Electrotechnical Complexes and Systems
UDC 621.3

https://doi.org/10.20998/2074-272X.2024.2.02

K. Abed, H.K.E. Zine

Intelligent fuzzy back-stepping observer design based induction motor robust nonlinear
sensorless control

Introduction. The control algorithm of Induction Motor (IM) is massively dependent on its parameters, so, any variation in these
parameters (especially in rotor resistance) gives unavoidably error propagates. To avoid this problem, researches give more than
solution, they have proposed Variable Structure Control (VSC), adaptive observers such as Model Reference Adaptive System, Extended
Luenberger Observer (ELO) and the Extended Kalman Filter (EKF), these solutions reduce the estimated errors in flux and speed. As
novelty in this paper, the model speed observer uses the estimated currents and voltages as state variables; we develop this one by an
error feedback corrector. The Indirect Rotor Field Oriented Control (IRFOC) uses the correct observed value of speed, in our research,
we improve the observer’s labour by using back-stepping Sliding Mode (SM) control. Purpose. To generate the pulse-width modulation
inverter pulses which reduce the error due of parameters variations in very fast way. Methods. We develop for reach this goal an
exploration of two different linear observers used for a high performance VSC IM drive that is robust against speed and load torque
variations. Firstly, we present a three levels inverter chosen to supply the IM; we present its modelling and method of control, ending by
an experiment platform to show its output signal. A block diagram of IRFOC was presented; we analyse with mathematic equations the
deferent stages of modelling, showed clearly the decoupling theory and the sensorless technique of control. The study described two
kinds of observers, ELO and EKF, to estimate IM speed and torque. By the next of that, we optimize the step response using the fuzzy
logic, which helps the system to generate the PI controller gains. Both of the two observers are forward by SM current controller, the
convergence of SM-ELO and SM-EKF structures is guaranteed by minimizing the error between actual and observed currents to zero.
Results. Several results are given to show the effectiveness of proposed schemes. References 25, table 2, figures 9.

Key words: induction motor, indirect rotor field oriented control, extended Kalman filter observer, extended Luenberger
observer, fuzzy logic control, sliding mode control.

