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ABSTRACT. A nowvel speed tracking control scheme of induction motor (IM) is presented
based on the state error Port-Controlled Hamiltonian (PCH) system and Lo disturbance
attenuation theory. Firstly, a PCH system model of IM is established. Secondly, using
interconnection and damping assignment, the desired state error PCH structure is as-
signed to the closed-loop IM control system by the energy-shaping (ES) principle when
the load torque is known. Thirdly, following the idea of rotor field orientation, the de-
sired equilibrium of IM system is obtained. The equilibrium stability of the closed-loop
system is verified. Moreover, the Ly gain load torque disturbance attenuation technology
is applied to the PCH control of IM system. At last, proportional integral (PI) control is
used to eliminate the steady state error brought by the load disturbance. The comparative
studies and simulation results show that the proposed scheme has a good performance
and application prospects.

Keywords: Induction motor, Speed control, Hamiltonian systems, Lo gain, Energy-
shaping

1. Introduction. Induction motor (IM) drives are widely used in industry for variable-
speed applications due to its reliability, ruggedness and low cost. These applications
include fans and pumps, textile and paper mills, subway and locomotive propulsions,
machine tools and robotics, etc. However, the control problem of IM is rather complicated
by the fact that motor model is nonlinear, the motor parameters are time-varying and the
load torque disturbances are uncertain during operation. Therefore, the existing scalar
control, vector (field-oriented) control and direct torque control methods still have many
shortcomings [1].

In order to solve above problems, several globally stable speed controllers for IM have
been reported in the control literature. These controllers can be designed using, such
as adaptive control [2], sliding model variable structure control [3], intelligent control
[4], feedback linearization [5], differential-algebraic nonlinear control [6], backstepping
principles [7], passivity-based control (PBC) [8] and L, disturbance attenuation control
[9]. The above methods have been used in many fields and a series of research results
has been acquired. Recently, the energy-shaping (ES) and Port-Controlled Hamiltonian
(PCH) systems theory have attracted a lot of attention [10-18]. The PCH system with
dissipation has become an important tool in nonlinear control system research. The ES
consists in shaping the energy function of the system in order to obtain a new closed-loop
energy function that has a minimum point at the desired equilibrium point, preserving the
original interconnection and dissipation structure. Thus, the closed-loop system preserves
the PCH form with a stable equilibrium point at the state of minimum energy.
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A class of electromechanical systems, such as induction motor can be viewed as mul-
tiport (electrical port and mechanical port) energy-transformation device. The action
of a controller may also be interpreted in energy terms as another dynamical system-
interconnected with the electromechanical system to modify its behaviour. The control
problem can then be described as finding a dynamical system and an interconnection
pattern such that the overall energy function takes the desired form. This energy-shaping
approach is used to electromechanical control system. Attention of the new methodology
is now focused on the interconnection and damping structures of the system. Energy is
injected into the electrical port for determining the full system’s behaviour. Many the-
oretical extensions and practical applications of ES and PCH control theory have been
reported in the literature [11-18].

In practical motor control system, disturbance attenuation and parametric uncertainty
are also important issues. The PBC design method has been extended by many researchers
to achieve y-dissipativity [8, 9] that not only guarantees asymptotic stability but also
renders the Lo-gain from disturbance to a penalty signal less than a given level v > 0.
As PBC design, a key to solve the disturbance attenuation problem along this line is
to construct a proper storage function that ensures the vy-dissipativity. Several effective
methods have been reported by [8, 9].

In this paper, a novel speed tracking control scheme of IM is presented based on the
ES and L, disturbance attenuation principle. The main feature of the method is that the
closed-loop system has state error PCH structure. The scheme has the advantage that
the closed-loop energy function can be used as Lyapunov (or storage) function rendering
the stability analysis more transparent and controller design simpler. Further, the L,
disturbance attenuation control of the IM system is proposed based on the state error
PCH system theory. The Lo-gain from the load torque disturbance to a penalty signal
may be reduced to any given level if the penalty signal is defined properly. In order
to track the changes of the load torque and eliminate speed steady state error of the
IM, the proportional integral (PI) control action of speed error is also added to the
system. Applying space vector pulse-width modulation (SVPWM) signal transformation
technology, speed regulation of IM system is implemented by controlling the state of each
switch in the inverter. Compared with the conventional vector control, the proposed
control algorithm has good control performance. The simulation results illustrate the
effectiveness of the developed controller.

