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Abstract

The induction machine is widely used in industrial fields due to its robustness, low
cost, and good standardization. Indeed, its use in high-performance variable-speed
drive systems requires the imposition of specific and complex control structures based
on the mathematical model of the machine and its power supply. However, this
chapter book deals with indirect stator field-oriented control (ISFOC) of an induction
motor drive (IM), without a speed sensor. In previous works, the MRAS scheme has
been used to estimate the speed and the rotor resistance. The reference model and the
adjustable one, which are developed in the stationary stator reference frame, are used
to estimate simultaneously the rotor speed and the rotor resistance (IM) from the
knowledge of the stator currents and voltages. Simulation and experimental results are
presented to validate the mathematical study as well as to prove the effectiveness and
the robustness of the proposed scheme of control and sensorless ISFOC induction
motor drive.

Keywords: induction machine, stator flux orientation model, model reference
adaptive system (MRAS), rotor speed, resistance estimation

1. Introduction

The induction motor IM has long been used mainly at a constant speed. Its control
remains a challenge for researchers, in order to optimize and control the motor in
variable-speed drives. With advances in power electronics such as the appearance of
GTO thyristors and subsequently IGBT transistors as well as digital electronics such as
the development of new DSPs (Digital Signal Processors), the drive problem at vari-
able speed is resolved and the control strategies have been implemented under satis-
factory conditions.

The vector control (FOC: Field-Oriented Control) also called flux orientation con-
trol, it allows to reduce the behavior of the IM to that of a direct current DC motor
(with separate excitation) to have the same performance in torque and speed [1, 2].
The FOC has very good accuracy for torque and speed. Moreover, this strategy,
although sophisticated, has the disadvantage of requiring the installation of a
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mechanical sensor on the shaft of the motor and also has a high sensitivity to the
parametric variations of the IM in particular to the rotor resistance [3]. Two methods
are possible for flux-oriented vector control [4]. The first is called the Direct Control
Method (DFOC) and the second is called Indirect Method (IFOC). This strategy
consists of not estimating the flux but directly using the amplitude of its reference
value ¢*.

To address the problem of the presence of a speed sensor in the IFOC, we opt for a
control without a mechanical sensor, which is based on the design of software sensors
for the estimation of physical variables, such as the speed and rotor resistance. The
design of such sensors is mainly based on the synthesis of observers or adaptive
methods allowing parametric identification and sensorless control of the IM. In the
literature, several methods of simultaneous estimation of speed and rotor resistance in
sensorless IM drive have appeared. Among the most used techniques, we can mention:

* Rotor resistance estimation using the transient state under the speed sensorless
control of the induction motor [5].

* Speed sensorless of IM drive with online model parameter tuning for steady-state
accuracy [6, 7].

* Simultaneous estimation of the rotor speed and the rotor resistance was estimated
by adding a small alternating current to the rotor flux [8].

This chapter book presents a modeling and control of an asynchronous machine
with and without mechanical sensors. However, the measurement of the currents and
voltages will be used in order to estimate the speed and the rotor resistance using the
Model Reference Adaptive System (MRAS) scheme. A theoretical study is given with
detailed mathematical equations and accompanied by simulation and experimental
results in order to demonstrate the effectiveness of the proposed method.

This chapter book is organized as follows. Section 2 presents an asynchronous
motor model. While, in Section 3, an induction motor state model will be introduced.
Section 4 formulates the stator field orientation control of the induction motor drive.
Then, the simultaneous estimation of speed and rotor resistance will be illustrated and
discussed in the section. Furthermore, the simultaneous estimation of speed and rotor
resistance using MRAS technique. Simulation results are proposed in Section 6.
Thereafter, in Section 7, we will present the experimental results obtained on a test
bench provided with a chart of real-time control of the type dS1104. Finally, we ended
up with a conclusion.

2. Asynchronous machine model

According to the laws of physics, the asynchronous machine can be associated with
mathematical equations that involve its parameters. The implementation of these
equations gives rise to the modeling. At the end of this operation, a problem arises;
however, when the model is closest to reality, it becomes very complex and requires a
very powerful and high-performance calculator. In order to simplify the calculation
while keeping the most important phenomena and neglecting the secondary phenom-
ena, and for the resulting model to be usable in both static and dynamic conditions, we
must use simplifying assumptions.
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2.1 Simplifying assumptions

The equations of the asynchronous machine are made by adopting the following
simplifying assumptions [9, 10]:

* The air gap is assumed to be constant, and the machine is symmetrical.
* The current density is uniform in the conductor sections.

* The magnetic circuit is unsaturated and perfectly laminated to the stator and to
the rotor.

* Winding resistances do not vary with temperature and skin and notch effects are
neglected.

* The spatial distribution of magnetomotor forces is assumed to be sinusoidal along

the air gap.

* The cage rotor is described as a balanced three-phase winding.

2.2 Mathematical model of the asynchronous machine
According to Figure 1, the Induction Motor (IM) has six windings:

* The stator consists of three fixed windings (A,B,C) offset in the space of 120°
from each other and crossed by three sinusoidal currents.

* The rotor can be modeled by three identical windings and shorted (a,b,c) offset
by 120° in space.

