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ABSTRACT This paper, starting from recent papers in the scientific literature dealing with Rotating Induction
Motor (RIM) dynamic modelling, as a first step, improves its space-vector dynamic model, including both
the magnetic saturation and iron losses; The main original aspects of the proposed model are the following:
1) the magnetic saturation of the iron core has been described on the basis of both current versus flux and flux
versus current functions, 3) it includes the iron losses, separating them in hysteresis and eddy current ones,
4) it includes the effect of the load on the magnetic saturation. Afterwards, it proposes an off-line technique
for the estimation of electrical parameters of this model, which is based on Genetic Algorithms (GA). The
proposed method is based on input-output measurements and needs neither the machine design geometrical
data nor a Finite Element Analysis (FEA) of the machine. It focuses on the application of an algorithm
based on the minimization of a suitable cost function depending on the stator current error. The proposed
electrical parameters estimation method has been initially tested in numerical simulation and further verified
experimentally on a suitably developed test set-up.

INDEX TERMS Identification, iron losses, magnetic saturation, parameter estimation, rotating induction
motor (rim), space-vector dynamic model.

NOMENCLATURE iV =i+ Jiry: in the rotor-flux oriented reference
Us = Usp + jusp, space-vectors of the stator and rotor frame
u. =iy + Jlrg: voltages in the stator reference frame ¥s = ¥sp + jiso,  space-vectors of the stator,
iy = isp + jis0. space-vectors of the stator and rotor Y, = Y + j¥rg  rotor and magnetizing
U, =iy + jirg: currents in the stator reference frame Yim = Yma + j¥mg: flux linkages in the stator reference
ul" = ug + Jlsy space-vectors of the stator and rotor frame
voltages Y5 = Y + jsy,  space-vectors of the stator,
"y . . . . . .. .
Wl = U + Jury:  in the rotor-flux oriented reference V= e+ J¥ry, rotor and magnetizing flux linkages
" frame ,",’1’ = Yy + j¥my: in the rotor-flux oriented reference
Ig" = g + jigy, space-vectors of the stator and rotor frame
currents L, L stator, rotor and three-phase
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Ly: magnetizing inductances

Lo, stator, rotor

Lo,: leakage inductances

R, R, stator, rotor and

Ry: iron losses resistances

te: electromagnetic torque

Wy rotor speed in electrical angles

Omr rotor flux speed in electrical angles.

I. INTRODUCTION

Scientific literature about either on-line or off-line estimation
of Rotating Induction Machine (RIM) electrical parameters is
huge [2]. A correct knowledge of the electrical parameters of
the RIM is particularly important when high performance con-
trol, non-linear control or sensorless control of rotating induc-
tion machines is required, since their behaviour is highly de-
pendent on the accurate knowledge of their parameters. This
is, e.g., true in particular in applications in which the elec-
trical drive works in field weakening, like in fly-wheel. The
adopted methodologies range from traditional no-load and
locked rotor tests to more sophisticated dynamical tests. In
general, the problem has been faced up with two approaches.
The first is based on the direct computation of some electrical
parameters with the help of input voltage and current mea-
surements (signal injection, spectral analysis, linear or non-
linear regression). The second is based on the development
of suitable observers (full-order or reduced-order observers,
extended Kalman filter, model reference adaptive systems)
of the state-variables of the machine (stator currents, flux
linkages and, possibly, also the speed) where the accuracy of
the state reconstruction depends on an adaptive estimation of
some electrical parameters [3]-[7]. All the above cited param-
eter estimation methods are based on the classic space-vector
dynamic model of the RIM which, however, neglects several
important aspects of the machine behaviour, in particular the
magnetic saturation of the iron core and the iron losses. The
scientific literature, however, offers nowadays more accurate
space-vector dynamic models able to consider many of these
aspects. The approaches for dealing with the strong non-
linearities arising from the adoption of ferromagnetic material
in the core are significantly different [8]-[11]. A very inter-
esting set of recent papers about induction machine modelling
which include magnetic saturation and iron losses together
with their corresponding identification techniques is the fol-
lowing [12]-[18]. The set of all these papers treat the magnetic
saturation of the iron core on the basis of a current versus flux
approach, since it more easily faceable up to with analytical
expressions. In details, the inductance versus flux expressions
are defined in order to fulfill the reciprocity conditions. Such
expressions are derived so to take into consideration also the
effect of the load torque on the magnetic saturation. To this
aim, [15], after defining all the inductance terms including
magnetic saturation, applies a simplification from the 7 to I’
circuit scheme with a resulting reduction of the order of the
model, as well as of parameters describing the model itself. As
a consequence, the dependence of the saturation on the load is
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straightforward attributed to the global leakage flux (the stator
and rotor currents coincide).

Starting from the set of papers [12]-[18], this paper initially
improves the space-vector dynamic model by including both
the magnetic saturation and iron losses as for the following
aspects:

e The adopted model is based on the complete 7" space-
vector electrical scheme of the RIM, implying an in-
crease of the number of state variables and related pa-
rameters.

® The magnetic saturation of the iron core has been de-
scribed on the basis of both current versus flux and
flux versus current functions. Both formulations properly
fulfill the reciprocity conditions. Correspondingly, both
inductance versus flux and inductance versus current ex-
pressions have been deduced.