The remainder of the paper is organized as follows. In Section 2, the state error PCH
control principle of IM is presented. Based on the state error PCH control of IM, load
disturbance attenuation control is developed according to Lo gain and PI control principle
in Section 3. In Section 4, the theoretical analysis is verified to be right by the comparative
studies and simulation results. Finally, some conclusions are presented in Section 5.

2. The State Error PCH Control of IM.

2.1. Control principle of the state error PCH system. Consider an affine nonlinear
system

&= J(2) + gl
{yzhuy @

The system (1) is passive if it is possible to find a non-negative function V' (z) such that
V(0) =0 and
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The PCH systems can be described as follows [8, 10]:
OH ()

b = ()~ R@) 25 4 gl
y =o' 0 ®)

where x € R" is the state vector, u, y € R™ representing the input and output vector
respectively, are conjugated variables whose product has units of power, R(z) = R (x) >
0 represents the dissipation, the interconnection structure is captured in matrix g(z) and
the skew-symmetric matrix J(z) = —J7(x), H(z) is the Hamiltonian function of the
system.

The most important feature of PCH systems is its input-output passivity and stability
properties. Given a dynamical system (3), the variation of internal energy equals the
dissipated power plus the power provided to the system by the environment. The energy
balance equation for system (3) is given by

dH(z) _ [8H(m)]Ti_ T [8H(m)]T . (x)aﬂ(x)

dt oz ox ox

then, integrating (4) over an time-interval [0,¢] results in the following well-known dissi-
pative inequality below,which ascertains the passivity properties of PCH systems

H(x(t)) - H(z(0)) < / YT (7)u(r)dr

which is the same as (2).
If disturbance input is added to system (3), then PCH systems with disturbance input
are given by

<y'u (4)

b = )~ R D 4 gyt gua o)
y = gT(x)agf)

where w is the disturbance input, g,(z) is the disturbance input matrix.
The feedback control principle of state error PCH system is given as follows.

Proposition 2.1. Consider the PCH system (3), let xo be a desired equilibrium and
T =x — xg be the state error. Given H(z), J(x), R(z), g(z) and

1

H(z) = axTD_lx (6)
J(f + l’o) = J(f) + J($o) (7)
If we can find a(x), Hq(Z), Jo and R,, satisfying

u = a(z) (8)
Hy(7) = %~TD1:E' 9)
Ja(¥) = J(&) + Jo = —=J7 (%), Ra(¥) = R(Z) + Ra = Ry () >0 (10)
g(@)a(z) = [J, — Ry — J(20)]| D% — J(Z)D 20 + gl0)ug (11)

Then, the closed-loop PCH system (3) with u = «(x) takes a the state error PCH form

OHqy(7)
0T

= [Ju(#) — Ra(7)] (12)
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Furthermore, & = 0 1is globally asymptotically stable equilibrium point of the closed-loop
system (12), and the state x does converge to the desired equilibrium x.

Proof: Define & =  — z5. Then = = Z + x¢, substituting into (3), we get

i=[J(& + z0) — RID (& + 20) + g(7 + x0)alx) — i (13)
where 61;—;(53”) = D'z and 8%555:) =D 1z.
From (3), we have
o = [J(z0) — RID ™ g + g(x0)ug (14)

Substitution of above formula and (7) into (13) gives that the state error system model
is
i=[J(&) — RID ™' + J(x0) D% + J(&)D Yo + g(Z + zo)a(z) — g(zo)ug.  (15)
Let
U = —[Jo — Ry — J(20)| D™ + J(2) D™ g + g(a) () — g(0)uo, (16)
then, according to (10) and (16), Equation (15) can be written as

OHqy(7)
0z

Obviously, Equation (11) ensures that ¥ = 0. Thus Equation (12) holds.
Since J4(Z) is skew-symmetric matrix, thus

i=[Jy(Z) — Ry + U, (17)

1 Jg(£)§!gi$§2:: 0. (18)

{8}¥d(j) L

0x

As Ry(Z) is positive definite symmetric matrix, therefore, along the trajectories of the
system (12), we have

dHy(Z)  [0Hu®)]" - [0H.(%)" . OHy(%)

= = R <0 19

dt o | T | ox &)=z (19)

Moreover, the function Hy(Z) is radically unbounded, since it tends to infinity as ||z|| —

oo. Applying Lyapunov’s stability theorem, the system (12) is globally asymptotically

stable at equilibrium point £ = 0, then T tends to zero as t tends to infinity. Thus, the
state x does converge to the desired equilibrium xg.