2.2.1 Electrical equation

The Ohm law applied to the stator and rotor circuits is written in the following
matrix form:

Ab Stator

1

Figure 1.
Spatial representation of asynchronous machine windings.
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Vs Tag d ¢m
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The matrices of the asynchronous machine stator and rotor resistors are given by:

R, 0 O R, 0 O
RR=|0 R O|andR,=|0 R, O (3)
0 0 R 0 0 R

2.2.2 Magnetic equation

According to the simplifying assumptions, the relations between fluxes and cur-
rents are linear and can be written in the following matrix form:

Das Las Lar
¢bs = [Lss] ihx + [Lsr] ibr (4)
¢cs ics icr i
[ ¢gr i Lar las 1
¢hr = [er] iy | + [Lsr] ips (5)
L Der ler I |
L, My Mg L, M, Mg,
With : [Lss] = | Ms Li My ;[Lw] = |M, Lg, M, (6)
MﬂS MﬂS Lﬂf MﬂV Mﬂr LﬂV
_ 2 2\
cos(6) cos <9 + —ﬂ> cos <9 - —”)
3 3
2 2
and [L] = | cos (6 - 37[) cos(0) cos <0 + ;) @
2 2
cos (0 + ?ﬂ) cos (9 — g) cos(6)

We finally obtain the three-phase asynchronous model:

[Umbc] = [RS] . [imbc] —l—%{[L;] : [imbc] + [Lsr} : [imbc]} (8)
[Umbc] = [RV] . [imbc] +%{[Lr] . [imhc] + [Lrs] . [imbc”’

with:

Weabe) = 0a 5 V)]s Orabe] = [0 o0 v )Ds [isape] = [ie i i)l and [ipgpe] = [i0 4 i
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2.2.3 Mechanical equation

The fundamental relationship of dynamics allows us to write:

aQ
Tem_Tl:]%‘i’f'Q (9)

2.3 Two-phase model of the machine

When studying transient phenomena, we are faced with the following problem:

The Eq. (6) of the matrix of mutual inductances being with nonconstant elements and
the coefficients of the Eq. (8) are variable from where the analytical resolution of this
system of equations becomes very difficult. To tackle this problem, we use mathematical
transformations to describe the behavior of the machine using differential equations with
constant coefficients, which facilitate its resolution. These transformations must preserve
the instantaneous power and the reciprocity of mutual inductances.

The use of Park’s transformation makes it possible to circumvent these problems
and simplify the statoric and rotoric equations in order to obtain a system of equations
with constant coefficients, which considerably reduces the calculation time.

2.3.1 Park transformation

The transformation of Park makes it possible to go from a three-phase system abc
to a two-phase system d and q axes. A Park P(f) matrix allows the passage of the X,
quantities from the three-phase system to the two-phase X4q quantities, rotating at a
speed that depends on the stator or rotor quantities, such as (Figure 2).

i cos(ff)  cos (ﬁ - 2{) cos (ﬂ + 2;) ]

P = /5| ~sin(p) —sin(ﬁ—%”) —sin(ﬂ+2§) (10)
1 1

2 v2 oo

Figure 2.
Representation of the equivalent three-phase and two-phase asynchronous machine.
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X, Xa
[ Xﬂ — P ? (11)

This matrix ensures the instantaneous power invariance and its calculation is
obtained by taking f = 6, for the stator quantities and § = 6 for the rotoric quantities.

2.3.2 Electrical model of the asynchronous machine

By applying the Park transformation to the electric and magnetic equations of the
asynchronous machine, we obtain the Eqgs. (12) and (13), which are expressed in a
reference frame running at an arbitrary speed wa.

Stator equations.

. de
Vas = Riiys + & _ u¢q:

dt
d
Vs = Ryigs + Z’ + Wahys (12)
. ¢0:
\% s — Rs s
0 105 + it

Rotor equations.

Ay
Var = Ry, + dtd Wy ¢qr

Ay,
Vqr - erqr +— dt + w:l(bdr (13)
VOV = RViOV + Z:r
with
¢d: Ls 0 M O idx
0 L, 0 M Tgs
ol ! (14)
d)dr M 0 Lr 0 Lar
Dor 0 M 0 L, iy

For a balanced system, the stator and rotor homopolar components are zero.
Knowing that the machine is caged and taking into account Egs. (13), the Egs. (11)
and (12) are reduced to:

di di
Vige = Reigs + L 2% 4 MEZY _ o3, (Lyigs + Miyy)
dr dt
. di Lgs dlqr
Vs = Ryigs + Ly o +M o + w, (Lgigs + Mig,)
X (15)
di d
0 =Riigy+ L, 2% 4 MZE _ 4y, (Lyigy + Miyg)
dr dt
‘ dig . digs ‘ .
0=Rigp+L,—+M + wy(Lyig, + Miy)

dt dt
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2.3.3 Electromagnetic couple expressions
We can see that the torque results from an interaction between flows and currents.

The application of the transformation of Park provides us with several forms of
expressions of the electromagnetic couple among which we distinguish:

T, = n,,]L\—/f (¢d,iq3 - ¢qyids) (16)
T, =y (b — by ) (17)

The choice of the expression will depend on the type of fluxes orientation. In fact,
we use (16) for the rotor orientation and (17) for the stator flux orientation.

