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This paper develops and experimentally substantiates a new algorithm to identify unknown parameters of induction mo-
tors during self-commissioning procedure. To guarantee asymptotic identification, we design an adaptive stator current
controller using a stator flux observer. Allowed current references guarantee global exponential identification of three
induction motor parameters as well as estimation of stator fluxes in both motionless and rotating motor operations.
Overestimation of the stator fluxes is introduced to achieve global stability of parameters identification and flux estima-
tion. An asymptotic stator current tracking is also ensured. Our experiments demonstrate that the proposed schemes
guarantee identification and estimation accuracy with fast asymptotic convergence of errors to zero. The proposed pro-
cedure compliments the existing practical control schemes, and, consistent with vector controls including sensorless al-
gorithms. References 17, figures 4.
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Introduction. The self commissioning procedure is an important feature for induction motor (IM)
drives where field-oriented control strategy is applied [1]. There are six unknown varying parameters of non-
linear lamped-parameter IM models, e.g., the stator and rotor resistances, stator and rotor inductances, mag-
netizing inductance, and moment of inertia. These parameters are used to realize vector control algorithms.
Therefore, motor parameters should be known to implement controllers [1], [2]. The impact of parameter un-
certainties and variations are studied in many publications, see [1] — [4] and references therein. It is well
known that standard indirect field-oriented control with speed sensors is robustly stable with respect to varia-
tions of the rotor resistance [5]. The rotor resistance is the most critical parameter in closed-loop systems
with IMs. To achieve optimal dynamic performance during speed and torque tracking, and, ensure energy
conversion efficiency, rotor resistance and magnetizing inductance should be precisely known. Implementa-
tion of high-gain current control schemes in field-oriented algorithms allows one to reduce the effect of other
parameter variations. Sensorless vector control algorithms are more sensitive to parameters’ accuracy, and,
one needs all electrical parameters including stator resistance [3].

A commonly used approaches to define the IM electric parameters are based on locked rotor and no-
load tests [6]. These procedures do not provide required accuracy and have some limitations. Different parame-
ter identification techniques have being developed since the 1980s, see an overview paper [7] and references in
[8]. Two classes of identification schemes are [7]: an on-line approach, when the parameters are identified dur-
ing normal operating conditions; an off-/ine approach, which may require special testing conditions.

The on-line techniques lead to the use of adaptive control schemes, allowing real-time controller re-
configuration. However, the identification problem if not all states are measured is a very complex task
which remains an open theoretical problem. Knowledge of rotor resistance predefines correctness of field-
orientation in majority of vector control systems. Further developments of adaptive control algorithms are
still of a significant importance [9]. The knowledge of stator resistance is required to identify rotor resistance
as well as to implement sensorless algorithms. An algorithm for real-time identification of stator and rotor
resistances was proposed in [10], where the nine-order adaptive observer was synthesized. Different modifi-
cations of the least-square method to identify electric parameters were presented in [11], [12]. In [11], to ob-
tain a linearly-parameterized estimation model, it is assumed that the speed varies slowly. Identification de-
spite of varying angular velocity was performed in [12], where nonlinear least-square approach is used.
Computationally, both solutions are quite complex, and, require significant processing capabilities for real-
time implementation. A limited number of theoretically- and experimentally proven adaptive control algo-

© Peresada S., Kovbasa S., Prystupa D., Lyshevski S., 2013

24 ISSN 1607-7970. Texn. enexkmpoounamixa. 2013. Ne 5



rithms with identification of a few parameters are available [13]. Simplification, design of adaptive control-
lers, performance improvements and practical implementation are very important issues.

The off-line methods are focused for self-commissioning of IM drives during initialization. They use
different approaches [7]: parameter calculation from motor catalog data; parameter estimation based on
steady-state motor models; frequency-domain parameter estimation; time-domain parameter estimation. In
general, self-commissioning procedures require special testing conditions with free rotating rotor or mo-
tionless motor. The motionless tests present the recent trend, especially for sensorless controls.