Bemyn. Ancopumm kepysanns acunxponnum osueynom (A1) 6azamo 6 womy 3anedxicums 6i0 1020 napamempis; momy 0yob-saKa 3mind
yux napamempie (0co6IUBO ONOPY POMOPA) HeMuHyye Npu3eo0ums 00 nowiupenns nomunox. LLJo6 ywuxmymu yiei npobremu,
O00CNIOHUKU NPONOHYIOMb WOCL Olblie, HIdC NPOCMO PIleHHA: GOHU 3anponoHyeanu ynpaeninusa sminnoro cmpykmyporo (VSC),
adanmusHi cnocmepieayi, maxki AK a0anmMueéHa cucmema emaioHHoi moodeni, poswupenuil cnocmepizau Jloendepeepa (ELO) ma
posuupenuil pinemp Kammana (EKF); yi piwenus smeHuyoms nepeddauysani noMuaku 3a nomokom ma weuokicmio. Hoeusnoro yiei
cmammi € me, wo cnocmepieay WEUOKOCI MOOei BUKOPUCMOBYE OYIHEH] CIPYMU Md HAnpyau K 3MIHHI CIAaHU; MU po3pOoOIsIEMo
11020 30 OONOMO20I0 KOPEKmopa 360pomnoco 363Ky nomunku. Henpsme ynpagninma 3 nomo pomopa (IRFOC) suxopucmosye
npaguibHe 3HAYeHHS WBUOKOCMI; Y HAWOMY OOCTIONCeHHI MU NOKPAWyeEMO pobomy cnocmepizayd, GUKOPUCMOBYIOYU KepyBaHHS
Ko63HuM pesicumom (SM) 3i 36opomuum kpoxom. Mema. [enepysamu imnynbcu iH8epmopa WUpPOMHO-IMINYAbCHOI MOOYIAYLl, sKi
WBUOKO 3MEHULYIOMb NOMUIKY, BUKIUKAHY 3MiHamu napamempis. Memoou. /s docsenenms yici memu mMu po3pooasieMo 00CiONCeHH s
060X pIi3HUX JIHIIHUX CHOCMEpieayis, Wo GUKOPUCHOBYIOMbCA ONsl 8UCOKONPOOYKkmugHozo npueody VSC AJl, cmitikoeo 0o 3miH
weuokocmi ma Momenmy Hasawmadcenus. Ilo-nepute, mu npedcmagiiemo mpupisHesuil ineepmop, eudpanuil ona scusienus A/, mu
npeocmasiaeEmMo 1020 MOOeNI08aHHA MA Memoo YNPaGIinHA, 3aKiHUYIOUU eKCHePUMEHMANbHOI NAam@OpMOIOo, Wo OeMOHCHPYE 1020
suxionuti cueran. Ilpeocmaenena 6nox-cxema IRFOC; mu aHamizyemo 3a OONOMO20I0 MAMEMAMUYHUX DPIGHAHb DI3HI emanu
MOOeTI08aHH s, HAOUHO OEMOHCMPYIOUU Meopiio po36's3Ku ma Oe3cencopruti Memoo KepysauHs. Y docniodcenmi onucani 06a munu
cnocmepieauis, ELO ma EKF, ons oyinku weuoxocmi ma xpymnozo momeumy AJ. [ani mu onmumizyemo nepexiony peaxyiro,
BUKOPUCIIOBYIOWU HEYImKY JN02IKY, AKA 0onomazae cucmemi cenepysamu Koegpiyienmu nocunenns I1l-pecynamopa. Obudea 3 060x
cnocmepieauie nepedaiomucs kKonmpoaepom cmpymy SM, 36nusicenns cmpykmyp SM-ELO ma SM-EKF eapanmyemscs 3a paxyHok
36€0€HHA 00 HYISL NOMUAKU MIdXC akmuunum ma cnocmepesxcysanum cmpymamy. Pesynvmamu. Haseoeno pesynomamu, o
noxaszyrome egekmueHicms 3anpononoganux cxem. biomn. 25, Tabm. 2, puc. 9.

Kniouogi cnosa: aCHHXpOHHHI IBUTYH, HellpsiMe KepyBaHHs 10 MOJII0 POTOpPa, po3mMpeHuii cnocrepiray ¢iastpa Kanmana,
po3mmpeHuii cniocrepiray Jlroenoeprepa, kepyBaHHs1 HEYiTKOIO JIOTiKO0I0, KepYBAHHSI KOB3HHUM PeKHMMOM.

Introduction. Recently, in the literature researches
develop Induction Motor (IM) control in modern
methods, taking in consideration IM parameters variations
as inputs and signal behaviors as wishes outputs, the
implantation of modern observers in control schemes is
more than necessary.

In several structures and families, observers take
places in linear and non-linear configurations systems as
important solution can deals with motors states variations
in good manner; for example, in the case when IM
parameters was changed, we can see in [1-7] that the
researches use adaptive observer as solution to get a speed
convergence, in [8-11] researches deal with this problem
by using back-stepping control, which gives better results.

We can see also in [12-24] the using of fuzzy logic
technique to observe the controller parameters. In [22] the
writer gives a model of Sliding Mode (SM) observer
powered by fuzzy logic technique in goal of minimizing

the error surface. In [22, 24], they use fuzzy logic to
esteem the PI or PID parameters (K, and K;) which vary
with the IM parameters variation during system operation.

Purpose. In our work, we take a new reasoning
method to preserve the system divergence when changing
motor parameters (rotor resistance in our case). We
propose the using of a Variable Structure Control (VSC)
methodology in order to improve the system robustness,
the application runs by the implementation of SM in two
observers structures combining by Extended Luenberger
Observer (ELO) and Extended Kalman Filter (EKF) is
shown in [12-17] the system is vector-controlled by
indirect rotor field control scheme.

Not only the control of parameters variations is
reached in our proposed method; but the robustness is
also ameliorated by using SM, which we can observe in
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lateral conditions of speed and torque variations during
system operation.

In addition, in our paper, we made a comparison
between SM control and fuzzy logic technique, this
comparison allowed us to select our prefer method which
plays a role in the improvement of the IM nonlinear
sensorless control.

