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Summary

This Thesis study the parameters estimation of the induction machine with the single-cage and double-
cage models, using the stator currents, voltages and mechanical speed from a starting transient. The
dynamic equations of the induction machine are expressed in the synchronous reference frame because in
this reference the values of the direct and quadrature currents have a slower variation than those in the
other reference frames. This reference frame is important to facilitate the data filtering. The proposed
method for the single-cage parameters estimation introduces an approximation of the rotor flux using the
stator currents and voltages. It has been demonstrated in the thesis that this approximation improves the
accuracy of the calculated parameters significantly. Two different methods to calculate the parameters
have been developed. The first is based on the linear least-square method and the second on the resolving
of a nonlinear system of equations. A detailed error study of the parameters and predicted behavior have
been made in the thesis. An interesting result of the error study is that it is very important that the speed of
the points be used in the calculations. It is very important to use the points with the maximum torque
speed and points near the synchronous speed. The thesis presents the two first methods developed for
parameters estimation of the induction machine with double-cage model using data from a starting
transient. The other methods known in the literature use steady state data. Both methods use data from
the point of maximum torque to the synchronous speed to calculate the parameters of a single-cage
model, because the torque- and current-speed curves of this single-cage fit very well with the torque- and
current-speed curves of the double-cage. Later, the first method uses a point with a speed near to zero
speed and a point in the synchronous speed and other single-cage is calculated. With these two single-
cages the impedances of three points are calculated and they are used to estimate the six parameters of the
double-cage model solving a nonlinear system of equations. The second method, called instantaneous
power method, uses the fact that the averaged transient torque has similar values to the steady-state torque
in the mechanical transient region. Then, several impedance values are calculated for points with different
speeds in this region, where the effects of the double-cage are more important. Finally, with impedance
values in the synchronous speed and the maximum torque speed obtained with the regression method and
impedance values obtained with the instantaneous power method, a set of non linear equations are

defined. Their solution is the estimated parameters of the induction machine double-cage model.
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a Introduction

Background and motivation

Induction motor parameters estimation is an important topic as is evidenced by the fact that there are
standards published about this matter by the IEEE: Standard test procedure for poly phase induction
motors and generators, IEEE Std. 112-2004 [1] and the IEC: Rotating electrical machines-Part 28: Test
methods for determining quantities of equivalent circuit diagrams for three-phase low-voltage cage
(single- and double-cage) induction motors, IEC 60034-28 [2].

In power system analysis, induction motor parameters are necessary for the study of the transient behavior

of the induction motors and their contribution to short-circuit currents and power system stability.

Another important area where the induction motor parameters are necessary is the tuning of the
controllers of drives, e.g. current, flux and speed controllers, and for the correct tuning of the employed

flux and torque models.

Nowadays there are a lot of papers about the single-cage model parameters, but the estimation of the

double-cage induction motor parameters is a topic that has been poorly studied in the literature.

It is important to say that the study of the induction motor parameters estimation in this thesis report does

not take in account the motor saturation. A recent work in this area is the reference [3].

The motivation of this work is the development of a method to estimate the parameters of the single-cage
and double-cage induction motor model from transient measurements that can be easily obtained in an
industrial situation. This goal can be achieved with a starting transient, from standstill to steady-state

speed, recording voltages, currents and speed.



b Literature study

There are many publications aimed at the estimation of parameters for control applications, as evidenced
by bibliographic reviews [4]. In this case the methods are focused to determine only the significant
parameters of rotor for the control application, and usually do not determine all the parameters of the

steady-state equivalent circuit.

Despite the large number of studies on induction motor parameters estimation, it is not a well solved
problem. Since the majority of the works use the single-cage model, and it can be seen in [5], the motor

measurements only can be properly adjusted with the double-cage model.

The main techniques for estimate the single-cage induction motor parameters from experimental

measurements are based on,

e Steady-state measurements [6]-[7]
e Variable frequency measurements [8]-[11]

e Transient measurements [12]-[22]

In steady-state measurements methods the reference [6] is one of the last studies. This method uses
steady-state data like the starting torque and current, maximum torque, nominal torque and current, etc.
These methods are the most employed and there are two published standards, the IEEE [1] and IEC [2].
The main drawback of these methods is that it is very difficult to test an induction motor when it has been
installed in a factory, because the measurement of the torque is not trivial. A simple introduction of the

typical steady-state test to identify the equivalent circuit parameters is in reference [7].

There are the references [8]-[11] in variable frequency measurement methods. In these methods there are
two different methodologies. The former has the motor powered by voltage of variable frequency, and the

later is the use of a voltage with different frequencies, like the case of a PWM voltage waveform.
Transient methods can be classified in three categories.

e Kalman filter methods [12]-[14]
e Linear Least-square methods [15]-[18]
o Non-Linear Least-square methods [19]-[22]



The extended Kalman filter is an algorithm for optimal state estimation of non linear systems in the
presence of noise. An example of the use of an extended Kalman filter to estimate the parameters of the

induction motor are references [12]-[14].

In linear least-square methods the electric machine differential equations are manipulated to eliminate the
non-measurable magnitudes of the rotor (rotor currents or rotor fluxes). In references [15] to [18] there
are different works that use this technique. The linear least-square method is the methodology chosen to

develop estimation method by rotor flux approximation in this thesis.

In the non-linear least-square methods, an error function is calculated with the measured currents and the
simulated currents. This method is computationally worthy because each error function evaluation
requires a transient simulation. The use of this error function in a minimization algorithm defines an

estimation parameters method that has been applied with different modifications in references [19]-[22].

There are other interesting papers like reference [23] where the torque is measured in an instantaneous
process that has resemblances with the instantaneous power method proposed in this thesis. In reference

[24] the instantaneous measurements has been also used like variables that are rms values.

As has been commented before, an important problem in the literature of the estimation of the induction
motor parameters is that the single-cage model is mostly used. For low power induction motors the
double-cage effect is not significant, but in medium power and high power induction motors the double-
cage effect is necessary to justify the experimental values of starting torque and current, which are bigger

than the values predicted by the single-cage model.

The estimation of double-cage parameters has been only studied using steady-state data [25] and [26].

The authors do not know any reference about the double-cage estimation using transient data.

Reference [27] has a detailed study of the minimum number of parameters that characterize the double-
cage model. The estimation of the double-cage induction motor model has been included the function:
“power_AsynchronousMachineParams” in SimPowerSystems of Matlab [28]. This function is based on
the estimation method developed in [25] and [26]. Finally, reference [29] has a mention to the double-

cage parameters estimation, but it does not give a clear methodology of how to realize their estimation.



1 Single cage induction motor theory

1.1 Dynamic equations of single cage induction motor

The induction machine rotor and stator windings are shown in Fig. 1.1 and the induction machine

voltage-current equations in abc variables are

BRI 6] 8

For simplifying the electric machine equation, the equations in abc variables are transformed to 0dq

variables using Park transformation, that is

(fae) = P(O)( Touq) (2)

where the vector f,_ can be stator or rotor voltages and currents.

The Park transformation and its inverse is defined according to the literature [30] as

% cos(0) —sin(6) % % %
p(g):\/z 1 cos[e—z_”j —sin(@—z_”j ; PO) = 2 cos(8) cos[@—z—ﬁj cos[¢9+2—ﬂj (3)
3|2 3 3| 3 ° >

% cos(€+2?ﬂj —Sin[9+2?ﬂJ —sin(0) _Sin(g_z?ﬂj —sin[9+2?”j

Fig. 1.1. Stator and rotor windings of Single-cage induction motor model



and the stator and rotor magnetizing matrix of induction machine in Fig. 1.1 is

M (6)=
i b o T 0 2z b 0 2 b 2z
L, M cos| — M/ cos| —— M P cos(6) MPcos| +—| M’ cos|§-——
3 3 3 3
M/p cos[—z?ﬂj L? M/ cos(z—) M P cos(&—%) M P cos(6) M P 005[6’+2?”j
2z 2 T 2z
M P cos Y M P cos Y LP M P cos| @+——| M P cos 9—? M P cos(8)

M ? cos(6) M P 005(9—2{) M P cos(9+2?ﬁj

M [ cos (2—”j M P cos[—z—”j
3 3

M P cos[9+2—”j M ? cos(8) M ° cos(e—z—”j M P cos(—z—”j LP M P cos(z—”j
3 3 3 3
M P cos(@—z—ﬂJ M P cos[0+2—ﬁj M P cos(6) M P cos(z—ﬁj M P cos(—z—”j LP
L 3 3 3 3
(4)

where MP, M, M/ are the physical mutual inductance between stator and rotor windings, the physical
mutual inductance between stator windings and the physical mutual inductance between rotor windings,
respectively. @ is the relative angular position between rotor and stator (Fig. 1.1) and L", L, are physical
stator and rotor self inductances. Normally the rotor voltages and currents are reduced by transforming
rotor to the stator side. Then the physical mutual inductances are equal; MP= M"= M/". Therefore in all of

the next equations the rotor magnitudes are reduced to the stator.

The Park transformation for variable voltages and currents is

(Vabc )s,r = P(Hs’ar)'(VOdq )s,r (iabc )s,r = P(asler)'(iOdq )s,r (5)




P(9s,9r)=\E

0 0
0 0 0
0 0 0

and the inverse Park transformation is

1 1

V2

V2

s \/E —sin(6,) —sin(&s—z?ﬂj —sin(95+2?”
= 3 0 0 0
0 0 0
0 0 0

cos(6,) cos[&s—%j cos(05+2?”j

0 0 0
0 0 0
0 0 0
1 .
5 cos(6,) —sin(6,)
=3 cos(@r —2—7[j —sin(é’r —2—7[)
2 3
= cos(@r +2—”j —sin(@r +—ﬂ]
2 3
0 0 0
0 0 0
0 0 0
1 1 1
72 72 2

cos(6,) cos(@r—z?ﬂJ cos(9r+2?”)

—sin(6,) —sin(&,—%} —Si“(eﬁ%J

Multiplying equation (1) by the inverse of Park matrix, P™(6,,6,), it can be written as

[P [v] :[P’l].[R][P].[P’l].[i]+[P’l].%[[M (O)][P1[P ]

and operating the previous equations gives

vpsj (RS oj[isz+ P(6,)"MP(6,) P(6,) M,P(6,) d_[[lpSH*
Ve ) L0 R NI ) (P(6,)"M.P(6) P(6) M,P(6))dt | \in
P(6,)" M, de(tas) P (6, )‘1d':;'tsr P(6,)+P(6,)" M, dp;tef) (i ps]
(6, )’ld';"t's P(6,)+P(6,)'M, dpd(t@) po)'m, & d(t@) =

(6)

(7)

(8)

(9)



The stator and rotor abc variables (v, , v, , i, i) and Park variables (v, , v , i, ) are

pr’ lps

V=l Ve V] 3 Ve =DV V] 5 ] =[] 5 [ ] =i i

. L (10)
[Vps]:[VSO'VSd’Vsq ; [Vpr]:[VrO'Vrd'qu ; [Ips]:[lsmlsd’lsq} I:Ipr] |:r0' rd? rq]
and the relation between Park variables and abc variables are
[vJ=[P@)iud + [v] =[P ()] o
[ ]=[P@)]I] & [ ]=[P(8)][L]
Imposing thatg, = g, + 6, , the equation (9) is rewritten as
R, +L,,p 0 0 0 0 0
0 R, +L.p —Lsdi 0 M .p -M dgfmm
Vo dt dt
Vv
* 0 Lsdes R, +L,p 0 M[d6’+a)mj M .p
Ve | dt dt
VrO -
0 0 0 R, +L,,p 0 0
Vrd
\"
K 0 M .p -M des_% 0 R, +L,p —eri
dt dt
0 M das—wm M.p 0 eri R, +L,p
dt dt
(12)
and the parameters are defined as
p p p
L,=L,=L"-M" ; L, =L, =LP-MP" ; LS=L§+M2 ; Lr:Lf+M2 ; M=% (13)

where L, is the zero leakage Park inductance, L, and L, are the d, q self stator and rotor Park

inductances, respectively and M is magnetizing Park inductance between stator and rotor. In Park
transformation function of the values of the angles, the motor dynamic equations can be expressed in
three reference frames; the rotor, the stator and the synchronous reference frames.

In rotor reference frame, the angles of Park transformation are ¢ =0 and aszemzj' w,dt. The

transformed equations are

10




VsO Rs +L50p O O 0 0 O isO
Vg 0 R.+Lp Lo, 0 Mp  -M(@,) | i
Vg | 0 Lo, R, +L,p 0 M (@) M.p i (14)
Vol 0 0 0 R, +L,oP 0 0 i
Vi 0 M .p 0 0 R, +L,p 0 g
Vi 0 0 M.p 0 0 R, +L.p Jlig
and the torque equation is
FA) =M (iy4ig —igiag) (15)

where g is the number of pole pairs.

In stator reference frame, the angles of Park transformation are 9, =-¢,, and ¢, =0 . The transformed

equations are

Vo R, +L,,p 0 0 0 0 Iso
Vg 0 R, +L.p 0 0 M .p Iy
Ve | _ 0 0 R, +L.p 0 0 M .p ?sq (16)
Vo 0 0 0 R, +L,,p 0 0 1o
Vg 0 M.p -M (-, ) 0 R, +L,p L, a, iy
Vi 0 M (— m) M .p 0 -L o, R, +L.p i,

and the torque equation is

r(t):pM (irdisq_irqisd) (17)

In synchronous reference frame the angles of Park transformation are 6, =s.o.t and 6, = o.t, where the

slip, s, is defined as

S _O TP Dy (18)

@y

where ¢ is the number of pole pairs and «, is the synchronous speed, defined as

o, =2.7.1 (19)

The transformed equations in the synchronous reference frame are

11



sz Rs +L50p O O O O 0 isO
Vg, 0 R,+L.p -L, o, 0 M.p M (@,) || iy
Va | 0 L, o, R, +L,p 0 M (a,) M.p i (20)
Vol 0 0 0 R, +L,oP 0 0 iy
Vg 0 Mp -M(sa) 0 R, +L,p -Lsa, |y
Vi 0 Ms o, M.p 0 L, sa, R, +L.p iy
and the torque equation is
F(t):pM (Irdlsq_qulsd) (21)

12



1.2 Ku transformation of the single-cage induction motor equations

The Ku transformation is defined as

. 1 e e . 1 1 1
K(9)=—=|1 a%e” ae o KH(O)=—z| e ae” e (22)
3 1 ae’ a’e V3 e’ a’e’ ae’

where the operator a is defined as a =1/120° and €' =cos(6)+ jsin(8) . The transformed stator and rotor

voltages are

=[x @)]w] 5 [w]=[K7(0)]v] (23)

and the transformed stator and rotor currents are

li.]=[K*@)]] 5 [ ]=[K*(@)][i] (24)

being the variables in the abc variables

Vol=[Vave V] 3 (V] =V Vv ] 5[] =] 5[] =i ] (25)

and the variables in Ku coordinates; forward, backward and homopolar variables, Ofb, are

[Vks]:[vsovvsf szb:| ; [Vkr]:[VrO’Vrf ’Vrb ; [iks]:[isolisf’isb} ; [ikr]:[irovirf 'irb] (26)

The electric machine equations expressed in Ku variables, are

R, +L,p 0 0 0 0 0
0 RS+LS(p+jd05j 0 0 M(p+j[a)m+d6'n 0
VsO dt dt isO
. 0 0 RS+LS(p—jddf5j 0 0 M(p—j(a)m+ddf']j s
Vsb _ Isb
Voo | 0 0 0 R, +L,,p 0 0 i
v i
" 0 M p+j(d05—a)mj 0 0 R,+Lr[p+jd0rj 0 N
A\ dt dt Iy
0 0 M [p—j (ddfs -, D 0 0 R, +L,(p—j ddf,]
(27)

The Ku transformation of the voltage-current equations in synchronous reference frame with the angles

0. =smt and 6, = ot produces a system of differential equations in homopolar, forward and backward,

0fb, variables
13



Voo (R, +Lyp 0 0 0 0 0 iso
v, 0 Ri+L(p+ijm) 0 0 M.(p+jaw,) 0 iy
v, | | o 0 R,+L(p-jm) O 0 M.(p-jo,) i,
V., 0 0 0 R, +L,,p 0 0 i
v, 0 M (p+jsa,) 0 0 R, +L, (p+jsw,) 0 i
v, 0 0 M (p-jsa,) 0 0 R, +L, (p—jse,) i,
(28)

In equations (28) first and fourth rows are decoupled. They are the homopolar components. The second
and fifth rows are independent of other equations and are only function of the forward variables (stator

and rotor). These equations can be written as

=(R,+L(p+j®,))i, +M (p+jw,)i, (29)
0=M (p+jsa,)i,+(R,+L (p+jsa,))i,
and torque equation is

r't)=2pM Im(i,i,) (30)

We can work only with the forward variables because the backward variables are complex conjugated of

the forward variables.

In the stator reference frame (6, =0, 6, = -6, ) the voltage-current equations in Ofb variables are

V) (R, +Lygp 0 0 0 0 0 i
vy 0 R, +L.p 0 0 M .p 0 i
Voo | _ 0 0 R, +L,p 0 0 M.p ?sb (31)
Vi, 0 0 0 R, +L,p 0 0 i
V. 0 M(p-ja,) 0 0 R,+L(p-ja,) 0 i
v, 0 0 M(p+ijam,) 0 0 R,+L (p+jo,) \i,

In this case, the second and fifth equations are also decoupled of the other equations and rotor voltage is

zero then the equation can be rewritten as

v, =(R, +Lp)s+Mp|
0=M (p-ja,)i,+(R,+L, (p-j®,))i,

r

(32)

and torgue equation is

14




I'(t) =2 M Im(ii) (33)

Then 0fb variables in rotor reference frame (9, =9,, 6, =0)are

Vo R, +L,p 0 0 0 0 0 iso
Vg 0 Ri+L(p+jm,) 0 0 M.(p+jo,) 0 i
Ve | 0 0 R, +L(p-jw,) 0 0 M.(p-jw,)| iy (34)
Voo | 0 0 0 R, +L,p 0 0 i
V., 0 Mp 0 0 R, +L,p 0 i
Vi 0 0 Mp 0 0 R, +L.p i
where the forward variables also are decoupled in the equations
V.=(R,+L,(p+jm,))i, +M (p +ja, )i, (35)
v, =0=Mpi, +(R, +L,p)i,
and torque equation is
r'(t) =2pM Im(ii’) (36)

15



1.3 Ku- Park Relation of the single-cage induction motor equations

The Ku transformation of the voltage variables are
[Vks ] = I:K - (98 ):| [vs] ; [Vs] = [vsa 1 Vsb 1 Vsc] ; [Vks] = [VSO 1 vsf ’Vsb:|
and the forward and backward stator voltages are
1 -jo -6 20-16y
Vg = §(vsae +ae Wy, +ale IV, )
1 jo 2,16, 6,
Vg = E(vsae +ae'vy +ae vsc)

that results in

Vg =\ﬁ (cos@— jsinO)v,, + cos[—¢9+2_”j+jsin(—€+2—”J Vg + cos[—a—z—”)ﬂsm[—@—z_ﬁj Vic
3 3 3 ° ’
Vv, = \E[(cose+ jsin@)v,, +(cos(9—2§j+ jsin(a—%jjvsb +(cos(9+2?”j+ jsin(0+2§jjvscj

where the angle depends on the reference frame.

The Park transformation of the voltages are

[Vps:| = [P‘l (6, )][vs] ; [Vo]=[Vea: Vip s Vee ; [vps] = [vso,vSd ,vsq}

then the direct and quadrature voltages are derived

Vsd = {— Vsa COS(HS v ) "'VS[J COS 65 r vsc C0os 65 r
Vsq = —2 —Vsa Sin(@sr)—vsb Sin Hsr Vgc Sin 93( +_3

The relation between the Ku transformation and the Park transformation is

1 . 1 .
Vs,rf = \/;(Vs,rd + va,rq) ; Vs,rb = \/;(Vs,rd - JVs,rq)

Vs,rd = \/E Re(vs,rf ) ' Vs,rq = \/E Im (vs,rf )

(37)

(38)

(39)

(40)

(41)

(42)

(43)

16



1.4  Steady-State Equivalent Circuit of the single-cage induction motor

Using the Ku equations (29) in synchronous reference frame

V.=(R,+L(p+]j@))i,+M (p+]jm,)i,

(44)
0=M (p+jsa, )i, +(R,+L,(p + js@,))i,
and taking in account that a system of symmetrical voltages has a constant forward voltage in this
reference frame. The steady state current will be also constant, and the steady state conditions in the
synchronous reference frame are
pi,=0 ;  pi,=0 (45)
Thus the induction machine equations in synchronous reference frame in steady-state are
v, =(R,+L,(jo,))i, +M (jo, )i,
(Ro+L.(j))i.+M (jo,) .
0=M (jsa, )i, +(R, +L, (jse@,))i,
where the slip s is defined as
e L (47)
a)S
Then the equations can be rewritten as
v, =R, +L, (j®))i, +M (ja,)i,
(48)

0-M (ja)s)is+(%+Lr(ja)s)ji,
Adding (M =M )(je, )i, and (M =M )(je, )i, in the first and the second equation of (44) respectively

v, =(R,+(L,-M)(j@,))i, +M (ja,)(i, +i,)

o R Y (49)
0=M (ja,)(i, +|,)+(—’+(Lr -M )(ja)s)jlr
s
where the steady-state circuit parameters are defined as
Ly, =L —M i Ly=L -M (50)

and the equations finally result as

17



V, = (R + Ly (Jo,))i, +M(joo, (i +i,)

51
0=M(ja)s)(is+ir)+(%+er(ja)s)jir 1)

These equations can be represented in the steady-state circuit in Fig. 1.2.

