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Field-Oriented Control of an Induction Motor
with Robust On-Line Tuning of Its Parameters

Toshihiko Noguchi, Member, IEEE, Seiji Kondo, Member, IEEE, and Isao Takahashi, Fellow, [EEE

Abstract— This paper proposes new torque control of an in-
duction motor, which is robust against primary resistance and
adaptable to leakage inductance, magnetizing inductance, and
secondary time constant. The control is based on fAux feedback
with a flux simulator. Since the simulator is based on a rotor
current model, it is independent of the primary resistance, but
uses the magnetizing inductance and secondary time constant
values to estimate the flux. Parameter mismatch in the simulator
detrimentally affects flux and torque responses. In order to
compensate for degradation of the responses, an identifier for
the magnetizing inductance and the secondary time constant is
introduced. The identifier is insensitive to the primary resistance
because it is based on instantaneous reactive power of the motor.
Also, a leakage inductance identifier is introduced to achieve
perfect compensation, which is robust against other parame-
ters owing to instantaneous harmonic reactive power. To verify
feasibility of the proposed technique, digital simulations and
experimental tests have been conducted. The results have proven
excellent characteristics of the drive system, which confirms
validity of the scheme.

Index Terms— Induction motor, field-oriented control, param-
eter identification, leakage inductance, magnetizing inductance,
secondary time constant, robustness, primary resistance.

1. INTRODUCTION

IELD-ORIENTED control of an induction motor has

achieved a quick torque response, and has been applied in
various industrial applications instead of a dc motor. In recent
years, many research studies have been done on automated
tuning of the motor parameters. Most of the conventional
tuning techniques, however, were based on off-line parameter
measurement [1]-[3]. They are effective to obtain automated
and highly accurate adjustments of the motor parameters, but
some problems still remain. First of all, the parameters which
may vary during operation are not dynamically compensated.
Secondly, the conventional techniques require some kinds of
special operating patterns to measure the parameters. Finally,
the off-line tuning itself is complicated and time consuming.
Therefore, a concept of on-line identification ought to be intro-
duced into the system to overcome the above problems [4]-[8].
The on-line identification technique enables to accomplish not
only the automated and highly accurate measurement but also
dynamic optimization of the parameters.
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This paper describes a novel torque control strategy of the
induction motor, which has adaptability to leakage inductance,
magnetizing inductance and a secondary time constant as well
as robustness against primary resistance. The principle of the
strategy is based on flux-feedback field orientation with a fiux
simulator and two robust identifiers for the motor parameters.
One identifier is introduced into the system to compensate
for parameter mismatch of the magnetizing inductance and
the secondary time constant. It is insensitive to the primary
resistance because it is based on instantaneous reactive power
of the motor. In addition, the leakage inductance vatue, which
is necessary for the above identifier, is estimated by the other
identifier which is based on instantaneous harmonic reactive
power. Consequently, the proposed method makes it possible
to attain the fully automated on-line tuning of all parameters
with robustness against the variation of the primary resistance.
[n what follows, theoretical analysis is developed, and results
of computer simulations and experimental tests are presented,

II. FLUX-FEEDBACK FIELD-ORIENTED CONTROL

Fig. 1 shows a configuration of a flux-feedback field-
oriented controller to be studied. A secondary flux vector
is estimated by a flux simulator of (1) in the system, and its
block diagram is shown in Fig. 1{b). As shown in Fig. [{a),
instantaneous torque control can be achieved by a curmrent
controller using the estimated flux. Equations (2)—(4) show
the control algorithms, and the current controller is constituted
on rotating d—q coordinates.
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where the variables and the parameters are defined as follows:

Uy primary voltage vector;
Ty primary current vector;
g secondary flux vector;
T output torgue;

Garn transfer function of an automatic flux reg-
ulator (PI controller);
w rotating speed of the d—q coordinates;
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Fig. 1. Configuration of field-oriented control system: (a) Block diagram of
Aux-feedback field-orented controller. {b) Block diagram of secondary fux
simulator.

