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Abstract. This article presents a novel identification method to identify the unknown stator and rotor resistances of induction
motors. Our method allows one to identify the unknown parameters of nonlinear multivariable dynamic systems in real-time
operation. An analysis of parameter convergence is provided, and, the regions of convergence is found by using the Lyapunov
stability theory. Analytic, numerical and experimental studies are reported to illustrate and validate the mixed parameter
identification and state estimation concept. The motor resistances are identified within practical operating modes. The proposed
identification concept with state estimation ensures robustness and reduces shortcomings of identification algorithms. The
aforementioned advantages uniquely suit advanced control schemes, such as adaptive and vector controls. Accurate identification of
parameters allows one to guarantee optimal and energy-efficient operating envelopes which are of a very significant importance in
energy and power systems. The experimental results illustrate that the motor parameters match the real motor parameters. Our
findings are applicable in various high-performance energy, power and electromechanical systems.

Keywords: induction motor, parameter identification, stator and rotor resistance

C. Ilepecana, n1-p TeXH. HayK,

C. JIsmeBckui, a-p ¢punocopunu,
C. KoBo0aca, kaHj. TeXH. HayK,
M. KononymmHckui

NIAEHTUOUKALUA AKTUBHOI'O COITPOTUBJIEHUA CTATOPA U POTOPA
ACHHXPOHHOT O IBUT'ATEJIA

Annomauus. Hznodcen noevlii Memod u0eHmupukayuy conpomuenenuti Cmamopa u pomopa AcCUHXPOHHO20 08U2ameis, no-
380NAIOWULL NPOUZBOOUMb UX ACUMNIMOMUYECKYIO OYeHKY 8 peanbom epemenu. C ucnonvzosanuem meopuu ycmouuusocmu no JIa-
NYHOBY GbINOIHEH AHANU3 U ONpedeNeHbl 00IACHU YCMOUMUBOCU an2opumma uoenmuduxayuu. [Ipedcmasnenvl pe3yismamol ma-
MeMamu1ecko20 MOOETUPOBAHUS U IKCNEPUMEHMANBHBIX MECMO8, C8UOCMENbCMEYIouue 0 MOoM, 4mo paspabomantblil aieopumm
obecneuusaenm acUMIMOMUYECKYIO OYEHKY HEU3BECTHBIX CONPOMUGLEHUL CIAMOPA U POMOPd NPU PEAIbHbIX PEeXCUMAX pabonvl
ACUHXpOHHO20 Osueamens. Paspabomannvili aneopumm uOeHMuuUKayuUu Modxcem NpUMeHAmbvcs 018 NOCHMPOEHUs AOANMUBHbIX
cucmeM GeKmMOPHO20 YNPAGLEHUs, KOMopble OYOym 2apaHmuposams GblCOKUe HOKA3AMENU HepeemuuecKou spgexmusHocmu
anekmpomexanuyeckux cucmem. Ilonyuennvie 6 pabome pe3yabmamsl MOSYm UCHOTb308AMbCA O NPOESKMUPOBAHUS BbICOKOIG-
DeKMUBHBLX INIEKMPOMEXAHUYECKUX CUCTIEM.

Knioueeswie cnosa: acunxponnviii dgueamens, UOeHMupUKayus NAPAMempos, aKmusHoe CORPOMUSIEHUECMAMOpa . pomopa
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IJEHTU®IKALISA AKTUBHOI'O OITIOPY CTATOPA I POTOPA
ACHHXPOHHOT'O JIBUT'YHA