— R Xsd ~— X
fo 1

Vs Xm I:I R./s
o

Fig. 1.2. Steady-state equivalent circuit for the single-cage model of the three-phase induction motor
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1.5 Simulation of induction motor equations in different reference frames

"

w MNH«H) H MH
B R r ;
B mf i = me i 4&»wuwww




400

300

200

®mec (rad/s)

100 [

0 | | |
0 0.5 1 15 2

Time (s)

Fig. 1.4. Mechanical speed in a starting transient

In Fig. 1.5 the stator d, g voltages and currents can be observed in synchronous reference frame. The
voltages are constant because in the synchronous reference frame symmetrical voltages result in constant

values.
Fig. 1.5 shows the transformed direct and quadrature currents that are much smoother than those in the

350 - T

T
u\ Ve

175 L 4

O\ Vg

-175 + 4

Vsd Il Vsq (V)
o

-350 ! !

120 :

isd

isa, Isq (A)

-120 I I I !
Time (s)

Fig. 1.5 Stator d, q voltages and currents in the synchronous reference frame
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stator or rotor references (Figs. 1.6 and 1.7).

Direct and quadrature Park voltages and currents in synchronous reference frame are calculated from the

abc variables (equation 11) as

V_, COS 6’)+vsbcos[0 —z?j+v cos(e %ZD

-V, sm -V, sin (6’5 —Z—EJ—VSC sin (95 +2_”)
3 3

mm

(52)
=\E i, €OS(6,)+ig, cos[@ —2—7[j+| cos(& +2—”]
3 3 3
:\F i, sin(6,)- |sbsm(6’ —Z—HJ iscsin(e +2—”j
3 3 3
where the angle is calculated with
0, = ot (53)

Figure 1.6 shows direct and quadrature voltages and currents in rotor reference frame. It should be noted

400

o

o \ { \‘ I
o
| } |

M fil \// “ ‘?/\

\M ‘U‘M‘\/w k

Vsd ’ Vsq (V)

-200

-400
150

75

isd' isq (A)

_150 L L L L 2
0 0.4 0.8 12 1.6

Time (s)

Fig. 1.6. Stator d, g voltages and currents in the rotor reference frame
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that the voltage and the current have the big oscillations in the mechanical transient region. It is
interesting to compare them with the synchronous reference frame results in Fig. 1.5, where the voltage is
constant and the current has lower oscillations in the beginning of the transient region (electrical
transient) and is very smooth in the last region of the transient (mechanical transient). These facts are of
great interest because in the numerical process to determine the parameters of the induction machine, it is
necessary to calculate the first and the second derivatives of the currents and the first derivative of
voltages. Therefore, the synchronous reference frame allows having less numerical errors than those in

the rotor reference frame.

Direct and quadrature Park voltages and currents in rotor reference frame are calculated from the

laboratory data using the equations (52) and the angle
0, =0, =[po,dt (54)
where @, is the measured mechanical speed and ¢ is the number of pair of poles.

Fig. 1.7 shows d, q stator voltages and currents in the stator reference frame. In this case the voltage and

400

200

Vsd , Vsq (V)
o

-200

-400
150

75| .

o /

-5 | 4

Isds iSq (A)

f v H‘N ARARARRARNARARAAANAAR AR

-150

0 0.4 08 1.2 16 2
Time (s)

Fig. 1.7. Stator d, q voltages and currents in the stator reference frame, V; dash line blue and V; line green

22



currents present oscillations all the time. The use of this reference to develop the algorithm for parameter

estimation is not adequate because it presents problems with the numerical derivatives.

The direct and quadrature voltage and currents in the stator reference frame are calculated with the

equations of (52) and using the angle

6, =0 (55)

S

In this case the expression of (52) is simplified to the equations

2 Vsb vsc Vsb Vsc
Vg =5 Va =™ — ’ Vsq :\/5 A A

3 2 2 2 2
R Y SR T _ i,
iy ==, -2 = : iLo=A2] e
sd 3(sa 2 2} sq [2 2j

As a summary of this presentation of the different reference frames, the synchronous reference frame is

(56)

the best reference to work because the stator currents have oscillations of small magnitude during the

electrical transient and in the zone of mechanical transient their variation is very smooth.

35 f I

17.5— ]

ig current (A)

ig current (A)

| |
0.5 0.875 1.25 1.625 2
Time (s)

Fig. 1.8. a. Stator direct current in stator reference frame, b. Stator quadrature current
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This is very important especially due to the noise effect over the laboratory measurements; however, the

parameter estimation process is developed in the rotor reference frame in many papers [16],[17].

Fig. 1.8 shows the plot of different transient magnitudes of single-cage induction machine. The first part

of the transient has been eliminated because it is a region with great oscillations and then great values of

da,

the derivatives. The magnitudes of interest which are used as data for estimation are : derivative of

i di dv o .
rotor speed, ({;—;" d_':q dg—:d d_tsq; derivative of d, g currents and voltages respectively and

2: 23
d I d lsg

preatiie ; the second derivatives of d, g currents.
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Fig. 1.9. a. mechanical rotor speed, b. derivative of mechanical rotor speed and c. rotor d, g fluxes in

synchronous reference frame. 24
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Fig. 1.10. a. Stator d current iy derivative, b. Stator g current iy derivative, c. Stator d current iy second

derivative and d. Stator g current iy second derivative.
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In Fig. 1.8 to 1.10 there are important machine magnitudes including d, q stator currents, mechanical rotor
speed, rotor speed derivative, rotor d, q fluxes, the first and the second derivative of the stator d, q currents,
respectively. The maximum value in speed derivative in Fig. 1.9b shows the point of maximum torque. In Fig.
1.8 and 1.9.a, the d, g currents and speed are respectively shown in synchronous reference frame that does not
have oscillations after electrical transient region. Fig. 1.9.c shows the rotor fluxes. Fig.1.9.b and Fig. 1.10
shows first derivative of speed and also first and second derivative of the stator d, g currents in synchronous

reference frame.
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1.6 Single cage induction machine second order differential equations in

synchronous reference frame

According to explanation of section 1.5, synchronous reference frame is the best reference frame for
estimation of machine parameters. For machine parameters estimation in synchronous reference frame,
stator currents and voltages and derivatives of them are calculated in d, g system. Dynamic voltage-

current equations using Ku complex transformation in synchronous reference frame are

. =(RS+LS(p+ja)))is+M (p+jo)i,
=M (p+ jso)i, +(R. +L, (p+ jsm))i, (57)

0
T(t)=2pM Im(isi?) . s=(o-pa,)jo

where ¢ is the pole pairs , p is the operator derivative % w 1S the synchronous speed, w, is the
mechanical rotor speed and s is the slip.

The main problem is that rotor magnitudes cannot be measured. Therefore, rotor currents must be
substituted by other measurable magnitudes in above equations. These magnitudes are the first and
second derivative of stator current and the first derivative of stator voltage. This process of substitution
uses the rotor fluxes that are approximated by the stator fluxes. The development is made using Ku

variables, because the analytical process is clearer. The rotor currents can be expressed as

ir :Li(wr _Mis) (58)

r

l//S = LSiS + er
l//r = Lrir + MiS

Then voltage-flux equations of stator and rotor of induction machine are

vs=[RS+(LS—'vll_—j(p+ja))Jis+'t/l—(p+ja))y/r (59)

T r

Since the rotor voltage v, is zero, the second equation of (57) and equation of (59) gives

oz—RfLM is+[%+(p+j(a)—sowm))jv/r (60)

r

and the new machine equations are
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o
|
!,

R

S

£

2
M2 M| —Rs—ja{Ls—M—] “jot .
{*T] L pH - . U(] (61
1 R r
L

LA N L, M
L ) L | =|LL-M? LL-M? (62)
0 1 0 1
The equation (61) can be rewritten as
L

(A By T v (63)
p W C D W S T
r r 0

where

2
A=l b R ojoln MM __RM
LL —M L)) LL-M? L

r

M M (R .
LL—MZJ[ JwLJ LL—MZ[L ie sowm)J (64)

S r T

C=—" ; D=—%—J’(w—50wm)

T r

Operating the expressions of A and B simplifies the equations to

RL2+RM? RM - jp o, ML,
As-—r— oy~ le = 2
L (LL -M?) L (LL -M?) (65)
RM R .
C=— ; D=—T-j(0o-po
. N j(o-pa,)
where
2 2 2
o= Mg M gl o RLRMO (66)
LL, oLlL, R, L (LL —M?)

Then equations (65) can be rewritten as

28



M—jgoa)ML RM  jpoM §

A=—y—j ; B= = - T = 67
oo L(LL M7 oLl oLt T 0 ©7)
C= R'L,rVI :% ; D:_%_J(w P o, )=—T—1r—j(w—gowm)
where
L 1
S S 68
LL -M? oL, (68)
The stator current and rotor flux equations of single-cage the induction machine are
e Leipes | (L
e 5 A
l//r T _f_j(w_sowm) Wr 0
which can be rewritten as
di, . (B 1
—=(-y- i+ —— + v
g = (7o) [Tr Jsowmﬁjr//, oL
(70)
dy, M. (1 .
a T " (Trﬂ(w pw"“)}//’
The stator current second derivative is
% di, (p . dy, .do 1 dv
s = (—y— £ e FR 71
dt? (= J)dt [T, 1 @nl gt at s oL, dt (71)

Substituting the derivative of rotor flux (70) in the stator current equations (71) gives

d’i, . dip (p M. (1 dao, 1 dv,
dtz—( y JW)Olt [ ipo ﬂJ[ ,I [Trﬂ(w P, )jwr] = so/ﬁ//ﬁaLs it (72)

which can be rewritten as

d’i

di, (B . M. (p 1 da 1 dv
S: —Y — A —1 A — 4 _ m + S 73
g = 7o) (T, JsowmﬂJTrs [ Jsowﬂj[r i(0-po, )jwr iSg Py oy 73

Multiplying both sides of (70) by
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[Ti+ j(0-pao, )j (74)

r

the following expression is obtained

(%‘i_ j(a)_soa)m)]z_li:{(_y_ Ja))ls +(T£_ JsowmﬂJl//r +$vs}'[%+ j(w_SOa’m )J (75)

r S r

The equations (75) are rewritten as

(é— jsowmﬂj(%+ j(w—gowm)]u/, =(Ti+ j(w—sow@j%—(# j(w—sowm)j(—y— jo)i, -

r r

r S

Substituting rotor flux (76) from above equation to the second derivative of stator current (73) gives

‘Zt'; (- jw)%—(%+ j(w—mm)J%{Tﬁ—jgowmﬂ]TMu[TL j(w—sowm)j(—y— jo)i, -

r r r (77)
_.dCOm ﬂ 4 i.{. '(a)_ ) ) LV +L%
Pag WPV g T OmR O T T

r

which can be simplified as

2
S

_ di . do
dtz+J(2w—sowm)—s—w(w—sowm)ls+1 "By, =

dt dt
) . (78)
(L. di+ ﬁ—j o, Mi—i+j(a)— @) i—J—wi+i+j(a)— a))iv +i%
T e T et T T PO ) T T ) oL oL
Then, the coefficients K; are defined as
1 R 1 y BM R BM 1
K =—ady = S _— , K =—— = 2 y M - y M — M =_
LT, 4 oL, o, 2T, T2 oLT, w7 T, TOT 29
1 1 1 1 (79)
K4:O'_S ) SZGL—STr ) K31:M31_M32 U_TS ) Kaz_M32+M33 GTr
where
2 2 2
o=1-— M . p= M : Tr:i S :i : 7:M (80)
L.L, olLL, R, R, L (LL -M?)

30



da,

All the references [15 to 18] use the approximation of zero speed derivative; i.e. it can be neglected

so that the rotor flux is eliminated in these equations. In this thesis this strategy is improved by a better

approximation. This will be studied in section 1.9.

Using the coefficient K; equation (78) can be rewritten as

4, di, . . da,
2 +](20)—806()m)——6()(6()—500)m)ls+J Pﬁ'//rz
dt dt dt (81)
_Klz—lts— K, i, —(jM3l(w—goa)m)+ i o M, + ja)M33)is +K, [d(;’ts ¥ j(a)—goa)m)vsj+ KV,
and simplifying results
2. -
d Izs + j(Za)—goa)m)%—a)(a)—goa)m)is + J%ﬁvjr =
dt dt dt (82)
_Klﬂ— K, i, —(jK31(a)—goa)m)+ ja)K32)is +K, av, +j(@-pa,)V, |+ Ky,
dt dt
and finally changing the sign of the equation gives
di, . di, . . dpa,
i (20-pa,) ro(o-pa, )i, - ] —arn y, =
dt dt dt (83)
Kl%Jr K,i, +(jK31(a)—égoa)m)+jcaK32)iS _K“[d(;/ts +j(o-pa, )Vsj—sts
This complex equation expressed in d, g variables results in two real equations. The real part is
2: i
Ll L 20-pa,) s o(0-pa, )i, +22% gy, -
dt t dt
di \ (84)
K1_5d+ KZisd - K31 (w_goa)m)isq K32wlsq - KA( d;d _(W_S/me)vqu KSVsd
and the imaginary part results
d?i i
- zq _(260_8060m)dlSd +a)(w_<@a)m)-sq_dsowm ﬂ!//rd =
dt dt dt (85)

diy . _ o,
KlT-l‘ Kzlsq + Ky, (w_@wm)lsd + Ko, — K, at +(a)_50 w, )de _ stsq
The equations (85) and (86) can be expressed in matrix notation as
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Kl
di . : : v, K,
d_td iy —(0-p )i, - i, —d—td+(a)—goa)m)vsq —V, Ky |
dig . ] . dv, Ka -
d_tq Isq ((1)—50 a)m)lsd Olgy _d_tq_ (0)—&0 D, )vsd _Vsq K4 (86)
KS
d?i, di, ) dp o,
) —T;’+(2m—goa)m)d—tq+(a)—pa)m)a)lsd+(,Bt//rq). "
d’i, di, : dp o,
- dtzq -(20-pa,) dtd +(a)—gowm)a)lsq—(ﬂy/rd). it
and, it can be written in @ more compact expression as
Kl
K2
a,, a a a a a K b
[A][K]:[B] - ( dl d2 d3 d4 d5 d6] 31 ( dj (87)
Ay A Az 8, 3 A )| Ky b,
K4
KS
where the coefficients are
B o g, ziy 5 ap=—(0-po, )i, ; a,=—o
adjl_dt ’ a'dz_sd ’ ad3_ @ goa)m)sq ’ aTM_ wsq
dvsd .
ad5=_ ?_(a)_sowm)vsq ’ ad6=_vsd (88)
d?i, di, : dp o,
b, =- dtzd +(2o-p o, )d—tq+a)(a)—gowm)|sd +(ﬂ1//,q) o
di, _ : :
A= ¢ A=y as=(0-pa,)iy ; a,=0iy
dv,
aq5:_ T_*—(w_‘owm)vsd ; aq6:_Vsq (89)
d i, di, : dp o,
b, =- dtzq -(20-pao,) dtd +a)(a)—goa)m)lsq -(Bvy) it
From the K parameters
[KI=[K, K, Ky Ko K, KT (90)

it can be estimated the induction machine parameters with the equations
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(91)
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1.7 Induction machine second order differential equations in the rotor

reference frame

In the rotor reference frame, the induction machine second order differential equation can be obtained

from the synchronous reference frame, imposing that » = p w, , then the vector of K-parameters is
[K]:[Kl K, K; K, KS]T (92)

and the equation [A][K]=[B] results

diy i P d _y
~ dt sd misq dt “Vad
Al=la, o, (93)
F Isq 2 Dl - dt _Vsq
dZi, di, d(p o,
AR +(Ava) (dt :
Bl=| gy di d(po,) o4
Y90 ly n
dtz gowm dt (ﬂl//rd) dt

The parameters K; are determined from the induction machine parameters while K in rotor reference
frame is Kz, of synchronous reference frame

M ? L L R 1

o=1- o T=— . T==  ; K=—t4— (95)
L.L, R, R, oL, oT,
R 1 1 1 1
K, =—"—= i K,(rotor) =K, (synchronous)=— ; K,=— ; K;= 96
? oLT  oTT 2 (rotor) = Ky, (s ) oT, ‘oL, ° oLT (96)

and the equations to obtain the induction machine parameters from the K parameters are

KS
1

K K

Rs:#:i : Ls: 1 : Lr:Ls
K, K, oK, (97)
2 K L
O = l = —M—2 X Tr:—4 y R'_:—r y M :LS 1_0

K,L, 12 K, T,
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1.8 Induction machine second order differential equations in the stator

reference frame

In stator reference frame, the induction machine second order differential equation can be obtained from

the synchronous reference frame imposing that » =0, then the vector of K-parameters is

[K]=[K, K, K, K, K,] (98)
and the equation [A][K]=[B] results
di,, [ Pa.i Vst PV v,
dt sd m''sq - dt - mVsq sd
A= di \ (99)
sq . . sq
E sq 0 Dl _t+50a) v Vsq
43 di, d(pao,
Ty +(Ava) (it !
[B]=| . (100)
dig d(po,)

di
+ o @, o _(ﬁWm)

dt? dt dt

The parameters K; are determinate from the coefficient of the induction machine while K; in stator

reference frame is Ks, of synchronous reference frame

o=1- T =— T == K, =—— (101)
L.L, R, R, oL, oT,
R 1 1 1 1

K2 = O'L:Tr = o'TsTr X K3 (stator) = K32 (synchronous) = U_Tr iy K4 = o'_l_s X K5 = o'LsTr (102)

and the equations to obtain the induction machine parameters from the K-parameters are

RS:Kl_K3 : LS=& : Lr=Ls
K, K,
1 M? 1 L (103)
o= =1-— T = R =— M=LVl-o
K,L, L2 oK, T
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1.9 Flux approximation in synchronous reference frame

The rotor of the induction motor is not usually accessible. Consequently, rotor currents and fluxes cannot
be measured. In synchronous reference frame an approximation for the rotor flux can be obtained using

the relation

v, +i, (104)

and operating
oLL, (By, +i;)=My, +oLLi =M (Li, +Mi )+(LL, -M?)i =L, (Li, +Mi )=Ly, (105)

and finally the rotor flux is obtained from stator magnitudes as

L 1 .
ﬁt//,+ls=al_r|_ Ve = Bvi=—v.-k (106)

ST

From the voltage-current equation (57) and (58) and approximation of the stator flux y, can be obtained

because the influence of R is negligible and yis approximately constant

v, =Ri, + py, + jow, (107)
The stator flux approximation is
p, =~ (108)
jo

and inserting (108) in (106), the approximated equation of rotor flux in complex Ku transformation results

Py = (109)

The complex equation in direct and quadrature variables, d, g, results in two real equations

Vs . Vv
ﬁl//rd :—q_lsd ' ﬁl//rq:_ d

—i 110
ool (110)

sq

ool

Fig.1.11a shows that v, and y, are nearly constant when the electrical transient is finished. This
supports the approximation of equation (108). Fig.1.11b shows the variation of y, and y, that is
important. Fig. 1.12 shows the mechanical speed.
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Then using approximation of rotor fluxes equations in equation (86), gives

Kl
_disd : H : dvsd Vsd d (goa)m) Kz
Tt e el ety Sgtlomeen Ma TR Ve |
—di dv v, d K
T i (e-pa)iy, o,  — i (0-pa, N, - a d(9) v ||
dt a dt ® dt K,
(111)
KS
dZi, di, . do,
. dtzd -(20-pa,) dtq —(0-pao,)oiy+i, it
| ddi di dw
2+ (20— — (- i, —i m
dtz (a) @a)m) dt (a) pa)m)a)sq sd dt
and in a more compact expression, it can be written as
Kl
KZ
[A][K]:[B] — Eadl ad2 ad3 ad4 ad5 adGJ K31 :[bdj (112)
aql aq 2 aq 3 aq 4 aq 5 aq 6 K32 bq
K4
KS
where the coefficients are
di, . . ) . .
adl: dt ’ adZ:Isd ’ adsz_(w_sowm)lsq ’ adAZ_COIsq
— dvsd 1 dsoa)m . _ (113)
ad5__ ?_(a)—pa)m)vsq _ZTVsd ’ adB__vsd
d?i, di . dpo, .
bd:—Tzdﬁ-(Za)—goa)m)d—tq—i-a)(a)—goa)m)Isd— s
di, :
aq].:F a,, =l aqsz(a’_é@wm)lsd 8y, =0l
dVS 1ng(0m .
aqsz—[d—tq+(w—goa)m)vsd T vqu ;85 =V (114)
d’i, di, . dpao, .
bq=—T2q—(2a)—goa)m)dtd +a)(a)—goa)m)lsq+ it iy
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1.10 Error influence on B, and B, coefficients

To analyze the influence of the error introduced by the derivatives of currents and voltages in

synchronous reference frame in equations (113) and (114) terms |bg| and |by| are defined as

2 di dpa, .
—|_ sd _ _sa — m
|bd —‘ e +(2o-pa,) " +(a)(a) P o)y " |qu
42 i g (115)
IS Is H SOCl)m
| Q|:|_ dtzq _( w_s/‘)wm) - "(w(w_t@wm)lsq"_ dt sdj
The quantities ||, |D1a|, [Doal, [D2q], [P14], [Dog| are defined as
d?i i . do_ .
it ‘(Zw_pwm) at ‘(w(w_sowm)l”’ _godta)m IS‘*]
L b
J% _ 5 (116)
dtzsq ‘(zw_t@wm)d(;;d [a)(a)_@a)m)isq_'_sodta)m Isdj
b,,|= b, |= ; b, |=
SR . 3

Fig. 1.13. shows the relative weight of each term in (116). From these results, it can be concluded that the
terms that have a significant influence are those corresponding to the transformed currents, i.e., byy and
Dog. Less important terms are those including the first derivatives, and the terms with the second
derivative are negligible. The most important result from this study is that the errors introduced by the

second derivative hardly affect on the estimation procedure.
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2 Least-square regression method

2.1 Least-square theory

The Least-square method with two variables is the method of finding the best fit straight line for the

observed (known) pairs (X,, Yn), i.€. Yo = aX,+ b, where n is the number of pairs of data.
Thus, the problem is finding values of coefficients a, b in

y, =ax,+b (117)
that minimizes a quadratic error.