Wen rotating speed of a rotor:
Ry primary resistance;

Ho secondary resistance;

Ly primary self inductance;
L secondary self inductance;

M magnetizing inductance;

’ 2 M
# = LulLucdl jeakage inductance;

7o = Log/Ry  secondary time constant;

P differential operator;

J imaginary unit;

& estimated value of x;

£t command value of x;

|| amplitude of

Im(z) imaginary part of z;

£ complex conjugate of x;

Teid vector r on stator (a—/9) coordinates,
T dg vector z on the flux (d—q) coordinates.

The simulator shown in Fig. 1{b) is based on a rotor current
model, which requires detecting i1qp and wn,. The model can
estimate 11520,3 all over the speed range including zero speed
because it does not include pure integrators. As shown in
Fig. 1(a), on the d-q coordinates rotating synchronously with
the secondary flux, the flux amplitude and the output torque
can be controlled by manipulating the flux component current
i14 and the torque component current ¢y, respectively. Since
it is necessary to control each current component, the detected
i1 and the voltage command vy, are transtormed by using
1,[!2(,,«;. Therefore, if the simulator estimates uf’gm-; with an error,
the current control on the d—q coordinates can not be carried
out completely. This prevents the system from controlling
the flux and the output torque without steady-state errors nor
transient phenomena. Parameter mismatch of M and 72 brings
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Fig. 2. Inductances of test induction motor. (a) Leakage inductance. (b)
Magnetizing nductance.

the estimation error. The parameter mismatch of M is caused
by magnetic saturation (nonlinearity), whereas that of 73 is
caused by the magnetic saturation and thermal variation. Fig. 2
shows examples of the inductances which were measured for
a test induction motor. It is found that £ is almost constant, but
M varies widely according to the operating condition. Since
the tested motor is a standard squirrel cage induction motor,
¢ hardly varies with the line current. In the cases of motors
with a double squirrel cage or closed rotor slots, however, ¢
can vary with the operating condition, especially with the line
current.

III. PRINCIPLE OF ROBUST IDENTIFICATION OF PARAMETERS

A. Identification of Leakage Inductance

Since parameter mismatch of the leakage inductance 4
causes identification errors of M and 7, which are described
in the next section, identification of ¢ should not be affected
by any other parameters to achieve perfect parameter tuning.

An equivalent circuit of the induction motor in a steady
state is given in Fig. 3(a), which is for a fundamental angular
frequency w. For much higher angular frequency wn » w,
however, the circuit can be simplified as shown in Fig. 3(b).
Therefore, the effects of M and w,, can be neglected for the
higher component. By using harmonic vectors vy and #1,, with
the angular frequency of wy, £ can be identified as follows. As
shown in Fig. 4, vy, is intentionally superposed on the primary
voltage vector command v, Since it is important o extract
i1p from 414, as precisely as possible, a digital filter with a
bandpass characteristic is used. The digital filter is represented
by the following transfer function, of which coetficients are
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Fig. 3. Equivalent circuits of induction motor. (a) Equivalent circuit for
fundamental component. (b) Equivalent circuit for harmonic component.
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Fig. 4. Leakage inductance identifier and field-oriented control system.

specified by a central frequency, a quality factor and a gain.

blz"l - bgz"E
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(5)

When v, and %, are obtained as described above, in-
stantaneous harmonic reactive power (@, can be calculated
by

Qn = Im(vintin). {6

[t is known that (6) does not require any motor parameters and
is independent of motor conditions. As shown in Fig. 3(b), a
circuit equation for the harmonic component is expressed as

vy = (R + Ry + plliqa. )

Substituting (7) into (6), R, and R, are canceled out perfectly,
and the following expression is derived.

