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Abstract— This paper presents stability analysis of
simultaneous speed and stator resistance estimators for
sensorless indirect rotor flux oriented control (IRFOC)
induction motor (IM) drives. Design of the observer feedback
gain to guarantee stability, is proposed. Closed-loop control
systems of the independent use of the two estimators are
developed. All gains of the adaptive PI controllers, based on
Root-Locus method, are chosen to allow good tracking
performance and fast dynamic response. Performance of the
Luenberger State Observer (LSO) using the proposed feedback
gain and adaptive PI controller gains, with a indirect rotor flux
oriented control (IRFOC) induction motor (IM) drives, is
verified by experimental results. The results show a good
improvement in both the convergence and stability, which
support the validity of the proposed analysis.
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NOMENCLATURE
Vs Vg g, d-axis stator voltage components.
gs’ 'ds
iy iy g, d-axis stator current components.
gs> ‘ds
d, g-axis stator flux components.
q)ds ’ CI)qs 1 P
R., R Rotor and stator winding resistance.
r S
L, L Rotor and stator self-inductance.
r S
M Mutual inductance.
n Number of pole pairs.
P
@, » Rotor and synchronous angular speed.
r S
wg Slip angular speed @, — @, .
T, T Load and Electromagnetic torque.
> e
J Moment of inertia.
f Friction constant.
t, T Rotor and stator time constant.
r N
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Proportional and Integral gain of the IP

@pr e speed controller.
ki ki Proportional and Integral gain of the PI
current controller.
o Total leakage constant.
kA

Reference and estimated value.

I. INTRODUCTION

MODERN industrial spectra show a growing interest in
the use of motor drive systems. Such systems are fed
by pulse-width modulation voltage source inverters (PWM-
VSIs). They are broadly utilized for variable-speed
industrial operations; for instance, aeronautics, railway
traction and robotics.

Researchers have been seeking to improve the above-
mentioned qualities through the ingenious and intricate
control techniques resting on the FOC. Such methods
control both the amplitude and the ac-excitations phase. In
the same context, in order to know the rotor speed of the
high-performance IM drive, the vector control method has
also been used. The incremental encoder is the most
widespread positioning transducer and the most reliable in
modern industry [1, 2]. It is the most likely to provide such
information.

Actually, when using this sensor, a long list of problems
may arise. Indeed, among these problems we can cite the
increasing cost, abundance of electronics, lack of reliability,
and complex assembling. For example, the motor drives and
high speed drives in harsh environment are cases in point.
What is more, weight and size increase, and increase in
electrical susceptibility are parts of the list of these
problems.

The problem of eliminating transducers has recently
caught the attention of researchers. To remedy this problem,
however, many approaches have been dedicated to the
evaluation of the rotor velocity and / or position. When
examining the newly published literature, we discover the
extent to which researchers have been interested in the
design of the sensorless vector control IM drives. Such
techniques are, undeniably, founded on these schemes:

Model Reference Adaptive System (MRAS): [3, 4].

Kalman Filters (EKF): [5, 6].

Neuronal networks observers and fuzzy logic [7-9].

Luenberger Observer (LO): [10, 11].

As a matter of fact, to apply some of these approaches,
particularly modified machines, the injection of disturbance
signals and the use of a IM model are needed. Practically
speaking, the other velocity estimation methods via IM

This paper was recommended for publication in revised form by the Editor Staff.

Edition: CPU of Tunis, Tunisia, ISSN: 1737-7749



2027 |J-STA, Volume 9, N°1, December 2015.

model supplied by the stator quantities depend on the
parameter; hence, the errors of the parameter can negatively
affect the speed control feasibility. Accordingly, to get a
feasible sensorless vector control drive, we have to adapt
the parameters.

When speed is set at its lowest levels, we notice that the
IRFOC of the IM drive is highly sensitive to the exact value
of the stator resistance in the rotor flux. To solve the
difficulty, we have to tune the stator resistance variation of
the IM online so as to keep the active performance of the
sensorless IRFOC drive. To evaluate the rotor velocity and
the stator resistance, many researchers studying the drives
with no shaft transducers [12, 14] have lately been
developed. These works have laid emphasis on the use of
various approaches. Almost all of these methods need extra-
sensors that are not widely utilized in IRFOC drive; thus,
cost and involvedness may impede practice.

