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Speed Observer of Induction Machine based on Backstepping
and Sliding Mode for Low Speed Operation

Marcin Morawiec*, Arkadiusz Lewicki**, Filip Wilczynski***

Abstract — The paper contains design of the speed observer which is based on backstepping and sliding
mode approaches. The inputs to the observer are the stator current and voltage vector components.
Additionally, such an observer structure is extended to the integrators. The observer stabilizing functions
contain the appropriate sliding surfaces which result from Lyapunov function. The rotor angular speed is
obtained from the non-adaptive formula with sliding mode mechanism. It allows to improve the robustness of
parameters uncertainties and the zero rotor speed working (near to unobservable region). In the sensorless
control system, the classical first order sliding-mode controllers are applied with the transformation of the
multi-scalar variable. The proposed control system structure can be named full-decoupled due to multi-scalar
variables transformation and the feedback control law obtained from Lyapunov theorem. The theoretical
derivations are verified in experimental waveforms. The sensorless control system robustness is verified in

the experimental investigations by using nominal machine parameters uncertainties method.
Keywords: induction motor drives, variable speed, speed observer, sliding-mode.

NOMENCLATURE
n” estimated values,
“ error of estimated values,
wr rotor angular speed,
Rr, Rs rotor and stator resistances,
Lm mutual-flux inductance,
Ls, Lr stator and rotor inductances,
Te electromagnetic torque,
TL load torque,
J machine torque of inertia,
50,8 stator current vector components,
Wra,p rotor flux vector components,
Usa, stator voltage vector components,
T relative time,
o, estimated rotor electrical speed,
@, rotor speed error,
V' p rotor flux vector components error,
fm, s stator current vector components error,
ZAM additional observer state variables,
Vo p speed observer stabilizing variables,
Cop constant gains,

X11, X12, X21, X22 multi-scalar state variables defined in [19].

1. INTRODUCTION

The sliding-mode approach belongs to the robust control. There
are many papers with different control structures containing
complicated algorithms of the proposed solutions. These
approaches are based on the adaptive mechanism [1-2],
backstepping techniques [3-4], fuzzy logic [5-7, 45] with
chattering phenomena elimination [5]. Almost all of these cited
papers provide robust on machine parameters changes especially
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[4, 7-9, 38], in which the problem was the main topic. These
papers contain different observer structures for example: adaptive
[10-12], disturbance observer [13], observers of permanent
magnet machine PMSM [14-16] and with the novel sliding
surfaces [17-18], backstepping [3-4, 22, 37]. The main
inconvenience to put of the sliding mode control into an industrial
application is the chattering, which consists in a high-frequency
oscillation when the sliding mode takes place. There is a lot of
mismatches between the actual object (mathematical model) and
the mathematical model developed for the controller design in
industrial applications. The control system should guarantee good
performance and robust of parameter variations (robust on
machine parameters uncertainties). The sliding mode controller
consists of continuous linear/non-linear subsystems with
discontinuous suitable switching logic. The first order sliding
mode (FOSM) was presented in [17-18]. This approach gives
possibilities to obtain the convergence of the finite-time error but
introduces chattering which is an undesirable effect. The higher
order sliding-mode algorithm is one of the solutions to soften the
chattering [28]. In [40] the “twisting” algorithm was proposed
which reduced the undesirable chattering effect. The supertwisting
algorithm (STA) is a second-order sliding-mode approach, and it
has been widely used for observation [33-34, 27, 35-37, 43-44],
and control [28-29]. The third order sliding mode was presented in
[41] to control satellites. The high order sliding mode observer-
based backstepping fault-tolerant control for induction motor (IM)
was presented in [42].

