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Abstract— A sensorless vector control strategy for induction machine (IM) operating in variable
speed systems is presented. The sensorless control is based on a reduced-order linear observer
based on terminal voltage and current as input signals. An estimation algorithm based on this
observer is proposed to compute speed. It is shown that the proposed sensorless control is more
sensitive to the stator resistance than to the rotor resistance. In order to tune the observer and to
compensate for the parameter variations and the uncertainties, a separate estimation of the stator
resistance is introduced. The equations to estimate the stator resistance are derived from the
machine differential equations. For certain operating regions of the machine, it is verified that the
stator resistance can be accurately estimated regardless of wide stator resistance variation. It is
shown that design and hardware implementation of this method is simpler than the previous works.
The simulation and experimental results demonstrate the good performance of the proposed
observer and estimation algorithm and of the overall indirect-field-oriented-controlled system.
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1. INTRODUCTION

Induction machines (IM) are widely used in industry. They have a simple and robust rotor design and offer
high efficiency, low cost and maintenance. In torque control, the dynamic requirements are often satisfied
by using field oriented control (FOC). The FOC strategy has become a standard in the control of IM and
consists in controlling the stator current vector in a Odq reference frame using a proper rotation [1-2]. This
rotation, defined by a vector control law, improves the IM control by decoupling the flux control and the
torque control: the d-component of the stator current is used to control the flux, while the torque is
controlled by the g-component of the stator current (Fig. 1). Thus, the control performances depend on this
decoupling condition which is based on the vector control law [1].

The main drawback of the FOC is that the shaft speed (or position) feedback is required. This presents
a huge problem for low cost systems in which motor mechanical sensors are not available. This has led to
sensorless control of AC machines, a field of research during the past decade [3-13]. Sensorless control of
induction motors has faced two kinds of methods: the one which uses the dynamic model of the induction
machine based on the fundamental spatial harmonic of the magnetomotive force (mmf) [4—11], and the
other based on the saliencies of the machine [12] [13] which are based on high-frequency signal injection.
Among the first, the main one is the open-loop speed estimators [4], MRAS (model reference adaptive
system) speed observers [5] [6], full-order observers [7] [8], and reduced order speed observers [9-11].
Most of these methods are applied with vector control by rotor field orientation and are based on the
different complex models which require large computation time. The full-order observer gives very
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interesting performances with a significant computational requirement, one of the main problem of speed

observers.
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Fig. 1. Block scheme for vector control of an induction machine

The goal of this work is the design of a simple speed observer with a performance closed to the one
obtainable with a full-order observer. This is achieved by a reduced- order rotor flux observer, giving in
lower complexity and computational burden. In fact, the Reduced-order observer has to solve a problem of
order less than four while the full-order observer solves a problem of order four. Different from [5], which
employs a combination of the reduced-order observer used as the reference model, and the simple current
model used as the adaptive model to estimate the rotor speed, here the reduced-order observer is only used
for rotor speed estimation just on the basis of the stator current measurements and the estimated flux. In
particular, this paper presents a new sensorless technique based on the reduced-order observer with an on-
line estimation of the stator resistance. The main advantage of this observer is that it is very simple to
design and it reduces computational cost time. The proposed sensorless vector-controlled system is
designed to fulfil the following requirements:

- decoupled stator flux and electromagnetic torque control

- stator-current limitation under all operating conditions

- accurate flux estimation based only on stator current measurement

- accurate speed estimation without the use of additional measurement

- stable speed control over a wide operating area

- simplification of the required algorithms to obtain a low computation time
- minimization of the required current and voltage sensors

For a detailed study of the controlled drive system, a model of the overall system has been developed
using the MATLAB/SIMULINK software. Indeed, it has been implemented experimentally on a
conventional DSP (TMS320C31) associated with a coprocessor (ADMC201) dedicated to the control of
IM and compared with the classic full-order adaptive observer.