This research is intended to contribute to the question of
speed of the sensorless IRFOC of IM drive with a stator
resistance tuning. In fact, the considered observer, which is
based on the estimated and measured stator currents and the
estimated rotor flux, estimates the rotor speed and the stator
resistance. In other words, this observer is to simultaneously
estimate the rotor velocity, the rotor flux, the stator
resistance, and the stator currents. In an attempt to obtain a
sequential and simple design of the observer, the singular
disturbance theory is applied. Still, the flux observer
stability is realized by the Lyapunov theory. Then, we fully
describe and justify the suggested algorithm and we test its
performances by simulations. Despite the existence of the
related algorithms, these contributions are thought to be
innovative. Initially, we analyze the active and stable state
performances and check the outstanding behavior in most
instances. Next, we employ the rotor flux oriented control
and develop an overall framework.

This paper is organized as follows: section 2 is a succinct
review of the IRFOC of the IM drives. Section 3 is
dedicated to the description of the feed-forward decoupling
controller. In Section 3, we depict the design procedure
which is suggested with the intention of estimating the rotor
rapidity and the rotor resistance in a simultaneous way. The
procedure design proposed to determine the gains of the
regulators, the speed estimators and the stator resistance is
described in Section 4. Thereafter, we illustrate the
experimental results in section 5. Lastly, the paper is ended
up with some comments and conclusions in Section 6.

II. ROTOR FLUX ORIENTATION STRATEGY

When referring to the IRFOC, the rotor flux vector is
aligned with d-axis. It sets the rotor flux to be regular equal
to the rated flux. This means that @, = @, and @, = 0.

A. IM Model

The IM active model can be shown along with the
ordinary components g-axis and d-axis in a synchronous
rotating framework:

1 l-o M
v, =ocL | p+—+—1|i, —cLwi - D, (1)
ds N oty o7y ds s 845 Ly,

1 1-o0 |, . M
v =oL |pt—+——|i +oL wi, +—awD, 2)
qs s oty oty ) 48 sosds L,
M
. 3)
l+z,p ds
M
=n_—1i 4
¢ pPL.g T @
M
oy = 5)
7,0, g5
L M2
. . L
Where og=0,-05 ¢, =} =% and 5 -1 .
R, R, L,L,

We can assume that if the rotor flux is maintained
constant, the g-axis current can be restricted by the torque.
In this respective, the relation between the electrical angular
speed motor and the electromagnetic torque equation can be
expressed by :

do,
J——+fo, =n, (T, -T)) (6)
dt
B. Feed-forward decoupling controller

The d-axis and the g-axis voltage equations are combined

by these expressions .M and CoM e
y p - o-Lsa)qus + Lo D, Ustslds + L o,
1 1-o
v, =v; +E; =cL | p+——+——|i 7
d ds d s ( oty o7, ] ds
1 l-o
v, =v, +E;, =cL | p+——+——|i ®)
d ds d s { oty O'Tr] ds
M M .
Where £, - (oL 0i +—o,|a0d £ —6L o +—o0,
$5qs Ly, q s s ds L, r

E, and E, are, respectively, the g- and d-back electromotive
force (EMF).

The system equations (7) and (8) yield the transfer
functions of the stator currents :

Ke )

Gy (1) =Gy = o

1. . . .
Where K, = = Isagain and z, =or_isatime constant.
i)

The closed-loop current transfer function is

. i 2
ids (P) _ Lgs (p) N Dy (lJr Kip pj (10)

i:;s (p) i;\, (p) ) p2 +28w,p+ a)’% K
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This allows us to write

an
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¢ and w, respectively signify the damping ratio and the
natural frequency.
For any damping ratio, the second-order systems give a
steady value for w,t, = k.
For instance, if we have a damping ratio ¢ = 1, we will
get w,t, = 4.75.
The speed control is ensured by an IP controller.
“r (p ) _ “’5

2 2 (12)
®, (p) P +2:§a)np+a)n

n K .K A

With 2 _ "pTviTw”

2
> 2¢w, = L

fHnpK,, A and i T, _, o
J P R
D1 r

Where K,; and K,, indicate the integral and proportional
the gains of the IP speed regulator
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npﬂK

P

III. ADAPTIVE LUENBERGER OBSERVER

A. Flux observer of IM

The following rotating reference frame is most likely to
describe the induction motor state model

(14)

x(t) = Ax(t) + B"s (1)
y(t) = Cx(1)

The adaptive flux observer is defined by the following
state representation

{;(z) = A5 + By (0 + L y(1) - Cz(1)]

15)
y(1) = Cx(1)

T T
Where}:liids iy g ‘qu:l ,x:l:ids iy g ‘qu] ;
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L denote the observer gain matrix which is selected for
the stability of the system.

