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This paper deals with the design of a speed soft sensor for induction motor. The sensor is based on the
physical model of the motor. Because the validation step highlight the fact that the sensor cannot be
validated for all the operating points, the model is modified in order to obtain a fully validated sensor in
the whole speed range. An original feature of the proposed approach is that the modified model is
derived from stability analysis using automatic control theory.
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1. Introduction

Soft sensors are a valuable tools in many different industrial fields
of application. They are used to solve a number of problems such as
measuring system back-up, what-if analysis, real-time prediction for
plant control, sensor validation and fault diagnosis strategies. In
electrical motors drives, soft sensors offer a number of attractive
properties as one of which is a low cost alternative to hardware speed
measurement used in classical motor drives [1-3]. For a long time,
soft sensors have been based on physical models and derived from
methods inspired from control theory [4-6], such as adaptive
observers [7-9], reference models [10-12]. Whatever the chosen
method, the sensor design procedure is summarized in Fig. 1 [13].

In electrical motor drives, data selection is limited to measured
signals, i.e. stator currents. Stator voltages can be measured, but
due to economical constraints, actual voltages are replaced by
estimated ones stemmed from control. In this paper, limiting
measurements to stator currents is motivated by the desire to be
close to the operating conditions of industrial drives. In main
applications, the physical motor model is used in order to design
the control and to estimate unmeasured signals (Section 2).
Appropriate assumptions allow to neglect nonlinear effects as
saturations, iron losses or magnetic hysteresis in order to derive a

*Tel.: +33 549453509; fax: +33 549454034.
E-mail address: erik.etien@univ-poitiers.fr

simplified physical model. It yields a good approximation of the
motor behavior which is sufficient for control objectives. The
identification step concerns the determination of model para-
meters. Several strategies can be considered for this identification
during functioning or before functioning, at zero speed or using
specifical tests offline [14]. In Section 3, an identification proce-
dure using a Levenberg-Marquardt algorithm is presented. The
final step towards the identification is the validation. This phase
requires us to verify whether the model is able to adequately
represent the system. In this case, the data which are used for
validation should be different from those used for model identi-
fication. In this article, a stability study, based on automatic
control theory is used in order to validate the proposed model
(Section 4). If the validation test fails, the soft sensor design
should be reconsidered. In Section 5, we show how the validation
procedure can lead to a model modification (Fig. 1).

2. Model selection
2.1. Motor model

Fig. 2 shows the three-phase representation of the induction
motor (IM). The stator and the rotor are usually modeled as
three windings 120° spatially displaced. It is well-known that
the manipulation of the three-phase model is not easy. Under
particular assumptions, this model can be reduced to a two-phase
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Step 1: Data selection

Stator currents and vollages

Step 2: Model selection

Adaptive observer

Step 3: Identification

Levenberg-Marquardt algorithm

Step 4: Model validation
Stability analysis

Fig. 1. Soft sensor development.

by (&)

Fig. 2. Induction motor representation in three-phase co-ordinate.

one [15]. As a consequence, three-phase electrical quantities
(stator currents, stator voltages, rotor flux...) can be reduced to
vectors (named phasors) which co-ordinates are expressed in
different reference frames. Fig. 3 shows a representation of the
stator current phasor i in one hand in a fixed reference frame {o,
f}(0g =0) and in other hand in a rotating reference frame {d,q}. In
the fixed reference frame, three-phase sinusoidal signals are
reduced to two-phase sinusoidal ones. In the rotating reference
frame, the two-phase signals can be made continuous if the

Fig. 3. Stator current vector representation in two phase references ({¢, #} and {d,q}).

rotation frequency of the frame (w, = Qg) is equal to the electrical
supply frequency (ws). This choice is particularly suitable when
electrical quantities must be controlled.

According to previous considerations, the general induction
motor model, expressed in an arbitrary reference frame rotating
at frequency wy, is given by

gi =— l+'w i+l l—'w v +lu
de’s = \g, 0 )L T 77 ) e b

d . 1 .

E—R = RRlS— (a—f—](wg—w)) gR'

Jd ey
P Ew =Tem—T—fw,

3 . .
Tem = jP(‘//Rdlsq_wqusd)

with i, =ig+jig,, QR =VYpa+igg Uy =Usq+jlg. Time constants
are defined by 75 = Ls/(Rs +RR), Tr = Ly /Rg. The four motor para-
meters are R, stator resistance; Rg, the rotor resistance; L, stator
transient inductance; L,;, magnetizing inductance and P, the
number of poles pairs. On the one hand, the electrical rotor
frequency, w (in rad/s), is related to the electric supply frequency
(ws) by ws = w+ wg, where wy is the slip frequency. On the other
hand, the relationship between w and the mechanical frequency
Q is w = PQ, and the rotational speed of the motor is N=30Q/x
(in rpm). Tepy, is the electromagnetic torque produced by the motor
and T; is the torque applied to the motor by its load.