The paper is organized in eight parts. The second part is first dedicated to the presentation of the
experimental test bed and then to the model of the IM used for simulation. A new model containing the
orientation error has then introduced. The third part is devoted to the vector control of the IM. It will be
shown that the model of the IM presented in the previous section can be decomposed in two lower order
models in vector control applications. In section IV, a new mechanical sensorless algorithm with a
reduced-order observer has been proposed. The fifth section is devoted to robustness problems with
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respect to the parameter uncertainties. It is shown that the proposed observer is widely sensitive to
variations of the stator resistance. To overcome this problem, an on-line stator resistance identification
method is added in the sixth part. The experimental results of the proposed method have been shown in
the seventh part. Finally, some conclusions and perspectives will be discussed.

2. SYSTEM PRESENTATION
a) Experimental test bed

To test the capacities of the proposed sensorless control algorithm, an advanced test-bed has been built
around:

- a 750 W three-phase squirrel-cage induction machine with a shaft-mounted optical encoder (1024

points per revolution)

- athree-phase rectifier

- an insulated gate bipolar transistor (IGBT) voltage source inverter (VSI)

- three Hall-effect current sensors for measurement of stator currents

- variable inertia disks and an electromechanical powder brake
The experimental system configuration is shown in Fig. 2 and its parameters are given in Table 1. The
machine is controlled by a DSP (TMS320C31) associated to a coprocessor (ADMC201) dedicated to the
control of IM. The sampling frequency is fixed at 5 kHz and the controller receives the stator currents
measurements through two 8- bit A/D converters. Then, using the PWM technique, the reference voltages
are sent to the machine via the voltage-source inverter whose switching frequency is fixed at 5 kHz. Based
on this system and the following model, a program to simulate the dynamics of the IM and its load has
been developed.

Fig. 2. Picture of the test-bed

Table 1. Test-bed parameters

No. of pole pairs (p) 2
Rated output 750 W
Rated voltage 230V
Rated current 33A

Rated speed 1500 rpm
Rated torque 5 Nm
Stator resistance (R,) 10.5Q
Stator inductance (L) 0.56 H
Rotor resistance (R,) 8.4 Q
Rotor inductance (L,) 0.56 H
Mutual inductance (L,,) 0.54 H
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b) IM model

Let us consider a Odq reference frame (Fig. 3) in which the electrical unsaturated model of the

induction machine can be described as follows [14]:

d
. 1 s . )24 M 1
Elsd _Fglsd +a)slsq +0'_T,ﬂ’rd +;pgﬂ’rq +Evsd
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Fig. 3. Odg and 0/ reference frames

The machine parameters are Ry, R, L,, L,,, Ly and p (Table 1), with:

-7 12, L, ;L
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The mechanical equation is:
d
J=—Q=T,-T,(2) 2)
dt
where J is the inertia coefficient, and:
PLy, . .
T, = L (ﬂ’rd lsqg — ﬁ’rq Lsd ) 3)

is the torque generated by the motor and 77 is the load torque supposed to be unknown.
In the following, a new model which contains the orientation error ¢ (Fig. 3) is given. Let us consider

[10]:
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where the following change of coordinates is used:
z'n A, cos@
®)

=L 5 .
Ay = ?lr sing

Mg =

In the model (4), e,; and ey, denote d-g components of the back-EMF vector.
The second terms in (6) may not be considered as the back-EMF. But e,, and e, are the back-EMF vector
components taken for simplicity purpose.

e, = pAQsing—11 cosp )
e, = pAQcos g+ 4 sing
The mechanical equation is :
d . .
EQz%Kr(lsd sinQ+i, cos(p)—%TL(Q) (N
3. VECTOR CONTROL OF IM