Anomayin. Buxniadeno nosuti memod idenmuikayii onopie cmamopa ma pomopa ACUNXpOHHO20 06USYHA, WO OdE 3MO2Y
30ilicHI06amMU iX acuMnmomuure OYiHIOBAHHA 8 peanrbHoMy yaci. 3 euxopucmannam meopii cmiiikocmi 3a JIanyHoeum 6UKOHAHO
auaniz i gusHaverno oonacmi cmivkocmi aneopummy ioenmugixayii. Hasedeno pesynomamu mamemamuyHo20 MOOEI08AHHS Md eK-
ChepuUMenmanbHux mecmia, AKi ciouams npo me, wjo po3pobaeHUll areopumm 3a6e3neuye acuMnmomuyne oYiHio8aHHsA He8IOOMUX
AaKMueHUX ONOpI6@ cmamopa i pomopa Npu pearbHux pedcumax pooomu acuHxponnozo O0eueyna. Pospobnenuti aneopumm
ioenmudghixayii Mooice 8uKopuUcmosysamucs 0is No6y008u a0anmMUSHUX CUCHEeM 8EKIMOPHO20 KePYBAHHS ACUHXPOHHUMU OBUSYHAMU,
AKI 6y0ymb 2apanmysamu 8UCOKi NOKA3HUKU eHepeemudHol egpexmusHocmi enexmpomexaniynux cucmem. Ompumani 6 pobomi pe-
3YILMamu MOACYMob 3ACMOCOBYBAMUCS OlIs1 RPOEKIMYBAHHS BUCOKOEDHEKMUSHUX eNeKMPOMEXAHIUHUX CUCTEM.

Knrwwuosi cnosa: acunxponnuii 0sucyn, idenmudiayis napamempie, akmugHuil onip cmamopa i pomopa

Vector field-oriented control of induction
motors (IM) is widely used in various comer-
cial electric drives [1]. One of the major issues,
which affect performance and capabilities of
closed-loop systems with induction motors, is
identification of motor parameters. It is well
known that temperature-dependent varying stator
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and rotor resistances significantly affect the
torque-speed characteristics, efficiency, currents
and fluxes transients, motor dynamics and other
characteristics [1]. Variation of resistances af-
fects effectiveness of initialization of control
schemes which are configured during self-
commissioning process used in majority com-
mercial electric drives [2]. Real-time identifica-
tion with consequent self-adaptation and recon-
figuration will result in optimal performance and
capabilities of application-specific and commer-
cial electric drives.

Starting from pioneering work [3], signifi-
cant efforts have being performed to develop
identification algorithms for real-time identifica-
tion of the rotor resistance. Different approaches
are reported in [4] — [6]. In [5] the estimation al-
gorithm was used to update an observer-based
controller for current-fed machines. A control al-
gorithm which uses a full-order induction motor
model is designed ensuring adaptation to the ro-
tor resistance [7].

The aforementioned algorithms to identify
the rotor resistance require the knowledge of sta-
tor resistance which also varies up to 50 % dur-
ing motor operation. As shown in [5], varying
stator resistance causes not accurate estimation of
the rotor resistance. Therefore the simultaneous
identification of slowly varying stator and rotor
resistances is of a particular importance to im-
plement advanced control schemes for squirrel-
cage induction motors.

The first effort to the subject of our studies
was design of the adaptive flux observer which
ensures convergence of both stator and rotor re-
sistance estimates when the electromagnetic
torque is constast [8]. The stability analysis is
performed by using the Lyapunov method under
simplifying assumptions. Globally asymptoti-
cally stable adaptive identification and state es
timation of the rotor resistance and rotor fluxes,
assuming that integrals of stator currents are
bounded, proposed in [9]. The algorithm, re-
ported in [10], is similar to [9], however, does
not require over-parameterization used in [9].
Simulation and experiments show that algorithms
[9, 10] ensure asymptotic identification and esti-
mation of the resistances if the electromagnetic
torque is not zero. However, very complex ten-
and eleven- order identifiers/observers is difficult

to implement in real-time control schemes [9,
10].

A different approach for identification of
stator and rotor resistances is given in [11]. The
design is based on development of linear parame-
terization of a mathematical model with respect
of resistances assuming that the angular velocity
is slow varying. In order to avoid over- parame-
terization, the authors applied special coordinate
transformation which allows estimation of two
unknown parameters using a scalar function of
stator currents. However, persistency of excita-
tion, required for parameters convergence, is not
satisfied in general operating modes.