3. Induction motor state model

The state model of an asynchronous machine allows the study of its transient
states. Eq. (15), which forms the state equations of the machine, represents a
nonlinear differential system with constant coefficients. (w, = s and og = 05 - ®).

The possibilities for choosing electrical state variables are diverse. This choice is
characterized by the variables endowed with memory, such as the currents, the fluxes,
the speed, and the angular position.

The machine state model is:

(18)

The quantities of the state vector are chosen according to the quantities to be
controlled.

3.1 State model for stator flux orientation control

We consider the second expression of the electromagnetic couple given by Eq. (18).

The state variables used are ¢gs, Pgss ias, and igs. For this reason, we are interested
to eliminate the flux ¢qr, dqr, and the current iy, and ig, of the Eq. (15). This leads to a
state representation of the asynchronous machine of the form:

d
%] =1+ o) (19)
with:
1 0
¢ds ’ 0 1
T
x— |% ,U:[vd‘} B=|L o
1 Vgs oL
iqs 0 i
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T 0 o, “R, 0 "
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3.2 State model for rotor flux orientation control

We consider the second expression of the electromagnetic couple given by
Eq. (18). The state variables used are ¢y, Pgr, igs, and igs. For this reason, we are
interested to eliminate the flux ¢s, ¢gs and the current ig, and iy, of the Eq. (15). This
leads to a state representation of the asynchronous machine of the form:

1 0
_¢ T
dr . 0 1
¢ 7 vds 1
x=|"|;Uu= ;B= | 1 A
Lds vq: GLS
iy, 1
oL |
r R MR 7
- L—T (s — ) T ’ 0
r r
R, MR,
—(w, — _r 0
(05 — ) I I
| RM? M 1 R,M?
o —— | R+ —— o)
oL,L? oLL, oL L?
M R,M? 1 Rer)
— 0] —w; —— | R+
L oLL, ULSLE oL ( LE i

3.3 Simulation

The model of the asynchronous machine was tested by simulation with the Matlab-
Simulink software. Figure 3(a) represents the curve of the speed during the direct
start of the induction machine on the network with an application and cancelation of a
load at time t = 0.4 s and at t = 0.7 s, respectively.

The analysis of the previous results shows that the IM undergoes a very brutal
transient state during its direct start on the network. The method for alleviating the
various constraints consists in supplying the motor with a set of variable voltages in
frequency and amplitude. Various approaches are possible and they are all based on
the steady-state characteristics of the induction motor.

4. Stator field-oriented control of induction motor drive

Vector control offers a better solution to achieve better performance in variable-
speed applications. This solution appeared with the work of Blaschke in early 1970.
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Figure 3.

Speed and torque of an asynchronous machine during a direct start.

The vector control also called the flux orientation controller, consists in orienting the
flux according to axis d, and therefore its component in axis quadrature q is zero in
order to make the behavior of the asynchronous machine similar to that of a direct-
current machine with independent excitation. The purpose of this control is to elimi-
nate the coupling between the armature and the inductor, so that its operation is
comparable to that of a direct-current machine, by breaking down the stator current
into two components, one controlling the flow and the other controlling the torque. In
our work, we will focus on the control by direction of the statoric flux.

By referring to a rotating reference frame, denoted by the superscript (d,q), the
dynamic model of a three-phase induction motor can be expressed as follows [9, 10]:

Fdd r 0 Ws —R; 0 0 7
A
dj}t —w 0 0 —R 0 | [¢a]
qs
dr 1 o Ifnto o o ||
diy o7, Ly oL o\ 7,7, : )
dt: = Lds (20)
r 1 1 s r
di,, @ oy SH(EETY o |
dq oL, otL o\ TTy E
t
dwo 2 2 | @ |
L dr - —&iqs &id; 0 0 —Ji
L ] ] J
[ 1 0 0 7
0 1 0
S
+ |7 Vgs
0 ! 0
oL, N,T,
1
0 0o —-
L J |




Induction Motors - Recent Advances, New Perspectives and Applications

MZ
LL"

The torque (Eq. (17)) looks like a DC machine if the second product is eliminated
dgslas- So, it is enough to orient the reference (d,q), so as to cancel the quadrature flux
component, in other words, to orient the stator flux according to the axis d (¢pgs = ds).
Therefore, its quadrature component of axis q is zero (¢gs = 0). In this case, the stator
flux will be controlled by the d-axis stator current and the torque is controlled by the
q-axis quadrature current. The new expression of the couple is: T, = 1, (¢higs )-

Using Eq. (20), the d and g-axis command stator currents are presented as:

witha)d:ws—a),r,—ﬁ,rs 7 Lande=1-

(1+7p)®] + Liot,wiy,

= 21
ds = Li(1+ o7,p) (21)
. Tl (®F — Loiy)
= 22
C (14 o7,p) (22)

The reference 4 and g-axis command voltages are expressed by the following
equations:

s+, &
U;::GLS(P'F ;rrr>l;5_r_ oLwji, g5 (23)
str r
* _ oL T + 7, . qu)* Lowi* 24
Uys = 0Ls P OTTy l‘IerT—r s oLy 1y (24)