According to model (4), if @ is going to zero (or 2km), the rotor flux becomes independent from i,, while
the machine torque is proportional to i,,. This is the objective of the vector control. The only degree of
freedom is the angular speed of Odq reference frame ®, which must be used to set ¢ to zero. According to
(4), the stator voltage angular frequency @, is determined by the following vector control law [10]:

m.v:pg.r:pg-’r%;il (8)

r r

It can be easily shown that this vector control law guarantees the setting of ¢ to zero if the motor
parameters are well-known [10]. Replacing (8) in (4) and simplifying (6) and (7), the following equations,
which describe the dynamic behavior of the vector-controlled IM, can be written as:

ii ==l +oi +——A +L1v

dt sd ot “sd s'sq ' oLsx, ©r ' oL, sd (9a)
%%=gnﬂgﬁw

%iw =gt by O — o M+ Gy (9b)
GO,

As it can be seen from (9a), the rotor flux does not depend on the load torque nor on i, if @ is well
set to zero. Equation (9b) shows that the angular speed  depends on the load torque and on the
electromagnetic torque which depends on the rotor flux and on iy, (Fig. 4). Thus, the model (1)-(3) is
decomposed in two subsystems (9a) and (9b). It leads to use only the second subsystem in order to
estimate the angular speed.
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pL,
LI'
isq > T, . JL wm
O

Fig. 4. Block scheme of decoupling control
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4. MECHANICAL SENSORLESS CONTROL METHOD

In the mechanical sensorless control, the angular speed (or position) measurement is substituted by its
estimation. A large number of estimation methods have been proposed since the early nineties. In this
paper a linear reduced order disturbance observer in order to estimate the rotor angular speed is proposed.
In the previous section, the decomposed model (9) has been presented. As it can be seen in (9b), the
angular speed estimation requires knowledge of the load torque and the rotor flux. Supposing that the load
changes slowly, it can be written:

47 =0 (10)
dt

This assumption is correct in most applications. Adding (10) to (9b), it can be shown:

d . . .

El“’ =a—ézsq -wi, —O%/LQ+O%\VW

d .

EQ=§L1W—§TL (Im)
d

L1 -0

dr *

From (11), and supposing that A, is constant by holding i,; constant, one may propose the following linear
disturbance observer:

d A oA A ~
Elsq = o‘z} sq _a)vlvd _O'LLYﬂ’rQ-i_O'LL\VYq +K1lsq
Co_vpi —1F +K,7
E -7 rlsq JiL 2lxq (12)
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E L :KSZS(/
with qu :fsq_,‘w,and:
d o)L, .
5&=%&+L%%d (13)

The observer gains K; to K; are obtained by applying a linear pole placement technique to the estimation
error equations described as follows:

LR =(-L+K1]zq_@im

dr ™ oT,

d ~ ~ 1~

EQ:[?A,HQ)[W—?TL (14)
d~ -

ZTL = K3lsq

withG=0Q-Q and 7, =7, -7, .
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It has to be noted that in the observer (12), A; is considered to be constant. It is not true during the first
time of the transient while the motor is not properly magnetized. But within this period, the machine
torque (controlled by i,,), as well as its angular speed, is generally controlled to zero. This prevents the
divergence of the estimated variables. Then, the observer works as a linear one when the machine is
magnetized.

The observer (12) does not require high computational cost and is easy to implement on a classical
processor. In order to validate the performance of the proposed method, a simulation program using
Simulink-Matlab software based on the proposed algorithm and on setup parameters have been
developped. Fig. 5 shows the simulation scheme.
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Fig. 5. Block scheme used for simulation

Equations (8) and (13) have been respectively used to estimate the orientation of the rotor flux and its
amplitude. PI regulators are also used to control the current and the speed. The angular speed is estimated
by the reduced-order observer (12) and it should be noted that the stator current components (iy, and i)
are the only variables used in the sensorless control algorithm.