® The model includes the iron losses, by means of a time
varying resistance, accounting separately the hysteresis
and the eddy current losses.

e The model includes the effects of the load on the sat-
uration, accounting individually the effects of the rotor
and the stator. It is needed because of the assumption of
validity of the T circuital scheme.

Afterwards, this paper focuses an off-line technique for the
estimation of the electrical parameters of the above mentioned
model by using genetic algorithms (GA) [19]. The proposed
method belongs to the category of off-line methods based
on input-output measurements and needs neither the machine
design geometrical data nor a Finite Element Analysis (FEA)
of the machine. The paper can be used as a first step for a
RIM drive self-commissioning phase. It focuses on the appli-
cation of an algorithm based on the minimization of a suit-
able cost function depending on the stator current error. The
proposed electrical parameters estimation method has been
initially tested in numerical simulation and further verified
experimentally on a suitably set up test set-up.

A. COMPARISON WITH THE SCIENTIFIC LITERATURE

Very few papers in the scientific literature treat the identifi-
cation of the parameters defining the dynamic model of the
RIM, accounting for both the magnetic saturation of the iron
core and the iron losses. The unique papers with which the
proposed one could be compared are [15], [17] and [18].
In [17], the magnetic saturation of the stator inductance has
been modelled with a current versus flux approach by a
power function. Adaptation laws for the parameters of the
function have been proposed based on the back EMF error.
The magnetizing curve has been obtained applying two flux
levels (one just below the saturation point and one close to
the rated flux). No additional data fitting method is necessary
as the power function parameters can be directly identified..
The leakage inductance has been identified by signal injection
prior to the identification of the stator inductance. The param-
eters defining the cross saturation effects have not been esti-
mated. In [18] the total leakage inductance has been obtained
in different operating points by analyzing the response to
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high-frequency voltage injection. Both the saturation-induced
saliency and the influence of load variations are considered
in the identification. Based on the identified total leakage
inductance, an estimate of the stator inductance is obtained.
In [15] itis explicitly claimed that the parameters of the model
related to the cross-saturation have a limited influence on the
saturation of the machine and that their estimation highly
complicates the identification process. For this reason, in [15]
such parameters have been assumed a priori known and foxed.
Papers [15], [17] and [18] however are based on the inverse
I' model, whereas the proposed identification techniques is
applied to the T model, implying that the separate effects
of the stator and rotor leakage fluxes on the saturation are
accounted for. Neither [15], [17] nor [18] explicitly estimate
the parameters of the saturation model related to the cross
saturation, whereas the proposed technique is able to estimate
such parameters, even if with few simplifying assumptions.
Both [15], [17] and [18] estimate the parameters with more
than one test, while the proposed identification technique per-
mits all the parameters of the model to be estimated with only
one dynamic test. This important result has been obtained by
selecting suitable speed and load profiles, which are suffi-
ciently informative in order all the parameters to be estimated.
The methods in [15], [17], [18] have been applied to identify
only the parameters of the saturation model based on the
current versus flux approach. On the contrary, the proposed
identification method has been successfully applied both to
the current versus flux and flux versus current approaches.

Il. RIM SPACE-VECTOR DYNAMIC MONEL INCLUDING
MAGNETIC SATURATION AND IRON LOSSES

The classic space-vector dynamic model of the RIM neglects
the iron losses [20]. Such a simplifying assumption reflects
strongly on the state formulation. As a matter of fact, even
if the space-vector circuital scheme presents 3 inductances,
which would theoretically account for 6 state electrical vari-
ables, the real state variables are 4, because of the node on the
transversal branch: the Kirchhoff law imposes that the vector
sum of the currents on the node is null and therefore the cur-
rents on the 3 inductances present a constraint to be fulfilled.
The possible set of electrical state variables is composed of 5
vector elements or, equivalently, 10 scalar elements:

Xext = [isD isQ ird irq 1psD WSQ Iﬂmd wmq 1,//rd qu]- (1)

The components of the vector x,,; are: the direct and quadra-
ture components of the stator and rotor currents, and the sta-
tor, rotor and magnetizing flux linkages. In Eq. (1) they are
expressed in the stator reference frame, but the conclusions
are still valid in any reference frame in which the model is
expressed. Among the above set of 10 potential scalar state
variables, one possible set of state variables is that composed
of the stator currents and the rotor flux linkages. Such a set
is typically chosen as far as rotor flux oriented control is
adopted. If the resistance Ry accounting for the iron losses
is considered, then the constraint linking together the currents
in the 3 inductances is not valid any more. It implies that the
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FIGURE 1. Electric scheme of the RIM dynamic model including iron losses
in the rotor flux oriented reference frame.

electrical state variables increase from 4 to 6. Coherently with
the above considerations on the rotor flux oriented control,
considering that the iron losses depend on the three-phase
magnetizing flux, the following set of state variables has been
chosen to derive the proposed model:

X = [isD isQ wmd I/fmq wrd I/Irq]' (2)
Such a set is typically chosen as far as rotor flux oriented
control is adopted. According to the electric scheme of Fig. 1,
the stator and rotor space-vector equations of the induction
machine expressed in the rotor flux oriented reference frame
are the following:
vy

Ayl
u/r =Rl + _d; + jom ", (3a)
. dyl
0=Rif+ Yt jon 0w Gb)

The dynamic equation of the three-phase magnetizing flux is
the following:

vy "
d;" + jom ¥l = Roi)", 4)

where the relationships between fluxes and currents become:

¥ =+ Lol (52)

Y=Yl + Loil" (5b)

Vi = Lnily, (50)
and the current balance on the node can be written as:

A L N L (6)

In order to obtain the complete state-space model of the
induction machine, the mechanical equation should be added.
With this regards, it is well known [21] that the saturation
does not affect the electromagnetic torque expression, but the
value of the torque varies indirectly due to the variation of
the stator current and rotor flux, besides the variation due to
the magnetic parameters. Based on this consideration, the ex-
pression of the electromagnetic torque of RIM can be written
as: t, = % pli—’:tﬁrxisy, where p is the number of pole pairs.
The mechanical equation, applying the Newton’s equation to
a rotating mass with inertia moment J,,, and viscous friction
coefficient f,, can be written as:

. 3Ly .
Wp = —apw; + by, = Yrxlsy —IL ) » (7N
2L,

'All variables in Fig. 1 are referred to an orthogonal reference frame
synchronous to the rotor flux position.
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where a,, = f—;, b, = ﬁ and 77, is the load torque.

A. IRON LOSSES EXPRESSION

In general, it can be stated that the iron core losses APeqye Of
a RIM can be divided in two terms, respectively the hysteresis
and the eddy current losses, as follows:

APeore hyst = O‘ZfBZ s

APeore eddy curr = ﬂzszzz;y (8b)

where B), is the peak value of the air-gap flux density, f is the
fundamental supply frequency, z is the Steinmetz coefficient,
o, and B, are coefficients depending on the material and on
the flux density.

In the proposed model, the iron losses have represented in
the space-vector electrical circuit of the RIM by means of a
time varying resistance Ry in the transversal branch. In classic
models of the RIM including iron losses, Ry is assumed con-
stant, which implies a representation of the iron losses with a
quadratic dependence from the air-gap flux density amplitude
(proportional to the three-phase magnetizing flux amplitude)
and pulsation. This assumption correctly represents the eddy
current losses, while does not properly reproduce the hystere-
sis losses. In the adopted model, as in [14], [16], Ry is assumed
a variable quantity, in such a way to let both hysteresis and
eddy current losses be reproduced correctly. Starting from the
work [14], [16], the electric power dissipated at steady-state
on Ry can be written on the basis of the space-vector of the
three-phase magnetizing flux as:

APiron = APeore hyst + APcore eddy curr

i ékwllwmrF + w%|1[’mr|2 9)
2 Ro ’
where Rg, is a constant resistance, k connotes the ratio be-
tween the eddy current and hysteresis power losses and w; is
supply pulsation of the machine. The power expression in (9)
can be hardly used in transient working conditions, since @
in transient is meaningless. On the contrary, the expression of

the back-electromotive force '/"" can be exploited, leading
to the following expression of a tlme varying Ry:

2 R
Ry == or . (10)

30t ko[l 1 /22

Eq. (10) can be deduced after expressing the active power
due to the iron losses, whose formulation is given by the
Steinmetz equations in eq. Eq. (9), as equal to the active power
dissipated in the resistance Ry of the space-vector equivalent
circuit of the induction motor in Fig. 1. As a result, exploit-
ing the space-vector equation describing the dynamics of the
three-phase magnetizing flux, the equivalent expression of Ry
can be deduced. The entire derivation of Eq. (10) has been
provided in [14], [16].

(8a)

11l. SATURATION OF THE IRON CORE
As for the description of the magnetic saturation of the iron
core, two approaches are possible:
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® defining current versus flux functions and consequently
inductance versus flux functions;
e defining flux versus current functions and consequently
inductance versus current functions.
In the following, both approaches will be developed, lead-
ing to original formulations of the magnetic characteristics of
the RIM fulfilling the reciprocity conditions.

A. APPROACH 1: CURRENT VERSUS FLUX
This approach is based on the definition of suitable current
versus flux functions. The effect of the load on the magnetic
saturation has been considered here including both the rotor
and the stator leakage fluxes (not equal in case of adoption of
the T circuital scheme).

The following functions have been thus defined:

V) — |¢mr 1 1l/r ar 4 €1Lmu l/fr Lo ¥r i +2
i = ( Pyl T Y
mu Yr 1 Y1 d1+2 11
d +2|'/' (Y5 | > (11a)
-V, |¢(‘)p_rr| bl 61 Ur"‘ Yrc1+2 r1di
|lrr|:_L 1+ BilyY i 'lf’l 174 s
orU
51 24124 |fl+2>, (11b)
iV = (124 Lyl + 51 Ot e+ g
5 LO'XM

5 e o v, |@1+2> (1)

where {ay, B1, J/1,<31, €1,&1} and {ay, by, c1,dy, e1, f1} are
two set of positive parameters characterizing the entire mag-
netic model of the machine. The proposed magnetic model
requires, therefore, 15 parameters to be properly described.
Starting from Eq.s (11), it can be verified that the dynamic
inductances (their inverse) fulfill the reciprocity conditions:

ol dlil L e ]

Lo, = = =81y 1 gl (12a)

" dy dig " ’

_ o dil iy Ly 1

Ll = = = e[yl gl it (12b)

" Al Ay " 7

o Ayl dil’)

Lo =—10 =gy et (20
dlylr  diypl

The expressions of the static inductances versus fluxes can
be thus derived as follows:

Vr
L
|¢m | mu > (13a)
|lm | gl(wm P r’ a:)
L,
Ly, = Yo "w I (13b)
i ’| el oy Vo, )
Vr
L
Ly = Yol _ LA (13¢)
lig" | g?('pm s r’ o*rr)
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where:
gm/ﬂ”r YY) =1+ oyl

m"‘ Yrcl d1+2 1 - . d1+2
Y| Y|P

a minimal residual flux must be present in the machine. There-
fore the functions adopted in (15) have been purposely created
in order to respect these physical constraints.