For simple explaining the method, in equation of y=ax+b if there is the best fit, the errors equations

should be minimum for n observed pairs
g y,—(ax, +b)

_l (118)

&y yn_(axn+b)

For this reason, the variance (azy_(mb)) should be minimized. The variance shows how good a fit is. Also

the importance of variance is more than that of mean value because in variance larger errors are weighted

more than the errors in medium equation so that variance is used for least square method [33], then

2 N

O-y—(ax+b) =

% (v, —(ax, +b))2 (119)

n=1

To minimize the error, as a function of parameters a and b

6Gy—(ax+b) -0 , 6Gyf(a><+b) =0 (120)
da ob
o(1X o(1N 2
lREoen o ST (e ) )0 e
iZ(yn—(axn+b))(—xn)=0 ; iZ(yn—(aXner))(l):O (122)

n=1 n=1

then
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N N A
Xx XX | [ X%V,
a _ | n=l n=1 n=1
(b]_- N N N
DI DI Ya
n=1 n=1 n=1
Defining the matrix X and vectors Y and K in Y=KX
X 1 Y1
a
X= ; Y = ; K:(j
b
Xn 1 yn
the estimated parameters can be derived from
KEstimated :(XT x )’1 x TY

(123)

(124)

(125)

(126)

In the general case with K variables (x*, x .2, ..., x*,y, ) the least-square method search the best (a', ...,

n !

a* ,b ) parameters that satisfy the best fit according to equations
y, =a'x +..+ax +b
y, =a'x} +..+a“x‘ +b

and errors to be minimized are defined as

& yl—(a1x11+...+a"xl" +b)
&) |y, —(ax; +..+afx) +b)
Then the matrix and vector are

1 kg al
Xp o Xy Y1 .
X=|: : Y = : K= .
k
X, Xy 1 Y, a

(127)

(128)

(129)
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and the calculation of the coefficients K that minimizes the error can be made with

K =(XTX)tXTY (130)

Estimated
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2.2  Application of the regression method to the single-cage induction machine
parameters determination.

The single-cage induction motor second order differential equations with the rotor flux approximation
gives for each experimental point two equations in (111) to obtain the K-parameters. This equation is
repeated for clarity

Kl
K2
a,, a&,, a,, a, a, a K b,
[A][K]z[B] - ( d1 d2 d3 d4 d5 deJ 31 :( dj (131)
Au Az A Ay A A )| Ky, by
K4
KS
where the coefficients are
dig,
dl_F ’ ad2 sd ? a‘d3__(a)_50a)m)lsq ’ ad4__wlsq
dv, ldpa, .
adsz_(d_td_(w_@wm)vs&ﬁ';TVsdj v 84 = Vg (132)
2i, di dp o,
b, _dtzd+(2a)—goa)m)d—tq+a)(a)—goa)m)lsd el
di,,
aq1:F ' q2_|sq ’ an_(w_goa)m)lsd ' aqzl:a)lsd
dv, ldpaw,
aqsz_(d_thr(w_Sowm)Vsd Y Két Vsqj T (133)
d2i5 dls 50 m
q:_dtzq (2o-pw,) dtd+co(a)—goa)m)|sq+ o i,
From the K-parameters
[K]:[Kl Ky Ky Ky K, K5:|T (134)
the induction machine parameters can be estimated with the equations
R =K Ke o Be oy
K, K,
1 M 2 1 L (135)
o= =l-—-  ; T, = . R == ; M-=L+l-o
K,L, L, oK, T,
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The minimum number of points to determine the induction machine parameters are three points. Then the

minimum number of equations are six. In this case, the linear system of equations that must be solved is

1
a'dl

1
a‘d2

The K-parameters are determined with

1
ad3

1
ad4

1
a’dS

1
a‘dG

[K]=[A]"[B]

[

N

A X X

w
=

~

w
N

~

A X

3]

by
b;
bi
by
b]
b;

(136)

(137)

In the case of using n points, the 2n equations produces an over determined linear system of equations

1
e
1
ay
2
8y
2
a,
n
CH

n
aql

that can be solved with the multidimensional regression method

1
CEP)
1
A,
2
84,
2
a;,
n
84z

n
aqz

1
843
1
ag;
2
843
2
ays
n
843

n
aq3

where [K]=[K, K, K, K, K, K,].

1
Ay
1
aq4
2
Qg4
2
aq4
n
Qg4

n
a.q4

1
845
1
ags
2
845
2
ays
n
845

n
aq5

1
846
1
Ay
2
86
2
Ayg
n
86

n
aqe

[K]=[[A] [A]] [A] [g]

[

N

A X X

w
s

~

[
R

~

A A

3]

b;
0,
b;
by
b}
0

(138)

(139)

44



2.3  Error determination of the estimation method using T, Ts, Is and I,
Steady-state magnitudes for error determination are calculated from steady-state circuit of Fig. 2.1. The
motor steady-state error magnitudes are maximum torque; Ty, starting torque; T, starting current; I and

no-load current; I,.

Is r
Fzs )<sd Xrd
o I Yy
Vs Xm R,/s

Fia. 2.1.Steady-state equivalent circuit for the single-cage model of the three-phase induction motor

Maximum torque and current in steady-state circuit are derived from below equations

T 2302 R (140)
a)s Sm

where  is number of pairs of pole and 1, is the rotor current

Irm =abs % (141)
gL+ijd
where I, is the stator current in maximum torque slip
I, = o (142)
(Rs + J a)sLsd +;m )
and
U e 1
Vv —  line—line . 7 — (143)
ph ’ =m
J3 _ 1|v| . 1
J ws 7r+ J a)s er
Sm
considering s, the slip of maximum torque
S R, (144)

T RIH(oL X, )
and R, is real part and X, is imaginary part of
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1

: + :
Ja)sM R5+Ja)sLsd

The starting torque and current in slip equal to 1 (starting slip) is calculated from equations

T, =21,

;

where the rotor current in the starting; 1 is

and |, is the stator current

I, = Von 4 !
- (Rs+jws|‘sd+;s) = - 1 + 1
joM R +jolL,

I, is the stator current for s = othat coincide with the magnetizing current, 1.

V

=1 = o

"M R 4o, (Ly+M)

Then the error of the method is quantified with the machine magnitudes

_ abs (Tm,est _Tm,reaj ) . _ abs (Ts,est _Ts,reaj )

ng - Tm,real , STS - Ts,real ,

B zabs(ls,est_ls,real) i e =abS<INL,esl_INL,real)
§ abs(ls,real) , e INL‘reaJ

where the subscript real is for real magnitudes and subscript est is for estimated magnitudes.

(145)

(146)

(147)

(148)

(149)

(150)

The reason that these magnitudes are selected for error quantification is that these errors sensitivities to

resistances and reactances of machine are better than other parameters. In reference [27] it is commented

that the relative error (ARRS] has a low sensitivity, then it is a low quality indicator of the estimation

S

errors.
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3 Errors study of the regression method
In this chapter the errors in the single-cage parameters estimation using the least square method are
studied. This method usually works with a lot of data, because it is an over determined problem, and the
solution is optimal in the sense that optimizes a criteria of error that previously has been determined.
In the problem of the single-cage parameters estimation, there are other sources of errors, different of the
experimental measurements. They are the different approximations of the numerical equations that are,

e Speed derivative term elimination

¢ Rotor flux approximation

o Numerical derivative approximation
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Fig.3.1. Change of the first point in region 1, 2 in Torque-Speed curve
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Fig.3.2. Change of the second point in region 1, 2 in Torque-Speed curve
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To try to understand the significance of this kind of errors and the influence of the position of the points
used in the estimation, the study use only three points, which are the minimum necessary data, that give
six magnitudes to obtain the six parameters calculated in the regression method.

As it has been previously commented, the errors are defined as steady-state maximum torque; T, starting
torque; Ts, starting currents; Is and no load current; 1, from steady-state circuit equations (equation 150).
The no load acceleration test data has been generated by simulation using the Power-System of Matlab
program [31]. For this study three zones are considered. The first zone, between the mechanical transient
(the end of electrical transient) and the maximum torque called zone #1.

The second zone between the maximum torque and the steady-state is zone#2 and the third zone is the
steady-state region called zone #3. The study of error estimation with 3-data points regression method is
fixing two points in two regions and changing the third speed point position in special zone.

The Figs. 3.1 to 3.3 include the fixed points in black color and the moving point positions in orange color.
In some results of estimation with regression method, it is needed to separate the second region of Fig. 3.2
for clarity of error study in another figure shown in Fig. 3.3.

These figures are the small torque speed figures that are shown inside of the error figures in next sections.
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Fig.3.3. Change of the second point in region 2

48



3.1 Influence of flux approximation

In all the figures of this and next section the starting transient at no load of motor in Table 3.1 has been
studied. In Figs. 3.4 to 3.9 the step size; 0.0001[s] is used to calculate the derivatives and an inertia of J=

0.08[kgm?] is considered.

Table.3.1. Induction machine data

fs(Hz) Vspn(V) Rs(2) Ls(H) Ln(H) L.(H) R(Q) Pole pairs Sh(VA) J(kg.mz)

50 220 0.4 0.3246 0.3183 0.3246 0.4 1 4.5k 0.08

Fig. 3.4 shows the maximum torque error in the different speed points for the case of the speed derivative

term elimination with circles connected with a black line. Fig. 3.4 has two fixed points at m,=296[rad/s];

o
o

T

0.15

o
[E=Y
T

T

0.05

Maximum torque error; erm

0.00'= = L o = ‘ = P e

90 130 170 210 250 290 330
Speed (rad/s)
Fig. 3.4. Relative error of Tm-Speed for speed (®m; changes between 94 and 317; ®,=296; ®w;=314.4)

with regression method and h=0.0001 and J=0.08, with exact rotor flux; the line with square, with
flux approximation; the line diamond, with zero rotor flux; the line with circle.
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Fig. 3.5. Relative error of Tm-Speed for speed (®, changes between 94 and 317; ®,=94; ®w;=314.4)
with regression method and h=0.0001 and J=0.08, with exact rotor flux; the line with diamond, with

flux approximation; the line with square, with zero rotor flux; the line with circle.
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w3=314.4[rad/s], that corresponds to a point near the maximum torque point and another in the steady-
state speed, respectively. In this figure the point that moves has speeds between 94[rad/s] to 317[rad/s]
(before steady-state the speed is more than synchronous speed). The influence of the speed derivative
term is not negligible in contrary of the usual hypothesis in the literature that eliminates the term of the
speed derivative. In the Fig. 3.4 the error in the maximum torque using the rotor flux approximation
(equations 110) is represented with diamonds connected to a blue line. This error is very low and
confirms that the rotor flux approximation is a significant improvement in comparison with speed
derivative term elimination (zero flux approximation).

As this study of the errors is based on data obtained from simulation, the exact value of the rotor flux is

accessible. For a validation of the process of calculation of the errors, the maximum torque error has been
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Fig. 3.6. Relative error of Tm-Speed for speed (w, changes between 296 and 317; w,=94; w;=314.4)
with regression method and h=0.0001 and J=0.08, with exact rotor flux; blue line with diamonds,
with flux approximation; red line with squares, with zero rotor flux; green line with circles
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Fig. 3.7. Relative error of Ts-Speed for speed (e; changes between 94 and 317; »,=296; w;=314.4)
with regression method and h=0.0001 and J=0.08, with zero rotor flux; black line with circles, with
flux approximation; blue line with diamonds, with exact rotor flux; red line with squares.
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calculated using the exact value of the rotor flux (equations 86). Fig. 3.4 shows that error with squares
connected to a red line, is always near to zero. This fact confirms that the main source of this error in the
method is the rotor flux that can not be measured. Fig. 3.5 shows the maximum torque error study similar
to Fig. 3.4, but in this case the two fixed points are ®;=94[rad/s] and w;=314.4[rad/s] and the position of
the second point changes between speeds 114[rad/s] to 317[rad/s].

The maximum torque error using the speed derivative elimination is represented with circles connected
with a green line, and it can be observed that the errors are very high. The case with the rotor flux
approximation is represented with square connected with a red line, and when the speed point is moved
far from the maximum torque speed in zone 1, the maximum torque error also is very high. To validate
the calculation process, the error has been calculated using the exact rotor flux, and this has been

represented by diamonds connected with a blue line. In this case the error is not significant.
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Fig. 3.8. Relative error of Ts-Speed for speed (w, changes between 94 and 317; w,=94; w3;=314.4) with
regression method and h=0.0001 and J=0.08, with exact rotor flux; blue line with diamonds, with
flux approximation; red line with squares, with zero rotor flux; green line with circles.
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with regression method and h=0.0001 and J=0.08, with exact rotor flux; blue line with diamonds,
with flux approximation; red line with squares, with zero rotor flux; green line with circles.
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The main conclusion of this comparison is that the points used to calculate the induction motor
parameters must include always a point at steady-state speed and another point near the maximum torque
speed. This idea is confirmed in Fig. 3.5, because in the red line with squares when the moving point goes
near the maximum torque speed, the errors are very low. Fig. 3.6 is a zoom of Fig. 3.5 to show that the
rotor flux approximation has a low error when a point is in this region.

Fig. 3.7 to 3.9 show the relative error of the starting torque; T, for exact rotor flux, rotor flux
approximation and zero rotor flux (speed derivative term elimination). In Figs. 3.7 to 3.9,
inertia=0.08[kgm?] and step size for the derivative calculation is 0.0001[s]. In Fig. 3.7 just the first point
changes and point 2 is fix at 296[rad/s] in zone 2 and point 3 is fix at 314.4[rad/s] in zone 3. In Fig.3.8
just the second point changes in region 1 and 2 between 94[rad/s] (sometimes 114 to avoid having 2
points on each other) to 317[rad/s] and point 2 is fix at 94[rad/s] and point 3 is fix at 314.4[rad/s]. In Fig.
3.7 red solid line with squares is starting torque relative error with exact rotor flux that is very low. Blue
line with diamonds is T; relative error with rotor flux approximation that is low. Black solid line with
circles is this error with zero rotor flux that is high and it is the usual method in the literature [15]. In Fig.
3.8 green line with circles is T error with zero rotor flux. The red line with squares is error of T with
rotor flux approximation and blue line with diamonds is the T error without approximation (with exact
rotor flux).

Fig. 3.9 is a zoom of Fig. 3.8 in zone 2 that shows that the error in the starting torque with rotor flux
approximation is less than 0.03.

The main conclusion of all figures in this chapter is that the errors are low in 2 cases with rotor flux
approximation. One case is for two points in zone 2 that one of them is maximum torque point and the
third point in zone 3. Another case is with three points in three different regions that one point is in the

maximum torque point.
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3.2 Influence of step size on the maximum and starting torque relative errors

In this study rotor flux approximation has been used. The inertia of the motor is 0.08[kgm?]. The study
has been executed with three step sizes for derivative calculation; h=0.0001[s], h=0.001[s] and h=0.01[s].
In Fig. 3.10- 3.15 relative error of maximum torque T,, and starting torque T, are shown. In Figs. 3.10 and
3.13 that are T, and T; errors respectively, just the first point changes between regions 1 and 2 from
94[rad/s] to 317[rad/s]. In Figs. 3.11 and 3.14 that include T, and T; errors respectively, just the second
point changes between region 1 and 2.

In Fig. 3.10 and 3.13 red solid lines with squares are T,, and T relative errors respectively for step size
0.01, blue lines with diamonds are these errors for step size 0.001 and black solid lines with circles are

these errors for step size 0.0001. The errors in these figures are always low.
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Fig. 3.10. Relative error of Tm-Speed (@, changes between 94 and 317; ®,=296; w3;=314.4) with

regression method and flux approximation and J=0.08, with h=0.01; red line with squares, with
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Fig. 3.11. Relative error of Tm-Speed (w, changes between 94 and 317; w,=94; w3;=314.4) with
regression method and flux approximation and J=0.08, with h=0.01; red line with square, with
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regression method and flux approximation and J=0.08, with h=0.01; red line with squares, with
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Fig. 3.13. Relative error of Ts-Speed (w; changes between 94 and 317; w,=296; w;=314.4) with
regression method and flux approximation and J=0.08, with h=0.01; red line with squares, with
h=0.001; blue line with diamonds, with h=0.0001; black line with circles.

In Fig. 3.11 and 3.14 red solid lines with squares are T,, and T relative errors respectively for step size
0.01, blue lines with diamonds are these errors for step size 0.001 and black solid lines with circles are
these errors for step size 0.0001. Figs. 3.12 and 3.15 are zoom of Figs. 3.11 and 3.14 respectively in zone
2 of moving point. The result of these figures is that good estimation is in zone 2.

This study shows the step size change is not important while two points are the maximum torque point

and the steady-state point in the study.
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Fig. 3.15. Relative error of Ts-Speed (w, changes between 296 and 317; w,=94; w;=314.4) with
regression method and flux approximation and J=0.08, with h=0.01; red line with squares, with
h=0.001; blue line with diamonds, with h=0.0001; black line with circles.
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3.3  Study of inertia influence in the error

In this study the rotor flux approximation and step size for derivative calculation of 0.0001[s] are
considered. The study is executed for different inertias; 0.08[kgm?*], 0.2[kgm’] and 0.8[kgm?] and the
relative error of maximum torque as a typical error is shown.

In Fig. 3.16 to 3.18, square red lines are T, relative error for inertia 0.2[kgm?], diamond blue lines are T,,
errors for inertia 0.8[kgm?] and circle black solid line is this error for inertia 0.08[kgm?].

In Fig. 3.16 the first point changes in zones 1 and 2 between 94[rad/s] to 317[rad/s]. In this figure two
other points are fix at ©,=296[rad/s] and w3=314.4[rad/s]. In this figure the maximum torque errors are

always low.
In Figs. 3.17 the second point changes between zones 1 and 2 between 94[rad/s] to 317[rad/s]. In this
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Fig. 3.16. Relative error of Tm-Speed (w, changes between 94 and 317; ®,=296; ®w5;=314.4) with
regression method with h=0.0001 and flux approximation and J=0.08; black line with circles ,
J=0.2; red line with squares, J=0.8; blue line with diamonds.
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Fig. 3.17.Relative error of Tm-Speed (w, changes between 94 and 317; ®,=94; w;=314.4) with
regression method with h=0.0001 and flux approximation and J=0.08 black line with circles,
J=0.2; red line with squares, J=0.8; blue line with diamonds.
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figure two other points are fix at w;=94[rad/s] and w;=314.4[rad/s]. Fig. 3.18 is a zoom of Fig. 3.17.The

result is that the error in the second region of point 2 is low.
Finally these figures show the inertia influence has a low significance on the error estimation with

maximum torque and steady-state points.
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Fig. 3.18. Relative error of Tm-Speed (w, changes between 296 and 318; w,=94; ®w5;=314.4) with
regression method with h=0.0001 and flux approximation and J=0.08; black line with circles, J=0.2;
red line with squares, J=0.8; blue line with diamonds
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3.4 Relation between estimated parameters and error

In this study the step size is 0.0001[s], the inertia is 0.08[kgm?] and the rotor flux approximation is
considered. In Figs. 3.19 and 3.20 black line with circles is estimated stator resistance; R, red line with
squares is estimated rotor resistance; R,, green line with triangles is estimated mutual inductance; M and
the blue line with diamonds is the estimated stator inductance; L that is predefined to be equal to the rotor
inductance L, [25].