The IP speed controller is designed in order to stabilize the closed-loop sensorless
speed control. The closed-loop transfer function is given by:

w(p) _ Dy

- 25
o*(p) P +20np + o, *)
With: @2, = 557, 26,0, =125, and 2 = b
pPstrll—0o

The gains of the IP controller, K, and K;, are determined using a design method to
obtain a damping ratio of 1. The gains parameters values of the IP speed controller are:

J — 2P L
Ky =Rya,a = jandd=———"32
? Nyt N,®L,(1- o)
N _
K= P4 ap S e
4N, pr, Nyt 1 TeMax

For d- and g-axis current controller, we used a proportional-integral (PI) control-
ler. The closed-loop transfer function is given by:

iu(p) _in0) ()
= = n 1 26
ig(p) iq*s ) P2+ 2b0p + @2 I<iz'p * (26)

OT, T,

st 2 KK _ 1+1<c1<i .
Wlthw-—Zfz wy,; = pI(' = Rto) Tt
Using the same method as the speed controller, the gains K, and K;; parameters
values of the PI current controller are:

,and 7, =
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20L;

71

oL L,
Ki = (Tl—z)’Kip:p—RrL—r andp=""—R.

In our simulation, we have used the time constant 7; = 2ms. We use a pulse-wide
modulation (PWM) voltage source inverter.

4.1 Simulation results

Figure 4 represents the block diagram of the control by stator flux orientation of a
3 kW asynchronous machine with a mechanical sensor. It consists of a three-phase
cage asynchronous machine powered by a pulse-width modulation (PWM) voltage
inverter. A block for regulating the rotor speed with an IP corrector and that of the
current with a PI corrector.

The ISFOC of an asynchronous machine with a mechanical sensor was tested by
simulation with the Matlab-Simulink software. In this study, we regulate the speed
with an IP corrector (Kvi = 7.9665, Kvp = 0.3001) and the current by a PI corrector
(Kip = 26.929, Kii = 7764.8). The set points are the stator flux and the speed.

4.1.1 Influence of load torque variation

In this part, we simulated the system for a speed setpoint of 1000 rpm at time 1,
under the application of a load torque equal to 10 Nm between times t; = 3 s and
t, = 5s. We obtained the following results:

Figure 5(a) represents the curve of the speed during a load application at time
t = 3 sand its cancelation at time t = 5 s, we can clearly see that the real speed is stable
and converges toward its reference value, which shows the reliability of the proposed

(& - ISFOC algorithme o Transformation
3 - Current regulation — d,q — a,b,c
bt T
J Vas|  Vbs| Ves
3 3

i i PWM inverter

qs ds

. < -
Transformation iy,
a,b,c — d,q bes

J

Figure 4.
Block diagram of the ISFOC of an asynchronous machine with speed sensor.
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Figure 5.

Indirect stator flux-oriented controlled (ISFOC) induction motor drive under load torque.

algorithm. Figure 5(b) shows the curve of the current ids and iqs. However, Figure 5
(c¢) proves the orientation of the stator flux that we have chosen, so we notice that
$as = Ps and ¢gs = 0. Furthermore, Figure 5(d) shows that the curve of the electro-
magnetic torque and the quadratic current igs are proportional, even during a load
variation.

4.1.2 Low-speed study and inversion of the dirvection of rotation
To increase the robustness of the control, a low speed was applied with a rotation

reversal of [0, 20, 0, —20, 0] rpm at times 1s, 3 s, 4 s, and 6 s. The simulation results
are presented in Figure 6:

5. Simultaneous estimation of the rotor speed and the rotor resistance
5.1 Description of the MRAS technique

The principle of estimation by this technique is based on the comparison of the
outputs of two estimators from the knowledge of currents and stator voltages.
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Indirect stator flux-oriented controlled (ISFOC) induction motor drive for low speed.

The first is called the reference model since it does not introduce the quantity to be
estimated and the second is the adjustable one. The error between these two models
drives an adaptation mechanism that updates the parameters of the adjustable model
to make them converge to the real parameters [11, 12]. Figure 7 shows the basic block
diagram of the MRAS method.

EEE——

Stator voltage X
gt N o
Stator current Reference Model X,

|

—Z

Adjustable Model X

; Estimated parameters
Figure 7.

The block diagram of the MRAS technique.

Adaptation
Mechanism
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5.2 Simultaneous speed and rotor resistance estimation

For the estimation of the speed and the rotor resistance, it is judicious to use a
stationary reference frame («,f). This transformation does not use the position of the
rotor, which is estimated by the MRAS strategy [11, 13].