B. Luenberger State Observer Gain Design

To guarantee the disappearance of the evaluation error
above time for each x(0) , we have to choose the observer

gain matrix L so that (A-LC) is asymptotically stable.
Indeed, we choose the observer gain matrix so that each the
eigenvalues of (A-LC) have real negative parts.
Additionally, to make every varieties of speed stable, we
have to choose the observer poles proportional to the motor

poles. If the IM poles are given by 4p; , the observer poles

410 are designated as

Ao =kpiim (16)
It is realized by specifying the observer matrix L in a
particular representation

L:|:lllz+lzJj|=|:L1:| an
To decide the eigenvalues of the matrix A, we employ:
AIZM +(a+b)Apy +(a—6c)b=0 (18)

To have the equation simplified, we have to define

1 M
a=yly ; b=—1Iy-a.J and ¢ = —

Tr Tr

The matrix characteristic equation (A-LC) is
2
Ao +(a+b—L)Ao +(a=-6c)— (L +5Ly))b=0 (19)

The substitution of Eq. (16) in (19) gives

kf)/IIZM +k,(a+b=L)Aps +(a=35c)= (L +5Ly)b =0 (20)

The following results are obtained by identifying Eq. (20)
and k; *(18)
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Fig. 1. Evolution of the system poles and zeros for different values of the
speed ((a) speed of 5 rpm, (b) speed of 157 rpm and (c) speed of 0 to 157
rpms with a step of 5 rpm).
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C. The Luenberger Observer Stability Analysis

The characteristic matrix of the observer (A-LC) stands for
the linear element of the observation error. If the real parts
of its poles are negative for any value of the operation
speed, the stability of this element will be guaranteed.

Fig. 1 shows the evolution of the system poles and zeros in
accordance with the rotor speed.
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Fig. 2. Evolution of the observer poles and zeros

When we astutely decide on the value k,, the obsrver
stability will be maintained and the dynamic observation wil
be faster than the system itself. Moreover, when we examine
Fig. 1, , we notice that every speed point has four poles. All
these poles are complex conjugates and have a negative real
part. But Fig. 2 mirrors the progress of the observer poles
and zeros vis a vis the rotor speed and for the various
proportionality coefficient values &,

D. Simultaneous estimation of the rotor speed and stator
resistance

When carrying out the operation, the temperature changes.
In fact, the changing temperature causes the resistance of

both the rotor and the stator to vary. Therefore, the adaptive
observer that we suggest can be enlarged to involve the
rotor resistance estimation. If we consider the rotor velocity
and resistance as unidentified factors of the observer, as the
rotor flux are computed from (14) and (15) and are given by
this equation .

6= {(A((Dr) + AR )) - LC} e(t) — (AA(wr) + AR, )) (1) 22)
0, -0Aw,.J
Where AM(@,.) = A(@,) - A =12 1
(0,) = A(w,) - Alw,) (02 AwyJ )
AR
R -—21, o0,
Mpo (R) = ARy —ARg) = | oL ;
0, 0
Ao, =, —o, and AR, =R, —R,.
A Lyapunov function candidate v is identified as:
2 2
T (Awr) (ARS)
= e +—F—4—""— (23)
non A 2
The time derivative of v will be
. T T Aw, - -
v=e |(A-LC) +(A-LC) |e- 2T % ®rp - eiSﬁCDra +
2 dAw, 2AR; - -
; Aw, o + TLS (eisﬂ lsﬂ + eisa liw ) + (24)
dAR;
AR

AoLg % dt

The adaptive design for the Simultaneous estimation of the
rotor speed and stator resistance is given by:

,

S

Induction Motor (IM)

@)

|| Adaptive Mechanism
Eq. (25)

Adaptive Mechanism [~
Eq. (26)

Fig. 3. Structure of a parallel estimator of the rotor speed and the stator
resistance.

@, =Kp (¢ ®p —¢; D)+
r ) ) Bs (25)
Ky, f(eiasq)ﬁr—eiﬁs(bar)dt
ks = KPRS (eiﬂs lfﬂs e fas) +
R R (26)
Kp, e 5 Bs iy s )t
S
Fig. 3 is a presentation of the suggested adaptive observer

structure for the simultaneous estimation of speed as well as
the stator resistance.
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IV. DETERMINING THE GAINS OF THE REGULATORS, THE
SPEED ESTIMATORS AND THE STATOR RESISTANCE

To underscore the gains of the PI regulators which are
used to simultaneously estimate the rotor speed and the
stator resistance, one has to allude to the stability study of
the control system closed-loop transfer function of the rotor
speed and that of the stator resistance [15- 17].