The sliding observers presented in literature [1-21, 24-29] are
based on: adaptive MRAS technique [1], second order sliding
mode approach [2, 27, 33-34] and sliding-robust [4, 7-8, 10, 27].
The authors of this paper propose to use the speed observer
structure from [22] which is based on backstepping approach. To
obtain more robust observer structure than [22], the sliding
switching functions are introduced. The speed observer can be
extended to the integrator form or filters [21, 3-4, 12]. The stator
voltage components are treated as known values and the stator
current vector components are measured. The extended observer
structure was suitable to use in the sensorless application but was
not “permanently” robust on machine parameters uncertainties.
The speed observer structure should be a persistence of exciting.
For a short period of time to 1-2s, zero rotor speed set, machine
loaded of the nominal torque and for machine parameters detuned
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test (Rs to about 30% and Rr about 50% or Lm to 10% of nominal
values) the estimation errors were smaller than 0.02 p.u. (<2%).
As a result, the control system maintained the reference values
(reference speed and module of rotor flux vector). After decaying
the observer transient states (about 2s of this test) estimation,
errors were increased, which resulted in the control system not
maintaining the reference values. Stable work of the observer
structure is guaranted by backstepping law which is based on
Lyapunov stability theory. The observer was still not excited and
therefore it was only asymptotically stable - not exponentially.
Taking into account this inconvenience with the observer structure
[22], the authors of this paper propose to connect the backstepping
(continuous) control law to the sliding approach in order to obtain
the robust speed observer structure. In literature for example [3-4]
authors of these papers propose the sliding — backstepping
approach for the control system of machines but not for the
observer structure. This is the main contribution of the proposed
paper. Extending the observer stabilizing function to the sliding
mode approach gives the possibility for permanent exciting of the
structure and as a result an exponential decay of estimation errors
to zero. The sensorless control system is then more robust on
parameter uncertainties. In the control system of an induction
machine and in the observer structure, the FOSM is applied. The
sliding discontinuous nature contributes to high-frequency
oscillations as chattering characteristic but this is desirable in this
case. In many different applications, the chattering might be an
undesirable effect such as current harmonics and electromagnetic
torque pulsation [6-7], but in the speed observer structure it
prevents internal observer stationary states (for near to zero or
unobservable machine working points). For this working
condition, the observer structure should be persistent exciting [24-
25], therefore the stator voltage and current vector components
should contain the higher harmonics, which are introduced by the
sliding approach. The sliding-backstepping approach applied to
the observer structure causes that the observer is more robust on
disturbances (nominal machine parameter and load torque near to
zero changes). These statements are confirmed by experiment
results.

2. SPEED OBSERVER OF INDUCTION
MACHINE

2.1 THE SPEED OBSERVER BASED ON BACKSTEPPING
AND SLIDING MODE APROACH

The standard exponential observer structure can be extended to
additional variables that will be treated as the state variables. Such
an approach was proposed in [22-23]. These variables are named
Z and determined for (ap) as follows:

a = &)rl/}ra 1 (1)
Zﬂ = Cbr‘/;r/? ) (2)
The rotor angular speed can be obtained from (1)—(2) and has
the form [22-23]:
zay;ra + 2ﬂV;r/j (3)
VitV
Since system stay in domain D therefore it is bounded input
bounded output state (BIBS) [10-11]. Taking into account the
machine model [22], after transformation to (af) components,
determining the derivative of the Z variables and denoting the

estimate values by “*” the speed observer model has the following
form:

N>

w, =

d IS(I

dr =y, + a8y, +a32/i +au, +v,, @
di,, . . 5
i — 7a1|s/? + azl//rﬂ - aazq + a4us/, +V/; y (5)
d y n A .
% =-a&Y,, Z/:’ + gl +Vwa ! (6)
dy,, . 7 : 7
dr =&Y st L, Tl Y, )
dZ, dé, . . s i 5
dr da;' Vie =025~ 85, ) ~8Z, +Vy, ®
Az, da, . . s ; ;
T: - dz—r Vs +a,(Z, +a6|s/3)7aﬁzﬂ Vs ®)
where the new correction terms Vst Voasr Voap and
RLZ+R L2 R.L L L
_ b r=m 3.2: fm’ :—m,a4= r’ (10)
LrWo- LrWa' WU WO-
R R L
a=10 A= wo=LL-L D

In the theoretical investigations following assumptions are
taken into account: the IM parameters (10)—(11) are known and
constant, the stator current vector components iy, ig can be
measured, the stator voltage vector components Us,, Uss are the
control variables, rotor flux vector components .4, s as well as
is, 155 and the rotor angular speed cr are estimated by the speed
observer structure.