The stator voltages can be described by the equation:

d¢w
dt
d d)/}s
dr

Vos = Rsim +
(27)
Vps = Rsi/i.r +

The rotor voltages can be described by the equation:

a4,
0 =Ryl + Ztr+w¢/)’r

dd)ﬂr
dt

(28)

0 = Ripy + —2 — wiy,

With
bor = Lrl:ar + Ml:as (29)
¢/}, = Lylﬁy +Ml/35

By using Eqs. (28) and (29) are rewritten under the following new form:
0 = —L;Dig — Eigs + Dpys + oLy gp (30)
0 = Eig — LDig, — 0L,y + Dby

where D =R, + poL,. and E = oL,L,»

According to Egs. (28) and (29), is it possible to identify w and R,. Afterward, we
look to illustrate the components of the stationary reference frame stator flux (¢ )
in terms of accessible stator currents (i,i4) and stator voltages (v,,vg). Thus, two
independent stator flux estimators are built. The integration of Eq. (27) gives the first
estimator stator flux estimator, whereas Eq. (29) determines the second estimator.
Knowing that Eq. (27) does not involve include the w and R, parameters. Therefore, it
can be considered a reference model of the IM. However, Eq. (30) comprises the
parameters o and R, which is considered an adjustable model.

The suitable adaptation mechanism that generates the estimation of ® and R, for
the adjustable model is driven by the error between the states of the two models given
by Eq. (31). It is noticed well that the feedback block W, which is given by Eq. (32) is
different for the speed estimation and rotor estimation, then so two adaptation mech-
anisms (1 and 2) comes up.

{ Eq = ¢ax - ¢ax (31)

& = ¢/}s - ¢ﬁs

Eq. (6) can be presented as following [11, 14]:
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ple] = [A][e] + [W] (32)
where W is the feedback block, which establishes the input of the linear block.

* For the speed estimation.

1
L, . ,
—y + oLsi
A=| " ) andw_wl_[f/’/” fﬁ‘](a}—a))
o = Gos — OLgiys
Ty

Egs. (31) and (32) constitute a nonlinear feedback system represented by Figure 8.
Indeed, this system can be schematized by a linear block described by the transfer matrix

H(p) = (p[I] — [A]) " and a nonlinear part of the input £(t) and the output W(g,t).

¢ For the rotor resistance estimation.

R, s + Liis
_ Lr _ _ LV D
A= and W =W, = . | (R —R))
@ _ Rr _¢/)’S + leﬁ_g
L, L,

Egs. (31) and (32) constitute a nonlinear feedback system represented by Figure 9.
Indeed, this system can be schematized by a linear block described by the transfer

matrix H(p) = (p[I] — [A])"" and a nonlinear part of the input &(t) and the output W
(e,t).

The MRAS strategy consists to use the adaptation mechanism 1 to estimate .
Subsequently, adaptation mechanism 2 is used to estimate R, (Figure 10).
The asymptotic operation of the adaptation mechanism is fulfilled by a simplified

condition, which is [¢(e0)]” = 0. To be regarded as hyper-stable, the system of nega-
tive feedback must satisfy the inequality of Popov [15]:

11
J e [Wldt > — 42 forall £ > 0 (33)
0

With vy is a negative constant.

"R QY o,

4

~
8!
(7] s |
g |
A o
[A] B |
\/] @ Adaptation |, ‘ %
mechanism =
—olLi @ Y 7
|:¢ﬁs o. :1/17: j| lm‘T iy ';.‘E
s+ L, g
Z

Figure 8.
Nonlinear feedback system for speed estimation.
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Nonlinear feedback system for rotor vesistance estimation.
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Structure of the simultaneous speed and rotor vesistance estimation by MRAS technique.

5.3 Speed adaptation mechanism

Adaptation mechanism 1 demonstrates that the estimated speed & is a function of
the error [e]. Then, it can be shown in the following form:

to

p=1 = € 2
) —pA1 +A; = JA1([ 1})dt+A2([ 1]) (34)

where A; and A, are a nonlinear function of €., €p1.
By using the expression of W, Eq. (33) is equivalent to

[\ e+ o)) + (el = o) Yo - b= ~ 2 39)

With - {Al =K [(d)/isq}(x: - ¢ax¢}b’y — (fas€pr — ips€ar) oLs]
AZ = I<1 [(¢ﬁs¢ax - ¢M¢ﬂs - (iasgﬁl — iﬁxsal)O'L:]
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Figure 11.
Synthesis of the speed corrector.

where K; and K, are called adaptation gains, which are constants and positive.

Eq. (34) is built around a PI regulator. Figure 11 represents the result of the
synthesis of the speed regulator [11, 14].

To study the dynamic response of the estimated speed by the MRAS method, it is
necessary to linearize the stator and the rotor equations around an operating point.
Thus, the error variation ¢ is expressed as follows [11, 14]:

_ PasoAdaso + PpoAbpo Daso Do + ¢A7/3;0A€;5/5s0
/ /2 2
¢i50 + ¢§:0 ¢a§0 + ¢ﬂ50

The transfer function representing the variation ratio Ae compared with A@ is
written as:

Ae (36)

Ae
Aw

(p+B,)d4

Aw — 0 ) ((10 +/)’,)2+a)2) 7

In a steady operation, one will have: ¢3 = @2, + (/)12350 and w = @.

