrical rotational speed
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Wy Desired Rotor electrical speed
Aw w— Wy

irg Rotor current direct axis

Ing Rotor current quadrature axis
Aod Rotor flux direct axis

ey Rotor flux quadrature axis

p Number of pole pairs

s Slip

T, Motor torque

T Load torque (constant)

L, Rotor moment of inertia

Q Rotor mechanical speed w/p
R Stator resistance

R, Rotor resistance

L Stator Inductance

L, Rotor Inductance

M Mutual Inductance

1 Introduction

Currently, induction motors are among the most widely used types of motors in many industrial
applications. This abundance in using induction motors is due to two main reasons: the structure of the
induction motor itself and the other related to the development in the power electronic circuits used in
controlling these motors. The induction structure is characterized by a lack of commutator, lower cost,
less maintenance, and rugged structure. The speed control of induction motors is not an easy issue,
especially the squirrel-cage type [1]. With the tremendous development in power electronic converters
and what followed in increasing the power ratings, faster switching, smaller size and lower cost, the
speed control of squirrel-cage induction motors (SCIMs) became an easy issue and more speed control
applications had been implemented [2].

Speed control schemes of SCIMs mainly depend on measuring the current motor speed as this speed
varies with the load change. Measurement of this speed may be done by directly measuring the speed
using sensors or indirect measurements without using sensors (sensorless). Such direct speed sensors can
cause difficulties such as additional electronic devices, extra wiring, extra space, frequent maintenance,
and careful mounting, which reduces the drive's inherent robustness and reliability. Besides, direct speed
sensors add an additional cost and the drive system becomes expensive. The problems associated with
using direct speed measurement could be avoided using speed-sensorless drives. Many advantages are
expected when applying speed-sensorless induction motor drives, such as reducing the hardware
complexity, low cost, reduced size, elimination of direct sensor wiring, better noise immunity, increased
reliability, and fewer maintenance requirements. Speed-sensorless motor drives are also preferred in
hostile environments and high-speed applications [3]. The positive features of speed-sensorless systems
introduce a preferable choice for the next generation of commercial induction motor drives, not only for
induction machines but also for other electrical machines, such as switched reluctance motors (SRM) and
permanent-magnet synchronous motors [4].

Sensorless vector control of induction motors has become popular due to reliability and maintenance

concerns [1-3]. The sensorless vector control that can precisely control an induction motor without a
speed sensor has been taken great interest. Some studies have given various speed estimation algorithms
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and sensorless control methods [5]. In the vector control method, the flux and torque currents are separated to
control an induction motor's output torque. The vector control requires precise information about the angle of
the rotor flux. The rotor flux angle is indirectly predicted by vector control using the motor speed measured
from a speed sensor attached to the rotor shaft. Although a vector controller using a speed sensor could
accurately control a servomechanism, some problems occur due to the speed sensor. Therefore, sensorless
speed control has been fascinating because it can control torque without a speed sensor [6,7].

The accuracy of the flux linkage phase and amplitude observation directly affects the vector control
system's performance. Therefore, how to accurately observe the flux linkage is a key problem in the flux
linkage observation. The parameter identification methods of speed-sensorless vector control mainly
include the direct calculation method, recursive least square (RLS) method, model reference adaptive
system (MRAS) method [§].

Other studies used different approaches to synthesize state observers coupled with three-phase induction
machine drives using Luenberger state observer for speed observation. From these approaches, the linear
matrix inequality approach [4], sliding mode observer for sensorless control of induction motors [5]. That
allows many research activities concerning the synthesis of a nonlinear observer for a class of variable
speed induction drives based on input/output injective measurements in continuous time mode as claimed
in [9]. Subsequently, many scientists had faced the problem of state estimating and intensive research
activities are addressed on this topic [6]. Unfortunately, most of the proposed observer design techniques
offer continuous-time state observations that need discretization for practical implementation and
realization of control laws. A new output feedback controller design deals with variable speed induction
drive to solve output measurements without resorting to using mechanical and magnetic sensors for
online observation based on stator voltage and output currents [10,11]. The stability convergence will be
analyzed using the Lyapunov stability theory and input — to state stability concept. Compared to the
classical high gain observer, reported in [9,12], a sensorless induction motor drive using sliding-mode
state observer coupled with output feedback controller was implemented to observe the mechanical and
magnetic state variables consideration the continuous-time measured stator currents [13]. A speed-
sensorless vector control method based on parameter identification with the full-order adaptive state
observer is proposed [14].

The design approach in this paper aims at designing a state feedback controller with a state observer
using the backstepping technique. The proposed approach estimates the load torque and flux to regulate
the induction motor's speed, then proves the closed-loop system's semi-global stability using Lyapunov
method.