In order to implement the integrator backstepping [21] approach
the speed observer structure should be extended to the integrators:

dé, -
dr “hao 12
dé, .
rEalE (13)

Assuming the strict output-feedback form in which the stator
current vector components are only measured and the stator
voltage is known, the deviations model has the form:

%=a2y7m+asz~ﬂ+va, (14)
ng =a,7,, —a,Z, +V,, (15)
d;’%:fasnﬁm —Z,+V,,, (16)
%:—aﬂ?w +Z,+V,,, (17)
ddz: =P, -&,2,-0,(Z,~-Z,-a4,)+aZ, +V,,, (18)
%:F}w 02, + 0.2, ~ 2, +ag,)+aZ, +V,, (19)
%: s (20)
% =l (21)
where

=t (22)
=GV G (23)

The first step in the backstepping procedure is to stabilize
the observer structure by the integrators (20)—(21). The stabi
lizing function should be chosen to satisfy the Lyapunov the
orem. The Lyapunov function is determined:
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S AR (24)
The theorem will be fulfilled if the integrator stabilizing
function o, ,:
o,=—C.é,, (25)
o, :—cafﬁ . (26)

The second step in the backstepping procedure is to introduce
the deviation variables z_, which are the differences between

ap

i,» i, andtheintroduced o, ,:

i,+cé, . (27)
7, =i,+c,&, . (28)

Using (27)—(28) the integrators (20)—(21) take the form:

s —c ik, (29)
dr
dé _
T; =Z;- caé:/i ) (30)

and the characteristic for backstepping method — back-step th
rough the integrator is achieved.
In the next steps of the backstepping procedure the derivative of

z,, should be determined. Calculation of the (27)—(28)

derivatives gives:
2, =ay,, +a,Z, +V, +C,i, (31)

2y =2, — 8,2, +V, +C i, (32)
The Lyapunov function is determined for the dynamics of the

&5 2,5 and Zz, . variables and for the rotor flux vector

components. Therefore, the Lyapunov function is chosen as

follows:

VoSG G2l i 4 224 2)). (33)

Derivative of (33) must be negatively determined. This
condition is satisfied if the following stabilizing functions have the
form:

=8, ~Cyl —Cy2, — &, (34)
Vy==a,, —C, i, —C,2,— &, (35)
V=2, (36)
v, =-Z,, (37)
Voo =Ko (8V,5 + 252, )P, (38)

Vop =kyz (a5Y,, —a:z,) =B, (39)
where the estimation errors are defined:
Irsaﬁ = fsaﬁ _isa‘ﬁ ) (40)
@, =0, -, , (41)
Veap =Vrap ~Veas s (42)
Z,=2,-2,, (43)
Z,=2,-2,, (44)

Ca, Cp> 0 and k; > 0 are the gains introduced to (38)—(39).
Derivative of the rotor angular speed which occurs in (8)—(9)
can be obtained by the adaptive mechanism.
Directly from Lyapunov theorem and taking into account

(33) extended to zicbf ,the following form of the rotor speed
4

derivative can beobtained:
dao
=22, e - 2,2, +ad,)) (45)
where y1>0.
To obtain the sliding properties the switching surfaces can be

introduced:
o | |6
S, £ _

s=| 7= & . (46)
Sza Za - Cz}rl/;ra

szﬂ Z/f - d)rlpr/f
The sliding control law is introduced by the discontinuous
function [1-3, 28-30, 35]:
v=v,sign(s) . 47)
Taken into account the above control law in the stabilizing
function of observer structure (34)—(39), one obtains:

=3,y —C,2, —&, —C,q8ign(s;,) | (48)
V= 2,4, —Cs2, =&, —C,oSigN(S5,) | (49)
v, =k,sign(s,,) , (50)
v,, ==k, ,sign(s,,) , (51)

=Ky, (—agk,sign(s,,) + 3,2, ) - P, , (52)
V, =Ky, (a5, osiOn(s,) — 3,2, ) - P, , (53)

where values of 7, , can be obtained from (16)—(17) and P, ,
from (22)—(23) (using (45)).