Then, by neglecting the effect of the slip pulses g, the transfer function of G4(p)
will be:

¢2
Gilp) =, g (38)

Hence, the transfer function of the direct chains is written:

_ #(Kip +K)
(p+2)p

The transfer function F(p) of the speed estimator is influenced by PI regulator coeffi-
cients K; and K,, real speed, and induction motor parameters. To highlight the influence
of the real speed on the stability of the estimator, the place of the zeros and the poles for
the various values of w are presented. When the rotor speed varies in the interval from 0
to 314 rad/s, the MRAS estimator poles location is presented in Figure 12. The results
demonstrate that the variation speed does not affect the stability of the system.

F(p) (39)

5.4 Rotor resistance adaptation mechanism

Adaptation mechanism 2 demonstrates that the estimated rotor resistance is a
function of the error [e]. Then, it can be shown in the following form [11, 14]:
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Figure 12.
Evolution of the MRAS estimator poles and zeros according to the speed.

R = ;As +ha= [Aalled)dr + Aa(ez) (40)
0

where Az and A, are a nonlinear function of &4, ep,.
Using the expression of W5, Eq. (33) is equivalent to:

to - / ) - / Ls ] s ~
J { [Eaz < ¢m + LSZ(E) Eﬂz <7¢ﬂ5 + l/} )] } (Rr - Rr)dt 2 - }’2 (41)
o L, L,
—¢ Ls'as _A;+Lsis
As=K,4 <4’ML—J:Z> €y + (%) gm]

_ 5 L 4a _ 4 + L .
o (e ()
r 7

where K3 and K, are called adaptation gains, which are constant and positive.

+

with :

Eq.(42) presents a transfer function that connects Ae with AR,:

(4 50) (100l — L (b0 + tpoin))

Ae
AR - L S5n)? 2 (42)
""AR, = 0 r( (2 +60)" + @ )¢l
In a steady operation, one will have: ¢ = @2, + q’)/zko and R, =R,

The functional diagram in the closed loop of the rotor resistance estimation by the
MRAS method is given in Figure 13.
In this functional diagram, the expression of K is given by [14]:
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Two complex poles (p; and p,) are presented in the transfer function G,(p):

R, .
py=—p e (45)
and
R, .
py=—p —J (46)

We note that the stability of the function is confirmed because the real part of the
two complex poles p; and p, are negative. Furthermore, the application of a PI
regulator allowed us to have a fast convergence and a null static error in the steady-
state operation.

Figure 14 shows the layout of the root locations related to the transfer function
G, (p) for 157 rad/s. It characterizes the dynamics of the control system. However, for
this function, there are two poles and a zero, which are all located in the left half-plan
of the complex plan. Moreover, the poles p; and p, are located at —5.94 + 157j, which
characterize the dynamics of the system. Then, to guarantee a good tracking perfor-
mance and fast transient response, the zero placement of the PI regulator must be
located on the real axis at —5.94. Thus, K3 must be taken of a rather large value and the
ratio K4/K3 must be equal to the negative real part of the complex poles of the systems
[16, 17] (K5 = 500 and K4/K3 = 5,94). This allows us to have an error in the rotor
resistance that decreases the fast exponential form with time without oscillation.

Figure 15 shows the zero location of the controller PI (K4/K3) can be selected for
the value of the rotor resistance. Otherwise, this figure presents the location of the
poles of G,(p) with various values of R,.

5.5 Stator flux estimation

According to system Eq. (2), the two flux ¢,s and ¢, are determined through the
integration of the back EMF of the machine. The estimated flux is obtained by a pure
integration and can cause significant problems, in particular, at the voltage shift (DC
offset), at the uncertain parameters, and at low frequency due to the noise sensor.
Thus, to overcome these problems, the pure integrator is changed with a low-pass
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Poles and zeros locations of G2 (p) for different values of Rr.

filter (LPF) [18]. In this chapter, we propose to replace the pure integrator with a
programmable cascaded low pass filter (PCLPF). This approach has already been
proposed to control the IM without a mechanical sensor [19]. Indeed, a PCLPF
includes a few blocks of these filters. Each block decreases the effect of the voltage
shift (DC offset). In one PCLPF, their gains as well as their cut-off frequencies are

given according to the stator frequency.
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Therefore, two methods are proposed. A Modified Programmable Cascaded Low-
Pass Filters (MPCLPF) present the first method, the estimate precision is improved by
eliminating the gain in the calculation phase. The second method is called the
Extended PCLPF (EPCLPF) [20], the estimator behavior is modified by the elimina-
tion of the gain G in the calculation phase and the extension low-pass filters stages
(LPF stages). This method can be applied only to the area of a very low speed.

5.5.1 MPCLPF filter

The phase angle 6; is calculated by dividing ¢ss(p) by ¢as(p). Thus, G is a common
factor in the two equations (¢ps(p) and ¢gs(p)) and can be eliminated. (by simplifica-
tion). However, it can be announced that:

H'(p), which is defined as the transfer function of MPCLPF is presented by
Eq. (47).