The simulation results, in the end of work, are given
to show the effectiveness of proposed control approach.
Those results are obtained from a drive control algorithms
in the laboratory, with the help of MATLAB tool.

Three levels voltage inverter. We can create Three
Levels Inverter (3LI) voltages in complete bridges by
collecting three half-bridges using capacitive divider
structure (Fig. 1).
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Fig. 1. Three Levels inverter Neutral Point Clamped (3LI-NPC)

1. Inverter’s command strategy. The output
voltages of 3LI are given in:
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where Bg; is the transistor’s base command Tk

Researchers have controlled the 3LI with deferent
pulse-width modulation (PWM) strategies; in the next
(Fig. 2 and Table 1) we present simulation and
experimentation comparison between three strategies
methods, we found that saw tooth-sinusoidal command is
the better one to use; we use it, in this research, with two
identical carriers. The experimental results in [18] were
raised by using the acquisition card AT-MIO-16X
through a current and voltage sensor card.
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Fig. 2. Output voltage ¥, as a function of time:
- triangular-sinusoidal command with one carrier simulation
result in (a) and experimentation result in (b);

- principle of saw tooth-sinusoidal command with two carriers:
reference voltage and saw tooth carrier 1 in (¢) and reference
voltage and saw tooth carrier 2 in (d);

- saw tooth-sinusoidal command with two carriers simulation
result in (e) and experimentation result in (f);

- vector modulation strategy simulation result in (g)
and experimentation result in (/)

Table 1

Comparison between harmonics of the various command types

Command strategy THD max | THD min
Triangular-sinusoidal with one carrier 0.671 0.669
Saw-tooth-sinusoidal with two carriers 0.421 0.420
Vector modulation 0.498 0.497

2. Power stage. The IGBT transistor characteristics
are: IRFBC40, 3 to 8 kHz, Vg = 600 V, I = 49 A,
VCE (sat) <2 V, ETS <9 ml.
The commutation diode characteristics: BYT30PI
1000, VRRM: 1 kV, IF =30 A, t,= 55 ns, VS =147 V.
Command stage:
o PIA card (Parallel Interface Adapter);

e a galvanic insulation card for the PC and card PIA
protection;

e an interface card.
Sample of experimental installation is shown in Fig. 3.

PC + PIA Card

Fig. 3. Experimental installation constituents

Field oriented control structure. This plan uses a
more robust strategy (Fig. 4), which exclude all kind of
sensors in its algorithm.
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Fig. 4. Field oriented controller block diagram
The Indirect Rotor Field Oriented Control (IRFOC)
proposes:

. k ]
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1 0 where iy, i, are the d-g axis stator
ol ~ currents; Vg, V4 are the d-g axis
o 1 Vs , stator applied voltages; @, ¢, are
oL, | Vgs | the d-q rotor flux linkages; 7. is the
0 0 rotor time constant, 7. = L,/R,; @, 1S
0 0 the synchronous angular speed;

k = M/oLL,; y, k are the simplifying constants; =1 - M
YL.L,: N is the estimated speed; L,, L, are the stator and rotor
inductances; L,, is the mutual inductance; R,, R, are the stator
and rotor winding resistances; M is the mutual magnetizing
inductance; o is the leakage coefficient; p is the number of
pole pairs.

The decoupling between d and g axes can be
realized by: @, = 0; d@,,/d¢t = 0, and @, = @,, where @,
is the rated flux. So:
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The mechanical equations, electromagnetic torque
and motor speed are related by:
dnv
SN =TT 4)
t
where T,, T; are the electromagnetic and load torques; f'is

the friction coefficient; J is the total inertia.

The expression of electromagnetic torque is:
T, = pﬂdiri g (%)
L
The decoupled system is given by:
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where «™» is the estimated value; «*» is the reference value.
Sensorless speed control design. The estimation of

synchronous angular speed is calculated by using the row 4 in (3):

M i
=pN+——L—, ®)
7 di +&

where @, is the estimate flux; £= 0.01 is the constant to

avoid the mathematical divergence when @,. ~0.
From the row 3 of (3) we estimate:
~ M
@, =
l+z,.p

tds "
Speed control. From the synchronous angular
speed, we obtained 6, = [@,dt . To estimate the speed, we

establish following function:
1
T, -T, )
= f( 1)
Closed loop Luenberger observer implantation.
Several researches use ELO in sensorless control of IM
[14, 16, 17], the goal is to remove all mechanical sensors.