The proposed magnetic model requires, therefore, 13 pa-
rameters to be properly described. Starting from Eqs (15), it
can be verified that the dynamic inductances fulfill the reci-
procity conditions:

d +2 d +2
(14a)
gz(Wr v/f VI =14 Byl
L 7 51 e AR
(14b)
Wl WY I =1+ nlypl”
6
1L 1 osk ¢Wr|61+2|,/,1/fr|d1 _|_ 51 2t ,/, |f1|,/,1/fr|€1+2
(14¢)

Among the 15 parameters whose knowledge is required
by this approach, the only ones presenting a precise physical
meaning are Ly, Ls,u, Lsu. They represent, respectively,
the values of the three-phase magnetizing inductance, the
rotor leakage inductance and the stator leakage inductance,
obtained for null values of the three-phase magnetizing flux,
rotor leakage flux and stator leakage flux. The above described
current versus flux approach is clearly inspired to [13], while
being the part of the model related to the cross saturation
entirely original, because of the assumption of validity of the
T circuital scheme.

B. APPROACH 2: FLUX VERSUS CURRENT

This approach is based on the definition of suitable flux versus
current functions. As recalled above, the effect of the load on
the magnetic saturation has been considered here including
both the rotor and the stator currents (not equal in case of
adoption of the T circuital scheme). The following functions
have been thus defined:

Yy
| =an (1= em2il) 4+ ity
2 _ e—balin Y"1 _ g—calin iV
+ 7 . (153)
[Em |
A
i =0, (11— e 1)t elif7|
9 e—balih ET] _ a—dalif "V
+ 1 - . (15b)
i
T :
il =2 (1= RE71) 1 i)
2 _ e—calin | _ g—dalil 11"
+ 9 . (150

lis” |
where {az, B2, 12, 82, €2, &2, M2} and {az, b2, ¢2, da, €2, f2}
are two set of positive parameters characterizing the entire
magnetic model of the machine. Note that flux versus current
functions must exhibit a certain kind of waveform, in particu-
lar the classic saturation shape. For high values of the current,
the flux must slightly increase. For zero values of the current,
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Vr Vr
lﬂ,m(,s = d|'/,$| = d“{;n ! = e e_czli:’/;LrHi;,/rl’ (16a)
dli'|  dlis”|
~ d Wr d Ilfr ~l[/r '1/Jr
mo, = M = |¢G’| = J/zbze_b2|l”’ (1" (16b)
dlir"| dlim"|
- d ‘//r d WV U
os0r = |'/:Z: | = |‘..ﬁl;r | = ]/2d26_d2|l" [lis ‘ (16C)
dliy"| dlis”|

Eq.s (16) represent the dynamic inductances of the RIM.
The expressions of the static inductances versus currents
can be thus derived as follows:

(1 _ e—azu;’;’\)

Ly = W]Zl I o 7 + B2
lim' | [im' |
2 e—balin 1T _ g—calih il
+n e . (7
m (1 _ e—ez|i;”’|)
Loy = =4 w7 + €
lir" | i7"
2 _ e—balih | _ g—dalif 11V
+ e , (17b)
lV
r
i (1)
L(TS = .I/IX =12 R + 52
lis” | lis” |
2 e—calih ) _ g—dalif 1l
+» (17c¢)

lis” |2

It can be noticed that the coefficients a, a; and B (analo-
gously 87, e» and €; for the rotor leakage inductance and 7,
/> and &, for the stator leakage inductance) can be physically
interpreted. For example, considering that limli%’l—w L, =
aray + B and hmlt’l’é’l—wo L,, = B2, B> can be interpreted as
the self-inductance when the machine is fully saturated, and
the relation axas + B> as the tangent of the magnetizing curve
at the origin, which represents the inductance corresponding
to the residual magnetization of the iron core. For more de-
tails about these kind of physical interpretations the reader is

addressed to [22], [23].