The corresponding motor model expressed in the fixed refer-
ence (wg =0) frame can be expressed by

d A A By
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Fig. 4. Dimension reduction of the induction motor model.
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Fig. 4 shows the reduced model obtained by the three-phase to
the two-phase transformation in the fixed reference frame named
Concordia transform. After transformation, the model inputs are
the stator voltages {us, 15} applied the motor and the load torque
T; imposed by the load. The model outputs are the stator currents
{isx,isp} and the rotor mechanical frequency Q.

A natural approach to design a soft sensor which can measure
the mechanical speed Q2 would be to simulate Eq. (1). In practical
applications, input voltages and output currents are measured in
the three-phase frame and transposed in the fixed reference
frame. Internal variables {lpr.ll/Rﬁ} are not measurable and are
simulated using Eq. (2) based on the knowledge of electrical
motor parameters. The mechanical frequency w (and conse-
quently Q) cannot be obtained from Eq. (1) because, without
torque sensor, the load torque T; is unknown. In order to derive a
soft sensor measuring 2, this equation must be replaced by
another one which expresses as well as possible the mechanical
behavior of the motor. This equation is named adaptation law and
must guarantee a correct estimation of the frequency Q for all the
operating points of the motor. If this goal is reached, the speed
soft sensor can be considered as validated.

2.2. Sensor model

2.2.1. Model description
The first part of the sensor model is built using Eq. (2) and
assuming that electrical parameters are known:
ds An An\g [Bi
de= <A21 A22>_ B )= =
——

3

)

)
)

|~
Il
@)

L
\

with E, =1 —I_ and
1 8 1
A\ _ TRLD- Lo— A . TR
12 = 7&\) 1 ’ 22 = =N 1
w —_
L, 7TRLs TR
Superscript “* denotes estimated variables. In comparison with

(2), a correction term is added through the gain matrix G = Gs .
Considering G=0, the model (3) is a strict simulation of the motor
equations with U as input signal. Better performances can be
achieved using stator currents I as second input through feed-
back gains G; and G,. Moreover, as shown in the remainder of the
paper, the gain G can be designed to obtain a complete validation
of the soft sensor.

The soft sensor also consists of the electrical frequency
estimation @ by means of an adaptation law. This adaptive law
can exploit all the available measures; it can be expressed as

d\) =f(!s'/1:s'iR)' (4)

The complete soft sensor is shown in Fig. 5.

In order to complete the sensor model selection, the adapta-
tion law (4) must be designed to guarantee that the sensor
provides a suitable electrical frequency estimation for all the
operating points of the motor. It can be checked by proving that
E;—0 for all the operating points considered. In [7], the authors
use the Lyapunov theory in order to find the following adaptation
law:

doo
dar = [ isy II’R/; elw ll’Rl] = —Kjc (5)

with e, = isy_isa and e,-sﬁ = is/;—is/;.

3. Identification

The parameter vector is defined by 0 =[L, Rg Rs Ly]" [16].
It is estimated by minimizing the following criterion:

K
] = ETE = Z ((isdk_isdk)z + (isqk_isqk)z)v (6)
k=1

where ¢ is the residual vector which belongs to ®**! (K is the
number of samples). The criterion J is a scalar which represents
the sum of the quadratic errors between measured and estimated
outputs [17]. Optimal values are obtained using the iterative
Levenberg-Marquardt algorithm [18] which achieves a compro-
mise between the stability of the Gradient method and the rapid
convergence rate of the Gauss—Newton method:

Oy = 010" +AD7 _ . ()
w (unknow)
Y, N Motor
Eq. (2) I, (measured)

SOFT SENSOR

Adapt. law
Eq. (4)

v

Fig. 5. Block diagram of the soft sensor.
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The parameter / is tuned during the procedure. Thus, this
algorithm oscillates between the gradient (/> 1) and the Newton
(A < 1) methods.

The pseudo-Hessian J” and the gradient J' can be written as

]'=6é =—2£TO'Q- ®)
U 62
J = a@jz ~ Zagcfé, 9)

where o, € ®** is the sensitivity function matrix defined by
oY [aY oY oV oy

===l = = = (10

= 0 OL; ORR ORs OLy

with X the vector of estimated outputs.