Fig. 3.19. shows estimated resistances and inductances while just the first point changes in zone 1 and 2
between 94[rad/s] to 317[rad/s] and two other points are fix at 296[rad/s] and 314.4[rad/s]. The figure
shows in all of speeds of point 1 the parameters are well estimated except for R,. This parameter has good
estimation when 2 points are in the second region and the third point is in the third region. Fig. 3.20.
shows estimated resistances and inductances while just the second point changes between zones 1 and 2
between 94[rad/s] to 317[rad/s] and two other points are fix at 94[rad/s] and 314.4[rad/s] according to the
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Fig. 3.19. Estimated machine 1 parameters for speed (@, changes between 94 and 317; »,=296;
w3=314.4) with regression method with h=0.0001 and rotor flux approximation Rg; black line with
circles, R;; red line with squares, L:=L,; blue line with diamonds, M; green line with triangles.
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Fig. 3.20. Estimated machine parameters speed (w, changes between 94 and 317; w,=94;

w3=314.4) with regression method with h=0.0001 and rotor flux approximation Rg; black line with
circles, Ls=L,; red line with squares, R;; blue line with stars, M; green line with triangles.
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small Fig. 1 inside of Fig. 3.20. Fig. 3.20 shows in all of speeds of point 1 the parameters are well
estimated except for Rs. Small figure 2 in Fig. 3.20 is zoom of Fig. 3.20 that shows the estimation of all
parameters and R; in the second zone of moving point, is good.

The main conclusion is that the good estimation is possible with the maximum torque point and the

steady-state point.
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3.5 Influence of increasing number of points in each zone

In this study the step size and inertia are 0.0001[s] and 0.08[kgm?] respectively. The rotor flux
approximation is considered. The minimum numbers of points are 3 points in 3 different zones. Fig. 3.21
shows the relative error of maximum torque; Ty, in the regression-method.

In Fig. 3.21, 3 points in 3 different zones are considered then the number of points are added in zone 1
between 94[rad/s] to 296[rad/s] (the black line with circles), then in zone 2 between 296[rad/s] to
314.4[rad/s] (the blue line with diamonds) and then in both zones 1 and 2 (the red line with squares) to
see the multiple points effects in estimation.

Finally Fig. 3.21 shows that the influence of the numbers of points is low because the error is always

lower than 0.015 while the number of the points are more than three.
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Fig. 3.21. Influence of multiple points in zone 1, multiple points in zone 2 and multiple points in both
zones (1 and 2) with regression method with h=0.0001, J=0.08 and rotor flux approximation with more
than 1 point in region 1, one fixed point in region 2 and one fixed point in region 3; black line with
circles, with more than 1 point in region 2, one fixed point in region 1 and one fixed point in region 3;
blue line with diamonds, with more than 1 point in region 1 and 2 and one fixed point in region 3; red
line with squares
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3.6 Comparison of estimation error for different machines
In this study three machines of Table 3.2 are tested. The step size for derivative calculation is 0.0001]s]
and rotor flux approximation is used in the parameter estimation.
Table. 3.2. Parameters of three induction machine with =50 [Hz]
Sn(VA) Vs ph(V) Rs(Q) Ly(H) Lin(H) L.(H) RH() % J(kg. mz)
4.5k 220 0.4 0.3246 0.3183 0.3246 0.4 1 0.08
7.460k 460/\3 0.6837 0.15275 0.1486 0.15275 0.451 1 0.1
160k 4003 0.01379 0.007842 0.00769 0.007842  0.007728 1 2.9
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Fig. 3.22. Relative error of Tm-Speed (w, changes between 94 and 317 (zone 1, 2); w,=296; w;=314.4)
with regression method with h=0.0001 and rotor flux approximation for machine 1 (4.5kVA); black
line with circles, for machine 2 (7.46kVA); blue line with diamonds, for machine 3 (160kVA); red line
with squares

I

w
T
|

N
T
1

[EEN

Maximum torque error; €rmy

0 — me 5L 5
110 165 220 275 330
Speed (rad/s)
Fig. 3.23. Relative error of Tm-Speed (w, changes between 94 and 317 (zone 1, 2); w1=94; w;=314.4)

with regression method with h=0.0001 and rotor flux approximation for machine 1 (4.5kVA); black
line with circles, for machine 2 (7.46kVA); blue line with diamonds, for machine 3 (160kVA); red line
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In Figs. 3.22 to 3.24 step size is 0.0001[s]. The inertia of machine 1 is 0.08[kgm?], machine 2 is
0.2[kgm?] and machine 3 is 2.9[kgm?] in these figures and the relative error of T,, for 3 sample machines
is studied.

In Fig. 3.22 to 3.24 red lines with squares are Ty, relative errors for the third machine that is high power
(160kVA) machine, the blue lines with diamonds are Ty, relative error for the second machine (7.46kVA)
and the black lines with circles are Ty, relative error for machine 1 (4.5kVA).

In Fig. 3.22 just the first point changes between zone 1 and 2 from 94[rad/s] to 314.4[rad/s]. The two
other points are fix at 296[rad/s] and 314.4[rad/s]. In this figure the errors are always low. In Fig. 3.23 just
the second point changes between zone 1 and 2 from 94[rad/s] to 314.4[rad/s] and the two other points are
fix at 94[rad/s] and 314.4[rad/s]. Fig. 3.24 is a zoom of Fig. 3.23. The results of Figs. 3.23 and 3.24 show
good estimation is in the region 2. The error is not sensitive to the power of machine. The main
conclusion is that the method works for high power and low power machines while one point is maximum

torgque point and another point is the steady-state point.
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Fig. 3.24. Relative error of Tm-Speed (@, changes between 296 and 317 (zone 2); w,=94; w3;=314.4) with
regression method with h=0.0001 and rotor flux approximation for machine 1 (4.5kVA); black line
with circles, for machine 2 (7.46kVA); blue line with diamonds, for machine 3 (160kVA); red line with
squares
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3.7  Study of regression method omitting steady-state point

In this section the effect of the point in the steady-state zone on the estimation parameters errors is
studied. In this study the step size for derivative calculation is 0.0001[s], inertia is 0.08[kgm?] and rotor
flux approximation has been used. In Fig. 3.25, relative error of T, is shown in red line with squares while
®1=94[rad/s], ®,=296[rad/s] and the speed of the third point; w; changes between ®; and steady-state
speed according to the small Fig. 2 inside of Fig. 3.25. In this figure there is not any point in the steady-
state zone. The blue line with stars is this T, error while point 1 moves between 94[rad/s] and
317[rad/s]and two other fix points are maximum torque point at 296[rad/s] and the steady state point at
314.4[rad/s] shown in small Fig. 1 inside of Fig. 3.25. The conclusion is that error is not too much

sensitive to the third point in the third zone.
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Fig. 3.25. Relative error of Tm while ®,=296, w;=314.4 and w; changes between 94 and 317 with
h=0.0001 and J=0.08 with rotor flux approximation; blue line with stars, Relative error of Tm while
w1=94, 0,=296 and wj; is changed between zone 1 and 2 and there is not steady state point with the
rotor flux approximation; red line with squares.
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In Fig. 3.26 black line with circles is relative error of magnetizing current; 1, which is low. The green line
with triangles is starting current relative error; I, blue line with diamonds is maximum torque relative
error; T, and red line with squares is starting torque relative error; T, while the third point moves
between zones 1 and 2 between 94[rad/s] to 317[rad/s] and point 1 and 2 are fixed at 94[rad/s] and
296[rad/s] respectively. The main conclusion is that error is not too much sensitive to the third point in

the steady-state region but the errors are greater than errors with the steady state point.
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3.8 Study of starting and magnetizing currents errors

The maximum and starting torques errors were studied in previous sections. In this study starting and
magnetizing currents errors are studied. The step size for derivative calculation and inertia are 0.0001[s]
and 0.08[kgm?] respectively and rotor flux approximation has been used.

Fig. 3.27. shows these calculated measurements of error currents, while the first point in region 1 changes
in zone 1 and 2 between 94[rad/s] to 317[rad/s] and two other points are fixed at 296[rad/s] and
314.4[rad/s].Fig. 3.27. shows that the relative error of starting current (green line with squares) is always
low. The error of magnetizing current is in black line with circles near to zero.

Fig. 3.28. demonstrates the relative error of currents while the second point changes between 114[rad/s] to
317[rad/s] and two fix points are at 94[rad/s] and 314.4[rad/s]. Fig. 3.29 is zoom of Fig. 3.28. Figs. 3.28
and 3.29 show the starting current error in green line with squares and the magnetizing current error in
black line with circles.

These figures show that the errors are lower while the second point is moving in the second region
between 296[rad/s] and 317[rad/s].

The main conclusion is that the errors are low while one point is maximum torque point and other point is

the steady-state point.
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Fig. 3.27. Relative error of Is-speed; green with squares, 1,-speed; black with circles for speeds o,
changes between 94 and 317; ,=296; @w3;=314.4 with h=0.0001, J=0.08 , rotor flux approximation

and regression method.
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Fig. 3.28. Relative error of I;-speed; green with squares, 1,-speed; black with circles for speeds w,
changes between 94 and 317 (region2); w,=94; w;=314.4 with h=0.0001, J=0.08 , rotor flux

approximation and regression method.
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4 Two-points method

4.1 Two-points method and single-cage induction machine equations

Another estimation method is based on the numerical relation of 4 nonlinear equations to find the values

of 4 parameters of machine (Park or steady-state parameters); R, Ry, L, =L,, M _ Then, two points

satisfy 4 nonlinear d, q equations. This method is called two-points method. The resistances and

inductances of machine are calculated from nonlinear current-flux d, g equations as function of six K;

coefficients

e
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dt?
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dt

.
(20-p0,) 2~ 0(0-p o, )iy -
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where six K parameters are determined from the coefficients of induction machine
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Rewriting equations (151) and (152) results 4 nonlinear equations
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where o, and w, are speeds of 2 data points and result the equations
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(156)

The vector of estimated parameters ([Rs Ls R, M]) is determined by applying F-solve function of

MATLAB , where L, is inductance of stator that has the same value as the inductance of rotor [25]. After

parameter estimation, the steady state induction circuit is used to calculate the four magnitudes of

machine as maximum torque, starting torque, starting current and magnetizing or no-load current; T, Ts,

I, I, respectively to calculate the error of machine parameters.
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4.2  Rotor flux approximation
The same as regression method, the rotor flux value can not be measured. Then the rotor flux

approximation (equation 111) must be used which is repeated here for clarity.

V
IB!//rd =+— _isd ; ﬁl//rq == Vs _isq (157)

owl. owl

S S

Considering the approximation (157), the equation (156) can be rewritten
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4.3  Errors study of the two points method

In this section, study of the errors of the two points method as function of the speed values of the points is
presented. Parameters of single cage wound induction machines are according to Table 4.1.

In the simulation with MATLAB SIMULINK 2011, simulation stop time or run time is 2[s] and the total
number of points is 20000 and the step size or precision in the quantifying method is 0.0001[s].

Table. 4.1. Parameters of three induction machines with f;=50 [Hz]

Sa(VA) Vs pn(V) R(Y Ls(H) Ln(H) L(H) R(©) § J(kg.m’)
4.5k 220 0.4 0.3246 0.3183 0.3246 04 1 0.08

7.460k 4603 0.6837 0.15275 0.1486 0.15275 0.451 1 0.1
160k 40013 001379  0.007842  0.00769  0.007842  0.007728 1 2.9

The simulation results of the chapter 3 showed that for good estimation one point in zone 2 (maximum
torque point) and another point in zone 3 (steady-state point) are necessary. This chapter studies the effect
of speed position in machine parameters estimation.

In this method just two points are used. For this study three regions are defined according to the Figs. 4.1
to 4.3. The first region or zone is between mechanical transient after starting oscillations (electrical
transient region) and the maximum torque point. The second region is between maximum torque point
and the steady-state zone. The third region is steady-state region. According to the Figs.4.1 to 4.3 the idea
is working with the orange circle points in regions 1 and 2, while the second black circle point in zone 3 is

always fixed at steady-state point.
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4.3.1 Study of influence of rotor flux approximation

In this part constant inertia 0.08[kgm?] and step size for derivative calculation; 0.0001[s] for machine 1 of
Table 4.1, are considered in three states; zero rotor flux, exact rotor flux and rotor flux approximation.
The maximum torque and starting torque relative errors are studied in Figs. 4.4 to 4.7. In Figs. 4.4 and 4.6
errors of Ty, and T, are shown while the first point changes in region 1 between 94[rad/s] to 254[rad/s] and
the second point is fix at 314.4[rad/s]. In these figures, red lines with squares are errors with zero rotor
flux, blue lines with diamonds are the errors with rotor flux approximation and black lines with circles are
the errors with exact rotor flux. The figures show that the rotor flux approximation is better than zero
rotor flux or zero speed derivative approximation (zero acceleration of the motor in literature [15]). In
Figs. 4.5 and 4.7 the T, and Ts errors are shown respectively for speeds of the first point from 94[rad/s] to
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Fig. 4.4. Error of T, for inertia 0.08 and h=0.0001 for machine 1 with exact rotor flux; black line with circles,
with rotor flux approximation; blue line with diamonds, with zero rotor flux approximation; red line with

squares.
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Fig. 4.5. Error of T,, for inertia 0.08 and h=0.0001 for machine 1 with exact rotor flux; red line with squares,
with flux approximation; blue line with diamonds, with zero rotor flux; black line with circles.
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317[rad/s]. The second point is fix at 314.4[rad/s]. In these figures, the red lines with squares are the

errors for exact rotor flux or without approximation. The blue lines with diamonds are the errors for rotor

flux approximation and the black lines with circles are the errors for zero rotor flux. These figures show

that the rotor flux approximation is better than zero rotor flux approximation of literature [15].
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Fig. 4.6. Error of T, for inertia 0.08 and h=0.0001 for machine 1 with exact rotor flux; black line with
circles, with flux approximation; blue line with diamonds, with zero rotor flux; red line with squares.
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4.3.2 Study of influence of step size

The step size is the time between the data points in quantifying-two-points-method of estimation. In this
study, step size is considered three amounts; 0.0001[s], 0.001[s] and 0.01[s]. Also the inertia is
0.08[kgm?]. The rotor flux approximation is considered. In Fig. 4.8 the relative maximum torque error is
shown while speed of first point changes in zone 1 between 94[rad/s] to 254[rad/s]. The second point is
fix at steady-state point. The error for step size 0.0001[s] is in black line with circles, the error for step
size 0.001[s] is in blue line with diamonds and the error with step size 0.01[s] is in red line with squares.

The figure shows that the errors are always low.

In Fig.4.9 the maximum torque relative error is shown while speed of the first point changes in zone 1 and
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Fig. 4.8. Comparison of maximum torque error for different h in machine 1 for speeds between
mechanical transient region and maximum speed in zone 1 with flux approximation and J=0.08,
for h=0.0001; black line with circles, for h=0.001; blue line with diamonds and for h=0.01; red line
with squares
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Fig. 4.9. Comparison of maximum torque error for different h in machine 1 for speeds between
mechanical transient region and steady state in zone 1, 2 with flux approximation and J=0.08, for
h=0.0001; black line with circles, for h=0.001; blue line with diamonds and for h=0.01; red line

with squares
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2 between 94[rad/s] to 317[rad/s]. The second point is fix at 314.4[rad/s]. The error for step size 0.0001[s]
is in black line with circles, the error for step size 0.001[s]is in blue line with diamonds and error with
step size 0.01[s] is in red line with squares. The figure shows the error is low except for the points near

the steady-state (linear dependent phenomena). The main conclusion is that step size has a low influence
on the errors.
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4.3.3 Study of influence of inertia

In this part different inertias are considered. In this study the transient region speed in simulation or
position of the first point in the first region is changed. Three inertias; 0.08, 0.2 and 0.8[kgm?’] in
simulation with flux approximation and step size equal to 0.0001[s] are considered for machine 1 of Table
4.1. In Figs. 4.10 and 4.12 the maximum torque and starting torque errors are shown respectively. The
speed of the first point changes from 94[rad/s] to 254[rad/s] and the second point speed is fix at
314.4[rad/s]; steady-state. In these figures the black lines with circles are the errors for inertia 0.08[kgm?],
the red lines with squares are for inertia 0.2[kgm?] and the blue lines with diamonds are for inertia
0.8[kgm?]. The figures show the errors are always low. In Figs. 4.11 and 4.13 the T,, and T, errors are

shown respectively. In these figures the first point moves in zones 1 and 2 between 94[rad/s] to 317[rad/s]
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Fig. 4.10. Relative error of T,, for inertia 0.08, 0.8 and 0.2 and h=0.0001 for machine 1 for zone 1 before
maximum torque point, with inertia 0.08; black line with circles, with inertia 0.2; red line with squares
and with inertia 0.8; blue line with diamonds
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Fig. 4.11. Relative error of T, with flux approximation and h=0.0001 for machine 1 for zones 1, 2 before
steady state, with inertia 0.08; red line with circles with inertia 0.2; black line with diamonds, with
inertia 0.8; blue line with squares
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and the next point is fix at steady state speed; 314.4[rad/s]. The red lines with circles are the errors for
inertia 0.08[kgm?], the black lines with diamonds are the errors for inertia 0.2[kgm?] and the blue lines

with squares are the errors for inertia 0.8[kgm?]. The main conclusion is that the inertia has a low

influence on the errors.
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Fig. 4.12. Relative error of T for inertia 0.08, 0.8 and 0.2 and h=0.0001 for machine 1 for region 1
before maximum torque point, with inertia 0.08; black line with circles, with inertia 0.2; red line with
squares, with inertia 0.8; blue line with diamonds
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Fig. 4.13. Relative error of T, with flux approximation and h=0.0001 for machine 1 for regionl,2 before

steady state, with inertia 0.08; red line with circles with inertia 0.2; black line with diamonds, with
inertia 0.8; blue line with squares
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4.3.4 Study of estimated parameters

This study is undertaken with step size, 0.0001[s], inertia, 0.08[kgm?] and rotor flux approximation and 2
points method of estimation. In Fig. 4.14 estimated parameters of machine 1 of Table 4.1 are shown. In
Fig. 4.14 stator resistance is in blue line with diamonds, rotor resistance in green line with triangles, stator
and rotor inductances are the same in red line with squares and mutual inductance is in black line with
circles. The figure shows that the parameters are well estimated in all speeds of zones 1 and 2 between
94[rad/s] to 317[rad/s]. The conclusion is that two points method is not too much sensitive to the position

of point 1 in zones 1 and 2.
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Fig. 4.14. Estimated parameters in machine 1 with rotor flux approx and h=0.0001, R;; blue line
with diamonds, Ls=L,; red line with squares, R;; green line with triangles, M; black line with
circles.
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4.3.5 Comparison of 3 different machines

In this study three different machines of Table 4.1 with powers 4.5[kW], 7.46[kW] and 160[kW] are
selected with inertias 0.08[kgm?], 0.2[kgm?] and 2.9[kgm?] respectively while step size is 0.0001[s] and rotor
flux approximation is considered for all machines. The method is 2-points. In Fig. 4.15 the relative error of
Tm is shown for speeds of the first point between 94[rad/s] to 317[rad/s]. The second point is fix at
314.4[rad/s] or steady-state speed. The blue line with diamonds is the error for machine 2, the red line
with squares is the error for machine 3 and the black line with circles is the error for machine 1. The Fig.
4.15 shows the relative errors are lower than 0.025. The main conclusion is that the error is not sensitive

to the power of machine.
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Fig. 4.15. Comparison of T, relative error for 3 single cage machines with f;=50 Hz and rotor flux
approximation and h=0.0001, for machine 1; black line with circles, for machine 2; blue line with

diamonds, for machine 3; red line with squares
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4.3.6 Study of starting and magnetizing current errors:

In this part step size is 0.0001[s], inertia is 0.08[kgm?] for machine of Table 4.1 and rotor flux
approximation is considered. The method is 2 points method. The Fig. 4.16 shows relative errors of
starting and magnetizing currents for speeds of zones 1 and 2 from 94[rad/s] to 317[rad/s] while the
second point is at 314.4[rad/s]. The green line with triangles is the error of starting current. The black line
with circles is the error of magnetizing current.