Our goal is to design new robust identifica-
tion algorithm to identify varying stator and rotor
resistances assuming that the angular velocity
varies slowly. The identification algorithm does
not use over-parameterization and guaranties lo-
cal asymptotic estimation of unknown parame-
ters if the persistency of excitations conditions is
satisfied. The proposed identification concept is
validated by experiments.

I1. Identification of Parameters: Problem
Formulation

The mathematical model of induction mo-
tors in the stationary reference frame is give as

[1]
i‘a:_ &+&Lmﬁ ia_
c L,
R, 1
—B| —*y, - p,oy, |[+—U
B[ sza pn ij G a
I, :—(&+% LmBJib —~
oo (1)
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—B| v, + Py, |+=U,
L, c
: R, R, .
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: R, R,, .
=——2y, +p,oy, +—L_I,
Wb I—z \Vb pn Wa I—z m'b
where  u=(u,.u,)", i = (i) and

% :(\pa,\pb)T are the stator voltage, stator cur-
rent and rotor flux linkage vectors; o is the an-
gular velocity; p, is the number of pole pairs,
and, we let p,=1 without lost of generality;
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L,L, and L, are the stator, rotor and magnetiz-

ing inductances; R; and R, are the stator and ro-
tor resistances.

Define the positive-definite parameter-
dependent constants as
L, L2
P o

Our goal is to design a robust identification
algorithm to identify varying stator and rotor re-
sistances Ry and R,. These resistances must be

identified using measured (u,,u,)", (i,.i,) and

.
Induction motors are asymptotically stable

systems [6]. Correspondingly, (ua,ub)T,

(i.i;)", (w..w,)" and o are bounded for all

t > 0. Assuming the linear magnetic system, the
motor inductances are constant. Correspond-
ingly, only R; and R, are of our interest.

Problem Formulation — Design an identifi-
cation algorithm for asymptotically stable
nonlinear dynamic systems, such as induction
motors.

Our identification scheme must guarantee:
1. Asymptotic stability of identification of sta-

tor and rotor resistances R; and Ry, such that

lim(R, R, ) =0, !LrQ(RZ—fQZ):O. )

t—owo
2. Asymptotic estimation of the currents, such
that

fim (i b)=0. @
where i

., I, are the estimations of i =(i,,i,)" .
I11. Identification Algorithm
We combine the first and third equations of

(1), as well as, combine the second and forth
differential equatlons in (1). One obtains

—Ri,/o-By,+u,/c

(4)
N :_Rﬂb/G_B\Vb +U, /o
Using (4), and, differentiating the first and
second equations of (1), we have

~i,)=0, lim(i, -

tow

i,=—Ri,/c-0i, R /o—(L,RB+R,)i,/L+
+ Rzua/GLz - R1Rzia/0|-z -
— i, + U, /c+U, /c+Pody,

i, =—Rji, /o +0i, R /o—(L,R,B+R,)
+R,u, /oL, —RR,i, /oL, +
+oi, —ou, /c+U,/c—Bovy,.

Following [11] we add to the right and left

sides of (5) ci, and ci,, respectfully. One has

a (i, + i, ) -

-, [( L.B+1)i, - Ua/G] -~

—0,0,1, —oi, + U, /c+U, /c+Boy,

i, /L+ ©)

i ol =ci, -

(6)

Iy + i, = ciy —ay, (I, o, ) -

—aL, [( L.B+1)i, —Ub/G] —

—aL, 0L, + ©i, —ou, /c+U,/c—Boy,,
R .
where o, _R and o, =—%; c is the constant,
o 2

c>0.
Using the Laplace operator p, from (6), we
obtain

pi, (p+c)=cpi, —a, (pi, + i, ) -
—a, [ (L,B+1) pi, —u,/c |-
—0,0L,i, — Opi, + U, /o +
+ pu, /o +Bpoy,

pi, (P +¢) = cpi, — o, ( piy, — i, ) -
—a, [ (L,B+1) pi, —u,/c |-
—0, 0,1, + @Pi, —ou, /o +