Qh'= g Im(pilhglh)- (8)

Equations {6) and {8) are insensitive to both R, and Rj,
whereas (8) requires the value £, If there exists parameter
mismatch in £, (8) has an error; hence £ in (8) should be
replaced with an estimated value £ as

Qh = Im(pimilh). N
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Fig. 5. Leakage inductance identifier,

The error between (8) and {9) can be calculated 1n the steady
state as

AQy = wi(? = O 1]* (10)

Since wy # 0, AQy = 0 if and only if # = £, Therefore, it
is possible to identify ¢ uniquely by using AQ under any
conditions.

Fig. 5 shows a configuration of a leakage inductance iden-
tifier. The value of Q@ calculated by (6) is a reference value,
and Qh estimated by (9) is a theoretical value. The error AQ)y,
between them dynamically adjusts {. Because the identifier
utilizes an integrator as an identification algorithm, it is not
suitable for estimating ¢ which may rapidly vary with the line
current as mentioned before. However, the proposed technique
can identify ¢ uniquely and independently of other parameters
in the steady state.

Since w14 is a high frequency vector, winding resistance
may increase owing to skin effects. By using the instantaneous
harmonic reactive power, however, increases of F) and R»
can be neglected including the skin effects as well as ther-
mal variations, which is also an advantage of the proposed
technique.

B. Identification of Magnetizing Inductance
and Secondary Time Constant

In what follows, an identification technique for the magne-
tizing inductance A and the secondary time constant 7, which
is never affected by the variation of the primary resistance
R, is discussed. The identified leakage inductance value ‘.
which was described in the previous section, is utilized in the
identifier for M and T2,

A conventional technique is based on comparison between
the rotor current model given in (1) and a stator voltage model
given in (11)

Woag = é’(vlaﬁ — Ryiyag) — litap. (11)
Eguation {11) is utilized as a reference model, but it requires
not only Ry but also an integrator. Consequently, the identi-
fication of M and 7 in (1) becomes incomplete because the
integrator probably accumulate the error of R;.

In order to avoid the above problem, instantaneous reactive
power () of the motor is introduced. The reactive power { is
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defined by the following equation on the «-f/ coordinates.
Q = Im(v1aptias)- (12}

The right-hand side of (12) can be evaluated staticaily by using
the detected w143 and %144, which means that it requires no
integrators. It always provides a true value because no param-
eters of the motor are used. On the other hand, substituting
tiag of (11) into (12), Q can be rewritten as follows:

Q = Im(pY2apiieg + iradites)- (13)
The term of Ry in (11) is canceled out perfectly in the
derivation [6]—[8]; hence (13) is independent of |. Equation
(13) requires ., however, which may be estimated by
the flux simulator shown in Fig. 1(b). The simulator uses the

values of M and 7,. The parameter mismatch possibly causes
an error in {13); hence it is feasible to replace (13) with (14).

@ = Im(p¥2apiiag + IPitapires)- (14)
The difference between (13) and {14} can be derived as
AQ = Im{p(V2as — Woas)itas + (£ - H(pirapiiag)}. (19

Since the on-line tuning technique presented in this paper aims
at providing parameter compensation capability in the steady
state, instantaneous variables can be replaced as p — Juw,
WYoas — V2, Woap — Wa, and 4105 — Iy in (1) and (15),
where the upper-case variables represent phasors. Thus, AQ
can be calculated as

M - M+(w—w,,,)2(M"F22 —MTE)
{l+(w—wm 2'r2}{1 + (W — W) 21'2}
x |I]?. (16)

AQ =w +e-17

It is recognized that there are infinitely many solutions which
can make A() zero, hence each parameter can not be identified
uniquely without any restrictions. Assuming no-load condi-
tions and that ¢ has converged to a true value by using the
identification technique discussed in the previous section, (16)
is simplified as

AQ =w(M - MY (17)

It is found that A@ = 0 if and only if M = M unless w = 0.
In other words, it is possible to identify M uniquely by using
A€} under no-load conditions. The magnetizing inductance M
varies rapidly with the flux amplitude during field weakening
operation. Because the amplitude varies according to the
operating speed in the field weakening region, the identifier
can properly estimate M unless the speed is suddenly changed.