Remark 2.1. Proposition 2.1 shows that the system (3) can be expressed as the form of
system (12) by uw = a(x). Moreover, feedback control law w = «a(x) can be solved from

(11).

Remark 2.2. For Proposition 2.1, if the second formula of Fquations (10) becomes
R4(%) = R(Z)+ R, = RY(%) > 0, then, the closed-loop system (12) will be globally asymp-
totically stable if, in addition, the largest invariant set under the closed-loop dynamics

AT -
[a}%z)] Rd(i')aHaL(x) = O} equals {xo}. The globally asymptotic

T

contained in {SE c R"

stability follows immediately invoking La Salle’s invariance principle.
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2.2. PCH controller design of IM. The model of the induction motor can be described
in a synchronously rotating d — q reference frame, and then we get the electrical subsystem

As = —Ryiy — wgJodg + Uy (20)
A = —Ryi, — (ws — npw)JaA,

and the mechanical subsystem

I =7 — 11, — Rpyw = np)\fng'r — 77— Ryw (21)
where I
7 = ny\ Joi, = an—miSTJQ)\T (22)
A=Li (23)
[ L Ll 10 I NS
L{mez LTIQ}’ [2{0 11’ = ']2[1 0} (24)
and

)\:[)\z )\T ]T:[)\sd )\sq )\rd )\rq ]T7

- [ isd Z.sq ird Z-Tq ]T> Us = [ Usd usq ]T (25)
7 and 77, are electromagnetic and load torque respectively, the subscripts s and r indicate
the variables for the stator and the rotor respectively, .J,, is the moment of inertia, Ly, L,,
L,, are the stator, rotor, mutual inductances respectively, R, and R, are the resistances
for the stator and the rotor respectively, n, is the number of pole pairs, wy is electrical
angular speed of the stator (the rotating speed of the synchronously d— g reference frame),
w is mechanical angular speed of the rotor, w, is electrical angular speed of the rotor, R,,
is the friction coefficient of the rotor, and

Wy = NpW. (26)

We define the mechanical momentum, state vector and input vector as follows respectively

p:me7 ZE:[)\E >‘7T p]Ta UZ[UST Ws —TL ]T (27>
Using (21) and (27) yields
P = Il = npAL Joi, — Rypw — 7. (28)
The Hamiltonian (storage) function of the IM system is written as
1 1 _ 1p?
H(z)=za"D e = -XN'L7'A+ - — 29
() =50 D=5 T2, (29)
L0
D= { 0 J. } : (30)
(20) and (28) can be rewritten in (5), then the PCH model of IM is given by
00 0 R, 0 0
s H
i=1l0o0 npdode | = 0 R, 0 0 a@)
0 npATJy 0 0 0 R, v
I, —JhXs 0
+10 =LA 0 |u+gelx)w (31)
0 0 1

where .
w=F=7—Tr0, Gu(x)=[0 0 0 0 —1]F (32)
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Tro is the known and constant load torque.

Is 0 0 0
ag(x) —D%w =4 |, Jax)=]|0 0 o,
xr w 0 np)\fJQ 0
Rs[2 0 0 [2 —Jg)\s 0
R(z)=10 R.I, 0 , gl)=10 —=JA 0]. (33)
0 0 R, 0 0 1

When load torque is known and constant, w = 0 (that is 7, = 779). At equilibrium z,
w = wy. Following the idea of the IM rotor field orientation, given \.y, we have chosen
the desired rotor vector to be aligned with the d-axis of the d — ¢ reference frame, then
the desired equilibrium is

10 Aso
As
o = 20 = )\ro N )\50 = |: A do :| s >\r0 = |: g :| . (34)
T30 Jmwo 50
According to the principle of vector control, we have
L, ,
To = T + Rwo,  tsd0 = ﬁ, loq0 = Lm;;)u’ trqgo = 0. (35)
. Lm . 70
Irg) = ———1gq0 = ———.
q0 L, a0 N
R, . . .
Wso = Mpo + —(2)7 )\st = Lszsd0> )\qu = Lszqu + Lmzrqo-
Nppt
From (11) we get
Us — W5J2/\s is 0 - Usp — wsOJ2>\SO
_wsJ2)\r = [Ja - Ra - J(xO)] 1y - anQArWO + _wSOJQATO
—TL w npAZJgiro —TL
(36)
Supposing
0 0 J13 T’SIQ 0 0
Jo(x)=10 0 Jog |, R,=10 0 0 (37)
—JL —JL 0 0 0 0

where 74 is damping parameter, J13 and Jo3 are respectively assigned as
Jiz = —ny Ly Jotrg,  Jog = npLy,Joig.
From (36) we get the controller a(x) = [ Usqy Wsa —TLo ]T as follows:

L2 L,
Useq = RsisO — Ts(is — isO) — anmJQ’ir0<w — wo) + wst |i(L3 - L_m> is + L_)\r‘|

Ma Remo mpLy(w — wo)Arglrgo
[IA]? 7pht [EM ]
~TLa = —TLO (38)

Wsa = Npwo +

Rotor flux A, in (38) is not directly measurable, so an observer is needed to estimate it.
In order to get rid of rotor resistance changes, we use an open-loop rotor flux observer.
From (20) and (23) we get the observer

Ao = Ug — Ryiy — wyJo)s (39)
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L L,L
A= 2T+ <Lm— 7 )z (40)

L?’TL m
3. The L, Gain Disturbance Attenuation of IM.

3.1. The L, gain disturbance attenuation for PCH system. Considering system
(5), there exists a load disturbance 7, (that is 7, # 779) when w # 0, the form of controller
1s

u=a(z)+ f(z) (41)
Meantime, the closed-loop system (12) turns to be
- . G OH, (2
= (@)~ Ra@®) D ()60 + gl (42)
Penalty signal is defined by
1T
= halg" ()| A7 (43)

where h(z) is a weight matrix.

For system (42), the Lo gain disturbance attenuation objective can be described as
follows: given positive v, penalty signal z, positive definite storage function Hy(Z) and
desired equilibrium point xg, our aim is to find the state feedback control law

u' = f() (44)
such that the y-dissipative inequality

Ha () + Q@) < 3 (7l = 1), v (15)

holds along the trajectories of the closed-loop system (42), where Q(x) is a given non-
negative definite function.

The L, gain disturbance attenuation control principle of PCH system is given as follows
8, 9].

Proposition 3.1. Consider system (42) and penalty signal (43). For any given positive
v, the Loy disturbance attenuation objective is achieved by the state feedback

Ble) = = |51+ W (o) o7 (0) (40
and . i . :
Rq+ 2—729@)9 (z) = 2—72911;(1’)91”(90) >0 (47)
Proof: Let
Q) = TG0 [Rut 5ol (@) - pauolio)| A ay

It is easy to know from (47) and (48) that

a() = S8 O HE) p O]\ TR 1y 00) + gt
_ ) 0hd) | T,
19T Hy(#) 1 OH,(7)

5 0la) |l W (@)h(r) | o () 50
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0T Hy(Z) 1 T 1 T 0Hy(7)
=T Rt 500 @) - 5ol P
L1 1 1 OH (%) ||
g Gl = 1) = 5 o - o) 2
we have
- ]_ 2 2 1 8Hd( )
Ha )+ Q) = 5 (07 lP = [217) = 5 o = 2@ 2
i.e., (45) holds.
Remark 3.1. Proposition 3.1 indicates that if the additional damping
1 T 1 T
Rg— Rg+ 2—729(56)9 (z) = 2—72911)( )Gy () (50)

which provided by additional feedback B(x) is injected to the closed-loop system (42), then
finite Lo disturbance attenuation can be achieved for closed-loop systems.

3.2. The L, gain controller design. For the case h(z) = I5, according to (43),

iy — i,
2= h(z)g" (z ){a}gd; )] — | Xy — i) + AL G — i) (51)
W — Wo
From (46), we can get controller
Usp ( > ZSO)
Bla)= | we | = | =4 (H+ ) NI Ja(is — is0) + AT (i — iy0)] (52)
TLB 1 <L ) W — W ]
2 2 0

Moreover, from (41), we obtain

Us = Ugq + Usp
Ws = Wgy + wS,B (53)
T, — TLa +TLB

When disturbance is added to the system, 7, of (35) can be replaced by (7o + 713).
Then the new desired equilibrium becomes

A T A A T
Lo= [ %10 9320 930 } = [ As0 Ao Imo } (54)