This figure shows the errors are always low, the same as studied maximum and starting torques errors.
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Fig. 4.16. Relative Error of I, 1, of machine 1 with rotor flux approximation in zone 1 (between mechanical
transient and maximum torque point) and zone 2 (for speeds between maximum torque speed and steady state
speed), error of Is; green line with triangles, error of In; black line with circles
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5 Double-cage induction machine model

5.1 Dynamic equations
Double-cage machine model is shown in the steady-state circuit of Fig. 5.1. This model is the same as

squirrel-single-cage machine model. All of real induction machine models are according to Fig. 5.1.

= R Xqd
o 11—y
X1d Xod
Ys o4 L
| R4/s R, /s
(o,

Fig. 5.1.Steady-state star equivalent circuits for the double-cage linear model of the squirrel-cage induction motor.

The double cage model of Fig. 5.1 using the Ku transformation in the synchronously rotating reference

frame has the following transformed equations

Vo =(Ry+ Ly (p+ jo))ig + M (p+ jo)iy + M (p+ jo)i,
0=M(p+ jso)i;+(R + L (p+ jso))i+ M (p+ jso)i,
0=M(p+ jso)i;+M (p+ jsa))i1+(R2+L2(p+ jsw))i2 (159)

T=2pM.m(i,(ii +5)) . s=(0-poy)/o,

The relation between the coefficients in the dynamic equations (159) and the steady-state star equivalent

circuit parameters in Fig. 5.1 is

M :Xm/m ; Ls:(xsd +Xm)/m

(160)
Ly = (Xyg +Xm)/03 L= (Xyg +Xm)/(D

the dynamic equations in Park variables
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Vg =(Rs +Lsp)isd —LscoiSq +Mpiyy —M (ni1q +Mpiyy —M wizq
Vog = Lsoigg +(Rg +LsP)igg +M iy +Mpiy, + M oiyy +Mpiy,
0=Mpigg —Mswig, +(Ry+Lyp )iy — LSy +Mpiyy —Mswiy,
0=Msoigy +Mpig +Lis0iy +(R;+L1p )iy +Msoiyy +Mpiy (161)
0=Mpigy —Mswig, +Mpiy —Mswiy +(Ry +L,p )iy —L,s0iy,

0=Msoig +Mpig +Msoiy +Mpiy, +Lsoiy +(R, +L,p)iy

T(t)=M.go(isq(ild+i2d)—isd(ilq+i2q))  s=(0-poy)/o

The relations between the measured currents, is,, isy, isc, and the Park variables ig, isq, in the synchronous

reference frame (6 = wt) are

iy = \E{isa cos@+iy cos(@—z?ﬂj+ i cos(9+2?ﬂj}

(162)
I, :—\/Z i, sin@+ig sin 6—2—” +ig, sin 6+2—”
3 3 3
and for the voltages Vs,, Vss, Vsc, the Park voltages vy, Vs, are
Vg =\/Z V,, C0S @ +V, COS 9—2—7[ +V,, COS 49+2—7[
3 3 3
(163)

Vg = —\E v, Sin 6+ v sin (H—Z—HJ +V,, sin(¢9+2—”j
3 3 3

The main problem to estimate the double-cage induction motor parameters using the dynamic equations
(161) and (162) is that the currents iyq, i1q, i2g @nd i,q are not measurable. The rotor flux approximation that
was used for single-cage estimation can not be applied to the double-cage equations to eliminate four

unknown d, g rotor currents of the double-cage machine.

Then two new methods for the parameter estimation of the double-cage induction machine are developed

is this thesis. These methods are called:

e Two single-cage method

e Instantaneous power method
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5.2  First proposed method: Two single-cage method.

This first method for the double-cage induction motor model parameters estimation is based on the idea of

calculating the parameters of two different single cages that are estimated from the starting transient data

of the double cage machine.

The main idea of the proposed method is

e Cage A: The torque-speed and current-speed curves of this single-cage fit well with the torque-

speed and current-speed curves of the double-cage model in the range of speeds from the

maximum torque speed until the steady-state speed.

e Cage D: This single-cage has the same values of torque and current as those of the double-cage

machine in a point (point D) near the zero speed.

Fig. 5.2 shows that the first single-cage curve (red line) fits very well to the double-cage torque-speed
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Fig. 5.2.a. Torque of single-cage A; red 1point dashed line, Torque of single-cage D; blue dot line and

Torque of original double-cage; green dashed line.

5.2.b. Current of single-cage A; red 1point dashed line, Current of single-cage D; blue dot line and

Current of original double-cage; green dashed line.
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curve (green line) in the range between the maximum torque point and the synchronous speed.

The single-cage parameters of cage A can be obtained using starting transient data of the double-cage
machine with speed values in the range from the maximum torque point until the steady-state speed. For
the obtaining of the single-cage parameters the regression method or the two-points method can be used.
The more adequate method is the regression method because it can use three or more points, that normally

will produce a more reliable result.

The second single-cage D fits to a suitable starting point of double-cage. This starting point is as near as
possible to the zero speed point for good estimation of this cage. The transient data near the zero speed
has the problem of high oscillations as it can be observed in Fig. 5.3. The Fig. 5.3.a. shows d, g currents
in black line and smoothed d, g currents in red dashed line. The Fig. 5.3.b. shows the speed in blue line

and smoothed speed in red dashed line.

The important point is that after this starting area the oscillations are with lower domains and can be
smoothed to create good data for estimation. Then the near starting smoothed points are used for

estimation of starting single-cages called D,, D, and Ds. These single-cages cross original double cage in
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Fig. 5.3.a. d, q currents for machine 1; black line and smoothed d, g currents for machine 1; red
dashed line. 5.3.b. Speed for machine 1; blue line and smoothed speed for machine 1; red dashed
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slips; 0.7, 0.6 and 0.5 respectively.

The second single-cage (cage D) data fit the impedance value of a point near the starting point. In Fig.
5.2.a the dot blue line is torque of single cage D that intersects the dashed green line; the torque of
double-cage in a starting torque point. In Fig. 5.2.b the dot blue line is current of single cage D that

intersects the current of double-cage in dashed green line at starting current point.

With the parameters of the cage A and cage D, the necessary data to calculate the double-cage parameters

can be obtained. These data are

e Cage A:This cage gives the impedance values in the no load point and the maximum torque point.
Those are two complex numbers that result four nonlinear equations.
e Cage D: This cage gives the impedance value of the single-cage D in the speed of the point D that

result two nonlinear equations.

The single-cage (cage A) data fit the impedance value of two points, one at the synchronous speed; Z,, and

the other at the maximum torque speed; Z,.

The no-load impedance is calculated from the cage A data
Zy =R&+(XG +X0) (164)

The maximum torque impedance is obtained also from the cage A data in the maximum slip; sy, (equation

144) using the single-cage A parameters

1
1 1

- + -
X RM s, +XG

A .
Z, =RM+ X4 +

(165)

The impedance in the point of near starting region is obtained from the starting cage D parameters in a

near starting slip; s, among 0.7, 0.6 and 0.5

22 =RP+ X0 4 (166)
+
sz RrD/SZ+jX.Ed
For the double-cage model the no load impedance equation in slip equal to zero is
LQL =Ry + i (Xsd +Xn ) (167)
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The impedance in the maximum torque point of double-cage, Z,, in maximum slip s,, the same as s, of
single-cage is

. 1
A p—
;m - Rs + JXsd + 1 1 1 (168)

: + : + :
Xo Ry/sp+iXy  Ry/s, + )Xy

and the impedance in the point of near starting region from double cage model in starting slip s, the same
as s, of single-cage is

1
1 1 1 (169)

; + . + .
Xo Ry/s;+ Xy Ry/s,+ Xy

;ZD :Rs +jxsd +

The equality equations of single cage impedances and double cage impedances create a set of equations to
estimate the double-cage parameters.
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The non-linear system includes Re(Z 4, ), Im(Z4, ), Re(Z%), Im(Z%), Re(Z> ) and Im(Z; ) which are

used to find double cage parameters X = (Rs, R1, Ra, Xin, Xsgy X14)

fl(x):(Re(;NL) RNL(X))/LI:IL 0

F2(x) = (IM(Zw ) =X ())/|Z0 ] =0

f4(x)=(Re(Zy)-Rn (x))/|Zn| =0 (170)
f4<x>=(lm<;m>—xm<x>)/;2 =0

f5(x)=(Re(Z,)-R, (x))/|z2

fo(x)=(Im(Z,)-X,(x))/|22 ‘—

where the equality restriction X,4=Xsqaccording to the literature [25], must be used.

Then the torque and current of estimated double-cage and original double-cage using this method are
according to the Fig.5.4.a and b. In these figures the black lines are torque and current of estimated double
cage and the dashed green lines are torque and current of original double-cage respectively. The figures
show the method is suitable for good estimation.

In next part the proposed method is applied to three different machines of Table 5.1.
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5.3 Double cage estimation of machine 1
In this study double-cage machine 1 of Table 5.1 is estimated by method of two single cages (A and D)

estimation.

Table 5.1. Parameters of Double cage induction machines with V;,=220(V), f;=50(Hz) and % =1

P(kW) Ry Rit Rz Xon Xeg = Xr2 Xp J
55 0.0338Q  0.0465  0.4074 7.3084 0.1698 0.3511 0.8
22 0.1300 0.1689 1.2269 14.977 0.5404 0.8503 0.3
500 000123  0.00245  0.04817  0.76736 001789  0.03911 13

Cage A is a single cage that passes from maximum point until steady state region of the double-cage and
can be estimated by two-points method using F-solve function of MATLAB using transient stator data
and mechanical rotor speed. Machine data have high frequency oscillations in dynamic transient region
and these data are smoothed. After smoothing, a starting cage is estimated that passes from two points of
double-cage torque and current curves; one point very near to this region, but not exactly in this region
and the other in the steady-state region. Three starting-cages are estimated for slips 0.7, 0.6 and 0.5 which
are called Cages Di, D, and D; or C (half speed in the literature) respectively for comparison. The

comparison between starting-cages shows that the best estimation is for slip equal to 0.7.
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5.3.1 Estimation of cage A for machine 1

The two-points-method is used for estimation of single-cage A but this technique needs initial value
parameters so that 3-points-regression-method is used for approximated initial values estimation. The
three points of regression method for estimation of cage A are, maximum torque point, region 2 point
between maximum torque and the steady-state region and finally the steady-state point. The two points of
two-points method are maximum torque and steady state points.

The results of the initial and main estimated parameters of cage A are in Table 5.2.

Fig. 5.5.a shows machine 1 (55kW) starting transient d, g currents in red dashed line and its smoothing in

Table 5.2. Parameters of single cage A induction machine 1 (55kW) with f;=50(Hz), V;,=220V and J=0.8
Estimation R Xea=Xrg X R,

Initial regression 0.0499Q 0.2302 7.2480 0.0417

Main

. 0.0338 0.2303 7.2479 0.0450
Two points

o
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Fig. 5.5.a. d, q currents for machine 1; black line and smoothed d, q currents for machine 1; red
dashed line and 5.5.b. Speed for machine 1; black line and smoothed speed for machine 1; red
dashed line.
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gray solid line. Fig. 5.5.b is the machine 1 (55kW) mechanical rotor speed in red point line and its
smoothing in gray solid line. The estimation of near starting single-cage is done by smoothing of near
starting point, because near to the starting region has lower magnitudes of oscillation than starting region.
Then the initial starting cage D for initial value of two points method is estimated using 3-points-
regression-method with near starting, near steady-state and steady-state points. Then with near starting
and steady-state points by two points method, cage D parameters are estimated that are described in next

section.
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5.3.2 Estimation of cage D for machine 1

Three starting-cages Dy, D, and D3 are estimated for machine 1 and slips of Table 5.3 while synchronous
frequency is 50[Hz].

The method of estimation is two points that needs initial value. In this method two important points for
estimation are the maximum torque and the steady-state points. The regression three points method is
applied to approximate the initial value. The three important points in this method are the near starting
point at the defined slip, the second region point very near to the third region that is a approximated point
and the steady-state region point.

The two points method for estimation of cage D are near starting torque and steady state points.

Table 5.3 shows the results of initial parameters of single-cage D by regression estimation and real

parameters estimation using two points method for three slips; 0.7, 0.6 and 0.5.

Table 5.3. Parameters of single cage D induction machine 1 (55kW) with f;=50(Hz) and V;,=220V J=0.8 $=0.7

Estimation S R Xsd X R,
Initial regression 0.7 0.0063Q2 0.1947 7.2835 0.0310
bl 0.7 0.0338 0.1936 7.2846 0.1001
Two points
Initial regression 0.6 0.0077Q2 0.2006 7.2776 0.0291
beEly 06 0.0338 0.1995 7.2787 0.0896
Two points
Initial regression 0.5 0.0092Q 0.2069 7.2713 0.0270
beEly 05 0.0338 0.2058 7.2724 0.0786
Two points

Then the steady-state impedance equations of double cage estimation using two points method are solved
to produce double cage parameters according to the Table 5.4. The results of estimated parameters of
double-cage are very near to the real data of machine 1 in Table 5.1.This Table shows good estimation,

where the equality restriction X,4=Xs4 according to the literature [25], must be used.

Table 5.4. Parameters of double cage induction machine 1 (55kW) with f;=50(Hz) and J=0.8

5 Rs Rr1 Rr2 X Xeg = Xp2 Xn Voh o
0.7 0.0338Q2 0.0496 0.3468 7.2963 0.1819 0.3689 220 1
0.6 0.0338Q 0.0498 0.3338 7.2918 0.1864 0.3662 220 1
0.5 0.0338Q2 0.0502 0.3152 7.2854 0.1928 0.3629 220 1
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In Fig. 5.6 red 1point dashed line is torque of cage A, blue dot line is torque of cage D, black solid line is
estimated torque of double-cage and green dashed line is original torque of double-cage from starting to
synchronous slips. This figure shows cages D1, D,, D5 torques and double-cage torque have intersection

inslip 0.7, 0.6 and 0.5 respectively.
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Fig. 5.6 Torque of single-cage A; red 1point dashed line, Torque of single-cage D; blue dot line, Torque
of estimated double-cage; black solid line and Torque of original double-cage; green dashed line for
three cross points slips; 0.7, 0.6 and 0.5.
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In Fig. 5.7 red 1point dashed line is current of cage A, blue dot line is current of cage D, black solid line
is estimated current of double-cage and green dashed line is original current of double-cage from starting
to synchronous slips. In This figure cages D;, D,, D3 currents and double-cage current have intersection in
slip 0.7, 0.6 and 0.5 respectively.
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Fig. 5.7 Current of single-cage A; red lpoint dashed line, Current of single-cage D; blue dot line,
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The Table 5.5 shows the evolution of parameter estimation in different slips or speeds with smoothing.

The error of starting and no-load currents are not significant. The error of maximum torque is very low. It
remains constant . The error of starting torque is sensitive to the distance of cross point (point that double

cage torque and single cage D torque cross each other) from starting slip (zero speed).

Table 5.5. Calculated magnitudes for error determination with smoothing for machine 1

(55k)
Slip D-cage Tm(Nm) Ts(Nm) 15(A) In(A)
Original 457.8 370.0 568.8 29.42
0.7 .
Estimated 446.2 355.5 568.8 29.42
Relative
ErTor% 2.53 3.91 0 0
Original 457.8 370.0 568.8 29.42
0.6 .
Estimated 446.2 344 568.8 29.42
Relative
ErTor% 2.53 7.02 0 0
Original 457.8 370.0 568.8 29.42
0.5 .
Estimated 446.2 327.1 568.8 29.42
Relative
ErTor% 2.53 11.59 0 0
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5.4 Double cage estimation of machine 2

In this study double-cage machine 2 of Table 5.1 is estimated by method of two single cages (A and D)
estimation.

Cage A is a single cage that passes from maximum point until steady state region and can be estimated by
two-points method using F-solve function of MATLAB using transient stator data and mechanical rotor
speed. Starting region of machine has high frequency oscillations in dynamic transient region and after
smoothing a starting cage is estimated that passes from two points of double-cage torque and current
curves; one point very near to this region, but not exactly in this region and the other point in the steady-
state region. Three starting - cages are estimated for slips 0.7, 0.6 and 0.5 which are called cages D,, D,
and D; or C (half speed) respectively for comparison. The comparison between starting-cages shows that

the best estimation is for slip equal to 0.7.

5.4.1 Estimation of cage A for machine 2

The two-points-method is used for estimation of single-cage A but this technique needs initial value
parameters so that 3-points-regression-method is used for approximated initial values estimation. The
three points of regression method for estimation of cage A are, maximum torque point, region 2 point
between maximum torque and the steady-state region and finally the steady-state point.

The two points of two-points method are maximum torque and steady state points. The results of the initial

and main estimated parameters of cage A are in Table 5.6.

Table 5.6. Parameters of single cage A induction machine 2 (22kW) with f.=50(Hz), V,,=220V and J=0.3

Estimation R Xsd X R,
Initial regression 0.1680 0.6083 14.9091 0.1471
il 0.1300 0.6077 14.9097 0.1567
Two points

Fig. 5.8.a shows machine 2 (22kW) starting transient d, g currents in red dashed line and its smoothing in
gray solid line. Fig. 5.8.b is the machine 2 (22kW) mechanical rotor speed in red point line and its
smoothing in gray solid line. The estimation of near starting single-cage is done by smoothing of near
starting point, because near to the starting region has lower magnitudes of oscillation than starting region.
Then the initial starting cage D for initial value of two points method is estimated by 3-points-regression-
method using near starting point, near steady-state point and steady-state point. Then with near starting
and steady-state points and two points method cage D parameters are estimated that are explained in next
section.
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Fig. 5.8.a. d, g currents for machine 2; black line and smoothed d, q currents for machine 2; red
dashed line and 5.8.b Speed for machine 2; black line and smoothed speed for machine 2; red dashed
line.

5.4.2 Estimation of cage D for machine 2

Three starting-cages D,, D, and Dj; are estimated for slips of Table 5.7 while synchronous frequency is
50[Hz].

The method of estimation is two-points that needs initial value. In this method two important points for
estimation are the maximum torque and the steady-state points. The regression three points method is
applied for approximated initial value estimation. The three important points in this method are the
starting point at the defined slip, the second region point very near to the third region that is a
approximated point and the steady-state region point.

The two points method for estimation of cage D are near starting torque and steady state points.

Table 5.7 shows the results of initial parameters estimation of single-cage D by regression method and

real parameter estimation using two points method for three slips; 0.7, 0.6 and 0.5.
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Table 5.7. Parameters of single cage D induction machine 2 (22kW) with f;=50(Hz), V,,=220V and J=0.3

Estimation S Rs Xsd X R,
Initial regression 0.7 0.1417Q 0.5510 14.9664 0.1215
Main
Two-points 0.7 0.1300 0.5494 14.9680 0.2596
Initial regression 0.6 0.1409Q2 0.5547 14.9627 0.1217
Main
Two-points 0.6 0.1300 0.5522 14.9652 0.2521
Initial regression 0.5 0.1387Q 0.5643 14.9531 0.1225
Main
Two-points 0.5 0.1300 0.5618 14.9556 0.2324

Then the steady-state impedance equations of double cage estimation using two points method produces
double cage parameters according to the Table 5.8. The results of estimated parameters of double-cage
are very near to the real data of machine 2 in Table 5.1.

Table 5.8 shows good estimation, where the equality restriction X,q=Xg according to the literature [25] must

be used.
Table 5.8. Parameters of double cage induction machine 2 (22kW) with f;=50(Hz) and J=0.3
s Rs Ri Rr Xm Xeg = Xp Xn1 Voh %)
0.7 0.1300Q 0.1779 1.0377 14.9496 0.5678 0.8859 220 1
0.6 0.1300Q 0.1780 1.0236 14.9816 0.5358 0.9400 220 1
0.5 0.1300Q2 0.1787 0.9864 14.9890 0.5284 0.9634 220 1

In Fig. 5.9 red 1 point dashed line is torque of cage A, blue dot line is torque of cage D, black solid line is
estimated torque of double-cage and green dashed line is original torque of double-cage from starting to
synchronous slips. This figure shows that cages D;, D,, D; and double-cage torques have intersection in
slips 0.7, 0.6 and 0.5 respectively. In Fig. 5.10 red 1point dashed line is current of cage A, blue dot line is

current of cage D, black solid line is estimated current of double-cage and green dashed line is original
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current of double-cage from starting to synchronous slips. In This figure cages Dy, D,, D3 currents and

double-cage current have intersection in slip 0.7, 0.6 and 0.5 respectively.
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Fig. 5.9 Torque of single-cage A; red 1point dashed line, Torque of single-cage D; blue dot line, Torque
of estimated double-cage; black solid line and Torque of original double-cage; green dashed line for
three cross points slips; 0.7, 0.6 and 0.5.
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current of estimated double-cage; black solid line and current of original double-cage; green dashed line
for three cross points slips; 0.7, 0.6 and 0.5.