IV. GA-BASED OFF-LINE PARAMETER

ESTIMATION METHOD

Since the RIM magnetic fluxes are not measurable quantities,
not all of the parameters appearing in the space-vector state
model of the induction motor can be directly obtained. On
the contrary, they can be identified by means of a conve-
nient identification technique. As for the identifiability issue,
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in [20], [24] it is shown that all 4 electrical parameters of
the classic RIM model can be identified if a speed transient
is exploited, while in sinusoidal steady-state conditions, on
the contrary, only 1 electrical parameter can be estimated.
The parameter estimation technique proposed in this paper
is based on a specific space-vector model of the RIM, de-
scribed by the space-vector equations from (3) to (6). In such
a model, however, the magnetic saturation effect has been
mathematically described with two different approaches, re-
spectively the current versus flux approach (approach 1) and
the flux versus current approach (approach 2). The adoption
of any of the two approaches implies the identification of a
different set of parameters describing the magnetic behavior
of the machine (respectively 15 in approach 1 and 13 in
approach 2). As for the equations describing the dynamic
model, it can be observed that its number increases from 4
scalar equations of the classic model to 6 scalar equations of
the proposed one, permitting the estimation of an increased
number of parameters. In the case under study, the chosen
vector w of the parameters to be estimated varies, according
to the approach followed for the description of the magnetic
behavior of the machine. The number of parameters to be
estimated is very high, in particular 18 with approach 1 (15
related to the magnetic behavior plus R, R, and Ry,;) and 16
with approach 2 (13 related to the magnetic behavior plus Ry,
R, and R(;). Among these parameters, the stator resistance R;
is not assumed as a quantity to be estimated, since it can be
easily measured with simple voltage/current measurements.
As for the parameters describing the magnetic behaviour of
the machine, the following simplifying assumptions have been
made, in order to make the set of parameters estimated on the
basis of dynamic tests.

Since the number of parameters to be estimated is very
high compared with the number of equations available, some
simplifying assumption has to be made. In particular, as for
approach 1, the following assumptions have been made. The
parameters Ly, Lo, Lo, o1, B1, 81 and ay, by, c1, di have
been directly estimated on the basis of the proposed algorithm;
it has been then assumed that y; = B, € =& = §; and
e1 = fi1 = d;. It should be noted that the considered saturation
model is absolutely general, meaning that all parameters could
theoretically be different. As a matter of fact, it is reasonable
to assume that some of them are equal for two reasons. The
first reason is that they are related to cross saturation effects,
which plays a minor role with respect to self-saturation effect.
The second reason is that it is reasonable to assume that the
coefficients on the stator and rotor terms are almost equal.
Finally, increasing the number of parameters to be estimated
increases significantly the complexity of the identification
process. For these reasons, the above reasonable simplifica-
tions have been made. The final vector of the parameters to be
estimated with approach 1 is composed by the following 12
elements:

wl = [Lmu: LO'SLlr Larm Rr9 ROZ’ 0[1, ﬂlv 817 alv blv Cl? dl]
(18)
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Cost function
computation
Eq. (21)

J(w)

RIM Model
Eq.s (1)-(17)

GA-based
tuning

algorithm

\ w I

FIGURE 2. Block diagram of the RIM parameter estimation technique.

As for approach 2, the following assumptions have been
made. The a2, B2, 2, 82, €2, az, by, ¢z, d> and f, have been
directly estimated on the basis of the proposed algorithm; it
has been then assumed that 7, = §,, & = e; and ey = f>. The
final vector of the parameters to be estimated with approach 2
is composed by the following 12 elements:

wy = [Ry, Ror, a2, B2, V2, 82, €2, az, ba, 2, da, f2l.

(19)
To identify the parameters of the model (3)-(17), separately
with approaches 1 and 2, a suitable method is used, which can
be formulated as follows. The RIM has been supplied in order
to perform a set of speed transients; at each value of speed
steady-state, several load torques have been given to the RIM
drive and finally, for each load condition, several magnetiza-
tion levels have been tested (corresponding to different values
of the rotor flux linkage references). In this way, the working
space composed of speed, load torque and reference rotor flux
can be covered suitably for parameter estimation. The stator
voltages and currents and the load torque acquired during the
above tests have been recorded. Afterwards, the space-vector
state model (3)-(17) has been supplied numerically with the
same values of stator voltages adopted in the experimental
test, and the stator currents and the load torque have been com-
puted by the model (3)-(17). Finally, the difference between
the measured stator currents and torque and the corresponding
ones estimated by the model have been exploited to recur-
sively tune the values of the model’s parameters, until when
the outputs of the model match the corresponding ones of the
real RIM. Note that the load torque at steady state is equal to
the electromagnetic torque generated by the motor, therefore
the use of this variable for estimating the model parameters
is very important because it takes into account the effective
magnetization level of the machine, since the torque depends
both from currents and from rotor flux ad shown in Eq. (7).
Fig. 2 sketches the block diagram of the technique adopted
for the parameter estimation of the RIM.

As for the tuning algorithm in Fig. 2, the following tech-
nique has been adopted. Given a set of N data pairs of
independent and dependent vector variables, {(z;,y;), i =
1,..., N}, find the parameter vector w of the model curve
g(z, w) so as to minimize the root square of the sum of the
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squares of the deviations given by:

1
sw) = LIS gtz

In the case of the RIM parameter estimation, a Genetic Algo-
rithm (GA) [19] has been used, which provides a numerical
solution to the problem of minimizing a non-linear function
over a space of parameters of the function itself. In particular,
the parameter vector w is the above cited set of the electrical
parameters to be estimated, and the function to be minimized
is:

(20)

J(w) =
1 N a 2 al a 2 N A2
N Y (io—ip) + ) (iso —is0)” + ) (i — 1),

i=1 i=1 i=1
(2D

where N is the total number of samples supplied to the algo-
rithm, ip, isp and #; are the measured direct and quadrature
components of the stator currents and the load torque, lgD, 50
and 77, are the corresponding quantities computed by means of
the mathematical model (3)-(17) using the computed values
of the parameters, in correspondence to the same values of
supply voltage used to obtain ip, isp and #7.. Note that in order
to obtain the estimated value of load torque 7y it is possible to
consider the extended 2'"-order mechanical model of the ma-
chine composed by equation (7) and the extra state equation
fi, = 0. Then, it is possible to design an high-gain observer
as described in [25, Chapter 14.5], which can estimate both
mechanical speed and load torque. The observer is sourced
by the values of stator current and rotor flux, and the error
between the estimated and measured speed is used as driven
term. The reader can refer to [25] for further details.