Assuming that the identification of M has finished on the
basis of the above process, that is M = M, (16) can be
rewritten as

AQ = wW(w — wp )M (F2 = 12}(72 + 72)

{l-i- W — wy )72 }{1+ —wm)z‘rg}

It is found that A@Q = 0 if and only if ¥ = 7, unless w =0
nor w = wy,. Therefore, it is possible to identify 7 uniquely
by using AQ with the exception of direct current exiting or
no-load conditions.

(]2 (18)
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Fig. 6. Magnetizing inductance and secondary time constant identifier.

TABLE |
RATED VALUES AND NOMINAL PARAMETERS OF TESTED MOTOR
Rated output L.5[kW] ¢ 3 1[mH]
Rated torque | 8.63[Nm] M 51.0[mH]
R 0.542[Q] v 0.427[Wb]
Ry 0.536[RQ] | Pole number 4[pole]

Fig. 6 shows a block diagram of the magnetizing inductance
and secondary time constant identifier, which is insensitive to
the primary resistance. The identifier is based on a parallel-type
model reference adaptive system. Equation (12) is a reference
model, and the ftux simulator and Q of (14) constitute a
mathematical model. The error AQ is utilized to adjust M
and 7 in the flux simulator. Two integrators are employed as
identification algorithms owing to the steady-state parameter
compensation as mentioned before. They are switched com-
plementarily by using the torque component current command
1}, Identification algorithm for M is selected when the motor
is under no-load conditions, whereas that for 73 is selected
under loaded conditions. Simultaneous identification of M
and 7 requires further study, but the proposed technique is
a practical and easy way to identify M and ¥, independently
of R;. When w = 0 or w = wp,, each identification algorithm
holds a value which has been integrated as M or #, and it

. does not diverge. Since A(Q is proportional to the operating

frequency w as shown in (16), convergence time of the
identifier becomes longer at low speeds. Therefore, the gains
of the two integrators are changed in inverse proportion to the
operating speed.

IV, DIGITAL SIMULATION AND RESULTS

A digital simulation was conducted to examine robustness
against the primary resistance and adaptability to the leakage
inductance, the magnetizing inductance and the secondary time
constant. The parameters of the induction motor are shown in
Table I, and its output torque was controlled at a constant
rotating speed of 1000 r/m. The harmonic voltage vector and
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Fig. 7. Characteristics of parameter idemtification and torque control (simulation results),

the parameters of the digital filter (central frequency: 303.5
Hz; quality factor: 8.0; gain: 8.0) utilized for the leakage
inductance identification are shown below:

Yip = 8.0(3j21r303'5t (19)
ay = 1.9782; ay = 0.9878; by = 0.0974; by = 0.0974. (20)

Fig. 7 shows step torque responses for 100% torque command,
and the command is intermittently changed at low frequency
(1.25 Hz). Condition of each simulation is described in its
caption. The leakage inductance is simultaneously identified
in every case. As shown in every figure, the identification of
¢ is performed in about 200 ms, and is found to be robust

against any other parameters and operating conditions, Small
deviations of ¢ are observed when the output torque steps
up and down, which is owing to transient characteristics of
the digital filter. Comparing Fig. 7(a}-(c) with Fig. 7(d)~(f), it
is found that the proposed method is insensitive to fi). [t is
because the field-oriented control system basically employs the
rotor current model and the proposed identification techniques
are based on the instantanecus reactive power of the motor.
The parameter mismatch of M and 7 in the Hux simulator
causes transient phenomena in both flux and torque responses.
Fig. 7(a) and (d) shows degradation of the responses. The
parameter mismatch ought to be compensated independently of
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Fig. 8. Relation between errors of magnetizing inductance and secondary
time constant.