The time-domain approaches are based on MRAS techniques, see [8], [14], [15] and references [80]
— [100] in overview paper [7]. In [14], the standard hyperstability approach is applied assuming constant
electromagnetic torque which should be known. An elegant solution, reported in [8], is based on parallel
adaptive observer with non-minimum state-space presentation. The aforementioned approach provides an
asymptotic estimation of motor parameters and fluxes under the standstill condition. Intensive simulations
and experimental investigations demonstrate effectiveness of this observer. In general, application of MRAS
techniques lead to different modifications of adaptive full-order observers [15].

The main goal of this paper is to develop a new algorithm for IM parameters identification for both
standstill and free rotation operating conditions. Compared with existing solutions, we propose a new ap-
proach which is based on adaptive stator current regulation. This system structure with inner current loops is
utilized in majority of vector controlled IM drives. A solution proposed, under suitable excitations, provides
asymptotic stator fluxes estimations and three IM parameters (rotor resistance, stator/rotor and magnetizing
inductances) identifications. Our experimentally-verified scheme guarantees fast convergence of motor pa-
rameters to their values. The proposed algorithm matches or exceeds many existing solutions, and, suits
commercialized technologies.

Identification Problem Statement. Assuming a linear magnetic system, the mathematic model of
symmetric IM in the stationary reference frame is given by [1]

o= (3Lm /2JL2 )pn (\VZaib - W2bia ) - TL /J’ ia = _(RIG_1 + OLLmB)ia + aBWZa + Bpn(ﬂ\l’% + C5_1ua ’
Iy :_(RIG_I +aLmB)ib + By oy~ BPaOY, +07 U, )
Woa =—0W5, — PO,y + 0l Wap = —0Wop + Pp®Wo, + 0Ly,

where i =i, )T Vo = (W, Wap )T and u=(u,,u, )T are the vectors of stator current, rotor flux linkage
and stator voltage; o is the angular velocity; R, is the stator resistance; J is the moment of inertia; T; is the
load torque; p, is the number of pole pairs.

In (1) three positive constants ¢, o and B are defined using the motor parameters as o =R, /L, ;

c=L, (l—Lmz/Lle); B=L, /oL, , where R, is the rotor resistance; L, and L, are the stator and rotor

inductances; L, is the magnetizing inductance. We need to identify five unknown parameters of IM mod-
els, e.g., the stator and rotor resistances R; and R,, and, inductances L, L, and L.

The identification problem can be consistently simplified by applying the following practical and ac-
curate postulates: (1) The numeric values of stator and rotor inductances are practically equal, L; =L, ; (2)

The unknown parameters during identification are constant; (3) Stator resistance can be determined using the
Ohm law when the dc voltages are applied to stator windings, e.g., if u, =const and u, =0, one has
limi, =u, /Ry, limi, =0. )
t—00 t—o0
Mathematically, the induction motor dynamics is described by five nonlinear differential equations
(1). The stator currents and angular velocity are measured, while the flux linkages are not available for mea-
surement. The derivatives of not measured flux linkages are unknown because there are unknown parameters
in the right-hand sides of the flux equations in (1). Therefore, one cannot use the standard approaches of
adaptive system theory. To overcome this problem, we use a concept proposed in [8]. We rewrite model (1)
in the following form in order to avoid dependency of right side flux equations from unknown parameters

. 1(3 . . W, i) [u,
n=—|= i, =yl ) =T |, =Ry |+ ,
J(zpn(“’ab Vo a) Lj (\Vb] 1(%] [UJ
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where y = (\Va »Wh )T is the stator flux linkage vector; p=aL_ B+ao.

The parameters identification is performed using four electromagnetic equations of motions without
the forsional-mechanical differential equation in (3). We assume that the fed stator currents ensure bounded
motion of IM states, and, persistency of excitation conditions is met.

Under this assumption we need to identify o, ¢ and p, which yield R,, L;, L, and L, . Denoting

: . W n A AT . . L ~ .
the flux linkages estimates as \|/=(\|/a,\vb) , the identification and estimations errors are a=do—0a |,

6=6-6,p=p—p, ﬁ/:w—\fl:(\'ﬁa,\f/b)T,where &, 6 and p are the estimations of a., ¢ and p.