Figure 6a depicts the real speed and the estimated speed using the simulation program and Fig. 6b
represents speed estimation error. Fig. 6¢c and 6d depict, respectively, the quadratic current and the
estimated load torque for a startup, a steady state at 500 rpm and a speed inversion test. It can be noted
from this simulation test that the estimated speed is very close to the real speed. Also the estimated load
torque is practically equal to 7;=0, except during the speed inversion. In order to study the disturbance
rejection using the proposed method, a new test has been performed when a load torque step (7;=1.5 N.m)
occurs at time 7=4s up to time t=8s. Figure 7a represents the real and the estimated speed, Fig. 7b depicts a
zoom of the real speed, Fig. 7c represents the real quadratic current and Fig. 7.d depicts the estimated
load. From this test, it can be noted that the real speed and the estimated speed are close and they follow
the reference speed while the load torque is correctly estimated.
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5. ROBUSTNESS STUDY

This sensorless control method is suitable for medium and high speed applications, if there is no important
parameter uncertainty. Indeed, the electrical parameters of the IM are supposed to be known and do not
change. Nevertheless, it is not true in practice because of model or parameter uncertainties and
measurement noises. Therefore, the sensitivity of the proposed method with respect to the electrical motor
parameters uncertainties, particularly to the stator and rotor resistance variations has been tested. Figures
8a and 8b depict, respectively, the estimated motor speed and the difference between the reference and the
motor speed error for +50% error in the rotor resistance. Figs. 8c and 8d depict, respectively, the motor
speed and the difference between the reference and the motor speed error for +50% error in the stator
resistance. It can be noticed that the proposed sensorless control estimation is more sensitive to the stator
resistance than to the rotor resistance. In the next section, a new on-line identification method will be
introduced in order to obtain an estimation of the stator resistance during the motion.

€ [rpm]

5 z s s 0 1 12
time [sec] time [sec]
a) Motor speed for +50% error in Rr b) Motor speed error for +50% error in Rr
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Fig. 8. Responses with rotor or stator uncertainties

6. ON-LINE IDENTIFICATION OF STATOR RESISTANCE

Considering d-axis stator current equation from (1):
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d -R
. _ "Ry, . . u 1
led - o’L\l lsd + a)slsq + ERrﬂra' +Evsa’ (15)

From the previous equation, the d-axis stator current error due to the both stator and rotor resistance errors
can be obtained. Indeed, by considering:

d. _-&

= ly+@i, +2R A, +v, (16)
and j’nl = Lnlfszl
The following expression is obtained:
d~ & = . Los. L .
Oi’s Z lsd = _Rseql.vd + Rseqlsd + ?;1 ersd + ?’; er.vd (17)

where isd = isd _lsd

If this error is kept constant (i;’d =(), the stator resistance error versus d-axis stator current error can be

written as : dt

R =1, (18)

The Appendix 1 gives the required computation for obtaining this formula.

Based on the last results, the following stator resistance estimator has been introduced:

R, () =R, - [ai,dt (19)

0
To compute the d-component stator current error, the following estimator is used:

A

N i 1
r Ly = or, L + a)jlsq +Ivsd (20)

Figure 9a and Fig. 9b represent the motor angular speed and the motor angular speed error with the stator
resistance estimator, respectively. The initial error is fixed at 15.75 Q which corresponds to 50% as on
Fig. 8c and 8d. By comparing Figs. 9b and 8d, it can be seen that the speed error is reduced using the
stator resistance estimator. Figure 9¢ depicts the evolution of the estimated stator resistance. It can be seen

that after 1 sec., the estimated stator resistance has reached the real value (almost 10.5Q)

7. EXPERIMENTAL VALIDATION

Figure 10a depicts the experimental motor speed and the estimated speed, while Figs. 10b and 10c show
the speed estimation error and the real quadratic current for a trapezoidal speed profile with a steady state
at 500 rpm and a speed inversion. It can be noticed that the speed estimation error during the steady state
is reduced since its maximum value is about +/- 8 rpm.

Figure 11a shows the experimental motor speed and the estimated speed, while Fig. 11b depicts the

speed estimation error for a speed trapezoidal profile with a steady state at 120 rpm and a speed inversion.
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From this experimental test, it can be seen that the estimation error is still reduced and that the tracking

capacities are good.