+ pu, /o —Bpoy,.
We multiply the right and left sides of (6)

onw(p)=1(p+c). Thus,

pi, = cpi,w(p)—o, (pi, +mib)w(p)—
—a, [ (L,B+1) pi, —u /o]w
—0t,01,1,W( ) — @pi,W( p)+ ou,w(

|0)/cs+l3|ooawb (p)

pi, = cpi,w( p)— o, ( Pi, — i )w(p)—

(7)

p)/c+
(8)

+ pu,w(

—a, | (L,B+1) pi, - /c]w
—o,a,i,W( p)+opi,w(p)-ouw(p)/c+
+ pu,w(p)/c—P poawa )
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One denotes
o =1,W(P),iy =iW(P),
a1 = PLW(P),iy = piw(p),
Uy, = uaW( p) 1Upy = ubW( p) )
a = PUW(p),Uy = pu,w(p),
=Bpoy,w(p),
N, =—Bpoy,w(p).
Using (8) and (9), we have
pi, =Ci, — o, (i + 0iyy ) —
—az[(L B+1)i, — aO/G]—
— 0,0y, — Oy, +OU,, /o +
+Uy,/o+m,
pi, =Ci,, —o, (ibl —coiao)—
— 0y [( LmBJrl)ibl_ubo/G]_

—oU,,/c+

(9)

(10)

— 0,0yl + Oly

+Ub1/0+nb1
where 1, and 7, are the excitations which are
proportional to dw/ dt, #=(n,n,)" -

Equations (10) and (9) in the differential
form become
I,=Ci,—a (ial + (oibo)—
_az[( mB+1 al aO/G]_

— 0,0yl — Oy, + ®U,, /o +

+ua1/6+na

(11)
I, = Clyy — 0 (im — iy ) -

— &, [( LB +1) Iy — ubo/G] -

— 0L, 0,1, + O,y —®U,, /o +

+ ubl/G My
i.ao =1, —Cly
i.bO =, —Clyy,
Iy =1, = Clyg .y =1, —Clyg,
Uyo = U, —ClU,, (12)
Uypo = Up —ClUpg,
Uar = Uy —CU,q,Upy = Uy —CUy,,
n, =—Poy, —cn,
M, =Poy, —Ccn,.

Remark 1. From (12) one concludes that
-y, and oy, are the inputs of the first-order

10

filters which characterized by the coefficients
B(1/c) and time constant 1/c. The convergence
constant ¢ affects the overall robustness and
convergence of the identification algorithm. For
slow-varying or constant angular velocity o, the
expressions —oy, and @, are zeros.

We write equations (11) as

ia = fa + o, fla + o, fZa - 0'“10L2-ia0 + Na (13)
I, = f, +o, fy +a, fy —oya,i +m,,
where
f, =ci, —oi, +ou,/oc+u,/c
f, = ci,, + ©i, —ou,/c+u,/c
fa= _(ial + Cl)ibo) 14)
f, = _(im - (’Jiao)
fZa__[ L B+1 al aO/G]

foo = _[ LmB +1) Iy — ubO/G]'

From (13), one obtains the equation for the
currents observer as

i, =f +a,f, +a,f, —o,0,i,+kKi,

i =f +o,f, +a,f,

(15)

— 0,0l +Kil,,

T o
where i _( a,lb) is the vector of estimation for
. == \T
i =(i,.0y)
rent estimation errors; o,, o, are the estima-

tions of o, and a.,; k; is the constant, k, >0.

Using (13) and (15), the dynamics of esti-
mation errors are

A

i =i, —i, I, =i, —i, are the cur-

a

=—ki, +a,f, +a,f,, —o,0,l,—
00yl + My

=—kil, + &, f, +a, fy

— 0, 0ply0 — (16)
= 0,0k —

— G40y kg
where &, =
timation errors of o, and a.,.