T
Let the bounded vector of current references i = (i:,i;) has the bounded first and second time de-

rivatives. Under this assumption it is necessary to synthesize an adaptive current controller which guarantees:

0.1. Asymptotic current tracking, such that lim (;) =0, i=i-i.

t—o0

0.2. Asymptotic stator flux linkages estimation, such that lim (\T/) =0.

t—o0

0.3. Asymptotic identification of the unknown parameters o, o, p, such that lim (oc G, p) 0.

t—o0
Adaptive Controller Des1gn We design an adaptlve current controller using stator flux observer in
W, =-Ryi, +u, +ki, wbz—R11b+ub+k iy,

the following form u, = R11a -, — P,y + 6({)i: + P01, + 1a —kii, ) - pn(myb, ()
Up = Rllz - d\’pb + pn(’o\]\la + 6([51:) - pnmia + 1; - ki;b ) + pnm\paa
where k,, >0 and k; >0 are the tuning coefficients.

n fa AT
In the adaptive current controller, the additional vector of auxiliary variables = (\T/a ,\I/b) is used.

PN |
The stator flux overestimation with = (\T/a,([/b) is required to guarantee global stability of stator current

A

regulation. The corresponding estimation error vector is \|1 Y-\
From (3) and (2), the current tracking and flux estimation error dynamics is

G+

: -1 %o Ya b g Pno 5)
ia _(RIG +p+ki) 0 Iy (¢} 0 (e} 9 a 0 9 <
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¢, =pi, +p,oi, —k;i, +1,, b, =piy, —p,oi, —k;ip, +1;, x=(\ya,\ub,a,c,p,\ya,\ub) ,
~(Rio™ +p+k 0 0 vy, - i 0 )
where A = ( ) 1 ; W(t)= { Va : Pa1 i the re-
0 —(Rlcf +p+ki) v, -0, -i, -p,o O

7x7

gression matrix; D= diag[c/(x ,o0/a,0, G,I,G,G] >0, De

To design our identification algorithm, consider the following positive-definite function
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2 o o c c

The total derivative of (6) along the trajectories of (5) is given by

V :_(&_'_p_'-ki)’i‘a2 +lpn0‘)\:{lbi‘a +g\i\lai‘a _ﬁi:;a _Ed) i, —
(] (e} (e} (¢

a‘a

R ird 1 ~ 7 & A 7 ~ok T 6 7
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c c c c
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c c c c
From (7) the identification and estimation algorithm is expressed as
=8 =7, (Waly + Vol )s  6=-6=1o(dula +dplp)» =P = iuly +Ioip ) ©
\T]a = \Tja - \:Va = _kwfa - Yq/pnm;b’ \le = \ij - \T]b = _kw;b + ywpnmia'
From (7) and (8), one obtains
V=—(Rio"+p+k)(i +1). 9)
Hence, the positive-definite V, given by (6), is a Lyapunov function.
From (6) and (9), it follows that i and X are bounded. Therefore for bounded u, i, y and ©, es-

timates i, y, &, 6, p, ¥ are also bounded because the conditions imposed on a Lyapunov pair are satis-

fied. Furthermore, W(t) in (5), and, the total derivative i, are also bounded.
t
Due to [Vdr= —[V(t) - V(O)}(Rl/c +p+k; )_1 <V(0)(R,/c+p+k; )_1 , a square-integrable i(t)
0

is bounded, with the bounded total derivative. Applying the Barbalat’s Lemma [16], we have lim i=0.

t—0
From (5) and (8), the errors dynamics is described as

i=Ai+W(t)D'x, x=-TW(t) Pi. (10)

7 p=diag[L1], P=I¢|*?.

where deiag[k\u,kw,ya,yc,yp,yw,wa >0, T'e

If persistency of excitation conditions is satisfying, for a mapping W we have
t+T

[ W(t)W' (1)dr>0,  T>0,  vt>0. (11)
t

. + AT
As W(t) is bounded, an equilibrium (i,i) =0 of [14] is globally exponentially stable [15]. There-

fore, objectives O.1 — 0.3 are guaranteed. Correspondingly, asymptotic current regulation, asymptotic flux
estimation and identification of unknown o, o, p were achieved.