00 ‘ T r r ‘ 15

0y 2 v 5 8 0 12 ) 2 ‘ 3 r 0 12
time [sec] time [sec]
a) Motor speed b) Motor speed error

time [sec]

¢) Estimated stator resistance

Fig. 9. Response with Rg estimation and 50% initial error

Figure 12a shows the experimental motor speed and the estimated speed, while Fig. 11b depicts the
speed estimation error for a speed trapezoidal profile with a steady state at 60 rpm and a speed inversion.
It can be seen that the estimated speed trajectory follows the real speed trajectory and the angular speed
follows its reference. However the relative estimation error is higher than the previous cases.

The execution time of this method is 8 gs which is lower than the classical method with 30 us with
TMS320C31 [15].
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Fig. 11. Experimental results at medium speed (120 rpm)
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Fig. 12. Experimental results at low speed (60 rpm)

8. CONCLUSION

In this paper a new reduced-order observer for sensorless control of induction machines associated with an
on-line estimation of the stator resistance has been proposed. The proposed method uses a reduced-order
observer of order three that simplifies computation of speed estimation. It has been shown that this method
is more sensitive to the stator resistance variations than to the rotor resistance variations. Therefore a new
estimator of stator resistance has been introduced to overcome this problem.

The proposed approach has been implemented successfully on a low cost DSP (TMS320C31)
associated with a dedicated coprocessor (ADMC201). The experimental results have shown the
performance of the proposed method down to 60 rpm. Furthermore, the tracking capacities have been
validated experimentally using speed trapezoidal profiles with speed inversion.

Besides the fact that this approach presents good tracking and regulation capacities, the main
advantage of this observer is that the estimation time is reduced. Indeed, it takes only 8 ps on the
TMS320C31, while the classical method requires about 30 us. Furthermore, it has been proved that by
adding a stator resistance estimator, the proposed approach is completely insensitive to uncertainties on
the stator resistance.
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NOMENCLATURE
R, stator resistance Vg stator voltage
R, rotor resistance i rotor current
L, stator inductance v, rotor voltage
L, rotor inductance e back-emf
T, rotor time constant )4 number of pole pairs
T, stator time constant J inertia coefficient
L, mutual inductance Q rotor angular speed
A rotor flux linkage Q angular speed of 0y frame
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is stator current o angular speed Odg frame
Os position of 0dq frame r rotor
0 rotor position Oap stationary coordinates
) position of 08y frame 0dq synchronous coordinates
(0] rotor position error (¢ =0 — 0) 08y control coordinates
T, electromagnetic torque Superscripts
T, load torque A estimated value
Subscripts ~ error value
a, b,c phases
s stator
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Appendix 1
Equations (16)-(17) yield:
d ~ 5 L2 L .
GLS led = Rseq sd + Rseq 5d ersd L2 ersd (Al)
Replacing R =R +R, in (A1) yields:
d ~ L~ L -~
Oi‘v . lsd = Rveq sd + Rceq sd _,;ervd + _,;Rr lsd (AZ)
S dt . L
USing Rseq = Rseq + Rseq and fxd = ixd + zd
d ~ L2 L2
oL, —i,=—(R +R )(@i 1 )+R ’"Rz “m R (A3)
s s seq seq sd sd seq Ad r Ad r'sd
dt Lr Lr
d~- 5 . L ~ L2
O-Ls . lsd = _Rs(q sd 5 ersd Rseq .Sd 3 R l (A4)
dt I 5
. )5
Replacing R, =R + #Rr
d ~ , 3,, - g (AS)
Oi‘s d_ lsd _Rseqlsd + _erlsd - Rs lad
t r
d ~ ~ L L ~-» ~
Oi‘s E lsd -\~ L2 cd cd ) + L_,; ersd - Rs lsd (A6)
t r r
d >~ _ 5 2 i
O-Ls E lsd - _Rslsd - Rs lsd (A7)

If this error is kept constant (i ;‘d = (), the stator resistance error versus d-axis stator current error can be explained
dr”’

as:

7Ry (A8)
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