Ho) = (o ) (47)

p+1
Fu(p) = (vas(p) — Riias(p))H'(p) (48)
Fy(p) = (vps(p) — Riis(p))H'(p) (49)
_ L (Fp)\ L[ (Es(p)
0, = tan <m) = tan <m> (50)

5.5.2 Extended programmable cascaded low pass filter (EPCLPF)

As previously mentioned, the reduction of the continuous voltage shift (DC offset)
is an effective means for sensorless control in the low-speed region [20]. As the output
depends on the gain of the PCLPF, this list should be reduced. Here, it is necessary to
take the relation between the amplitude of the gain and the order of the PCLPF into
account. For a number of N LPF stages presented in Figure 16, the time-constant of
the filters, the calculations of the gain and the transfer function are given below:

1 T
_1 1
T p tan(z'n) (51)
1 n
G=— [1 + (wef)z} (52)
e
igs (t} Rs
2 (t) ( LPF stages 5 (t); G Ips (t)
+; é ’ 1
[ag ([ lalf‘[%ﬁj;] > 9.\' ¢0215 (f)+¢§5 (t) » ¢,&‘
—> R Y |—V
Vas (t 2 LPF G
t >
2 stages 7 (t) b (t)

Figure 16.
Diagram of N floors of the programmable-low-flow filter.
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By using Egs. (51) and (52) becomes:

6=\ [+ a5 (53)
Hip) - G(ﬁ) (54)

5.6 Simulation results

The simultaneous estimation algorithm by MRAS method has been simulated using
Matlab-Simulink Software. Figure 17 shows the synoptic of simultaneous estimation
in sensorless ISFOC IM drive based on MRAS scheme. However, the bloc diagram is
made up of a PWM voltage source inverter, a coordinate translator, and a speed
controller. A field orientation mechanism and an induction motor. Moreover, the
gains of the PI current controller and IP gains speed controller are calculated and
tuned at each sampling time, according to the new estimated rotor speed and rotor
resistance.

For the simulation of the proposed algorithm, we used a 3 kW induction motor
knowing that these parameters are given in the Appendix. Furthermore, the sampling
time for control algorithms computation and simultaneous estimation is used as
0.2 ms. Moreover, this sensorless ISFOC drive simulation was performed under vari-
ous load and speed conditions. Thus, in Figure 18, at a speed of 1000 rpm and with a
load torque, R, was chosen to be equal to 1.55 Q and increased by 50% from its initial
value at t = 10 s. Knowing that the torque is applied with 10 Nm at t = 6 s and canceled
at time t = 16 s. The two trajectories of estimated and reference rotor resistance
coincide fairly well and a very good coincidence is reached. We also note that the error
between the real and estimated rotor resistance is given in the Figure 18(b).

IP speed controller

C )
<0 S0
> T —
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*(f) AR oy |o
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- ISFOC algorithm
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regulation ¥ Transformation
- Rotor resistance LS d,q — a,b,c
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Figure 17.
Synoptic of ISFOC-oriented induction motor drive system with simultaneous estimation.
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Identification performance at nominal speed and load torque: (a) estimated and veference rotor vesistance, (b)
rotor resistance evror, (c) reference speed, real speed, and estimated speed (d) estimated and veference flux, (e) igs
stator current and load torque, and (f) ¢ds estimated and reference stator flux.

The increase of the rotor resistance agrees with an eventual heating of the rotor
winding. The obtained result demonstrates that even if the rotor resistance changes,
the proposed ISFOC procedure still gives a good estimate of this parameter. Figure 18
(c) shows the simulation result of the reference, the estimated and the real speed
using the IP controller. When the speed control changes from zero to 1000 rpm and
the load torque applied and removed at t = 6 and 16 s, respectively, the error between
the real and estimated rotor speed presented in Figure 18(d) is less than 0.15%.
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Furthermore, Figure 18(e) shows the measurement of the load torque and the g-axis
stator current. The electromagnetic torque is estimated by the use of a stator current
measurement. Moreover, the convergence of the estimated size of ¢gs stator flux to its
reference is proved by the Figure 18(f).

To show the robustness of the indirect control by the orientation of the stator flux,
we applied a low-speed reference with the inversion of the rotation direction (Otr/
mn — 150 pm — —15 rpm).

However, the estimated rotor resistance, as shown in Figure 19(a), matches the
actual rotor resistance of the machine with a low error (Figure 19(b)) and so we
obtain a robust control performance. Furthermore, in Figure 19(a), the three trajec-
tories of estimated, real and reference rotor speed coincide fairly well and a good
coincidence is reached. The results show that the ISFOC has a good tracking perfor-
mance even at low speeds.

6. Experimental results

A prototype of the sensorless control with estimation of the rotor resistance of an
asynchronous machine has been produced. As a result, experimental tests were car-
ried out to validate the proposed algorithm and demonstrated the effectiveness and
robustness of the MRAS technique. The experimental setup is composed of squirrel-
cage IM a 3 kW, a voltage source inverter (VSI), pulse width modulation (PWM)
signals to control the power modules generated by dSpace system, a hall-type sensors
stator currents and stator voltages and a load generated through a magnetic power
brake (Figure 20). Knowing that the experimentation has been achieved by using
Matlab-Simulink and dSpace DS1104 real-time controller board.

Two cases will be presented for experimental validation:

* First case: A speed reference of 15 rpm, and load torque (20 Nm) applied att=7s
and canceled at time t = 13 s.

* Second case: A speed reference of 0 — 15 rpm — —15 rpm.