Deviation variables z defined in (27)-(28), can be

a,p !
determined:
2, =1, +C,8ign(s;,) (54)
z, =i, +C,,sign(s;,) - (55)

The speed observer equations are discretized using Euler’s
method and presented in the Appendix section.

In the next step, it will be shown that the proposed observer (4)
-(9), (29)-(30) with the stabilization functions (48)-(53), can

exponentially converge vectors values i, to i, ¢, to y, and

Z to z.The Lyapunov function can be selected as follows:
VRVINE-S (56)
2y
Taking into account the theorems about practical stability
presented in [10-11] and the derivative of (56), the speed observer
will be practically stable if the observer gains are taken into
account [10-11]:

kw:max{—z~ +kwlsgn(sw)}+5wl, (57)
k, =max{Z~,1 ,250N(S,,)} 3,5 (58)
max{ iy, — alslgn(sga)} (59)
:max{ ¥ azsign(s;;ﬂ)}+5gﬁ, (60)
:max{a ri 7kzlsgn(sza)}+5kzll (61)
a5
& -
{; T s/f + kzZ Sgn(sz/i)}+6k12 1 (62)
5
with 6,., 6,,, 8, 6, Su. S, > 0 and for i, <g,
Za,ﬁ_gz, @ <&, &,,<<1l are sufficient small reals, Cp>0,
the derivative (56) has the following form:
—, (&2 + &) —agi, +viy) —a(Z2+ ) +
V= _C/jéga ‘Za‘_cﬂé‘;ﬁ ‘Z/J‘_é‘vyl ‘V;ra‘_awz l/7r/} + S—,u\ﬁ ) (63)
1 Za _é‘kZZ‘Zﬁ‘
where

p=min(N25,,,26,,725,1,728,,,\250,,26,,) -

The above condition implies the convergence of vectors
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values i, to i, §, to y, and Z to Zz in finite time, noted
as ta. Consequently, for 7 +y? >0, the estimated rotor angular
speed from (3), converges exponentially to «, in finite time
>t3>to.

The Lyapunov function for the whole speed observer of IM
operating range leads to conservatism of stabilizing function
design. This problem was presented in [46]. Authors of that paper
proposed minimization of function cost and based on this,
feedback controller tuning gains. In this paper, to minimize the
Lyapunov function conservatism, the authors propose the
minimization of the estimation errors (63) and appropriate
selection of observer gains as well as the minimization to zero of
the vector product, defined by:

ZQW,/, _2ﬂv;ra ~0. (64)
The dependence (64) is near to zero for the nominal parameters of
IM and in the stationary state (constant rotor speed command).

The rotor speed value should be estimated using the following
dependence

Zyha + 20 +Co (Zy =20,

i Vi | 9
where
C, =k,san(s ):{1 5 <0

@) s, 20

where k>0 and the switching surface is defined as follows
Sy =2 + L0y -

3. FIRST ORDER SLIDING MODE CONTROL OF
INDUCTION MACHINE

The sliding mode control of an induction machine with the
multi-scalar transformation was presented in [19, 39]. In this paper
the control structure was optimized. The IM state of variables

M, =[iy,.ip. ¥, V.0, ]" Can be transformed to the multi-scalar

form. The multi-scalar transformation was introduced in [19]. The
multi-scalar variables take the form:

% @

):<12 ‘//m s/} '//rp sa | (66)
Xo1 ‘//ra + Wrﬂ

)A(zz V/ra so F Wr/f sp

Using the IM model (1)—(2) after transformation to the (af)
reference frame components, the differential equations of the
multi-scalar variables (66) have the following form:

dx, L 1
—H=x, =T, 67
dr oL e (67)
d
% =—a X, = X3 (X5, +83%,1) +8,Uy (68)
0 _ 28Xy, + 285Xy, , (69)
dr
2 2
dc:(?? =78 Xy F X Xop T 8% + 85 aThRA +a,U,, (70)
T Xo1
where aj, i=1...6 are defined in (10)—(11) and
U =—Wisls, +¥WioUsp (71)
Uy =WoUsy T Wi pUsp (72)
where the control variables of the IM are u=[u,,,u,,]" .
The sliding surfaces are chosen as:
Sa1 = Aa1O1 + Oyar s (73)
Syo1 = A210y21 + o 1 (74)

where
Oy = XIl Xy (75)
Oy = X;1 Xy (76)

By using the sliding mode control theory presented in [1-3, 28]

it yields gains ,q, such that s,s, <-nls,| and

S S><21— UZ‘SXZZL‘ Where

x21

$=¢+"¥.cu, 77
u=¥c[-¢ +u,], (78)
$= [qu Sx21]T ) (79)
ﬂ’xll().ql - fl) + ).ql + fz
= , 80
o |:ﬂ'x21().(;17 f3)+ %, +2a,f, + fj (80)
|5l 2
S|gn(sm)}
82
|: ,SigN(s,,,) (82)
‘l’ |: l//r/? l//ra:| (83)
Vie Yip
1
f - a7 X12 L ’
f,=aax, + a7X11(X22 +85%y,), (84)

fy =—2a5%,, +28;X,,,

Xi + X5
L

for 4,,4,,>0 and >0, y=y4,/J,

are invertible and det('¥,) 0.

fy =2858)X,, — 285X, X;, — 2858, %y, — 2853,

¢, and ¥ matrixes

The control structure scheme is presented in Fig. 1.

«
@,  _Oxi1 Usq,

X/ FOSM | |
Gy21| (73)-(84) E

N A

T £ Observe

mation (66) (4)-(9), (12)- n
(13), (48)-(53) | lsawlsp

Al

Fig. 1. Control structure scheme with the Observer and FOSM blocks
4. EXPERIMENTAL RESULTS

The experimental tests were prepared in the 55 kW IM
supplied by the voltage source inverter. The transistors impulse
frequency was fk=3.3 kHz. The control system was implemented
in an interface with a DSP Sharc ADSP21363 floating point signal
processor and Altera Cyclone 2 FPGA. All the waveforms have
been registrated by a measurement console prepared at Gdansk
University of Technology. In this console the frequency of the
measurements can be changed (it is limited to 2500 sample points
per one measurement and 5 channels by flash memory). The
induction machine parameters are presented in Table 1.

The experimental investigation has been divided into three
scenarios: 1) Machine starts up and reverse to 1.0 p.u. (with
nominal IM parameters condition) — Fig. 2; 2) Very low or zero of
rotor speed tests with a load torque injections — Fig. 3 and 4a; 3)
Parameters uncertainties tests — Fig. 4b, 5. In the figures
presented in this section the following state of variables are
shown: Xi1, X12, Xa1, X22 — multi-scalar variables defined in (66), im
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- stator current vector module, @, - rotor speed error defined in

(41), use — stator voltage component (the control variable).

Fig. 2a presents the waveforms while the IM starts-up from 0.1 to
nominal speed 1.0 p.u. Fig. 2b presents IM revers from -1.0 to 1.0
p.u. IM is not loaded in these tests. The square of rotor flux
command is about 0.92 p.u. In both cases the electromagnetic
torque responses very quickly to the rotor speed command. The
electromagnetic and electromechanic subsystems are full
decoupled which proves a good quality of proposed sensoress
control system. In Fig. 3a machine revers from 0.005 to -0.005
p.u. is presented (about 7.1 rpm and IM is not loaded). The
accuracy of the speed encoder has influence on the speed error
transient. Nevertheless, the rotor speed error of estimation is
smaller than 0.02 p.u. and near to zero speed, the control system is
stable what is the most important advantage of the proposed
sliding mode control system. It results from the persistence of
excitation of the observer system through the sliding controllers
and it affects the robustness of the control system. In Fig. 3b, after
1.5 s IM is loaded to about 0.55 p.u. and after 4.7 s the rotor speed
command is equal to zero. After these changes, the sensorless
control system is still stable.