The sensitivity functions quantify the dependence of the
model predictions with respect to the parameters. The Euler
approximation may be used to calculate these derivatives, con-
sidering small variations ¢ around the parameter vector 0:

o Y@oa +€))—Z(Q). a1
v el

The identification procedure is tested on a 1.1-kW four-pole
induction motor with nominal speed N=1470 rpm and rated
torque T;=7 Nm. The motor is fed by a frequency converter
controlled by a dSpace DS1104 Controller Board. The real-time
hardware based on PowerPC technology and its set of I/O inter-
faces are controlled with Matlab (2007b, 7.5.0) and simulink (RTI
6.2). The load torque is provided by an DC motor (D.C.M) fed by a
frequency converter and for the identification, the rotor speed is
measured.

In Table 1, estimated electrical parameters, provided by the
identification procedure are given for different loads.

Using these parameters, the soft sensor can be implemented in
order to measure the rotor speed. The complete set of parameters
is given in Table 2.

In the following part, one shows that the model cannot
be validated for all the operating points leading to a model
modification.

Table 1
Estimated parameters for different loads.

Load (%) Rs R Ly Ly
30 10.75 3.56 0.06 0.42
50 10.85 361 0.06 0.42
70 10.95 3.65 0.06 0.42

100 11 3.68 0.05 0.42
Table 2

Parameters of 1.1-kW four-pole 400-V 50-Hz
motor and load.

Stator resistance, R 11Q

Rotor resistance, R 3.62Q
Magnetizing inductance, Ly, 420 mH
Leakage inductance, L, 60 mH
Total moment of inertia 0.040 kg m?
Rated speed 1470 r/mn

Rated current 26A
Rated torque 7 Nm

4. Model validation
4.1. Simulations

In order to be validated, the soft sensor must provide good
speed measurements for all the operating points of the motor.
Each operating point is defined by the pair {Qg,T;o} (index O
indicates steady state operation). The induction motor is driven
through a Field Oriented Control (FOC) with a model expressed in
synchronous reference frame (wg=ws). The speed controller
imposes the rotor speed (2= Qggr) Whatever the load torque
(Tp) is provided by the D.C motor. Current controllers allow the
designer to control, on the one hand, the rotor flux through the
current iy = isgger and on the other hand, the electromagnetic
torque Te,, through the current isg = isqrer (Fig. 7).

The control system is simulated with Matlab/Simulink. Several
tests can be performed to investigate the sensor validation;
among them, reversal speed at nominal torque and slow load
variations at constant speed are particularly used since they

L darot 1
Freq. 3 @ AC/DC 3
Converter )

Electrical Network

1
A Speed o A
, measurement ,
: :
1 1
Computer with DS1104
Fig. 6. Experimental setup.
isdREF Electrical Network
— 3
0 i Current,
REF : sqREF| contr. :
O -.S peed 3| TFreq. . T
Q ‘ 'l C(:m'ell'rm' |AC DCI

Qor O

Voltages

0 pa— ,—‘
SOFT
SENSOR @

Current
measurement

Load torque
setting

Speed measurement

Fig. 7. Block diagram of the control system.

Actual (w) and estimated (@) frequency

Mechanical speed (p.u)
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Time (s)

Fig. 8. Simulations: reversal test. Speed varies from 1 p.u. to —1 p.u under nominal
torque, K;=100, G=0. Actual speed (solid line), estimated speed (dashed line).
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correspond to realistic cases. Fig. 8 shows simulation results
obtained at the nominal load torque. The speed reference reverses
from 1p.u. to —1p.u. and the nominal load torque (1 p.u) is
applied at t=6s. (The p.u representation is obtained by dividing
the measured signal by its nominal value.) It can be shown that
the soft sensor does not provide correct estimation in the whole
speed range at nominal torque. In particular, the model diverges
from real value at low speed around 0.

In order to investigate the influence of the load torque value on
the validity domain, a test at slow load variations and constant
speed can be used. In this case, the speed reference is held
constant and the load torque is increased slowly from 0 to its
nominal value. Fig. 9 shows results plotted in the plan {®,T;}. The
sensor works correctly except at low speed, in the regenerating
mode defined by w x T; <O0.

The control system is implemented in the experimental plant
shown in Fig. 6. Results are presented in Figs. 10 and 11. As
expected, it can be verified that the sensor is not validated in
regenerating mode for low speed [19,20].

According to previous results, two questions must be investigated:

e Is it possible to analytically determine the validity range?