The adoption of GAs allows avoiding the problem of the
local minima, since genetic algorithms are evolutionary opti-
mization algorithms robust versus the initial condition. In any
case, also if the initial condition does not affect the final solu-
tion, a good initial choice accelerates the convergence speed
of the algorithm. For this reason, the methodology has been
tested starting from a set of electrical parameters which can
be considered an initial good guess and are computed directly
from the name-plate data of the machine. For the case under
study, some typical rated data valid for RIMs of the same size
have been employed to compute the initial set of parameters
(rated efficiency 70%, rated slip 20%).

However, since the initial condition computed from the
name-plate data of the machine can be very different to the
real parameter, the searching domain has to be chosen suf-
ficiently large, and this lead to very long computational time
because of the high number of parameters to be estimated. For
this reason a purposely devised has been used in order to ex-
plore a wider domain of possible solutions and contemporary
to guarantee a restrained computational time for the algorithm.
In particular, the identification procedure has been divided in
two steps. As for first step, only some main parameters have
been estimated, where for main parameters we mean the pa-

rameters that mainly affect the behavior of the model, and the
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other parameters have been fixed equal to the initial choices
computed from the name-plate data of the machine. For ex-
ample, for approach 1, in the first step the estimated quan-
tities have been only [L,,,, R,, Ry, @1, B1, a1, bi], while
[Logus Lo,u, 81, c1, di] have been kept constant. During this
first step the lower and upper bounds of the sets where the
algorithm search the possible parameters have been chosen
expressly large in order to investigate a bigger domain of
possible solutions. The GA has been implemented using the
optimization tool in MATLAB, and in this step 1 the popula-
tion size and the number of iterations have been chosen small
in order to guarantee a small computational time, in particular
the population size adopted was composed of 20 individuals,
and the algorithm is stopped after 10 iterations. As for ap-
proach 1, the results of this first step gives the following values
as for the parameters’ vector:

wo; = [0.2, 6.2-1073, 1.2 1073,
1.8, 10°,2,2,0.1, 1, 1, 1, 1]. (22)

Afterwards, as second step, the whole parameters vector has
been considered, but using as initial condition the result of the
first step given in Eq. (22). In this second step the population
size and the number of iterations have been increased because
of the higher number of parameters, in particular the popu-
lation size adopted was composed of 50 individuals, and the
algorithm is stopped after 20 iterations. On the contrary, in this
second step, the searching domain has been suitably reduced
in order to ensure a faster convergence time.

As for approach 2, the same procedure described above
have been used, but by considering as main parameters
the following: [R,, Ro;, o2, B2, 62, az, f2], while
[12, €2, b2, c2, d>] have been kept constant. As for approach
2, the results of the first step gives the following value as for
the parameters’ vector:

we = [1, 10°, 2, 0.2, 0.05, 0.3, 0.2, 1, 2, 1, 1, 1]. (23)

This parameters’ vector will be considered as initial choice
for the final identification carried out in the second step. Also
for approach 2 the population size adopted at step 2 was
composed of 50 individuals, and the algorithm is stopped after
20 iterations.

With reference to the other GA parameters, the following
choice has been made for both approaches and for both steps:
a) mutation function: constraint dependent; b) crossover func-
tion: scattered; c¢) selection function: stochastic uniform; d)
elite count: 5% of the population size; e) crossover fraction:
0.8. See [19] for details about the use of the genetic algo-
rithms.

Moreover, another purposely devised method have been
used during the identification procedure. In particular, for both
approaches some parameters have been normalized by means
of constant scalars so that all parameters range in comparable
sets of values. For example as for approach 1 the following
rescaled vector has been used instead of (18):

Wy = [Lyy - 10717 ogu -107 3 Lo*ru 1073: R,

o - 10°, ay, Bi, 81- 1071, ay, by, 1, dil, (24)
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TABLE 1. Rated Data and Main Parameters of the Induction Motor

Rated power, Pygted 2.2kW
Rated voltage, Vi,.qted 220V
Rated current, ,.qted 4.8A
Rated frequency, frqted 50 Hz

Rated speed, wyqted 149.75rad /s
Pole-pairs 2

Moment of inertia, J,, 0.0048 Nms?
Viscous friction coefficient, f,, 0.0023Nms
Stator resistance, Rs 290

Rotor resistance, R, 1.52Q

Stator inductance, Lg 223 mH
Rotor inductance, L, 229 mH
3-phase magnetizing inductance, L, 217mH

while as for approach 2 the following rescaled vector has been
used instead of (19):

Wy = [R,, Ro - 10°, a, B2 -107", y5 - 1072,

82-1071, €-107Y, aa, ba, c2. da, f2]. (25)

With choices (24) and (25) the the following vectors of initial
values have been adopted for the final identification carried
out in the second step instead of (22)—(23):

wo =1[2,6.2,12,18,1,2,2, 1,1, 1, 1, 1], (26)
wo =[1,1,2,2,5 3,2 1,2, 1, 1, 1. 27

The above described rescaling is very important in order to en-
sure a faster and more efficient convergence and it represents
a good practice in many numerical algorithm such as GA.