Consequently, the entire system controller turns to be

Us = Rsi;O - Ts(is - Z;O) - anmJ2i;0(w - WO)

L2\ . Ly 1/1 A (55)
S P A
We = np(.UO + /\Td . RTTO anT (CU — CUOQ) ATqiTAqO
I 8 oY )
11 o o
_ 5 (? —|— ].) |:>\ZJ2(18 — Zso) —f- )\zJQ(ZT — ZTO)]

== (35+1) ol (57)
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3.3. Application of PI control. In order to track the changes of the load torque and
eliminate speed steady error of IM drives, the PI control of speed error is added to the
system. The integral separation principle is used to avoid integral saturation. The load
torque estimator is designed as follows.

—kp (w — wp) lw —wo| > p
AT b ’ ’ 58
L { —k:p(w—wo)—kiftz (w—wp)dt, |w—wo <p, (58)
where p is integral separation threshold value. Then, the expression (57) becomes
1 /1 .
=T <¥ + 1) [w—wo| + AT, (59)

Thus, 7, of (35) can be replaced by 71, above, and new equilibrium can be obtained.

4. The Comparative Studies and Simulation Results. The state error PCH control
of IM is shown in Figure 1. The IM is connected to the a three-phase DC/AC voltage-
source inverter. The outputs of the inverter are connected to the three-phase stator
windings of IM which are Wye-connected. Feedback speed and currents are considered
as the inputs of the PCH controller. Then, applying SVPWM signal transformation
principle, we can get six pulses which are used to control the inverter to provide the desired
three-phase voltages. As a result, the speed tracking control of IM can be implemented.

i

Ty,

+

il o 5 u ::_‘
s . g [
contreller u el AeRT, | D-AL

Tlr = ad u SV WM s

-

Rowor flux [ abe| 1,
ohelerver -

L
Irveries ——Jlf';\]‘_ B M
_IT

spwed
fral H SERSY

Load Torgue |
Fstimator

FIGURE 1. The state error PCH control of the IM

The IM parameters are R, = 0.687€2, R, = 0.642Q2, n, = 2, Ly, = 0.084H, L, = 0.0852H,
L,, = 0.0813H, J,, = 0.3kg:m?, R,, = 0.001kg-m?/s.

At startup, the load torque 71, is set to 3Nm. The desired speed wqy is 60 rad/s.
Upc = 300V, \go = = 1Wb, p = 2. From (35) and (36), we get the equilibriums
as follows: 7590 = 12.3001A, 7500 = 1.572A, 4,90 = OA, t,q0 = —1.5A.

Figures 2-4 show the performance of the controller (38). Figure 2 gives the speed
responses of different damping parameters (ry = 5, 7 = 10 and r; = 20) when load
torque is constant and known. We can see that speed response is the fastest and no
steady state error when r, is 5. Figure 3 shows the rotor flux response. It seems that the
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IM rotor flux tracks given value very well. Figure 4 shows the speed curve when a load
torque disturbance (3Nm) is added to the system at t = 1s. It can be seen that rotor
speed becomes slow and the system appears steady state error.

70 T T T 1.5

60 =

50 /

40

% 30f / —
= /
/
20 7 q
/
o /)’ -
’ rs=10
o — — — rs=20 | a
rs=5 )\rd
-10 : : : -0.5 : : :
o] 0.5 1 1.5 2 0 0.5 1 1.5 2
Time[s] Time[s]
FiGURE 2. Rotor speed curve Ficure 3. Rotor flux curve
70 70
4 60 == —_—
!
| 50 I
I
4 a0
oy ) !
=z SR
b 20
1
] i
] [———
i ok y=0.1 |4
y=0.5
-10 . . . -10 L L L L L L L L L
o] 0.5 1 15 2 o] 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Timel[s] Time[s]
FIGURE 4. Speed curve with- FIGURE 5. Speed curve with
out Lo control L» control
Ba T T T T T T T T 70
S%8[ 1 60
61+ B
50 50 —
60.5F
gg 40 —
— t =
T s®8| ! T 30 B
k< ‘\ k1
381 \ /<>77,,,,,_,,,,,,777i 20 4
5851 feo-T 7T g
10 10 b
S8 - —vy1 | both L2 control and
5780 y=0.1 | | or PI control 1
y=0.5 L2 control only ]
7535 O.‘Z 014235 O.Gl.‘l 0.81.‘15 1 1.‘21,2 1.‘25.4 113.6 1.]‘35 124 7100 04‘5 i 115 2
Timel[s] Time[s]
FiIGURE 6. Local enlarged FIGURE 7. Speed curve with
curve of Figure 5 Ly and PI