This paper is organized as follows: The dynamic model of the induction motor in the direct and
quadrature axes is given in Section 2; a state observer is proposed in Section 3, to estimate the stator flux
components and load torque. Section 4 introduces a nonlinear state feedback controller to regulate the
motor speed in the load torque presence using the backstepping technique. Lyapunov direct stability
method is used to prove the asymptotic stability of the closed-loop system. In Section 5, a combination
between the state observer and the state feedback controller is implemented to design a speed regulator of
the induction motor that does not require measurement of the load torque and proves that the closed-loop
system is asymptotically stable. Simulation results are represented to illustrate the proposed model's
effectiveness in Section 5, and conclusions are represented in Section 6.
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Table 1: Maximum overshoot and settling time values for some state curves with constant and variable load
torque

Load torque cases State Constant load torque  Variable load torque
variable

Maximum Settling Maximum Settling
overshoot time (sec) overshoot time

Speed Measured 0.0812 0.0603 0.3621 0.1725

Estimated 0.1364 0.1035 0.3824 0.1725
Direct-axis Measured 0.6250 0.3164 0.3620 0.4120
current Estimated 1.4645 0.3814 0.8170 0.4120
Quadrature-axis Measured 0.0368 0.1972 8.5450 0.1885
current Estimated 0.0857 0.1985 8.9000 0.1885

2 Dynamic Model of Induction Motor

The Nomenclature of all variables is given in Tab. 1.

The stator flux direct and quadrature axis components are formulated to the stator currents direct and
quadrature axis components as:

Ma = Lgirg + Miyg (1)

>‘1q = Lsilq + Mizq ()

The rotor flux direct and quadrature axis components are formulated to the rotor currents direct and
quadrature axis components as:

Mg = Lyipg + Mirg 3)
)‘Zq = Lrizq + Milq (4)
The formulation of the direct and quadrature axis components of the stator voltages are:

Via = Ryirg + Mg — o1y %)
Vig = Rsig + ).\lq + w1 A1g (6)

As the rotor in the SCIM used in this short circuit, then the direct and quadrature axis components of the rotor
voltage are zero, and they can be defined as:

0 = Ryizg + Mg — (01 — W)y (7
0= Rrizq + )‘\2q + ((1)1 — a)))\gd ®)
The motor torque is given by:

T = Miaig — Miglia ©
The differential equations that describe system variables can be defined as:

= (a4 B+ (o1 — )i+ (Pr 2o+ (10)
I =\— — 1 — v

1 1 1 I oL, e
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j\] = —aoLg; + wiJ\ + W
V4
—(

m

@ = T — Ty = Mairg — Migita — T =+ (M Jiy — 1)

=0 (Tr = constant)
The state-space presentation of these differential Eqs. (10)—(12) can be defined as

¥ =Ax+Bu+f,(y) +/ ()

y==Cx
where
x=(il AN o TL)T, u=v, y=/(if w)T
)
—(o+ B + (w1 — wa)J £1+0L61J O2x1 021
A= —ooLl o 02x1 021
01><2 01><2 0 _p/[m
01x2 01x2 0 0
1 T
BZ(O‘LSI I 0pyq 02><1>
A
iy
% I 0o Oy O
02x2 hx2 Oax1 02y
V) Py <01><2 O1x2 1 0 )
e
01x2

L) = (=AwilJT 01, 0 0)

M? R,
=1—-— =— =R,/(aL,
7 Ln %o PR/l
For [yl <7 — Iyl <!/
A, C is an observable pair
Proof.

The sub-observability matrix Q, = (CT ATCT)T has rank 6.

3 State Observer

In this section, a state observer is proposed. Let

F=AX+Bu+ Ly — CR) +£00) +/0)A

595

)
(12)

(13)

(14)
(15)

(16)

L is chosen such that 4 — LC is a stability matrix, and there exists a symmetric positive definite matrix P such

that:
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P(A—LC)+(A—LC)'P=—I (17)
Lete=x—%x,

e=(4—LC)e+f()A (18)
where >\~1 = )\1 — )A\l
Choose the Lyapunov function

V =elPe (19)
Time differentiation of V along the trajectories of e we obtain

7 = —eTe+ 2" Pf(y) A1 < e+ 21]jef*[IP]| <0 (20)

For 4[||Pll < 1, which can be satisfied by choosing r. Hence e tends to zero asymptotically.