A set of equations (2), (8) provides the resulting equations for adaptive current controller and ob-
server. From the estimated values &, 6, p, derived with the predetermined R, the parameters L=L, =L,

L,, and R, are given as L=p6/d, ﬁm:m, R, =alL.

Experimental Studies. The experiments are carried out using the Rapid Prototyping Station (RPS) at
the National Technical University of Ukraine. As shown in Fig. 1, the RPS includes: (1) Induction motor with
rated power 2.2 kW (four-pole, 380 V, 5 A, 157 rad/sec, 15 Nm, 50 Hz) and a loading induction motor which
operates in a torque control mode; (2) 20 A and 380 V three-phase PWM controlled inverter, operated at 10
kHz switching frequency; (3) DSP TMS320C32 controller which performs data acquisition, implements con-
trol algorithms with programmable tracing of selected variables; (4) Personal computer for processing, pro-
gramming, interactive oscilloscope, data acquisition, etc. The motor speed is measured by a 1024
pulse/revolution optical encoder. The sampling time is 200 usec. To verify the identification algorithm (2)—(8),
we set the zero initial conditions for the estimates of unknown parameters. This represents the most challenging
case. For the adaptive controller, we assign k,, =10, k; =100, y, =120, v, =0.0001, Yo =100 and y,, =1.
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The experimental evolutions of the stator currents 1i,(t), i,(t), stator voltages u, and uy, flux es-

timates \y,,\,, as well as current tracking and parameter identification errors are reported in Fig. 2. During
te[0; 1.1] sec, the induction motor operates as a motionless single-phase machine with i; =0 and u, =0.

At =1.1 sec, we apply i;, and, motor rotates. The identification is performed for motionless and rotating

motor. As it follows from Fig.
E 2, asymptotic current track-

o R IM #2 » E—o ing, accurate identification is
> = > accomplished within ~3 sec.
> C_| + [Voltage - g 2l 6% .
3{0_ Z‘S I Izlm J é E & The experimental
. §—O studies are compared with the
ry simulation results. Fig. 3 pro-

vides the errors evolution for

OEncoder
- ! T%T isr lie o the current, estimated flux and

Load cntrol

P\ P TMS320C32 based DSP-controller characterizing motor parame-
= (32 bit, floating point) ters o, 6 and p. We analyze
experimental results, given in

Fig. 1 Fig. 2, and, numeric studies as

reported in Fig. 3. The docu-

mented findings illustrate precise correspondence, accuracy and matching. The reported results justify and sub-

stantiate our fundamental findings, analytic results, numerical studies and experimentally-justified practical
identification technology.

Sensorless control with identifyed parameters. To validate our results, we test sensorless vector

control of IM [17] using parameters identified. Fig. 4 documents the evolution of the angular velocity errors,

as well as the torque component of the stator current i, during speed reference tracking with the final speed

values of 1.5 rad/sec (1% of rated speed, Fig.4a) and 50 rad/sec (30% of rated speed, Fig. 4b). The speed ref-
erence is applied at /=0.6 sec. At te[1;1,5] sec, the motor is loaded with the rated load torque 7;=15 Nm.
Very good dynamic and steady state performances as well as excellent capabilities are guaranteed in an ex-
panded operating envelope, e.g., low angular velocity and up to rated loads. An overall effectiveness and
practicality of the proposed identification algorithm in sensorless vector control scheme are substantiated.

Conclusions. We synthesized and analyzed a robust identification algorithm with estimation of not
measured stator flux linkages to identify IM parameters for self-commissioning procedure during drive ini-
tialization. The seven-order adaptive current tracking control algorithm is designed. Specific current refer-
ences guarantee global exponential identification of three induction motor parameters, as well as estimation
of the stator fluxes for motionless and free rotation motor operations conditions. Overestimation of fluxes is
required to achieve global convergence.