When using the state representation of the asynchronous
machine defined by the system equation (14) and that of the
observer expressed by the system equation (15), we get to
the error-expressions related to the following stator currents
and rotor flux:

pel-s = (a11 + L) eis + al%eCDr + Aalzd)r + chl 1is on
peg, =a71¢; +Aay ig + a2€p, +Aay, D,
With
e, =i —i ;€e, =0, —-D ; Aa, :—ﬂlz ;
’ oL,

s r

A
Aa,, = —7"’1 . Ady =0 and Aay, = Aw,J .

It should be noted here that the error on the stator currents
is used for the estimation of both the rotor speed and the
stator resistance. When substituting the equations of the
system (27), we obtain:

(PI _(all +L))el-s = alzeq)r +Aa12<Dr +Aa11is

(p[ —azz)e(b = azleis +Aa22<Dr
Therefore, the error on the stator currents can be

expressed according to the error on the rotor speed and the
error on the stator resistance as:

(28)

€l~s = el + 62 (29)
With:
e = GO, Aw 30)
ey = GRs igAR,
Where:
-1
a
G(U:§|:p2*p(all+a22+1‘)+a22(a]1+1‘+%):| (€1))
-1
(ply —ay5) a
GRs :720L 22 {pz = plagy +ay, + L) +ay,(apy +L+%)}
'S

By simplifying the equations of the system (31), we get:

_ p3+a1p2+a3p
5[174 +Qa,+a’ +a)p* +2Aaa, +aya,)p+(a; +a§)] (32)

®

p3-%—b,pz+l7zps+b3

Gy =

ol
2‘ |:p4 +Qa, +a} +a})p’ +2(aa, +a,a,)p+(a; +a42):|

al :7+TL7L1,612 :—(L2+C()),
r

L M
sl 45

1 aj a
bl =(al+‘[)’b2 :,(a3 +ﬁ+a2a))’b3 =(T3+a4a)j.

r r
To investigate the stability of the closed loop transfer
function of the speed estimator and the stator resistance, we
must show the gains of the PI regulators of each estimator.
The closed-loop transfer function of the rotor speed
control system is given by the following block diagram:

K | &

o Aw, ‘@,‘I—Ple,(P) |—>| ‘cf)r”.. K, + p o

Fig. 4. The control scheme of the speed estimator.

These figures show the locations of the poles and zeros of
the transfer function G,,(w) with respect to the rotor speed:

Root Locus

Imaginary Axis

7 6 5 4 3 2 -1 0
Real Axis
(a) Location of the dominant poles and zeros
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Root Locus

300
-

—
200
éOO
<
z / o
go
g
g \ 0
E o
-100
-200

\

300

-600 -500 -400 -30Real Axis 200 -100 0 100

(b) Location of the poles and zeros of Gg,-(®)
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(c) Location of the dominant poles of G, (w)
at various velocities: 157, 125, 75, 50, 25 and 1 rad/s

Fig. 5. Evolutions of the poles and zeros of the transfer function

Gor(®).
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For different values of speed, most poles are complex
conjugates with a negative real part. Indeed, at the speed of
2 rad/s, the transfer function G, (w) has three zeros of the
values: -1.4, -6.3 and -220, four complex-conjugate poles of
the values: -6.3 + 1.8% and -240 + 11.2%;.

The dynamics of the speed control system is characterized
by the location of the poles of its closed loop transfer
function. In fact, to ensure a quick response during the
transient conditions and to reduce the steady state noises,
the proportional gain Kp,,. is selected high and the ratio
(Kjo! Kp,,y) must be equal to the negative real part of the
dominant poles at a given speed. On the basis of the stability
study of the closed loop transfer function of the rotor speed
control system, we have chosen Kp, = 500 and
(Klwr/KPwr) =6.3.

The closed loop transfer function of the stator resistance
control system is given by the following block diagram:

R

r KI,» S
T = e
s P

Ry AR

l

5

s

Fig. 6. Scheme for regulating the stator resistance estimator.

For various speed values, the transfer function Gg, (w) has
three zeros and four complex conjugate poles which lie in
the left half-plan of the complex plan.

The location of the dominant poles of the transfer function
Gy, (w) at a rotational speed of 2 rad/s is given by the
following diagram:

8

Imaginary Axis

Fig. 7. The location of the dominant poles and zeros of Gg, (w) at the
speed of 2 rad/s.

To have both a quick response during the transitional
schemes and an effective reduction of the steady state noise,
the proportional gain Kpg, is selected high and the ratio
(Kir/Kpgs) must be equal to the negative real part of the
dominant poles. On the basis of the stability study of the
closed loop transfer function of the stator resistance control
system, we have chosen Kpg; =300 and ((Kjrd/Kpgs)) = 6.3.