Fig. 4a presents the waveforms while the zero rotor speed is set
and after 1 s the load torque of about 0.85 p.u. is injected. The
drive works stable even when zero rotor speed and disturbance in
the form of the load torque are applied. These testes confirm that
the control system is robust on load torque changes even when
zero rotor speed was set. In Fig. 4b the parameters uncertainties
test is shown. In fig. 4b the rotor resistance is changed to about
130% (Rr=2.28Rm). In the IM is loaded to about 0.6 p.u. These
tests show that the sensorless control system is stable but the
estimation errors occurred.

500 /1000
Time[ms] Time[ms]

Fig. 2. a) Machine is starting up to 1.0 p.u., b) Machine is reversing from -
1.0to 1.0 p.u.
a) b)
40 X Qp e
0,005 01
-0.014 T T ? | B T T T T T |
0.05] 1
I@ O:WMW/\W E O:Mm
-1 N
5

peed command=0

-0.

=]
a

Iy o6 e o
299 .2 @

©

Ve
[l

T T T T 1 T [ T T
1000 2000 3000 _4000 5000 6000 7000
Time[ms]

) 1000 _ 20Q0 3000
Time[ms]

Fig. 3. a) Very low speed machine reverse from 0.005 to -0.005 p.u. (~7.2

rpm) without load torque command, b) after 4.7 s zero speed command
and 0.85 p.u. load torque are applied

2,02, Plo.15,
2 of %01

-0.024 T T T T T T T 005 T T T T "1 T 1
1 1
0 J T 7T 1
10 T T T T L T 0.92

0.8 11T 71— 09— T | e :
027 LN L L B L B o1

5 ] Nominal value of R,=0,035

3 0 ] p.u.
o0 0

0.05 0.057

[ISI) S 0

05 16002000 300040005000 6000 7000 >0 1000 2000 3000'4000 5000'6000 7000
Time[ms] Time[ms]
Fig. 4. a) Zero rotor speed and load torque injection about 0.85 p.u.,

b) Load torque about 0.6 p.u. and after 1.0 s rotor resistance is changed to
about 185% of nominal (R,=2.85Rv)

In Fig. 5a the stator resistance Rs is changed by about 185% of
nominal value. The reference speed is 0.1 p.u. The load torque is
about 0.45 p.u. In Fig. 5b the rotor speed command is 0.005 p.u.
(7.2 rpm) and IM is loaded to about 0.6 p.u. The main inductance,
stator and rotor inductances respectively are changed by about 5
%.

Experimental results presented in this section confirm the
advantageus properties of the sensorless control system with
sliding mode actions than classical Pl controllers structure [22,
23]. The control system is robust on nominal parameter
uncertainties.  While the IM parameters are detuned, the
sensorless control system is stable but the properties are not
sufficient (the estimation errors occur). However, the proposed
speed observer structure with backstepping and sliding mode
action has good properties when the rotor speed is very small
(near to zero) and the load torque is injected. In this case, the IM
working points can achieve the unstable (unobservable) region [8,
10-11]. Therefore, the modified formula for the rotor speed
estimation is proposed (65) which allows to obtain the stable
electrical drive working even if the zero speed and almost nominal
load torque are applied (Fig. 3a, 4a).