Experimental results in identification of motor parameters substantiate the proposed identification
technology. The use of identified parameters in sensorless vector control experimentally proved the effec-
tiveness and suitability of the proposed identification scheme. Our findings are of a particular interest for
high-performance systems, including sensorless vector controls. Robust, near-real-time and fast convergence
of unknown varying parameters to the actual values leads to design of superior systems which ensure optimal
performance and capabilities.
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HO20 Osuzamens 01 NPoYeodyp camoHacmpouxruy 21ekmponpuso0os. C yenvio obecneuenus acuMnmomu4eckou uoeHmuguxayuu na-
pamempos paspabomar a0anmueHblii pe2yiamop moKog cmamopd, 0CHOBAHHbI HA HAOI0O0amene NOMOKOCYENIeHUs Cmamopad, 6
Komopulil 0115 0becneyenus C0UCmaE 2100ANbHOU IKCHOHEHYUATLHOL YCMOUYUBOCU 88e0eH GeKMOP U30bIMOUHbIX OyeHOK. Hcnony-
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NOOBUIICHOM, MAK U npu c60000HO epawjaioujemcsi pomope. IIposedennoe SKcnepumeHmanbHoe mecmuposanue CUHMe3upoBaAHHO20
aneopumma 0emMOHCmMpUupyem 6blCOKYI0 MOYHOCHb UOEHMUDUKAYUU NAPAMEMPOB, 4 MAKIHCE BICOKYIO CKOPOCHb CXOOUMOCU OUU-
00K 8 HOb, KOMOPblE He YCHYNAION CYUWeCmEYIoWUM 8 NPOMblUIeHHbIX pewenusx. [Ipednoscennan npoyedypa uoenmudurayuu
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YV pobomi cunmeszosano i excnepumenmanvbHo nepesipenHo Hosull aneopumm idenmupikayii HesiOOMUX napamempie ACUHXPOHHO2O
08USYHA 0151 NPOYEOYP CAMOHANIAUWMYBAHHS eleKMPOnpusoois. 3 memoro 3a0e3neueHHss acuMnmomuyHoi ioenmugikayii napamen-
Pi6 po3pobneno adanmusHull pecyismop cmpymie cmamopa, 3acho8anull Ha cnocmepizaii NOMOKoO34enieHHs cmamopa, 6 AKuti s
3abe3neyenns enacmugocmeli 2100a1bHOI eKCHOHEHYINIHOI cMILIKOCMI 66€0€eHO 6eKMOp HAOTUWKOBUX OYiHOK. Bukopucmanus cneyia-
JILHO COPMOBANUX 3A0AHUX MPAEKMOPIL CIMPYMIE cmamopa 2apanmye 2100a1bHy eKcnoHenyiuny ioenmugixayilo mpvox napame-
Mpi6 ACUHXPOHHO20 O8USYHA | OYIHIOBAHHS BEKMOPA NOMOKO3UENIeHHs CMamopa K npu Hepyxomomy O8UeyHi, maxK i makomy, o
8inbHo obepmaemucs. Ilpogedene excnepumenmanbHe mecmy8ants CUHME308aH020 AN20PUMMY OeMOHCMPYE BUCOKY MOYHICMb iOe-
Hmughixayii napamempis, a Makodlc BUCOKY WBUOKICHb CXOOUMOCH ROXUOOK 8 HY/Ib, AKI He NOCMYRAIOMbCS ICHYIOYUM 8 NPOMUCTO-
8UX piwiennsx. 3anpononogana npoyedypa ioenmupikayii modice GUKOPUCHOBYBAMUCS OJISL HALAWNYBAHHS CUCTEM 8EKIMOPHO20 Ke-
pyeanns, 6 momy wucii i 6esoasauesux. biomn. 10, puc. 4.
Kniouogi cnosa: acuuxpoHHU IBUTYH, 1neHTH(IKALIS, OLIHIOBAHHSI.
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