The Table 5.9 shows the evolution of parameter estimation in different slips or speeds with smoothing.
The error of starting and no-load currents are not significant. The error of maximum torque is very low. It
remains constant . The error of starting torque is sensitive to the distance of cross point (point that double

cage torque and single cage D torque cross in it) from starting slip (zero speed).

Table 5.9. Calculated magnitudes for error determination with smoothing for machine 2

(22k)
Slip D-cage Trm(Nm) Ts(Nm) 15(A) In(A)
Original 164.3 110.2 197.6 14.18
0.7 .
Estimated 161.6 106.8 197.6 14.18
Relative
ErTor% 1.64 3.08 0 0
Original 164.3 110.2 197.6 14.18
0.6 .
Estimated 161.6 116.5 200.3 14.18
Relative
Error% 1.64 5.71 1.36 0
Original 164.3 110.2 197.6 14.18
0.5 .
Estimated 161.6 119.4 201.9 14.18
Relative
Error% 1.64 8.34 217 0
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5.5 Double cage estimation of machine 3

In this study double-cage machine 3 of Table 5.1 is estimated by method of two single cages (A and D)
estimation.

Cage A is a single cage that its torque and current pass from maximum torque point until steady state
region of double-cage torque and current and can be estimated by two-points method using F-solve
function of MATLAB using transient stator data and mechanical rotor speed. Starting region of machine
has high frequency oscillations in dynamic transient region and after smoothing a starting cage is
estimated that its torque and current pass from two points of torque and current of double-cage; one point
is very near to this region, but not exactly in this region and the other is in the steady-state region. Three
starting - cages are estimated for slips 0.7, 0.6 and 0.5 which are called Cages Dy, D, and D; or C (half
speed) respectively for comparison. The comparison between starting-cages shows that the best

estimation is for slip equal to 0.7.

5.5.1 Estimation of cage A for machine 3

The two-points-method is used for estimation of single-cage A but this technique needs initial value
parameters so that 3-points-regression-method is used for approximated initial values estimation. The
three points of regression method for estimation of initial cage A are, maximum torque point, region 2
point between maximum torque and the steady-state region and finally the steady-state point. The two-
points method points are maximum torque and steady state points. The results of the initial and main

estimated parameters of cage A are in Table 5.10.

Table 5.10. Parameters of single cage A induction machine 3 (500kW) with f,=50(Hz) and V,,=220V J=13

Estimation R Xsd X R, T Ts I Iy
Initial 0.0024Q 0.0270 0.7583 0.0024 38963  362.0412 41325  280.1642
regression
F'\gf’)‘:\r}e 0.0012 0.0271 0.7582 0.0024 30632  366.8746 4126 280.1652

Fig. 5.11.a shows machine 3 (500kW) starting transient d, g currents in red point line and its smoothing in
gray solid line. Fig. 5.11.b is the machine 3 (500kW) mechanical rotor speed in red point line and its
smoothing in gray solid line. The estimation of near starting single-cage is done by smoothing of near
starting point because near to the starting region has lower magnitudes of oscillation than starting region.
Then the initial starting cage D for initial value of two-points method is estimated using 3-points-
regression-method and near starting, near steady-state and steady-state points. Then with near starting and
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steady-state points and two points method, cage D parameters are estimated that are presented in next

section.
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Fig. 5.11.a. d, q currents for machine 3; black line and smoothed d, q currents for machine 3; red

dashed line and 5.11.b. Speed for machine 3; black line and smoothed speed for machine 3; red
dashed line.
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5.5.2 Estimation of cage D for machine 3

Three starting-cages D;, D, and D; are estimated for slips of Table 5.11 while synchronous frequency is
50[Hz].

The method of estimation is two-points that needs initial value. In this method two important points for
estimation are the maximum and the steady-state points. The regression three points method is applied for
approximated cage D initial value estimation. The three important points in this method are the starting
point at the defined slip, the second region point very near to the third region that is a approximated point
and the steady-state region point.

The two points method for estimation of cage D are near starting torque and steady state points.
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Table 5.11 shows the results of initial parameter estimation of single-cage D by regression method and
real parameter estimation using two points method for three slips; 0.7, 0.6 and 0.5.

Then the steady-state impedance equations of double cage estimation using two points method are solved
to produce double cage parameters according to the Table 5.12. The results of estimated parameters of
double-cage are very near to the real data of machine 3 in Table 5.1.

This Table shows good estimation. The equality restriction X,;=Xsq according to the literature [25], must be

used.
Table 5.12. Parameters of Double cage induction machine 3 (500kwW) with fs=50(Hz) and J=13
S R R'11 R, X Xed = Xp2 X1 Voh [
0.7 0.0012 0.0025 0.0418 0.7660 0.0193 0.0400 220 1
0.6 0.0012 0.0025 0.0401 0.7653 0.0200 0.0394 220 1
0.5 0.0012 0.0025 0.0377 0.7645 0.0208 0.0386 220 1

Table 5.11. Parameters of single cage D induction machine 3 (500kW) with f,=50(Hz), V,,=220V and J=13

Estimation S Rs Xsd X R,
Initial regression 0.7 0.0025 0.0222 0.7630 0.0015
Main
Two points 0.7 0.0012 0.0221 0.7631 0.0102
Initial regression 0.6 0.0024 0.0230 0.7622 0.0016
Main
Two points 0.6 0.0012 0.0229 0.7623 0.0087
Initial regression 0.5 0.0023 0.0238 0.7614 0.0017
il 0.5 0.0012 0.0237 0.7615 0.0072
Two points

In Fig. 5.12 red 1point dashed line is torque of cage A, blue dot line is torque of cage D, black solid line is
estimated torque of double-cage and green dashed line is original torque of double-cage from starting to
synchronous slips. This figure shows cages Di, D,, D; and double-cage torques have intersection in slip

0.7, 0.6 and 0.5 respectively for machine 3.
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In Fig. 5.13 red 1point dashed line is current of cage A, blue dot line is current of cage D, black solid line
is estimated current of double-cage and green dashed line is original current of double-cage from starting
to synchronous slips. In This figure cages D;, D, and Ds; currents and double-cage current have

intersection in slips 0.7, 0.6 and 0.5 respectively for machine 3
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Fig. 5.12 Torque of single-cage A; red 1point dashed line, Torque of single-cage D; blue dot line, Torque
of estimated double-cage; black solid line and Torque of original double-cage; green dashed line for
three cross points slips; 0.7, 0.6 and 0.5.
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Fig. 5.13 Current of single-cage A; red 1point dashed line, Current of single-cage D; blue dot line,
Current of estimated double-cage; black solid line and Current of original double-cage; green dashed
line for three cross points slips; 0.7, 0.6 and 0.5.

The Table 5.13 shows the evolution of parameters estimation in different slips or speeds with smoothing.

The error of starting and no-load currents are not significant. The error of maximum torque is very low
and remains constant . The error of starting torque is sensitive to the distance of cross point (point that

double cage torque and single cage D torque cross) from starting slip (zero speed).
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Table 5.13. Calculated magnitudes for error determination with smoothing for machine 3

(500k)
Slip D-cage Tm(Nm) Ts(Nm) 15(A) In(A)
Original 4063 3349 5182 280.1
0.7 .
Estimated 3934 3224 5182 280.1
Relative
ErTor% 3.175 3.7325 0 0
Original 4063 3349 5182 280.1
0.6 .
Estimated 3929 3081 5182 280.1
Relative
ErTor% 3.2981 8.0024 0 0
Original 4063 3349 5182 280.1
0.5 .
Estimated 3935 2910 5182 280.1
Relative
Error% 3.1504 13.1084 0 0
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6. Method of double cage parameter estimation using instantaneous power,
voltage and current

6.1 Relation between transient and steady-state magnitudes.

Rs Xsd - er
o _ F—r Y'Y\
Vs X |:| R, /s
o

Fig. 6.1. Steady-state equivalent circuit for the single-cage model of the three-phase induction motor

The steady-state single-phase circuit of Fig. 6.1 shows that the active power consumed by the induction

motor in steady-state is
* 2 R 2
P=3.Re[V,.I]|=3R.IZ+3-"I, (171)
S
The torque expression in steady-state results

r=30R (172)

o, s

where the synchronous speed is o, =2.z.f_ and the number of pair of poles is ¢ . Then, the mechanical

power and rotor loss are called synchronous power that is

I'o,
#

_3Re ) (173)
S

and the synchronous power and consequently the torque can be calculated in steady-state as

T
@ _gR 2 _p_gg 2 (174)
%) S
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Fig. 6.2. Steady-state equivalent circuit for the double-cage model of the three-phase induction motor

The steady-state single-phase circuit of Fig. 6.2 shows the double-cage model where the active power

consumed by the induction motor is

P:S.Re[\is.l:]:S.RS.lf+3&If+3&I22 (175)
S S

The torque expression in steady-state is

30k 30R . (176)
@, S S

S S

where the synchronous speed is «, =2.z.f and the number of pair of poles is . Then, the synchronous

power in the double-cage model results

r
To, 3Rz 3Ry (177)
1% s s

r .
“_can be calculated with

and the steady-state torque I and consequently the synchronous power

I'o,
®

3Rz 3Rz _pgp 2 (178)
S S

It must be mentioned that the steady-state equivalent circuit is not exactly valid for transient phenomena,
but an approximation of the synchronous power can be used from instantaneous values of starting

transient data. Using the instantaneous values of voltage; v (t)and current; i_(t), the instantaneous

power; P, (t) is calculated with
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P,@)=v ()i, ) +vy )iy C)+v ()i, )

and also the stator instantaneous loss can be calculated as

Poaor 1) =R, (i) +i @) +i2 1))
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Fig. 6.3. Transient torque (green solid lines) and torque from instantaneous input power (blue solid lines)

for three machines.

(179)

(180)
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and an estimation of the instantaneous torque; I';, () can be calculated with the expression

. P t _Ptator t . . . .9 .9 .9
" (t)zso[ . )P, ()]:;)ﬁ[(vsa(t).lsa(t)+vsb(t).|sb(t)+vsc(t).lsc(t))—Rs (i20)+i20)+i20)] (281)

[0)

S

Equation (181) is calculated with instantaneous data and equation (178) is justified with the steady-state-
circuit. Equation (181) do not fit exactly the instantaneous torque from a transient because the steady-state

circuit is not valid during the transient starting.

In Table 6.1, there are the data of three induction motors. With these parameters, the starting transient can

be simulated with the software Power Systems Blockset of Matlab [31], and with the results of the

Table 6.1. Parameters of three double cage machines with f=50(Hz) and V,,=220V

S8 Rs Xs=Xaq4 Xm Re1 R X1d [ J
55 kVA 0.0338 0.1698 0.3084 0.0465 0.40747 0.3511 1 0.8
22kVA 0.13 0.5404 14.9770 0.1689 1.2269 0.8503 1 0.3
500kVA 0.0012 0.0179 0.7674 0.0024H 0.0482 0.0391 1 13

simulation, the torque estimation proposed in equation (181) can be calculated and compared with the true

simulated torque value in Fig. 6.3.

Fig. 6.3 shows the starting transients of these three motors. In these figures the transient torque (from
simulation) and the estimated instantaneous torque proposed with the equation (181) are shown. In the
first part of the starting transient, named the electromagnetic transient, there are important oscillations and
a significant difference can be observed between the instantaneous torque and the approximation of it
proposed in the equation (181). Although, Fig. 6.3 shows true and instantaneous torques, there are a
surprising coincidence between the instantaneous torque and the estimated torque of equation (181)

during the mechanical transient and steady-state regions.

Fig. 6.4 shows the torque slip curve of the steady-state torque and the estimation of the torque from
equation (181) versus the slip. The comparison of the estimated torque- and steady state torque-speed
curves shows a very good agreement between them when the oscillations of the electromagnetic transient
are finished until the maximum torque zone. In Fig. 6.4 it can be observed the phenomena that the

maximum instantaneous torque is always lower that the maximum steady-state torque.
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Fig. 6.4. Instantaneous torque (green solid lines) and the steady-state torque (blue solid lines) for three
machines.

Fig. 6.5 shows the steady-state torque and the estimation of the torque versus the slip. The estimated
torque is calculated with the instantaneous magnitudes defined in next section using equations (182) to

(187). These equations average the magnitudes or eliminate the electromagnetic oscillations.

It can be observed in Fig. 6.5 that near to the zero speed, there are differences between the averaged

estimated torgque and the steady-state torque.
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Fig. 6.5. Smoothed torque (green solid lines) and steady-state torque (blue solid lines) for three machines.

It is very important to use the averaged data near the zero speed for a good estimation of the starting
torque. Despite the torque and power oscillate in the electromagnetic transient region, the application of

the smoothing technique to the instantaneous power allows to use measured data near to the zero speed.

In Fig. 6.6 the averaging has been realized by deleting the points of the transient which are closer to the

zero speed. The reason is that the averaging in the starting region has big error due to high oscillations.
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Fig. 6.6. Smoothed torque (green solid lines) with deleting starting region and steady-state torque (blue
solid lines) for three machines.

Fig. 6.6 shows clearly that the proposed estimation of the instantaneous torque using the averaged
magnitudes and the elimination of the points near to zero speed, has a good coincidence with steady-state

torque before maximum torque point.
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6.2 Averaged magnitudes

From the results shown in Figs. 6.3 to 6.5, it can be concluded that the instantaneous power can be used

for parameters estimation of the double-cage induction motor. The used data is in the range from near

zero speed until near the maximum torque zone. It is important to insist that the maximum torque value in

a transient process is lower than the maximum torque value predicted by the steady-state model.

To avoid mixing instantaneous data and steady-state data, averaged magnitudes are defined for

instantaneous data.
The instantaneous power is defined as
P (1) =V )i, () +vy, ()i, () +v ()i ()

Then, the average instantaneous power function is defined as

L

P, (t):Ti j:pl(t).dt

Also the averaged instantaneous current is

()= Ti”fiisi“)”fb(‘)”im}dt

LT
2

The three phase averaged apparent power is

S, (t)=3U, (t).I, (t)

(182)

(183)

(184)

(185)

(186)
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The three phase averaged reactive power is according to

Q. (t): Savz(t)_Pavz(t) (187)

The star connected impedance in the steady-state is defined as
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Fig. 6.7.a. Instantaneous current (green solid line) and averaged of that (blue dashed line) and steady-

state stator current (red point dashed line) for machine 1,

6.7.b. Instantaneous current (green solid line) and averaged of that (blue dashed line) and steady-state
stator current (red point dashed line) for machine 2

and 6.7.c. Instantaneous current (green solid line) and averaged of that (blue dashed line) and steady-

state stator current (red point dashed line) for machine 3.
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In this method the averaged impedance is defined as

3 (1),
av (a)m (t)): P, (1)-JQ, (t)

Z (189)
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Fig. 6.8.a. Instantaneous power (green solid line) and averaged of that (blue dashed line) for machine 1,
6.8.b. Instantaneous power (green solid line) and averaged of that (blue dashed line) for machine 2 and
6.8.c. Instantaneous power (green solid line) and averaged of that (blue dashed line) for machine 3.
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To clarify the above equations the averaging function of instantaneous current and power are shown in

Fig. 6.7 and 6.8 respectively.

Fig. 6.7.a. shows the instantaneous current-speed (green solid line) and averaged instantaneous current-
speed (blue dashed line) and steady-state stator current-speed (red point dashed line) for machine 1. In
Fig. 6.7.b. and Fig. 6.7.c the similar curves are shown for machine 2 and machine 3 respectively.

Fig. 6.8.a. shows the instantaneous power-time (green solid line) and average of instantaneous power-
time (blue dashed line) for machine 1. In Fig. 6.7.b. and Fig. 6.7.c the similar curves are shown for
machine 2 and machine 3 respectively. These figures show that the instantaneous estimation method can
give a good approximation of the torque and current after electrical transient zone until maximum power

zone. This method is studied in next section by detail.
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6.3 Second Proposed method: Instantaneous power method

The used starting transient data region for the estimation of the double-cage induction motor parameters
with instantaneous power method is divided into two regions. One region is from the zero speed until the
maximum torgue point (region 1) and the other region is from the maximum torque point until the steady-

state speed (region 2). The methods applied to these set of data are,

o Regression method (region 2)
¢ Instantaneous power method (region 1)

The regression method (equation 138) is used with data of region 2 for estimation of a single cage
induction motor parameters called cage A. Fig. 6.9.a and b show the estimated single cage A torque and
current in red point dashed line and torque and current of the double-cage in green dashed line
respectively. Fig. 6.9.a and b show that double-cage and single-cage A have a good fitting in the region 2

from maximum torque speed to synchronous speed.
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Fig. 6.9.a. Torque of single-cage A; red 1point dashed line, Torque of original double-cage; green
dashed line and 6.9.b. current of single-cage A; red 1point dashed line, current of original double-
cage; green dashed line
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With the steady-state circuit parameters of single-cage A (estimated using the regression method), the
impedance in the synchronous speed (s=0); Zy. and the impedance in the maximum torque point; Zy can
be calculated. These two complex values of the impedances, which are equivalent to four real values (real
and imaginary parts), are imposed as the values of the impedance of the steady-state double-cage circuit,

in the points of no load, (sy.=0) and maximum torque, (sy). These equations are represented by

(190)

The double-cage circuit has 6 independent parameters

x = (R, R, Ry, X, Xyu Xi) (191)

The steady state impedance of double-cage induction motor is calculated with

1

1 N 1 N 1
Ko Ripix, Reyix,
S S

25 =R+ X+

steady —state

(192)

As equation (190) is not enough to determine parameters of (191), additional information is necessary.
This is obtained from the zone where the instantaneous power fits well the steady-state synchronous

torque.

The instantaneous power method uses transient data from region 1 to calculate the complex impedance

value (equation 189) in one or more points in region 1.

In this method the minimum necessary data is one point data that satisfies two equations, but for a more

reliable algorithm it is better to use n points that imposes 2n equations like

fo(x)=w, (Re(Z}) R, (x)) /|25 =0
fo(X)=w, (lm(;'p_l)—xl(x))/‘;'p,l‘ -0

: (193)
fons (X) =W, (Re(Z},)-R, (x))/‘;'p,n -0

fora () =W, (IM(Z5,0) =X, (¥)) /|23,

=0
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where Z,,,.,Z,, are instantaneous impedances and R,(x), X,(x),.. R,(x), X,(x)are real and

imaginary parts of double-cage respectively. These 2n equations are coming from the instantaneous
power algorithm that applies averaging process in the starting region to eliminate oscillations in the
electrical transient region. The equations of (193) use weights w, to reduce the influence of the points of

the instantaneous power method in comparison with the influence of the points of the regression method.
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6.4 Double-cage machine 1 estimation

The proposed method for double-cage parameters estimation using the instantaneous power method is
applied to the machine 1 with power 55kW of Table 6.1. The starting transient has been simulated using
the SimPowerSystems Blockset of Matlab [33].

First the regression method is applied to the transient data to the points in the region between the
maximum torque point and the steady-state speed. Then single-cage A approximation is obtained.

Estimation of cage A has been calculated with equation (138).
The results of cages A estimation for the machine 1 of Table 6.1 are presented in Tables 6.2.

Using parameters of Table 6.2, the impedances; Z, and Z,, for single-cage A have been calculated and

their values are presented in Table 6.3.

Fig. 6.10 shows the good fitting of torque of cage A (in part a) and current of cage A ( in part b )with the
steady-state torque and current curves of the original double cage of machine 1 in the zone between the

maximum torque speed and the synchronous speed (zone 2).

Table 6.2. Parameters of single cage A induction machine 1 (55kW) with f.=50(Hz), V,,=220V and J=0.8

Estimation R, Xed X R, T Ts Is Iy

Regression 0.0338 0.2303 7.2479 0.0450 446.1192 02.2838  478.0909  29.4185

Table 6.3. Z,, and Z,, for single-cage A of machine 1 (55kW) with f;=50(Hz), V;,=220V and J=.8

Real(Zn) Imag(Zy) Real(Zy) Imag(Zn)

0.0338 7.4782 0.4550 0.4789

Then instantaneous method that uses equation (189), estimates some impedances during mechanical

transient region before maximum torque point. These impedances are presented in Table 6.4 for 5 points.
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Then using maximum and no-load impedances of cage A and impedances of instantaneous method with a
typical weight equal to 0.04 in equation (190) and (193) respectively, these set of equation are solved
using F-solve function of MATLAB to estimate the double-cage parameters of machine 1. The estimated

parameters are shown in Table 6.5. The steady-state torque-speed and current-speed curves with

Table 6.4. Instantaneous impedances of double cage machinel with f=50(Hz) and

Vpr=220V
Points Py P, Ps P4 Ps
Rotor Speed 83.57 118.6 150.2 181.8 209.3
Re(Zappron) 01654 01726 01791  0.1887 0.203
1M (Zapprox) 03789 03929 04052 04184  0.4306
700
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Fig. 6.10.a. Torque of single-cage A; red 1point dashed line and torque of original double-cage; green

dashed line and 6.10.b. Current of single-cage A; red 1point dashed line and current of original
double-cage; green dashed line.
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parameters of Table 6.5 are seen in Fig. 6.11.