The approximation of (16) can be per-
a

— 00,1y, + 1y,

a,—a, and &, =a,—a, are the es-

formed neglecting %2 and ¥ due to slow-
varying or constant @,

To examine the identification and estima-
tion stability, we use the quadratic positive-
definite function

1
V= 2( +i; )

1 1,
+—Otl +2—OLZ ,

(17)
2y, Y2
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where y; and y, are the constants, >0 and y»>0.
Using (16) and defining

6, =~ =
) = _zl[( fia _&ziao)fa +( fiy _&2ibo)i~b] (18)
a,=-a,=
=7 [( faa _&1iao)i~a +( fa _&1ibo)i~b]
the first derivative of (17) is given by
V= —kii;2 — kii~b2. (19)

From (12), (14), (15) and (18), the identifi-
cation and estimation equations become

,=f +o,f,+a,f, —o,a,l,+Kki,

,i:b = fb +&1 flb + &z f2b _&1&2ibo + kii~b

&1 = 71[( fa _&ziao)ra +( £y _&2ibo)i~b]

&z =7, [( fa— &1iao)i~a +( fon— &1ib0)i~b] (20)
i‘aO = ia _Ciao

lho =1, —Clyg

l"Iao =U, —CU,,

Upe = U, —CUy,.

Equations (20) contain four parameters c,
k, vy, and y,. Here, the inputs are
u=(u,,u,)", i=(i,.i,)" and . The output is
~ A A T
a=(0,,0,) .

The condition for asymptotic stability of
(16) and (18) with observer (20) is

!Lrg(fa,ﬁ),al,az)zo.

From (17) and (19) it follows that I_,
and &, are bounded. In (20), the vectors
u=(u,,u,)", i=(i,i,) and (—oy, oy, )" are
also bounded. From (12), we conclude that
:1:(113,1%)T are also bounded. The linear ap-

proximation of (16) and (18) gives the evolution
of estimation errors as described by equations

= AT W ()BT =(T0)

l, oy

2 T & ~ ~ T (21)
P=—AWT(t)I,p=(6,,6,)
-k 0
where A=| ' ;
{ 0 _ki:|
WT(t):{fla_iaO&Z flb_ib0&2:|.A:|:Y1 0}
fra —laoy  Top —iho®ty 0 v,

11

For the bounded P, the mapping W(t) is

also bounded. From (21), one concludes that i
is bounded. Using (19) we have

jv dr——kj +i (1))t = 2
=v( )—v(o),
and, Ilmj t)+i,’(t))dr <o for a bounded

Lyapunov function V(t). The Barbalat lemma
[6] gives

!Im(la,lb) 0. (23)
From (21), we have
limw (t) p=0. (24)
t—oo
Furthermore, if
t+T
j W ( t)dt>cl >0, (25)

for T>0 and ¢1>0 for all t >0, then, the persis-
tency of excitation conditions for (21) are guar-

anteed. Furthermore, (f, ;3) decay exponentially

to zero [6].

IV. Experimental Results

Our goal is simultaneously identify the sta-
tor and rotor resistances R, and R,. The devel-

oped identification and estimation algorithm
(20) is used. We report simulation and experi-
mental results for a 0,75 kW induction motor
with the following rated data: torque — 2,5 N-m,
speed — 314 rad/sec, current — 2,1 A, voltage —
380 V, Ry =11 Ohm, R2=5,5 Ohm, L;=0,95 H,
L,=0,915H and L,=0,91 H, total inertia —
0.0036 kg:m°. In the identification algorithm, let
c=20, k=700, »1=10000 and y,=20.

The experimental tests are carried out by
using the Rapid Prototyping Station (RPS) at the
National Technical University of Ukraine [12].
The RPS includes: 1) 20A and 380 V three-
phase PWM controlled inverter, operated at 10
kHz switching frequency; coupled induction
motor and current controlled DC loading motor;
2) DSP TMS320C32 based real time controller,
connected to the computer. The controller per-
forms data acquisition, implements control algo-
rithms with programmable real-time tracing of
selected variables, and, generates two symmet-
rical three-phase PWM driving signals; 3) per-
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sonal computer for processing, programming, in-
teractive oscilloscope, data storage, data acquisi-
tion, etc.