Tests at constant speed

0.8 Soafen

0.6} » b

0.4F}

0.2}

Load torque (p.u)
o

08 -06 -04 -02 0 0.2 0.4 0.6 0.8

Rotor frequency (p.u)

Fig. 9. Simulations: tests at constant speed. Load torque varies from 0 p.u. to 1 p.u and
0 p.u. to —1 p.u, K;=100, G=0. Actual speed (solid line), estimated speed (dashed line).

Measured Speed

1.5

4 W
il

Wo

-

TL o
o

Fig. 10. Experimental results: test in motoring mode in the {wy,T;o} plane, Ki=1,
K,=0, Gs=G;=0. Rotor speed kept constant: wg=-0.05,-0.2,-0.6,-1,-1.5
(quadrant 3), wg = +0.05,+0.2,+0.6,+1,+1.5 (quadrant 1). Ramp of load torque
from 0 to 1 (quadrant 1), from 0 to —1 (quadrant 3) during 100 s. Actual and
estimated speeds are superimposed.

1.5
Measured speed
1t /
V\ Estimated speed
0.5
3
S0
-0.5
-1
-15 : ' :
-1 0.5 0 0.5 1
Wo

Fig. 11. Experimental results: test in regenerating mode in the {w,T;o} plane,
Ki=1, K,=0, G; =G, =0. Rotor speed kept constant: wo=-0.2 and wo=-0.4
(quadrant 2), wg = +0.2 and wg = +0.4 (quadrant 4). Ramp of load torque from
0 to 1 (quadrant 2), from 0 to —1.5 (quadrant 4) during 100 s.

e What is the model modification which leads to a validated
sensor in the whole speed range?

4.2. Determining the limits of validity

Results of Section 4.1 show that outside of the validity domain, the
estimated speed diverges from real one. It can be interpreted as a
stability problem meaning that, in this region the system (3) is
unstable. As a consequence, a stability study can provide clear
indications about the stability range. In general, methods used to
study this stability are based on Routh-Hurwitz criterion applied to a
transfer function representation [21,22]. These methods can lead to
good results but are suitable for SISO systems. In the case of multi-
variable models, these approaches quickly become complicated.
Moreover, each solution seems to be a particular case and no general
analysis is discussed. In [23], a common framework based on the
positive-real property is proposed but is not really appropriate to
sensor design objectives. In this paper, the stability problem is tackled
using a state representation and a very simple criterion is defined,
leading to a simplified analysis.

In [24], the authors propose a general framework in order to study
the stability of speed estimators for induction motors. An error
system is defined by subtracting Eqgs. (2) and (3). By linearizing the
resulting system (e =e,+de) a linearized model is derived. The
stability can be studied by calculating unstable eigenvalues (UEV) and
unstable areas are highlighted by plotting UEV in the torque/speed
plane. As on the illustration, let us consider the induction motor
whose parameters are shown in Table 2. For the classical observer
corresponding to the particular case G; = G, =0, [7] and K;=30, UEV
are calculated and plotted in Fig. 12. As expected, the motor model is
unstable in regenerating mode at low speed. In this area the soft
sensor cannot be used to measure the motor speed and the model is
not validated. It can be seen that the validity range is limited by two
lines (named D, and D, in the following). Several articles have defined
analytic expressions of lines D; and D, using different methods
[25,26]. Commonly, D; and D, are expressed using speed and torque
ad standstill:

2
T, =— %wo noted (D,) inobservability line
R
and
, [ Rele Rg (12)
Ty, :—Pl//””f _LmRs R wo named (D).
' Re | 1 Relo | Re
LyRs R
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Fig. 12. UEV in the {wo, T} plane, K;=30, G; =G, =0.

The line D, is defined by wsx =0 and reflects a physical
property of the induction motor. The basic principle of speed
estimation by observers is based on the information contained in
the electromotive force (EMF) induced on the stator winding. At
zero frequency the induced-EMF decrease and the rotor behavior
cannot be deduced from stator measurements. The line D,
corresponds to an intrinsic property of the motor which cannot
be influenced by the observer design. However, the line D,
depends on observer parameters and can be aligned with D, to
obtain the largest validity range. This goal can be reached by
modifying the model (3) through gains (G) and/or speed adapta-
tion law design (5). The previous stability analysis calls into
question the model selection proposed in Section 2.2 and accord-
ing to the soft sensor development procedure shown in Fig. 1, a
feedback must be done from step 4 to step 2.

5. Increasing the validity domain by a new model selection
5.1. Feedback gain design

5.1.1. Speed dependent gain

An optimal gain design can be obtain by aligning D; with D,
(i.e. D1 = D;) and restricting the unstable region to D.