a b)
0.15q 0.01
< 0_1—'\AN\[V\/M/\JVWW\/\/\/W\W«»~
0.054 T — — T - ] O T T T T T ]
0.5 0.6
% o.&“ﬁuwww A M‘W
0+— ! : : : 0.21 . ! ! :
0.957 0.95 " I A
0.9+ 0.85 : —_—
0.087 Nominal value 1.95 Nominal value of
@ A of R=0.035p.u. & | Lym=1.95p.u.
004 L i85 —t—
0.024 0.01
iS) O—WMWW\N\NW\WMW OW
-0.02 —r— 71— 11— —1-0017 T T T T T T |
0 1000 2000 3000 4000 5000 O 1000 _. 2000 3000
Time[ms] Time[ms]

Fig. 5. a) After 3 s the stator resistance is changed from (Rs=2.28R\) to
nominal value, b) After 1.0 s the main inductance value is changed from
1.95t0 1.85 p.u. (5%),

4. CONCLUSIONS

Presented results of experimental tests show that the sensorless
control system is robust on machine parameters detuned up to
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above 100% of nominal value and under load torque injection (of
course within the accepted scope of investigations). Obtained
results can be compared to the sensorless control system with the
Pl controllers and the backstepping speed observer [22] but
without the sliding mode features. Backstepping-sliding approach
causes that the speed observer structure has more oscillation
nature than the linear form [22] due to chattering. However, it
allows better robustness of whole control system, especially near
to zero speed tests, nominal machine parameters variation and the
control system perturbation (load torque injection). This results
from the precipitation of the observer structure from the stationary
state and permanent of excitation condition through the high
frequency switching. The speed observer structure is stable even if
permanent zero speed and almost nominal load torque are set.
Increasing the speed observer robustness does not eliminate
unobservable machine working points in which the estimation
process is not established [10]. The subject presented in this paper
can be further developed in the direction of introducing the higher
order sliding-mode actions to Observer-Controller structure (to
chattering effect reduction). These problems still remain and will
be studied in future papers.

APPENDIX

The discrete form of the proposed speed observer is as
follows:

L=k kDT, [—alim(k ~D+ay,, (k-1)+aZ,(k-1) +] @)

+a,u,, (k-1 +v, (k-1)

& _e _ _a‘lis/f(k _1)+azv}r/f(k _1)_a32n(k _1)+

(k) =, (k=D + T, {+a4us/,(k ~1)+v,(k-1) J - (89)
o (g =D -2, (k-1 +ag, (k-1 +

Ve () =, (=D 4T, [WW ey ] Y
. V. —ag,, (k—1)+ Z,, (k —1) + i, (k —1) +

Ve (K) =7, (K- +T, L"w k_1) ] . (88)

7 (0=7 (k-D+T -, (k=1)(Z (k- 1) - &, (k ~1)) + (89)
‘ ‘ l—aZ, (k1) +v,, (k1) '

X X a,(k=D(Z,, (k1) +agi,, (k-1)) +

2,(K)=2,(k-1)+T 90
p(K)=Z,(k-1)+ {—asz”ﬁ(k—l)+vz,,(k—1) J (90)

where

E(K)=&,(k-)+Ti k-1,

E,(K)=&,(k-D)+Ti, k-1,

v, (k=D =-ay7, (k-1 —c,z,(k —1)—5a(k—1)—calsign(sga(k —1)),
Vy(k =) =-a,,, (k-1 —c,z, (k-1 — &, (K —1)—cazsign(séﬂ(k —1)) ,
v, (K=1) =k, sign(s,,(k-1)),

v, (k—1) =k ,sign(s,, (k-1)),

Voo (K=1) =Ky (—ack, ,sign(s,, (k—1)) +a,2,5,, (k=1)) =P, (k-1 ,
Vo (k=1) =Ky, (ak, ,sign(s,, (k1)) -z, (k1)) - B, (k1)

Ts is discretization time, Ts= 0.00015 s.

Table 1. Induction machine parameters

Name Sl Per unit/base
Py 5.5 kW 7.6 KW
Uy 400 V U,=400 V
In 10.8A 1,=18.9 V

n 1420 rpm 1.0 p.u.
R 0.98 Q 0.046 p.u.
R: 0.96 Q 0.046 p.u
L 0.142 H 1.95 p.u.
L, L, 0.148 H 2.05 p.u.
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