In the Fig. 6.11.a and b the red solid lines are original double cage torque and current and the black

dashed lines are estimated double-cage torque and current respectively. The fitting between the original

and estimated curves are very good.

Table 6.5. Parameters of double cage machine 1 with f,=50(Hz), V,,=220V and weight=0.04

Double-
c:ge RS X5=X2d Xm er RrZ de # J
Real 0.0338Q2 0.1698 7.2787 0.0465 0.40747 0.3511 1 0.8
Estimated 0.03206 0.1858 7.2922 0.0498 0.3482 0.3627 1 0.8
700 ; , : :
E 525 |
=2
g
|_
o 350 F
>
o
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o
=175 t
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c 400
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Fig. 6.11.a. Original torque(red solid line) and steady-state torque from estimated double cage parameters
(black dashed line)for machine 55kW and 6.11.b. Original current (red solid line) and steady-state
current from estimated double cage parameters (black dashed line)for machine 55kW for weight=0.04.

0.4
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The relative errors of the estimation are presented in Table 6.6 that are 6.67% for starting torque, 2.14%

for maximum torque and zero for starting and no-load currents respectively in machine 1.

Table 6.6. Calculated magnitudes for error determination for
machine 1 (55k)

P(kW) D-cage Tn,(Nm)  Ty¢(Nm) I5(A) In(A)

Original ~ 457.8 370.0 568.8 29.42

55 Estimated 448 345.3 568.8 29.42

Real Error  0.0214 0.0667 0 0
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6.5 Double-cage machine 2 estimation

The proposed method for double-cage parameters estimation using the instantaneous power method is
applied to the machine 2 with power 22kW of Table 6.1. The starting transient has been simulated using
the SimPowerSystems Blockset of Matlab [33].

First the regression method is applied to the transient data to the points in the region between the
maximum torque point and the steady-state speed. Then single-cage A is estimated. Estimation of cage A

has been calculated with equation (138).
The results of cages A parameters estimation for the machine 2 of Table 6.1 are presented in Tables 6.7.

Using parameters of Table 6.7, the impedances Z, and Z, for single-cage A have been calculated and

their values are presented in Table 6.8.

Fig. 6.12 shows the good fitting of cage A torque( in part a ) and cage A current ( in part b ) with the
steady-state torque and current curves of the original double cage of machine 2 in the zone between the

maximum torque speed and the synchronous speed (zone 2).

Table 6.7. Parameters of single cage A induction machine 2 (22kW) with f;=50(Hz), V,;,=220V and J=0.3

Estimation R Xsd X Ry T Ts I Iy

Regression 0.1300 0.6077 14.9097 0.1567 161.7923 44.6079 179.7107  14.1771

Table 6.8. Z,, and Z,, for single-cage A of machine 2 (22kW) with f=50(Hz), V,,=220V and J=0.3

Real(Zn) Imag(Zy) Real(Zy) Imag(Zn)

0.1300 15.5174 1.2798 1.2845

Then instantaneous method that uses impedance equation (189), estimates some impedances during
mechanical transient region before maximum torque point. These impedances are presented in Table 6.9

for 5 points.
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Then using maximum and no-load impedances of cage A and impedances of instantaneous method with a
typical weight equal to 0.04 in equation (190) and (193) respectively, these set of equation are solved
using F-solve function of MATLAB to estimate the double-cage parameters of machine 2.

Table 6.9. Instantaneous impedances of double cage machine2 with f=50(Hz)
and V=220V

Points Py P2 Ps P4 Ps
Re(Zaporox) 0.4645 0.4898 0.5191 0.5641 0.6278
iM(Zappror) 1.076 1.101 1.124 1.149 1.175
250 \ ;
= 1875 .
= e
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Fig. 6.12.a. Torque of single-cage A; red 1 point dashed line and torque of original double-cage; green
dashed line and 6.12.b. Current of single-cage A; red 1 point dashed line and current of original
double-cage; green dashed line
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The estimated parameters are shown in Table 6.10. The steady-state torque-speed and current-speed

curves with parameters of Table 6.10 are shown in Fig. 6.13.

Table 6.10. Parameters of double cage machine 2 with f,;=50(Hz), V,,=220V and weight=0.04

Double-
cage

Real 0.1300Q2

Estimated 0.1287

Rs Xs=Xaq

0.5404

0.5773

er er de p
0.1689 1.2269 0.8503 1
0.1777 1.0544 0.8666 1

0.3

0.3

400

300

e

£

= 200

(b]

>

>

E 100
0
400

2 30

‘g 200

=

O

100

Fig. 6.13.a. Original torque(red solid line) and steady-state torque from estimated double cage parameters
(black dashed line)for machine 22kW and 6.13.b. Original current (red solid line) and steady-state
current from estimated double cage parameters (black dashed line) for machine 22kW for weight=0.04.

1 1 1

0.6 0.4 0.2 0
Slip
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In the Fig. 6.13.a and b the red solid lines are original double cage torque and current and the black

dashed lines are estimated double-cage torque and current respectively. The fitting between the original

and estimated curves are very good.

The relative errors of the estimation are presented in Table 6.11 that are 5.62% for starting torque, 1.52%

for maximum torque and zero for starting and no-load currents respectively in machine 2.

Table 6.11. Calculated magnitudes for error determination for
machine 2 (22K)

P(kW) D-cage Tn(Nm)  Ty¢(Nm) 15(A) In(A)

Original ~ 164.3 110.2 197.6 14.18

22 Estimated 161.8 104 197.6 14.18

Real Error  0.0152 0.0562 0 0

128



6.6 Double-cage machine 3 estimation

The proposed method for double-cage parameters estimation using the instantaneous power method is
applied to the machine 3 with power 500kW of Table 6.1. The starting transient has been simulated using
the SimPowerSystems Blockset of Matlab [31].

First the regression method is applied to the transient data to the points in the region between the
maximum torque point and the steady-state point. Then single-cage A is estimated. Estimation of cage A

has been calculated with equation (138).
The results of cages A estimation for the machine 3 of Table 6.1 are presented in Tables 6.12.

Using parameters of Table 6.12, no-load and maximum impedances; Z, and Z, for single-cage A have

been calculated and their values are presented in Table 6.13.

Fig. 6.14 shows the good fitting of cage A torque ( in part a ) and cage A current ( in part b ) with the
steady-state torque and current curves of the original double cage of machine 3 in the zone between the

maximum torque speed and the synchronous speed (zone 2).

Table 6.12. Parameters of single cage A induction machine 3 (500kW) with f=50(Hz), V,,=220V and J=13

Estimation R, Xed X R, T Ts Is Iy

Regression 0.0012 0.0271 0.7582 0.0024 3963.2 366.8746 4126 280.1652

Table 6.13. Z,, and Z, for single-cage A of machine 3 (500kW) with f=50(Hz), V,,=220V and J=13

ReaI(ZnI) Imag@nl) Real@m) Imag@m)

0.0012 0.7853 0.0458 0.0560

Then instantaneous method that uses equation (189), estimates some impedances during mechanical

transient region before maximum torque point. These impedances are presented in Table 6.14 for 5 points.
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Table 6.14

and V=220V

. Instantaneous impedances of double cage machine3 with f:=50(Hz)

Points Py P, P3 Py Ps
Rotor 83.57 1186 150.2 181.8 2093
Speed
Re(Zuppo)  0.01476 0.01485 0.01477 0.01464 0.0147
iM(Zappro) ~ 0.04322 0.04497 0.04654 0.04813 0.04946
7000
= 5250 [ 1
<
— 7
; 3500 F ‘ 7
8 7 |\
O . f
5] d \
— 1750 T .~ H
— |
L s et s — —— —_— \
0 1 08 06 0.4 02 0
Slip
250 . .
1875 | |
z e e e P = N
—‘ - \~
e 125 ~ i
< .
- N\
> } 3
O 65 | A
\
O 1 1 | |
1 0.8 0.6 04 0.2 0
Slip

Fig. 6.14.a. Torque of single-cage A; red 1point dashed line and torque of original double-cage;
green dashed line and 6.14.b. Current of single-cage A; red 1point dashed line and current of
original double-cage; green dashed line.
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Then using maximum and no-load impedances of cage A and impedances of instantaneous method with a
typical weight equal to 0.04 in equation (190) and (193) respectively, these set of equations are solved

using F-solve function of MATLAB to estimate the double-cage parameters of machine 3.

The steady-state torque-speed and current-speed curves with the estimated parameters of Table 6.15 are
seen in Fig. 6.15.

Table 6.15. Parameters of double cage machine 3 with f=50(Hz) and V,,=220V

P R XXa X Ro Re Xu 2 )
Real 0.00123Q 0.01789 0.76736 0.00245 0.03911 0.03911 1 13
Estimated 0.0011 0.0200 0.7653 0.0025 0.0411 0.0392 1 13
7000 .
5250 | ]
E
=
= 3500 | ]
D) e —
I e
g
— 1750 ¢
500 kW
0 x | 1
7000 v ; : ,
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<
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o
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1 0.8 0.6 0.4 0.2 0
Slip

Fig. 6.15.a. Original torque(red solid line) and steady-state torque from estimated double cage parameters
(black dashed line) for machine 500kW and 6.15.b. Original current (red solid line) and steady-state current
from estimated double cage parameters (black dashed line) for machine 500kW for weight=0.04.
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In the Fig. 6.15.a and b the red solid lines are original double cage torque and current and black dashed

lines are estimated double-cage torque and current respectively. The fitting between the original and

estimated curves are very good.

The relative errors of the estimation are presented in Table 6.16 that are 5.8% for starting torque, 2.6% for

maximum torque and zero for starting and no-load currents respectively in machine 3.

Table 6.16. Calculated magnitudes for error determination for
machine 3 (500k)

P(kW) D-cage T,(Nm)  Ty¢(Nm) I5(A) In(A)

Original 4063 3349 5182 280.1

500 Estimated 3956 3153 5182 280.1

Real Error  0.026 0.058 0 0
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7 Conclusions and contributions

The parameters estimation procedures of the single-cage induction model and the double-cage induction
model developed in this project are based on the usual data that can be easily obtained from a starting

transient; the three stator currents, the three stator voltages and the mechanical speed.

In this doctoral thesis, two new methods to estimate single-cage induction motor parameters and two new
methods to estimate the double-cage induction motor parameters from transient measurements are

presented.
Below the main conclusions and contributions of this thesis are summarized.
A) Single-cage model:

e It is demonstrated that the Park variables in the synchronous reference frame are used because they
facilitate the data filtering. This reference frame is more reliable due to the slow variation of the direct
and quadrature currents and voltages during mechanical transients and owing to the fact that these

magnitudes have constant values in the steady state.

e A good improvement is the new approximation of the rotor flux as a function of the stator voltages
and currents. It avoids the use of the speed derivative approximation, da)/dt=0, used in the

literature [15]. It has been demonstrated that the accuracy of the estimation procedure using rotor flux

approximation is improved significantly.

e Two new different methods to estimate the single-cage induction machine model parameters have
been proposed and studied: the regression method and the two points method. The first is based on

the least-square method and the second is based on the resolving of a non-linear system of equations.

o In this thesis a detailed study of the errors as function of the speed of points used in the regression
method and the two points method has been realized. This study reveals that for parameters
estimation with low error, the use of points near maximum torque speed zone and points near the

synchronous speed zone is very important.

e The errors study has shown that the influence of the rotor flux approximation is significant. On the
other hand the influence of the step size in the derivative calculation, the inertia and other factors has

low influence on the error estimation.
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e The error study shows that the maximum torque value is usually the magnitude with the highest error,
followed by the starting torque error value and the starting current error value. Finally the no load

current, is the magnitude with the lowest error.

B) Double-cage model

One of the main purposes of this thesis is the study of the double-cage model. There are several papers
about this topic in the literature. Practically all the literature review studies are about the single-cage
model, in contrary of the reality that the most of the squirrel-cage motors behave according to the double-

cage model.

e The first method of double-cage induction motor parameters determination is called two single-cage
method. In this method the two points method has been used for obtaining single-cage parameters,
valid in the range from the maximum torque speed to the synchronous speed. The other set of

parameters can be obtained from data of two speeds; near zero speed and the synchronous speed.

e The second method of double-cage induction motor parameters determination is called the
instantaneous power method. This method exploits the fact that in the mechanical transient region the
averaged transient torque has a surprising coincidence with the steady-state torque. With this method
an excellent estimation of motor impedances at different speeds has been obtained from averaged
values of the instantaneous power obtained from the measured voltages and currents. This method has
the advantage that it is very easy to obtain an approximation of the impedance values at different
speeds in the region from mechanical transient point to the maximum torque point, where the effects

of the double-cage are more important than effects of single-cage.
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Future research

Study of the mechanical parameters estimation with the electrical parameters estimation. Then it is

possible to do an estimation of the mechanical parameters.

Study of the effects of the saturation with the data of starting transients at different voltages.

Therefore the influence of the saturation on the estimated parameters can be studied.

Study of the very fast transients (mechanical time constant near the electrical time constant). As
limitation of the proposed methods needs a slow mechanical transient zone, the development of new

estimation methods for machines with very low inertia is an interesting study.
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Parameter estimation of wound-rotor induction
motors from transient measurements

Hengameh Kojooyan-Jafari, Lluis Monjo, Student Member, IEEE, Felipe Corcoles, Joaquin Pedra,
Member, IEEE

Abstract— A new method for determination of the steady-state
equivalent circuit parameters of wounded induction motors using
experimental data from starting transient measurements is pre-
sented. The data in the algorithm are stator currents and voltages
and mechanical speed. The algorithm uses the least-square meth-
od and the motor dynamic equations in the synchronous reference
frame. Moreover, an approximation of the rotor flux that im-
proves the precision of the estimation method, as well as a de-
tailed study of the errors of the estimation procedure, are includ-
ed. Method is validated with data from starting transient meas-
urements of a 2kW wound rotor induction motor.

Index Terms—Equivalent circuits, wound rotor induction mo-
tor, starting transients.

ARAMETER determination of induction motors is a ma-

jor topic because these machines are one of the most im-
portant loads in the grid. Accuracy is necessary because of the
significance of power system dynamic behavior during faults
and other perturbations. Another important area is high per-
formance ac drives, where parameter estimation is crucial for
the tuning of controllers. Several approaches have been pre-
sented for induction motor parameter estimation. IEEE Std-
112 [1] describes the most usual method, which is based on
short-circuit and no-load test. Other methods include those
based on steady state [2], frequency [3] or transient tests [4-
10]. Recently, more sophisticated procedures have been pre-
sented using a transient test with an extended Kalman filter
[4]. Another possibility is to formulate a least square minimi-
zation problem [5-10]. Reference [5] gives a thorough descrip-
tion of the least-square method and the dynamic equations in
rotor reference frame and [6] uses the stator reference frame.
On the other hand, to the knowledge of the authors, no studies
apply the synchronous reference frame.

The main issue in this paper is to develop a method that can
be easily used in a real situation. Starting transients are chosen
because they are the minimal disruption of normal motor oper-
ation. Furthermore, short-circuit test cannot be used for high
power machines because their high currents. The method only
needs measurements of stator currents, stator voltages and me-
chanical speed during the starting transient.

It’s main restriction, however, is that it can only be applied
to the wound-rotor induction motors, modeled with the equiva-

This research work was supported by the Spanish Ministerio de Ciencia e
Innovacién under Project ENE2009-10274.

H. Kojooyan, LI. Monjo, F. Cércoles and J. Pedra are with the Department
of Electrical Engineering, ETSEIB-UPC, Av. Diagonal 647, 08028 Barcelo-
na, Spain (e-mails: kojooyan@iiau.ac.ir, lluis.monjo@upc.edu, corco-
les@ee.upc.edu, pedra@ee.upc.edu).

lent steady-state circuit in Fig. 1.

The proposed is valid for motors where the mechanical tran-
sient is decoupled from the electrical transient, i.e. the time
constants of the electrical and mechanical transients are in dif-
ferent orders of magnitude.

1. DYNAMIC EQUATIONS

The dynamic equations in Park variables in the synchronous
reference frame are

v, =(R +L,p)i, - Loi,+Mpi,-Maoi,
V= LSa)iSq +(RS +Ls,p)iw
0=Mpi, —Msa)isq +(R,, +L},p)ird —Lrsa)l’rq (1)
0 = Mswi,, + Mpi,, + Lisoi,, +(R. +L,p)i,

T(1)= Mgo(sq i zsdz,q) , s=(o-pa,)lo

+ M i, + Mpi,,

and in Ku variables in the synchronous reference frame are
v, =(R +L (p+jo))i+M(p+jo)i,
0=M(p+jso)i,+(R +L, (p+jsw))i )
T(t)= 2@Mlm(isi:) . s=(o-pa,)lo.

The relation between the coefficients of the dynamic equa-
tions and the steady-state star equivalent circuit is

M=X,lo ; L =(X,+X,)|o ; L =(X,+X,)/0Q3)

where ¢ is the number of pair of poles, = 2nf is the syn-

chronous speed and @, is the mechanical speed. The relations
between Park and Ku variables are

v = vsd +vaq C o= lxd +leq C o= lrd +.Iqu (4)

s \/E > b \/E > b \/E

The relation between the measured currents, Isa Lspy Ise, (Shown
in Fig. 2) and the Park variables iy, iy, (shown in Fig. 4a) in

the synchronous reference frame (6’ = wt)is

4 L;
Rs )(sd rd
¥ Xn R./s

o

Fig. 1. Steady-state equivalent circuit for the single-cage model of the three-
phase induction motor.
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TABLE I
PARAMETERS OF SIMULATED MOTOR
uw) R(Q)  XQ) Xu(©Q) RAQ) XuQ) Jkgm®) PKW)

400 2.88 3.96 88.8 2.80 3.96 1.2 2.2

=

i =\/z i, cosO+i, cos[@—z—ﬁjﬂ'vc cos(9+2—”j
A 31" : 3 : 3

2 2 2 ©)
i, = —\/: i,sin@+i, sin -~ +i, sin 0+-=
g 3 3 3
and for the voltages , vy, vy, Vs (shown in Fig. 2), it is
vy, = \/g v, cosf@+v, cos 9—2—7Z +v,, cos ¢9+2—7Z
3 3 3
(6)

v, = —\/% {vm sin@+v,, sin (9 _2?”) +v,. sin [9 +2?”j}

where voltages, v, vy, are constant. Fig. 3a shows the speed
during the starting transient.

The objective of the work is to determine the motor parame-
ters with equations (1) where the rotor currents must be elimi-
nated because they are not usually measurable. To do this, the
first and second derivatives of the current must be obtained.
However, difficulties arise when real measurements are used
due to numerical problems caused by the derivative of a noisy
signal (more details are given in Section III). For this reason,
the use of a smoothing algorithm becomes necessary.

II. SMOOTHING

To determine the influence of smoothing on the measured
data and their derivatives, a study based on Simulink-
SimPower Systems Blockset simulation was made. Table I
shows the parameters of the wound-rotor induction machine
simulated in a starting transient in this section (Fig. 2). These
simulations provide the data of the three phase voltages and

400

(=}

Voltages, Vs, Vsb, Vsc (V)

IS
=3
S

w
S

[
[

Currents, ig, isp, isc (A)

0 0.5 1.0 1.5 2.0 2.5
Time (s)

Fig. 2. Simulated currents and voltages during the starting transient of the
wound rotor machine

2

currents and the mechanical speed. Fig. 3a and Fig 4a show
the mechanical speed, @, and the transformed currents, iy, i,.
For this study a white noise of 35dB was added to the data.

In an attempt to filter the current, voltage and speed meas-
urements, a smoothing function (smooth) of MATLAB based
on a Savitzky-Golay filter was used [12][13]. This smoothing
algorithm performs a moving average with coefficients deter-
mined by an unweighted least-square regression method and a
polynomial model of a specified degree.

In this paper data obtained from simulation and measure-
ments are smoothed with the above method considering poly-
nomial of degrees 1 and 2 and 10% of the array data length as
the smoothing window.

Ref. [14] recommends to apply the smoothing function a
minimum of two times if a second derivative is calculated.
Applying this recommendation, derivatives of simulated speed
and noisy speed are compared for both degrees in Fig. 3b. The
first and second derivatives of the simulated transformed and
noised currents (for degrees 1 and 2) are provided in Fig. 4b
and 4c.

As can be seen in Fig. 3 and Fig. 4, there are differences be-
tween the smoothed curves. The approximation based on poly-
nomials of degree 2 fits the mechanical speed and transformed
currents during the transient; however, in steady state smooth-
ing amplifies the noise, invalidating the values of the deriva-
tives. On the contrary, the polynomial of degree 1 fits the
steady state and fails during the transient. As a conclusion, the
smoothing of degree 2 will be used in the transient region and
the smoothing of degree 1 in the steady-state region. In the
next sections, a more detailed study is made to quantify the
error incurred by the numerical derivatives and smoothing.