From (4) and (5) we have:
N __ S, PMOy iqs_iTl' (10)
dt J JL,

The 2™ order ELO is given by: {){ ZCA);( +BU+L(Y=Y);

where ¥ = { Nobs },L = {ll } , and we have finally:
Tl — obs 12
dN s —-f 1
dr | |:Nobs :|
=l J J +
97— obs. -1, 0 Ti—obs
dr (11)

pMD,
Lt 4
+| UL, (’qs){l ]N,
2

where N, is the observed speed; T; .5 is the observed
load torque. We put /; = 250, [,= —600 to fix the observer
dynamics.

Control with extended Kalman filter observer.
EKF offers the estimation of the systems states [12, 13].
The forward approximation is used to discretize (2):

{x(k +1)= £ (xlk) )+ gulkc) k)
Y

(k)= hlxlk). k),
where

Sx(k), k) + g(u(k), k) = Agx(k) + Bau(k);
Ay=1+A.T; By=B.Ty:

(12)
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where T, = (t, — t;_1) is the sampling time.
The stochastic model of the disturbances is
established by adding noise vectors as below:

{f(k +1) = f(x(k), k) + g(u(k), k) + w(k);
y(k) = h(x(k), k) + v(k),

where u(k), y(k) are the input and output signals; w(k) is
the process noise; v(k) is the measurement one; x(k) is the
state vector, which can be observed by the EKF as:

X(k+1) = f(x(k), k) + g(u(k), k) + K [y(k) - h(x(k), k)] (15)
By using Riccati difference equation, we can
establish the Kalman gain K, and we can simplify it as:

Ke:{ 0 0 0 }T{ co.séi Sinﬁ:e}’ (16)
ket key kez| |—sind, cosé,
where k.1, k.», k.3 are the adjustable parameters, and:
h(x(k)) = [eos B, (k) sind,(b)]"
The output variables of the EKF may be chosen as:
1), 2(0)] =@, P, (17)

where @, @ are the a-f stator flux linkages.

(14)

S T . .
When x = [6’6 W, w'] are the state variables with

w' as the double integration of noise.
When we put u(k) = 0, the model (14) can be written as:

{2(1{ +1) = F(x(k)) + w(k); a18)
y(k) = h(x(k)) +v(k),
where
1 7, 0
F={0 1 1
0 0 1
So, W, and 6, can be observed by:
() = el O 2‘ OB )+ kie); (19)
W, (k +1) —w, (k) = w' (k) + kye(k) ; (20)
W (k+1)—w (k) = ke (k) ; Q1)
e(k) = yy(k)cos8,(k)— y (k)sin§,(k) - (22)

The block diagram of the EKF used is shown in Fig. 5.

Fig. 5. Simplified EKF observer block diagram

SM current and flux observer design. The
application of SM control to IMs has been widespread in
[8-11, 22]; we implant it to estimate the speed and rotor
time constant, our method guarantees the convergence of
the current during control time and produces, as well,
fluxes along the d and ¢ axes. From (2) we can write:
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So, speed and real value of the rotor time constant
can be calculated by:

1 A A
g :AL{ q:)dr qur:|{:dr} (27)
o] 1AL P Par | Yar
where |q>r| - (_q>§r _¢§r) )

Fuzzy-PI controller architecture. It has been
developed recently in [19-24], we use fuzzy logic
algorithm, as a smart attitude, to reconstruct the rotor
resistance and load time constant, after their variations. The
fuzzy part in the controller adjusts the PI gains, which
planned to enhance the step feedback; the improvement of
PI observers has been developed in other way by [25].