The motor speed is measured by a 1000
pulse/revolution optical encoder. The sampling
time is 200 p sec. A discrete-time control algo-
rithm is implemented. During identification proc-
ess, an induction motor operates under the speed-
tracking vector control, applying the operation se-
quence as reported in Fig.1. The motor is excited
during the initial time interval [0 0,25] sec using a
flux reference trajectory starting at ,=0,02

Wh, reaching the rated flux 0.9 Wb with the rate
3,52 Whi/sec. The unloaded motor is required to
track the angular velocity reference trajectory,
starting at 0.6 sec from zero to 50 rad/sec with the
rates (first and second derivatives) 667 rad/sec?
and 26667 rad/sec’. At 1,2sec, a constant load
torque T.=2,5 N-m is applied.

We numerically and experimentally substan-
tiate the identification algorithm within two
phases. First, we examine the evolutions of the es-
timated states by the observer, and, parameter
identification process independently from a con-
trol algorithm.

Figure 2 documents experimental evolutions
of state estimates and parameter identification for
different initial conditions. Asymptotic estimation
and identification are achieved, and parameters
converge within ~3 sec. The identified resistances

are found to be I51=10,7 Ohm and Iiz =5,4
Ohm. The simulation results are illustrated in Fig-
ure 3 for the initial conditions R (0) =2R,, and

§2(0)=2R2r. The comparison of experimental
and simulation results, presented by Figures 2 and
3, show equivalency of dynamics, matching and
overall accuracy. The documented findings sub-
stantiate our results.

Speed reference, rad/s and load torque profile, Nm

60
50 [
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Torque profile
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1
1

0.5 1 15 2 2.5 t,s

We further verify and demonstrate the effec-
tiveness and capabilities of our concept. Using the
derived equations (20), we examine parameter
identification when induction motor is controlled
using an adaptive version of standard indirect vec-
tor control algorithm [13], where value of rotor
and stator resistances in the field-oriented control-
ler are constantly updated with the estimated ones.
Figure 4 reports experimentally measured tran-
sient dynamics of angular velocity, torque compo-
nent of the stator current vector with rated motor
parameters. Very good dynamics is guaranteed
during speed trajectory tracking and when the
rated torque Ty is applied. If the control algorithm
is derived under unknown rotor resistance, assum-
ing that R, =2R,=10,8 Ohm, the resulting dynam-
ics is illustrated in Figure 5. The overall perform-
ance and capabilities are significantly worsening.
The higher value of the resulting current iq leads to
significant reduction of efficiency, overheating,
electromagnetic loads, etc.

Figure 6 reports the experimental transient
dynamics of the closed-loop induction motor with
the adaptive vector control algorithm when R; and
R, are accurately identified using equations (20).
The overall performance and motor capabilities
are significantly improved. These features are of a
great importance in energy and power systems, as
well as in electric drives.

V. Conclusions

While a significant progress was made in
identification of linear and nonlinear electrome-
chanical systems, the identification of time-
varying parameters of induction motors in real-
time remains an open problem. Significant im-
provements of performance and capabilities of en-
ergy and power systems can be achieved if control
systems are designed using accurately identified
parameters. This paper reports a new identifica-
tion scheme which is centered on a robust identifi-
cation of rotor and stator resistances.

Rotor flux reference, Wb

1

[
0.8
0.6 //
0.4

0.2

0

0 0.5 1 15 2.5

Fig. 1. Speed, flux reference and load torque profiles
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Fig. 2. Transients during identification: a) Iil(O) =0,5R,,, ﬁZ(O) =0,5R,, ;
b) R,(0)=2R,,, R,(0)=2R,,; ¢) R(0)=0,5R, , R,(0)=2R, ;d) R(0)=2R,, R,(0)=0,5R,
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Fig. 5. Transients during speed vector control without adaptation assuming R, = 2R,,
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Fig. 6. Transients during adaptive speed control with R (0) =2R,,, R,(0) =2R,,

The Lyapunov stability theory was applied
to design a robust and asymptotically stable
identification scheme. Robustness, stability and
convergence of identified parameters were
proven by means of experiments. The docu-
mented numeric and experimental results dem-
onstrate a precise match between the actual and

14

identified parameters within an operational mo-
tor envelope. The reported identification con-
cept offers a simple, robust, effective and indus-
try-relevant solution which can be used in high-
performance commercial and application-
specific drives and systems.
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