Figures 5 and 6 present the speed curves with Ly disturbance attenuation (load torque
disturbance 3Nm is added to the system at ¢ = 1s) when v = 0.1, 0.5, 1 respectively.
From the simulation results, we can see that L, gain control has good attenuation effect
to external disturbance.
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Although the Figures 5 and 6 show that the effect of disturbances attenuation is very
good, but speed steady state error still exists. Thus, the PI control is added to the motor
system. Figures 7-11 present the simulation results of the controllers (55, 56 and 59).
Figures 7 and 8 show the speed curves with L disturbance attenuation (y = 0.6) and PI
control. The estimator parameters are k, = 0.1 and k; = 90. The simulation results show
that speed steady state error is almost eliminated. Figures 9-11 show the A-phase current
response, A-phase voltage response and electromagnetic torque response respectively.

62 T T T T 50
61.5F - 40
61 b 30
60.5 b 20
_ 60 10
g g
591 1 -10
58.51 1 20}
s8r both L2 control and 1 —30r
57.5} TZCD”‘:D'I | 1 -a0}
L controlonly |
57 : : : : -50 : L :
0.9 1 1.1 1.2 1.3 1.4 0 0.5 1 15 2
Time[s] Time[s]
Ficure 8. Local enlarged FIGURE 9. A-phase current
curve of Figure 7 with Ly and PI
300 35
30
200
25
100
20

I 10
—100
st

~

-300 : . . 5 . . .
o 05 1 15 2 o 0.5 1 15 2

—200 -

Time[s] Time[s]
FiGUurRE 10. A-phase voltage FiGURE 11. T, curve with Lo
with Ly and PI and PI

In order to compare the proposed control algorithm and the existing vector control
(VC) [1], the vector control simulation experiments have been carried out. The vector
control of IM is shown in Figure 12. The IM parameters are the same as Figure 1. The
G1, G2, G3 and G4 are PI regulators, and parameters are k,; = 2, k;; = 50; kyo = 5,
kﬁig = 2, klpg = 1, k’ig = 27 k’p4 = 2, ki4 = 10.

Figures 13-17 give the simulation results of the vector control. The dynamic perfor-
mances of state error PCH control with L, and PI regulation are better than ones of the
vector control. Figures 13 and 14 show that the speed fluctuation of the vector control
is bigger in the presence of load torque disturbance. From Figures 15 and 16, we can see
that the A-phase current and voltage become larger for the vector control when the load
torque disturbance is added to the system at ¢ = 1s. Figure 17 shows that the dynamic
performance of starting electromagnetic torque deteriorates for the vector control.
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i i
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FIGURE 12. The vector control of the IM
80 T T T 62
70+ E 6151
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20
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FiGUurRE 13. Speed curve of FiGUurRE 14. Local enlarged
the VC control curve of Figure 13
80 300
60
40
20
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—20
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-60
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o 0.5 1 15 2 0.3 0.35 0.4 0.45 0.5 0.55 0.6
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FiGURE 15. A-phase current FIGURE 16. A-phase voltage
of the VC control of the VC control

5. Conclusions. In this paper, the speed tracking control and disturbance attenuation
of IM are presented based on the state error PCH systems method and L, gain technique.
Using the interconnection and damping assignment and ES, the desired state error PCH
structure is assigned to the closed-loop IM drive system. The equilibrium stability of the
closed-loop system is also verified according to the Lyapunov’s stability theorem. The Lo
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gain control problem is discussed for the state error PCH system. The L, gain from load
torque disturbance to a penalty signal can be reduced to any level by injection of addi-
tional damping, if the penalty signal is defined properly. Moreover, the PI control is added
to the system, so as to track the changes of the load torque and eliminate the speed steady
error of IM system. Compared with the classical vector control, the proposed scheme has
good control performance. The simulation results illustrate the effectiveness of the devel-
oped controller. The deficiency of the research results is that the load torque disturbance
attenuation is developed only in this paper. Moreover, induction motor parameters dis-
turbances, such as the stator resistance, rotor resistance and inductance disturbances can
be considered for the future research.
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