III. LEAST-SQUARE METHOD

Obtaining motor parameters from the motor dynamic equa-
tions (1) directly is not possible because of rotor currents are
not generally measurable. Hence, a new set of equations with-

120

o =
=
e 3
T
,
3

' Simulated

'
(=}
T
%

------------ Smoothing degree 1

Speed, Opec (rad/s)
N
3
T
“\

— — = - Smoothing degree 2

0 7 (a) |

0 1 2 b 3 4 5

Time (s)
Fig. 3. (a) Noisy speed (solid line) and smoothed speed (dotted line) time evo-
lution from simulation (b) First derivative of the simulated speed (solid line),

speed smoothed with degree 1 (dotted line) and smoothed speed with degree 2
(dashed line)
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/

(=}
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Currents, iy, fsp ise (A)
Y
wn
\

<
S

i
(=]

5o}
W
T

disg/dt, disg/dt (A)
(=]
T

)
[
T

w
(=}

o
(=}

o
(=1
T

Fisgldl, Figldf (A)
y (=}
T

W
(=1
T

(=}

(=1

Time (s)

©

Fig. 4. (a) Currents measured (solid line) and smoothed with degree 1 (dotted
line) and with degree 2 (dashed line) (b) First derivative of currents with de-
gree 1 (dotted line) and degree 2 (dashed line) (c) second derivative currents
with degree 1 (dotted line) and degree 2 (dashed line)

out rotor magnitudes becomes necessary. This new set, ob-
tained in Appendix I, results in the following equations:

di, , . .
Kl 7:+K21Sd _K31 (a)_lgg a)m )lsq _K32a)lxq -

2.

d d
_K4( VSd _(a)_lgga)m)vsqj_KSVSd == ZSd + (7)

dt

dr’
1%

IEEE PES Transactions on Energy Conversion

Because rotor fluxes v, .y, are not measurable, a number of
studies [5-10] use equations like (7) and (8) considering the
terms (dp o, /dt)py,, and (dp o, /dt)py,, negligible. A
contribution of this paper is to introduce an approximation of
the rotor flux that improves in the estimation procedure signif-
icantly and it takes into consideration the above terms. That is
the reason for the detailed justification of equations (7) and (8)
in Appendix 1.

Using the approximation of the rotor flux, w , described in

Appendix II, the following relations are obtained

ﬂ ~ qu —i . ﬂ ~ vxd —i (1 O)
l//rd ~ ow LS sd H l//rq ~ ow Ls sq
Substituting
dSO a)m dSO Wm VS dSO wm ;
— By, =K, - Ly
dp o dew, v, dpo
m - K m_ _sd m i
a PV Ydt oo dt

in the terms of (7) and (8), we obtain a system of linear equa-
tions like

K,

K,
[adl Ay Qg3 Qgq Ays adé) Ky, :[bd] (12)
Ap Gy Gz Ggq Gys dyg K32 bq

K,

K

where
di, . , :
adl = dt ’adZ :lxd’adS :_(a)_goa)m)lxq’acM = _a)lxq

adS = _(%_(w_gowm)vsq +l%vsdj

dp o,
dt P¥a

di
+(2a)—g0a)m)%+a)(a)—gowm)isd +

dixq . . .
Kl dt +K21sq +K31 (w_sowm)lsd +K32wlxd -

dvsq dzixq
_K4 7"‘(&)_50&)”1)\7“, _KSVSq =_7_ (8)
di dp o
-Row-po )—t+o(w-po )i - m ]
( &0 m) dt ( 80 m) sq dt ﬂl//)d
where
2 L L
U—I—M ,ﬂ: M 5 ,~:_rs];:s
LL oLL, R R
R 1 R 1
K=-"2>+—,; K,=—"— ; K, =— 9
' oL, of, P oLT, Yoo, )
1 1 1
K,=— ; K,=— =
2 ol Yool > oLT.

dt o dt
Qg =V (13)
d’i di
by=——2+2u-po,)—L+
¢ ar (20-pa,) dt
. d&ﬁ @, .
+o(o-pao,)i, —sz
disq . . .
aql :?;aqz :lsq;aq3 :(a)_lgoa)m)lsd;aqél :a)lsd
S 1 dSme
qS__( dq+(a)_l§0a)m)vsd _; dt sq]
aqé = _vxq (14)
d’i i
=T _Qo-pa, )Ly
! dr’ (20-pa,) dt
. d@a}m :
+o(o-po,)i, +71M

Considering n points in the study, we obtain the following
over determined linear system,
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Lied )
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|B2dl

b1l [bodl

=
=
E 2
<1 —Ho 1F - 4 —
= 2z
< E
()
0.5~ —| &
0 | 0 ! 1 L | | |
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b |

. ® A
= 2
=l —He 1 - s
0.5~ |
0 | | 0 | | | //\L | | |
1 2 3 4 5001 2 3 4 51 2 3 4 51 2 3 4 5
Time, 7 (s) Time, 7 (s) Time, ¢ (s) Time, 7 (s)
Fig. 5. Relative weight of the polynomial parts
1 1 1 1 1 1 1 2. 7
a, a, a, a, a, a b d’i, di . dpo, .
ar Tde Ty Tda s e\ (g b‘f |bd|:‘— dtzd +(2a)—goa)m)—dtq +(a)(a)—goa)m)zxd— ok
S Al (O
a;, a;, A a;, a5 da b d% ;
dl d2 d3 d4 ds a6 | g d Iy, dlsd . dsg o, .
P R T N S | p2 (15) |bq| =-—; —(Za)—gaa)m)—+ a)(a)—goa)m)zsq +—"0,
q1 q2 93 q4 q5 @ g || e dt dt dt
. . . K . K I :
k|| (19)
aVl a}l aVl a}l aVl a}l b}l .
P A A @ bt’l’ and the quantities b3, |b1dl, [Dodls [D2ls 1514, [og| are defined as
g Gy gy gy Gys Gy q
Which can be rewritten as, 4% di
—d (20-pao,)—
Ax=b (16) b | = dt bl dt
. . . . |2"’|_ |b| ’ |1"|_ |b|
Using the least square regression method the solution of this d d
over determined linear system is . pdo, .
1 (()((()—SOa)m)lsd_ dt lsq
x=(A'A) A (17) |0s| =
2]
where x = (K, K, K31, Ksp, Ky, K5). d% di 20)
From the parameters obtained with the least-square method, P > ‘( 20— a)m) Lsa
(K1, K>, K31, K35, Ky, K5), the induction motor parameters can | b | _ ! . | b | _ dt
be calculated considering the relation between parameters 2 |bq| lq |bq|
Ly, = L,4, justified in the reference [15]. The following rela- do
tions are obtained, (a)(a)—goa)m )i, —‘@d”’z&dj
t
L=1=% oo L y-Jio)r Pl = 2,
X ' K32 ’ K4Ls ’ ’
L Fig. 5 illustrates the relative weight of each of the terms in
R =—=LokK;, ; R = Fr =L.ok;, (18)  (19). From these results, it can be concluded that the terms that

IV. ERROR INFLUENCE ON b, AND b,

To analyze the influence of the error introduced by the
smoothed derivatives on coefficients b; and b, of equations
(13) and (14), terms |b4| and |b,| are defined as

have a significant influence are those corresponding to the
transformed currents, i.e., by, and by,. Less important terms are
those including the first derivatives, and the terms with the
second derivative are negligible. The most important result
from this study is that the errors introduced by the smoothing
in the second derivative hardly affect the estimation procedure.

Page 4 of 9




Page 5 0of 9

P OO~NOUILAWNPE

Q
<

Q
d
S

Zone Zone Zone Zone
#0 #1 #2 #3

-400 | | | 1
0 0.4 0.8 1.2 1.6 2

Time(s)

Fig. 6. Definition of different regions for the error study.

V. ERROR STUDY

In Ref. [16], the analysis of studying sensitivity of different
single-cage model parameters shows that stator resistance has
a small influence on the torque and current-slip curves. For
this reason, the parameters of the steady-state equivalent cir-
cuit are bad indicators of the goodness of the method. An al-
ternative is to focus the error study on magnitudes derived
from the steady-state machine equations which affect the
torque- and current-slip curves significally, i.e. maximum
torque (T, ), starting torque (T, ), starting current (/. ) and no-

load current (7, ). Therefore, the definitions of the errors are

P _ m,est -Fm, c Fs,est Fs
T'm — H Ts —
m Fm s FS
@n
& = Is,est _Is . s _ [NL,est [NL
Is = 4 INL —
Ig IAM

A. Influence of Point Position
The least-square method usually works with an excess of in-

0.00 | | | | |
0.16 \ \ \ ! i

0.08 M
o0—= A4 A

€rs

90 130 170 210 250 290 330
Point #3 angular speed (rad/s)

Fig. 7. Influence of the rotor flux approximation on the error in the estimated
maximum and starting torques.

IEEE PES Transactions on Energy Conversion

formation. That is, it uses n points to determine six parameters.
In order to better comprehend how the regression method
works, the influence of the position of several measurement
points is studied using only three points (Minimum number to
find six parameters, because each point imposes two equa-
tions).

Fig. 6 shows the torque in a starting transient. Four zones
(#0, #1, #2 and #3) are delimited: #0 is the interval where the
electromagnetic transients are significant, #1 includes points
before the maximum torque, #2 contains points between the
maximum torque and the steady state, and #3 contains points
in the steady state regime. In the error study, two points are
fixed and the other is moved within a range.

B. Influence of (da)m /dt)(//,, Term

Fig. 7 shows the influence of the approximation on
(dw, /dt)y, described in Appendix II on the error in the es-

timated maximum and starting torque. In Fig. 7a the line with
circles represents the error when the algorithm uses the ap-
proximation that the derivative of the speed is negligible (the
usual approximation in the literature). In contrast, line with
diamonds shows the error when the algorithm uses the rotor
flux approximation.

In Fig. 7 the fixed points are ®; =256 rad/s in #1 and
@, =314.4 rad/s in #2. The third point varies within the range
o =(90,317).

The results obtained from Fig.7 confirm that the approxima-
tion of (d o,/ dt)(//,, is a good improvement in the proposed

algorithm.

C. Step-Size Influence

Step size affects the evaluation of the first and second deriv-
atives, and consequently the estimation of the maximum and
starting torque. Fig. 8a and 8b presents the maximum and start-

0.03

0.00
0.04

0.00 | | | | |
90 130 170 210 250 290 330

Point #3 angular speed (rad/s)

Fig. 8. Influence of the step size derivative on the error in the estimated max-
imum and the starting torques.
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Fig. 9. Influence of equally increasing number of points in three regions on
the relative error in the estimated maximum torque (solid line), the starting
torque (dotted line), the starting current (dashed line) and magnetizing cur-
rent (solid line).

ing torque errors respectively. The lines with squares, dia-
monds and circles show the error for step-size 7 =0.1ms,
h=1ms and & = 10ms, respectively. All three cases are simu-
lated considering ®; =256 rad/s in #1 and w, = 314.4 rad/s in
#2. The third point varies within the range w; = (90,317).

From the results in Fig. 8, it can be concluded that the step
size for the derivatives has a little influence on the errors. This
is due to the use of the synchronous reference frame, where the
variables vary slowly during the mechanical transient and have
constant values when steady state is reached.

D. Influence of Number of Points
The strategy of increasing the number of points consists in

50
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=0 r
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=
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5 251
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s 25 ’._0 “‘
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Fig. 10. (a) Measured transformed currents (solid line) and smoothed currents
(dashed line) temporal evolution (b) First derivative of smoothed current (c)
Second derivative of smoothed currents

6

adding progressively up to seven sets of three new points, each
one in different zone defined in Fig. 6. Fig. 9 shows the errors
when a different number of points is considered in the estima-
tion of the maximum torque (line with squares), starting torque
(dotted line with diamonds) starting current (solid line with
circles) and magnetizing current (solid line).

The analysis of the results demonstrates that taking a larger
number of points give reliable results.

VI. TRANSIENT MEASUREMENTS

The method was tested with a wound rotor induction motor
of rated power 2.2kW, voltage 400V and frequency 50Hz un-
der no-load conditions.

Fig. 10a illustrates the transient currents isq and iy, obtained
from the measured currents i, iy, is., applying the Park trans-
formation of (5) and the curves smoothed with the application
in Section II with a polynomial of degree 2. Fig. 10b and 10c
shows the first and second current derivatives. The trans-
formed voltages are not plotted because they have a constant
value.

Fig. 11a shows the speed evolution during the transient and
Fig. 11b contains the first derivative of the speed. As a result
of applying the proposed estimation method, a set of parame-
ters was obtained and shown in Table II. The values of maxi-
mum torque, starting torque, starting current and no-load cur-
rent calculated with the estimated parameters from the steady-
state equivalent circuit are also included in this table.

VII. STEADY-STATE MEASUREMENTS

In order to validate the results from the above method,
steady-state torque and current-slip curves were obtained with
the estimated parameters of Table II. In Fig. 12, these estimat-
ed curves (in solid lines) are compared with steady-state torque
and current measurements in several slip points obtained in
laboratory (in circles).

120

0 =

(=3

(= =3
T T

N
(=]
T

Speed, Omee (rad/s)
S 3
T T

120
100~
80
60

A®mec/dt

40
20

Time (s)

Fig. 11. (a) Speed measured (gray) and smoothed with degree 2 (dashed line)
and degree 1 (dotted line) (b) first derivative smoothed with degree 1 (dotted
line) and degree 2 (dashed line).
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Fig. 12. Measured torque- and current — slip curves for the wound-rotor motor
23 (circles) and estimated values with the proposed algorithm (solid line) and
24 from steady state (dotted line).
25 From the steady-state measurements, a new set of parame-
26 ters with the procedure described in [17] can be estimated.
27 . . .
o8 Table 11 summarizes the estimated parameters and the main
29 characteristics of the steady-state torque and current-slip
30 curves obtained with this alternative method. Steady-state
31 torque and current-slip curves can be seen in Fig. 12 (in dis-
32 continuous line).
33
34 VIII. CONCLUSIONS
35 In this paper, a new method to estimate single-cage induc-
36 tion motor parameters from transient measurements is present-
37 ed. The estimation procedure is based on the starting transient
38 and uses Park variables in the synchronous reference frame
39 because this formulation makes data filtering more reliable due
jg to the slow variation during mechanical transients and nearly
42 constant values in the steady state.
43 Furthermore, the paper contributes with an approximation of
44 the rotor flux that improves the estimation procedure, and
45 studies in depth the errors of the method.
46 The parameters estimated by the method are contrasted with
a7 torque-speed and current-speed measurements in the steady
48 state, and good agreement is found.
49
50 TABLE Il
51 ESTIMATED PARAMETERS IN OHMS [QY]
52 Method Ry Xea X R, Xra
53 Transient 1.53 5.09 44.96 2.75 5.09
gg Steady-State  1.86 4.94 42.12 2.76 4.94
56 Tw(Nm) Ts(Nm) I(A) Inp(A)
57 Transient 55.88 30.77 22.03 4.61
gg Steady-State ~ 55.31 31.41 2236 491
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IX. APPENDIX |

Using the induction motor dynamic equations in Ku varia-
bles the synchronous reference frame, from Eq. (2), and defin-
ing the stator and rotor fluxes as

WS = L\' l.S + Mil }

1
= (y. — Mi 2
w,=Li +Mi ' L (l//, l“') (22)

r

rotor current can be eliminated and the following equations are
obtained:

2
v, =(RS +(LS —AZ—](p+ja))Jis +L£(p+jw)%

r r (23)
RM (R .
0=—— lx+[L—’+(p+J(w—sowm))]‘//r

Lr ¥

These dynamic equations can be rewritten as a system of or-
dinary differential equations in complex variable:

di, N B 1
S =y — +| =— +—
(—y—jo)i, (T Jj a)m,[)’]y/r 7 v,

dt i )
(24)
dy, M 1
—L=—i | —+jlo-po )
a T.° [T jo=p )]l/f
where
2
L
O':l— N ﬂ: M 5 T; :—'
LL, oLL, :
25
B RSLerR,,M2 _ R +RS M? (25)
L)' (LSLV _Mz) ULS LS O—LSL)’

The rotor flux from (24) must be eliminated because it can-
not be measured. Rewriting i, in x; and y, inx,,

X, = Ax, + Bx, + Ev
: (26)
x, = Cx, + Dx,

where the derivatives are indicated with a dot. By calculating
the derivative of the first equation, we obtain,

X, = A%, + Bx, + Bx, + EV (27)

where coefficients 4 and E are constant. Using the equations

X, :%()'cl — Ax, —Ev)

(28)
X, = Cx, + Dx,
and replacing them in Eq. (27), we obtain,
X, = AX, + B(Cx, + Dx, )+ Bx, + Ev =
(29)

= AX, + B(Cxl + D%(x1 — Ax, —Ev)j—i—l?xz +EV

where reordering the results, we have

% =(A+D)i +(BC—DA)x, +Bx, + Ev—DEv  (30)
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The literature uses the approximation B =0 to eliminate x,.
This paper keeps this term and uses an approximation of x,,
which is the rotor flux y, . Then, the coefficients of (30) are

(A+D):(_7_jw)—(%+j(a)—gga)m)j:
(31
:_j(z“"@“’m)‘(%+7]:—1(260—@%)—&

r

_oay=| B _; M
(BC DA)_(T ]goa)m,[;’]T +

7 r

(e sto-von)|ior-jo) =B - joo, B2~

———ﬁ—jy(a)—goa)mﬁw(w—gowm): (32)
(M 7, Ml L
_(Tf T")Jrjgoa)m(;/ T,] Ja{Tr+7/]+

=-K, - jK;, (w_@wm)_jWKn +w(w_80wm)

1 1 1
( ) (T tilo-po, )] oL, oLT

r

(33)

+ﬁ(w—sowm)=jK4(w—sowm)+K5

s B=—jppa, (34)

1 i—‘r .
T, oL oT

Y S
Ky=r-to= D K, =— 35)

K31:_ 5 K32:_ 5 KSZGLT

Replacing these coefficients in equation (30), we obtain

d’i, . di,
7 =(—J(2w—sawm)—KI)E+

+(-K, - jKy (0-p a,)- joK, +o(0-p,))i,+ (36)

dv dp o
+K,| =+ j(o-po, v, |[+Ky, - j——n
4(dt J( &0 m)vsj SVS J dt IBl//r

Finally, reordering the terms, we obtain
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8
di. . . . .
K172+Kzlx +(]K31 (a)_soa)m )+JwK32)lx -
dv, . di
KBt (om0 |k =T @)

—j(2w—sowm)%+w(w—sowm)is —jd‘z—tw'",b’l//,

This equation, expressed in d, q variables, results in equations
(7) and (8), repeated here for clarity:

di, , . .
Kl 7:+K21Sd _K31 ((0—50 a)m )lsq _KSZwISq -

dv, i
_K4( dtd _(a)_‘ggwm)vxqj_Kjvsd == dtzd + (38)
+(20-p o, )&wa(a’—gow )i +d50(om ry

" dt Vs + .
iSq . . ‘
Bt (0-po,)i,+Kyol, -
o i,
K|t H(0mpo,)v, |- Ko, ==t 9)
di do
(2o-—w0o V= rolo-—ww )i — ' |
( &Q m) dt ( 80 m) 5q dt ﬂl//;d

X. APPENDIX II

The rotor flux approximation is obtained from the relation
between the rotor flux and stator flux:

1 ;
By, =—v, —i (40)
oL,

To demonstrate this relation, the definition of £ in (25) is
used:

—y, +i 41
IR 4D

and using the definition of y, in (22) and ¢ in (25), we obtain,
oLL (By,+i)=My, +cLLi =
=M (L,i, + Mi,)+(L,L - M*)i, = 42)
=L (Li+Mi)=Ly,

Hence,

'y

. L 1 .
By, +i, = Y = ﬂt//r=—aL v, —i, (43)

oL

sr

The rotor flux approximation is obtained from the voltage
stator equation

v, =Ri +py + joy, (44)

and using the approximation for the stator flux in the steady-
state, v, = joy, , we obtain
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Fig. 13. (a) d and q rotor flux behavior in the starting transient (b) d and q
stator flux behavior in the starting transient. (c) Motor speed evolution in the
starting transient.

v, .
By, ——— (45)
JjowL,
where, separating in d,q fluxes, we have,
Vsq . vsd .
~ —iy . X —1i 46
ﬁ ‘//rd ow L sd ﬁ ‘///q ow L sq ( )

s s

Fig. 13a shows the stator fluxes y,, and v, Note that when
the electrical transient is finished, the stator flux value is near-
ly constant. On the other hand, Fig. 13b illustrates a great vari-
ability of the rotor fluxes w,, and y,,. In Fig. 13c we can ob-
serve that this change occurs when the mechanical speed
reaches the synchronous speed.
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