4 State Feedback Controller Based on Measurement of Load Torque
This section proposes a state feedback controller to regulate the induction motor's state to the desired
value. Assume that the full state measurement and modifying it to incorporate the above state observer.
1
oL
From Egs. (10)—~(12) and (21),

Letr:il—

A (21)

= (—(+ (1 — O\ + o )ir — (BT + ] )t + GlLS " 22)
t=—B(1 —o)liy — (6l + (0w — wy)J)t (23)
Ad» = [%(—JLSTTJI'I —1y) (24)
Letz =i} — iy (25)
i = GL{ (T — kAw) (26)
Ad» = —k%Aw —’%L%TJZ 27)
Substitute Egs. (25)—(27) into (22) then
£ = (—(at B — )T + o)y — (0Bl + )+ vy = — (‘kﬂm" ‘ILLSTTJZ>
oLy OAw 1, 1,
=0 (B = )iz 1) — (0BT + (0~ 01))) 28)

Choose the control vy as
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vi = — aLkiz — O'LS{(—(OC +B(l —o))+ wiJ)i; — (ol + wJ)t

01 L Ol
g (o) Bt - o)
+ oL f(1 —o)lt
which leads to:
z=—kiz+ p(1 —o)lt (30)
. Jt
t=—(opl + (0 —w;)J)t — p(1 — a)[(z + e (T, — kAco)) (31)
Consider the Lyapunov function
1
VZE(‘ET‘E—FZTZ-FAC!)TACU) (32)
Time differentiating } along the trajectories of the system
V=—cptlt—kz'z - klﬁAwTAw —p?—LSAU)T‘ETJZ
1 1 Ly
=—gptlt——kizlz — k2 AoTAw P2 AT g2
2 2 Iy Ly 13
L poLli) 9
1 : In 1211
Sl soly| ] <O
ol p [l
Iy Ly

for i1k > M which proves the semi-global stability of the closed-loop system.

5 Observer-based Controller

Let
S N VA ML WS ¥ g
T=1 oLs 1=0—1n oLs 1 1) =TT g€
1
-1 0 — 7. 0 0 0 B o
Where g = oLs 1 , e=[i N w T]
0 -1 0 —— 0 0

O'LS
i1=1i1—i =i —gie
whereg;=[1 1 0 0 0 O]
;1*: L]T (TL—kAW) :M:il*— Jt TL-I-&(TL—]CAW)

oLst’% oLsi’1 oLst’% oLst'%
TL:g4€
?1*:i1*+he
where h=——7° LAT(TL—kAW)and g=[0 0 0 0 0 1]

7,84 N
O'Lsz’L' oLst' 1T
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2:?1—?1*:i1—gle—(i1*+he)

=z — hoe

where hy = g1 + h

Z=7%— hye — hge

=3 —ho((4d—LC)e +f(0)\) — hoe =z — hye

where A\ =goe, go=1[0 0 1 1 0 0], h =ho((4d—LC)+f()go) — ho

T=1+gé
=1+ g((4—LC)e+f()goe)
’i’ = ‘i.'+h2€

where i, = g((4 — LC) +f(v)go)

2 i * Ly
vy = — oLskiz — ULS{(—(O(+ Bl —a))l +wiJ)iy — (ol + wJ) — 311W (—kﬁAw —l%%TJ%)

-G i) (0B + 0= 00D}

+ oL f(1 —0)lt

Expression iy, z,i;,7 in terms of i1+, z, i;, T, we obtain
v1 = v + Me for some appropriate M
Choose lapunov function

1

V="t +2"24 Aw?) + e Pe

V=2"2 + 372 + AwAw + &' Pe + e’ Pe

= (t+ge) (1 + he) + (z— hoe)" (z — hie) + AwAw — eTe + 2eT PF(y) A,
poL

1 1
=—optlt— EklzTZ — Eklgmsz - AwtlJzt
oL
! b SR gy ,
——llzllllAw m —e' e+ 2le +ge't
Tl R e ol + &
I_”T J|| A

+ 1t hye —i—ghzeTe — hoeTé — T hie + hohleTe

Let T=cC1T+ ¢z, z=0C3T+ 4z
LV = —gaﬁfTr —laﬁfo—i- (hy + g1 — hocs)e' —lere—lklsz —lklsz
4 4 4 4 4

1 1
+ (=hy + gca — hocy)e'z — ZeTe — 15~ 2||p|| — gha — hohl]eTe
oL
e B
m

[ [=
poLls, r p [|Aw]]
s =
AL T

1 L
_Lp e Pl

1
AwtlJr — = A
A A 2[HZHH wl|]
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) 3 1 af —2(hy + ge1 — hoc3) ] [ Izl
= =3 opc = Llellel]|
—2(hy + gc1 — hocs) 1 le]]
1 k —2(—h1 + gc — hoC4) ||Z|| 1
——klzTZ——[HzHHeH][ = |5~ 2ipll
4 4 —2(—h1 +gcy — hoC4) 1 HeH
1 L,
—ghy — hohl} ele— EkIBAW2 _p;r AwtlJt
oL
| O e
L ety " ] <0
2 pO—LS HTT‘]H kﬁ ||AW||
v Iy,

for kik = 2L G o d4(hy + gey — hoes) ki = 4(—hy + ges — hocs)’
which proves the stability of the closed-loop system.