V. EXPERIMENTAL RESULTS

To validate the performance of the proposed method, a
prototype implementation of the sensorless IRFOC of an
induction motor drive was carried out. Experimental tests
were done based on the estimation scheme for sensorless
IRFOC of an induction motor which is proposed in Fig. 8.
As a matter of fact, the experimentation has been achieved
by using Matlab-Simulink and dSpace DS1104 real time
controller board. The experimental setup is composed by
squirrel-cage IM a 3Kw, a pulse with modulation (PWM)

signals to control the power modules generated by dSpace
System, a voltage source inverter (VSI) and a load
generated through a magnetic power brake coupled with the
three-phase induction motor. What is more, the DC link
voltage and stator phase currents and voltages are measured
by Hall-type LEM sensors.

w, 0 . .
— 1P Speed Controller

@, | R, | o] o, )

) 0, P
* IRFOC Algorithm | Vos ——
ds P
* 1 *
d and geixis curtent = oouinue Tantuor |z, | diyolafe o
régulation Vas (d, q) (a2, b, 0) o . “"WSI: ora)
* simultaneous speed . g R N
Lds i
and stator -
e . Coordinate Translator | _ iy
Gl lgs (a. b, c)B=(d. q) ™
3
MAS

Fig. 8. IRFOC of an asynchronous machine with simultaneous estimation
of the rotor speed and the stator resistance.

o The first case: a preset speed of 1000 rpm by inverting
the rotation direction at the moment t=10.5s.
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Fig. 9. Experimental results of the JRFOC control without a mechanical
sensor through the adaptation of the stator resistance to a speed level of
1000 rpm and the application of a load torque level.

o The second case: a preset speed of 1000 rpm, followed
by the application of a load torque equal to 20 Nm with
t = 5s, and the abolition of the latter with # = 17s.
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= d- axis rotor flux
a- axis rotor flux

FLux (wb)

Time (sec)

(e) Rotor flux

d- axis stator current
g- axis stator current

sizes that do not exceed 2% in the steady state. The guiding
principle of the rotor flux is shown by the figures (9 (e) and
10 (e)).

VI. CONCLUSION

In this paper, stability analysis of simultaneous use of
speed and stator resistance estimators for sensorless indirect
rotor flux oriented control (IRFOC) induction motor (IM)
drives has been presented. It has been concluded that
stabilization of each independent speed and stator resistance
estimators is insufficient to ensure the stability when used
simultaneously. Values of the adaptive PI controller gains of
the two estimators based on Root-Locus method have been
determined. The validity of all proposed gain selections has
been verified and assessed by experimental results.

APPENDIX

TABLE L INDUCTION MOTOR PARAMETERS

Specification Parameters

Currents (A)

Time (sec)

(f) Stator current

Load torque
g- axis stator current

25

20

Rated power [kW] 3
Rated voltage [V] 380
Rated current [A] 6.6
Rated frequency [Hz] 50
Number of pole pairs [ ~ ] 2
Rated speed [rpm] 1430

R, [Q] 2.3

R: [Q] 1.83
Ls [H] 0.261
L. [H] 0.261
M [H] 0.245
J [Kg.m2] 0.03
f [Nm.s.rad-1] 0.002

TABLE II. GAINS OF DIFFERENT CONTROLLER

PI d-q axis current controller IP speed controller

[ [
V" e

Currents and load torque
3

Time (sec)
(g) Load torque and g-axis stator current

Fig. 5. Simulation results of sensorless IRFOC (with load torque of 20 N.m
applied at 7 = 5s) with the stator resistance tuning
the control speed is 1000 rpm.

For both cases of operation, the stator resistance
mechanism estimation is initially halted. The nominal stator
resistance is equal to 2.3 Q, the identification mechanism of
the stator resistance is actuated a few seconds after reaching
the steady state.

The experimental tests illustrated by the figures (9 (a) and
10 (a)) show that the estimated speed and the actual speed
converge to that of the reference. The error between the
estimated and the actual sizes is presented by the figures (9
(b) and 10 (b)) and it does not exceed 0.5% in the steady
state. The figures (9 (c) and 10 (c)) show the curves of the
estimated stator resistance and those of the reference. The
convergence of the estimated size of Rs resistance to its
reference is proved by the figures (9 (d) and 10 (d)
representing the error between the estimated and the actual

kii 9300 Koi 6
kip 29.31 Kop 0.5
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