The above described procedure ensures a sufficiently wide
searching domain, at least for the parameters that mainly af-
fect the behavior of the model, and contemporary the compu-
tational time is restrained because the searching domain is re-
duced when the whole parameters vector has been considered
during the second step. From the experimental results shown
in the next section it will be shown that the above described
procedure leads to a good choice of the model’s parameters
ensuring a small value of the cost function (21).

V. TEST SET-UP

A test set-up composed of a 2.2 kW three phase induction
motor drive supplied by a VSI-IGBT inverter has been used
to perform the experimental tests. The adopted VSI power
devices are IGBTs Semikron SKM 50GB 123D. The induction
motor parameters are listed in Table 1. The PWM technique
has been set with a switching frequency of 5 kHz and the dead-
time imposed at the modulator of the inverter is 2 us. The RIM
drive has been implemented a rotor flux oriented control. The
control algorithm has been implemented on a DSpace DS1103
board. The sampling time of the entire control system has been
set to 10 kHz. The RIM is mechanically coupled permanent
magnet synchronous motor (PMSM), behaving as active load.
The load torque is actively regulated by giving proper torque
references to the PMSM drive. The input power measurements
needed for the efficiency evaluation have been performed by
using a Yokogawa WT3000 power meter (having a bandwidth
of 1 MHz) which is able to correctly measure three phase

powers also in distorted conditions. Output power has been
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FIGURE 4. Rotor speed, rotor flux, load torque during test at variable flux
and variable load torque (experiment).

directly computed on the basis of the speed measurement
by an incremental encoder integrated on the RIM and elec-
tromagnetic torque measurement by means of a torqueme-
ter model Himmelstein 59003V (4-2)-N-F-N-L-K. In partic-
ular, power efficiency is measured by a direct measurement
method, it is calculated as the ratio between output and input
power. Fig. 3 shows the photograph of the test rig.

VI. EXPERIMENTAL VALIDATION OF THE PARAMETERS
IDENTIFICATION TECHNIQUE

On the basis of the above mentioned identification criteria
necessary for the complete estimation of the set of parameters,
the following experimental test has been made. The RIM
drive has been given a set of subsequent speed steps of the
type 50 — 100 — 130 rad/s (ranging from medium/low to
rated speed). At each speed, the drive has been given a set
of load torque steps of the type 0 — 4 — 8 — 12 Nm. In
order to make the RIM work at different magnetization levels
for each set of speed/load, such test has been performed at
variable flux corresponding to the maximum RIM efficiency
for each speed/load; to do that the ELMT (Electrical Losses
Minimization Technique) in [26] has been adopted.

Fig. 4 shows the RIM speed, the load torque and the rotor
flux amplitudes during the test, while in Fig. 5 the corre-
sponding waveforms of stator current components is, and iy,
are shown. These waveforms have been acquired in order to

carry out the off-line procedure described in Section I'V. Note
VOLUME 1, 2020
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1o =12

that the two current spikes in Fig. 5 are in correspondence of
the speed variations, at 15 s and 30 s. Therefore the spikes
on iy, are directly related with these variation, since a speed
variation implies a torque variation, which in turn implies a i,
variation. The same consideration holds for the spikes on iy
because a speed variation implies also a rotor flux variation.
Indeed such test has been performed at variable flux corre-
sponding to the maximum RIM efficiency for each speed/load.

In the following the results of the full identification, i.e.
the results of step 2 considering the full parameters’ vector,
are shown. In particular as for the approach 1 related to the
magnetic model of the RIM, Fig. 6-9 show the corresponding
convergence curves of the estimated parameters versus the
number of iterations of the algorithm, respectively Ly, Loy,
L,,, in Fig. 6, a1, B1, 81 in Fig. 7, a1, by, c1, dj, in Fig. 8,
and R,, Ry, in Fig. 9. Fig. 10 shows the cost function versus
the number of iterations. It can be easily observed that all
the parameters of the model converge to their final values,
corresponding to the minimum of the cost function, after more
or less 10 iterations of the algorithm. Coherently, the cost
function, computed considering both tests, always decreases,
highlighting the goodness of the estimation process. The op-
timal values of vector (18) obtained after the identification
process are:

w] = [0.285, 0.048, 0.057, 1.862, 1256, 0.962,

0.876, 0.0738, 0.76, 0.94, 1.834, 0.166],  (28)
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FIGURE 13. Convergence of the estimated parameters R, and Ry with
approach 2 (experiment).

and the corresponding value of the cost function is:
J(w}) =2.021. Moreover, it is useful to provide the
computational time. In particular, using a laptop with an
i5 Intel processor and a 8§ Gb DDR4 RAM 1333 MHz, the
time necessary, for each iteration, is about 20 seconds both
for step 1 and for step 2.

Fig. 11 shows the estimated and measured current compo-
nents igp and iyp and their relative estimation errors, and the
estimated and measured load torque and its relative estima-
tion error, with parameters corresponding to (28). It can be
observed that estimated currents are well superimposed to the
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FIGURE 16. Convergence of the estimated parameters a, and f, with
approach 2 (experiment).

measured ones, with null average estimation error and peak
estimation errors not exceeding 7%. This errors between mea-
sured and estimated quantities are mainly due to two factors:
the first is the measurement noise during the experimental ac-
quisition, and the second is a small delay that, inevitably, there
is between the measured and estimated currents. Indeed, even
if the two current waveforms are the same, a small delay leads
to a relevant error when the difference is computed, especially
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in the intervals of strong current variation (i.e. when the cur-
rent crosses the zero if a sinusoidal waveform is considered).
Same considerations could be made for the load torque esti-
mation, which in average presents null estimation error and
peak estimation error not exceeding 6% at the maximum load.