6 Results and Discussions

599

This section presents the simulation and numerical results based on state feedback controller with state
observer using a backstepping technique which estimates the load torque, flux and current to regulate the
speed of SCIM. The system is simulated for initial state variables and all numerical values given in
the appendix. Two cases are investigated to assess the state observer's capability to estimate the speed of
the motor, and the other is for evaluating the proposed controller besides the speed measurement. The
Simulink MATLAB model of SCIM with feedback controller based on observer system shown in Fig. 1.
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Figure 1: Simulink model of observer-based controller for induction motor system
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Test Case 1: Constant Load Torque

The simulation results are performed at a constant load torque of 7 N.m. The SCIM measured and
estimated speeds with the proposed observer-controller are investigated. The two-speed profiles converge
to the desired speed with reasonable accuracy. In the case, estimating the speed using state observer using
a backstepping technique, the maximum overshoot and settling time are 13%, 0.103 sec in comparison,
they were 8% and 0.0603 sec when using the speed, was measured respectively. That indicates the
efficiency and ability of the proposed speed measurement technique, as shown in Fig. 2. The stator direct
and quadrature axis components through the proposed measured and estimated flux are shown in Figs. 3a
and 3b.
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Figure 2: Measured and estimated speed response with observer-based controller
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Figure 3: Measured and estimated flux response a-Direct-axis flux response b- Quadrature-axis flux
response



IASC, 2022, vol.31, no.l1 601

The direct and quadrature stator current components for the estimated and measured techniques are
shown in Figs. 4a and 4b, respectively. From these results, the proposed stat observer could estimate the
actual values of the motor speed, fluxes, and currents accurately without using any sensors.
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Figure 4: Measured and estimated current components a- Estimated direct current response b-Quadratic-
axis current response

Test Case 2: Variable Load Torque

To test the motor speed proposed controller's effectiveness to keep the speed at predetermined
(reference) value with load torque change, a sudden and large change in the load torque from 5 to 10 N.
m between 0.06 and 0.14 s is applied. Another change from 10 to 7 N.m is simulated between 0.14 and
0.2 s as shown in Fig. 5 is presented.

10 5

load torque (N/m)

1 1 1 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Time (sec)

Figure 5: Load torque change

The proposed controller succeeded at regulating the motor speed at 300 rpm with this change in the load
torque with a mostly identical speed profile for the measures and estimated speeds, as shown in Fig. 6.
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Figure 6: Measured and estimated speed response with the observer-based controller with load torque
change

With the sudden and large change in the load torque applied in this case, the current increases to
compensate for this increase in the load torque in both direct and quadrature components as given in
Figs. 7a and 7b, respectively.
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Figure 7: Measured and estimated current components at load change a- estimated direct current response
b-quadratic current response

The mechanical torque deviation has a very speedy response and decayed to zero with a settling time of
0.08 s, as depicted in Fig. 8. The maximum overshoot and settling time values for some state curves with
constant and variable load torque are listed in Tab. 1.
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Figure 8: Mechanical torque response with variation of the load torque

From these results and discussions, the state feedback observer system's stability successfully estimated
the load torque, estimated flux, and speed of SCIM. Besides, sensorless speed control of the motor under load
variations.

7 Conclusions

In this paper, a robust speed regulator for speed sensorless induction motor is proposed, which considers
the application of unknown load torque. The design is based on a fully nonlinear model of the induction
motor and uses the backstepping technique to design an asymptotically stable observer-based output
feedback controller to regulate the motor speed to any desired value in the presence of unknown load
torque. Stability was proven using Lyapunov direct method and simulation results show the effectiveness
of the proposed method. The results illustrate the proposed technique's capability in estimating and
regulating the induction motor's speed effectively.
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Appendix
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Table A: Numerical values

SN~
L N v

~

PIQF TR

1

2090 W

7 Nm

0.05

—0.0049 (steady-state value)
2.4892 (steady-state value)
2.8067 (steady-state value)
2.8067 (steady-state value)
—881.7401 (steady-state value)
882.4705 (steady-state value)
50 Hz

0.294 Q

0.144 Q

43.759 mH

42.829 mH

42.159 mH

0.061425 kgm?2

10 Nm

150

100

diag([10, 10, 10, 10, 10, 2000])
diag([1073, 1073, 1073])
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