In [21], the authors have proposed the particular structure
Gs= [gzs fgf;q], Gr =[5 g?d]. By choosing the following parameters:

& =—Rs,
Zsq = kRg/Lu, 13)
8sq=kwo with k>0,

the condition D; =D, can be reached. Theoretically, the sensor
model is validated in all operating point except ws = 0 if parameters
are perfectly known. The reversal test in Fig. 13 shows the good
behavior of the observer in the whole speed range. The frequency
estimation error increases a little around zero speed but not long
enough to cause a complete divergence of the estimation. Other
solutions for speed dependant designs are proposed in [27].

5.1.2. Constant gain

In the solution (13), the parameter gy; depends on the actual
speed which unknown by definition. In practice, the actual speed
is replaced by estimated one and the proof of stability used to find
(13) seems to fail. Another solution is a feedback gain indepen-

dent of wy [28]. An appropriate structure is Gs=0, G, = [g;s ;‘%ﬂ.

Actual (w) and estimated (@) frequency

I

&

T 05f

()

&

Z 0

E o5

= 0 5 10 15 20 25 30

Error on speed estimation (w — )

0.06 | Error at zero crossing

\
0.04 | >

0 5 10 15 20 25 30
Time (s)

Fig. 13. Simulation results, reversal speed tests, G as (13), K;=30.

A solution leading to D1 =D, is

&rq =0,
{grd =—Rs. (14)

For the inverse choice G,=0, G;= [gsd fgg;q}, an equivalent
. . sq S5
condition is

&sq = 0,

R 15
8sa = 7i- 15)

This design is similar to that proposed in [25] (g,; = —0.25Rs).
Simulation tests with nominal parameters provide the same
results as those shown in Fig. 13. So, the unstable region is again
reduced to D, but with a feedback gain G which is now
independent of the real speed w.

In the remainder next subsection, the reduction of the unstable
region to D, is performed by acting on the speed adaptation law.

5.2. Speed adaptation law design

In this section, a modified speed adaptation law is determined
in order to reduce unstable regions to the line D,. Several speed
soft sensors use a modified adaptation law in order to stabilize
state estimation in regenerating mode. The most general law is
obtained by adding a complex number in estimated speed
equation [22]:

45— (Lijo )i+l (1oia)i +lu

dits = \g, )L\ 79 )Tt

d~ ~ 1 ..\~

Eﬂk = Rei— (a"’fwsl)z}a’ (16
d

- L~
0= —K,-S{e*f‘f’giﬂR}.

As in Section 5.1, the parameter ¢ reducing the unstable

region to the inobservability line D is sought.
The condition D; = D, is obtained by choosing

_1{@oLm
Gopr =tan™! (R—R> . 17)
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Fig. 14. Experimental results ¢, = —tan~" (isgo /isdo), tests in regenerating mode in
the plan {wo,Tio}, Ki=1, K,=0, G; = G, = 0. Rotor speed kept constant: wg =—0.2
and wg = —0.4 (quadrant 2), wy = +0.2 and wg = +0.4 (quadrant 4). Ramp of load
torque from O to 1 (quadrant 2), from 0 to —1.5 (quadrant 4) during 100 s. Actual
and estimated speeds are superimposed.

In low speed region, the angle (17) can be expressed using only
measured signals:

Pope ~ —tan™! (w%oL’Vv ie. (18)
R
tan(e,,,) = _bsao, (19)
Lsdo

Finally, the optimal solution is

Pope = —tan™! (@) (20)

Lsdo

Experimental results corresponding to modified model (16)
are shown in Fig. 14. In comparison with Fig. 11, the model is
validated in regenerating mode.

6. Conclusion

In this paper, we have presented the complete design of a soft
sensor for speed measurement of induction motor. In one hand,
the step of validation has been investigated with a stability
analysis using automatic theory. One the other hand, the pro-
posed stability criterion was used to determine the validated
model in the whole operating range of the sensor. From our point
of view, this approach offers new tools when the validation step
leads to a necessary modification of the model. It can be general-
ized and applied to other types of sensors in the field of electrical
engineering. Model validation by control theory is particularly
suitable when external disturbances affect the operation of the
sensor. In the case of control of electric motors, the temperature
can vary several parameters, in particular the resistance of the
windings. This can lead to a malfunction of the soft sensor and a
new validation study should be conducted. In this case, the state
representation used in this paper is particularly suitable and can
lead to a viable solution. This new step is the subject of new
works in our laboratory.
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