Finally, Fig. 12 shows the surfaces L, L,, and L, versus
|10,,1’[’[| and WI:/T/: | (assuming |1ﬁfs"| = W:l,’r’ |) computed on the
basis of Eq.s (13) using parameters given in (28) at the end
of the identification process. It can be observed that the three-
phase magnetizing inductance reduces significantly with the
magnetizing flux and less with the rotor (stator) leakage flux.

As for the approach 2 related to the magnetic model of the
RIM, Fig. 13-17 show the corresponding convergence curves
of the estimated parameters versus the number of iteration of
the algorithm, respectively R,, Ry in Fig. 13, a, y», &2 in
Fig. 14, B, €3 in Fig. 15, a», f> in Fig. 16 and by, ¢3, d> in
Fig. 17. Fig. 18 shows the cost function versus the number
of iterations. Even in this case, the parameters of the model
converge to their final values, corresponding to the minimum
of the cost function, after more or less 10 iterations of the
algorithm. Coherently, the cost function, computed consid-
ering both tests, always decreases, highlighting the goodness
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FIGURE 20. Inductances L, in (a), L,, in (b) and L, in (c) computed as in Eq.s (17) using parameters given in (29) and for different values of lir| and
1i¥" |, and assuming the stator current equal to the sum between the magnetizing current and the rotor one.

of the estimation process. As for the parameters R, Ry, that
are estimated whatever is the approach for the description of
the magnetic behavior of the RIM, their estimated values are
more or less equal, with a slight difference in the estimation
of R,. The optimal values of vector (19) obtained after the
identification process are:

w; = [1.483, 1223, 0.827, 0.0175, 0.02253, 0.084,
0.0107, 0.406, 0.404, 0.316, 0.0681, 0.725], (29)

and the corresponding value of the cost function is: J(w3}) =
1.492. Finally Fig. 19 shows the estimated and measured
current components isp and igo and their relative estima-
tion errors, and the estimated and measured load torque and
its relative estimation error, with parameters equal to (29).
It can be observed that estimated currents are very well
superimposed to the measured ones, with null average estima-
tion error and peak estimation errors not exceeding 3%. Same
considerations could be made for the load torque estimation,
which in average presents null estimation error and peak esti-
mation error not exceeding 3% at the maximum load.

Finally, Fig. 20 shows the surfaces L,,, Ly, and L,, versus
the magnetizing current and the rotor current (assuming the
stator current equal to the sum between the magnetizing
current and the rotor one). computed on the basis of Eq.s (17)
using parameters given in (29) at the end of the identification
process. It can be noted that the three-phase magnetizing
inductance reduces significantly with the magnetizing current
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FIGURE 21. Steady-state input active power and active power error
absorbed by the RIM during the no-load test (experiment).

while presenting a limited variation with the rotor current
only for very low values of the magnetizing current. The rotor
leakage inductance decreases mainly with the rotor current
while presenting a slight increase with the magnetizing
current only for very low values of the rotor current. The
stator leakage inductance surface show the same shape as the
rotor one, as expected.

A last experimental test has been performed in order to
show the accuracy of the adopted space-vector dynamic model
in predicting the iron losses. In particular Fig. 21 shows the
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input active power absorbed by the RIM, and the active power
percent error, versus the supply voltage amplitude at the con-
stant supply frequency of 50 Hz (grid frequency), at no-load.
In such conditions, besides the mechanical losses, which can
be easily estimated on the basis of the standard no load test
(as the values of the active power losses for null value of the
voltage amplitude), the RIM absorbs an active power almost
equal to the iron losses. The curve shows not only the mea-
surement points, but also the second-order polynomial curve
interpolating them at the best. As a matter of fact, the curve
representing the behaviour of the model including the iron
losses (red) is very well superimposed to the experimental
curve (blue) than the corresponding curve obtained with the
classic RIM model (black). Such result is confirmed by the
analysis of the percent error curve that rarely exceeds 5%.
Such results confirm the accuracy of the proposed model in
predicting the iron losses.

VII. CONCLUSION

This paper, starting from recent papers in the scientific liter-
ature dealing with parameter estimation of RIMs, proposes a
methodology for the identification of the RIM model space-
vector dynamic model including both the magnetic satura-
tion and iron losses. To this aim, the magnetic saturation
effect of RIMs has been here modeled with two different
approaches, respectively the first one based on current versus
flux functions (approach 1) and the second one based on
flux versus current functions (approach 2). Afterwards, this
paper proposes an off-line technique for the estimation of
electrical parameters of this model, which is based on genetic
algorithms (GA). The proposed method is based on input-
output measurements and needs neither the machine design
geometrical data nor a FEA of the machine. It focuses on
the application of an algorithm based on the minimization
of a suitable cost function depending on the stator current
error. The proposed electrical parameters estimation method
has been initially tested in numerical simulation and further
verified experimentally on a suitably developed test set-up.
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