The speed error and its rate of change are the
controller inputs, the K; and K, are its outputs,

e(k)=N— N and Ae(k) = e(k)—e(k—1)

The program uses such linguistic tags: NL (Negative
Large), NM (Negative Medium), NS (Negative Short), ZE
(Zero), PS (Positive Short), PM (Positive Medium), PL
(Positive Large). Every fuzzy tag has a related membership
function. «Set if then» is the logic sentence, which
represents the fuzzy control rules, these rules are formulated
as follows: If e(k) is NL and Ae(k) is N then 7, (k) is ZE.
Results for speed control are shown in Table 2 with E is the
error, CE is the convergence of error.

Table 2
Control rule base

JCE/E—> |NL|NM |NS|ZE |PS|PM | PL
N ZE S M| L | M| S |ZE

ZE ZE S M| L|M| S |ZE

P ZE | M L|JL|L|M|ZE

To produce the inference mechanism, we use
Mamdani Max-Min method (Fig. 6). We apply the center
of gravity process to crisp the output value in the
defuzzification stage:
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Fig. 6. Synoptic model of fuzzy controller for IM

Results and analysis. We consider the IM as
continuous model. The IGBT based inverter is a 3LI-NPC,
controlled by an 18 kHz PWM. The robustness of sensorless
speed control is verified, in the first, we apply varied load
torque values as: +10 N-min 1 s, —10 Nm in 2.5 s, +10 N-m
mné6s, —10 Nmin 7 s, 0 Nm in 8 s with flux 0.8 Wb.
The speed is fixed at 150 then —150 rad/s into 3.5 s.

In Fig. 7,a we show, obviously, that the dynamic
performances of the speed are very good.

, ‘rad‘/ s a Zoom o, rad/s b
| |

150

100

50

—FPI-ELO

15000 1 - — - ~—FPL-EKF

150

1498 1 - —— - - s s
2.05 2.1 215 s
Fig. 7. Simulation results of the improved EKF and ELO
observer by FPI controller: IM speed in (a); zoom in speed gives
a comparison between the observer’s time responses in (b);
zoom in speed during control shows the speed overshoots in (¢);
speed delay time during the change of the speed reference in (d);
harmonics observed during control in (e)

Presented in Fig. 7,b the Fuzzy Proportional-Integral
FPI-ELO gives the better time response; it is more
reliable and less-noise than the FPI-EKF (Fig. 7,d and
Fig. 7,e). But it makes a slightly overshoot as shown in
Fig. 7,c when step changes take place in the load torque.

Figure 8 shows the superiority of the FPI-EKF
controller compared to the traditional Proportional-Integral
PI-EKF either in the overshoot or in the harmonic’s noises.

In other stage of studying, using VSC with SM, we
have tested the strength of our controllers, with load torque
applied as the following way: +10 N'-m in 1.5 s, 0 N-m in
255, FI0N'-min6s,-10 N-min7s,0 N-min 8 s.

The comparison in Fig. 9,a,b,c reveals that the
observation by ELO or EKF of the electromagnetic torque.

Zoom @, Wb b

1
8 1,8

1
6 6.5 7 7.5
Fig. 8. Estimated electromagnetic torque 7 (a); «d axe» flux in (b)

T.N-m ‘ ‘ a

20Z‘oom T.N-m_ b

150

100

50

3.6 38 LS 4
Fig. 9. Simulation results of the improved EKF and ELO
observer by SM control: observed electromagnetic torque
in (a and b); harmonics observed during electromagnetic control
in (¢); comparison between SM-ELO and SM-EKF speed in (d);
comparison between SM-ELO and SM-EKF speed response
time in (e); harmonics observed during speed control in (f);
comparison between SM-ELO and SM-EKF speed delay time
during speed reference change in (g)

Conclusions. The high-performance intelligent
sensorless based variable structure control in an indirect
rotor field oriented control scheme, of the induction motor
drive, using Luenberger and extended Kalman filter
observers is discussed in this literature. The robustness of
the speed response using two different observers design
has been compared, and it has been found to be favorable.
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The results investigation confirms that the combination of
sliding mode with adaptive observers achieves a pleasing
performance even in the presence of noises or variations
in the induction motor parameters and drive conditions.
Moreover, it can be said from the results that the
estimation of rotor speed has been done satisfactorily, and
the sliding mode extended Kalman filter has better
characteristics than the other observer presented.
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