* The first case:

The experimental tests illustrated by Figure 21 (a) show that the estimated speed
and the actual speed converge to that of the reference. One may also notice low
oscillations because of the reliability and fidelity of the sensor for the selected speed.
The sensor of the used velocity is an incremental coder with 1024 points. It actually

resents a speed resolution: #;,, = 60 where Te is the sam-
P P " 4number pointof codeur - T,

pling step; hence, this value is significant for low speed, and consequently, the error
increases. Furthermore, we use an incremental encoder with 1024 pulses per revolu-
tion as a speed sensor, and consequently, at a low-speed operation, the speed precision
decreases. Thus, in Figure 21(b) the error between the estimated and the real speed
does not exceed 2 rpm in the steady state. Figure 21(c) presents the convergence of
the estimated rotor resistance R, to its reference value. The error between the esti-
mated and the reference rotor resistance is given in Figure 21(d). Furthermore, the
proportionality between the g-axis stator current and the electromagnetic torque is
confirmed in Figure 21(e). Once again, Figure 21(g) proves that the flux ¢, and ¢
are in a quadratic phase. The stator currents of the d-axis and g-axis are shown in
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Identification performance at nominal speed and load torque: (a) estimated and veference rotor resistance, (b)
rotor resistance evror, (c) reference speed, real speed, and estimated speed (d) estimated and veference flux, (e) igs
stator current and load torque, and (f) ¢ds estimated and refevence stator flux.

Figure 21(f). Finally, Figure 21(h) proves the concordance of the stator currents i,
ips, and .

* The second case:

In Figure 22, the sensorless ISFOC induction motor tests are carried out to show
the effectiveness and robustness of the proposed scheme and the behaviors of the
motor during speed transients. In Figure 22(a), the speed reversal test is performed
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Experimental setup.

and we note the convergence of the real and estimated speed toward its reference
value. Therefore, Figure 22(b) shows that the error between the estimated and the
real speed does not exceed 2 rpm in the steady state. Figure 22(c) shows that the
convergence of the estimated value of rotor resistance R, to its reference is proved.
This convergence is confirmed by Figure 22(d), which represents the error between
the estimated and the reference value. Moreover, Figure 22(e) proves that the flux ¢,
and ¢y, are in a quadratic phase. The convergence of the estimated stator current i, to
its reference is confirmed by Figure 22(f), the same thing for Figure 22(g), which
presents the iy stator current.

Finally, the Figure 22(h) proves the concordance of the stator currents i, iy
and i.

These results confirm the effectiveness, robustness, and good tracking perfor-
mance of the ISFOC based on the MRAS scheme.

7. Conclusion

A simultaneous estimation of speed and rotor resistance in sensorless ISFOC
induction motor drive based on the MRAS scheme has been presented. The variation
of the rotor resistance is taken into account in order to guarantee the stability of the
control system in all speed ranges with high-performance sensorless speed. The
simultaneous estimation by the MRAS method is ensured by measuring the stator
currents and voltages. Furthermore, the PI current and IP speed controller gains are
online performed at each sampling time with the estimated value of the rotor resis-
tance in order to provide optimal performance with guaranteed stability of the MRAS
scheme.

From the simulation results, the simultaneous speed and rotor resistance estima-
tion has proved the effectiveness and robustness of the sensorless ISFOC induction
motor drive.
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Experimental vesults of step response (15 rpm) with load torque applied and removed att = 7 s and 13 s,
respectively.
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We have validated the online estimation for the rotor speed and the rotor resis-
tance of an induction motor operating in an indirect stator field-oriented control
system based on the MRAS method. The experimental results prove the robustness of
this simultaneous estimation and the compliance with simulation results. The ana-
lyzed closed-loop stability of the proposed technique has also been proved through the
Lyapunov stability theory. The experimental results show that the rotor resistance is
sensitive to load variation. More importantly, the validity of the proposed sensorless
ISFOC of the induction motor drive was proven by experiments for a wide range of
speed and for a very low speed. More importantly, all experimental results confirm
the good dynamic performances of the developed drive systems and show the validity
of the suggested method. The obtained results show that the rotor resistance R, is
sensitive to load variation.

A. Appendix

Nomenclature

Vds» Vgs» ldss 1gs d, g-axis stator voltage and current components

Pas> Dgs d, g-axis stator flux components

Pas> Dps , P-axis stator flux components

R;, Rg rotor and stator resistance

L, L rotor and stator self-inductance

M mutual inductance

n, number of pole pairs

g, ® synchronous and rotor angular speed

0g] slip angular speed (0s-0)

Te, Ty electromagnetic and load torque

] moment of inertia

f friction constant

Tey Tr stator and rotor time constant

kyi, kyp integral an proportional gain of the IP speed controller
kip, kip integral and proportional gain of the PI current controller
c total leakage constant

A X estimated and reference value

p=4 differential operator

List of motor specification and parameters: 380 V, 3 KW, 4 poles, 1430 rpm,
RS =23 Q; Rr =1.55 Q; LS = Lr = 0.261 H; M = 0.245 H; f- 0.002 Nm S/I'd;
J = 0.03 kg m*.
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