I*| to improve the responses. On the other hand, when the only
#y is identified with allowing the parameter mismatch of M as
shown in Fig. 7(b) and (e}, the identification characteristics are
not improved. The reason why the transient phenomena have
remained in the responses is that unique convergence of 7;
can not be certified in (16) unless M is identified. Assuming
that AM = M — M and Aty = 7o — 2 after the identifier
has converged, that is AQ = 0 in (16), the relation between
AM and Arg can be derived as

/ AM AM
ATy = (1+ 7] )T.Zz-l-(w_wm)ZM—Tg.

Fig. 8 shows several plots of AM against A7y according
to (21). It is known that the parameter mismatch of M
detrimentally affects the identification of . Therefore. the
identification of M is essential for the unique convergence
of 7. When both M and # are identified as shown in
Fig. 7(c) and (f), the flux and torque responses are successfully
improved with their convergence to the true values. Thus,
quick torque responses are obtained without any (ransient
oscillations and steady-state errors.

(21)

V. EXPERIMENTAL SYSTEM AND RESULTS

A. Outline of Experimental System

Experimental tests were carried out to confirm feasibility
of the proposed scheme. Fig. 9 shows a schematic diagram
of an experimental system. The system consists of an inverter
fed induction motor connected with a chopper fed dc motor.
Parameters of a tested three-phase induction motor are same
as those shown in Table [,

A fully digitized software control system was developed
for the induction motor. Control and identification programs
were executed completely by DSP (TMS320C50-40 MHz)
software, and the control program was proceeded in t03 us for
every conirol period, while the program concerning the leakage

DSP - Om

Circuit
Via, Vib, Vie
fa,fis

AD
Circuit

. e
Vig VY, Vic

PWM
Circuit

Counter
Circuit

3 Phase
inverter

Torque Control

PWM
Chopper

Speed Control

Fig. 9. Experimentai system.

inductance identifier which dealt with higher frequency signals
was performed in every 51.5 us. Specification of the harmonic
voltage vector and the digital filter was same as described
in (19) and (20). The output torque of the induction motor
was controlled in a same way as that of the simulations. The
mechanical rotating speed was regulated constant at 1000 r/m
by the chopper fed dc motor. The shafts of the two motors are
coupled with a strain-gage torgue sensor. The actual output
torque of the induction motor can be observed with the sensor.

B. Experimental Results

Fig. 10 shows experimental results of the above system.
The experiments were conducted under the same conditions
as those of the simulations. The primary resistance was varied
by inserting external resisters of 0.5 §}. As shown in every
figure, { was identified independently of other parameters
and operating conditions as well as the simulation results.
In addition, characteristics of the torque response and the
identification were found to be insensitive to H; comparing
Fig. 10(a)—(c} with Fig. 10(d)—(f).

As shown in Fig. 10(a) and (d), transient phenomena were
measured in the torque responses owing to the parameter
mismatch of M and 7, and the steady-state output torque
was decreased by approximately 50%.

On the other hand, improvement of the torque response
was confirmed by Fig. 10(c) and (f) as follows. Transient
phenomena in the responses were observed at the beginning of
the identification because there had been parameter mismatch
of M and 7y in their initial values. However, the identification
started automatically, and each of M and 7o converged to a
certain constant value. Comparing Fig. 10(c) with Fig. 7(c)
with respect to 73, 7» estimated in the experimental test was
approximately 80% of the nominal value. It s considered
that the nominal value included nearly 20% errors because
it had been evaluated by using an L-type eguivalent circuit
with thermal conversion. After convergence, it is known
that the torque responses were successfuily improved without
any transient oscillations and steady-state errors. The torque
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Fig. 10. Characteristics of parameter identification and torque control (experimental results}.

response time was about 3 ms, and the performance was almost
same as that of a dc motor. Furthermore, the variation of R,
did not affect the compensation process as shown in Fig. 10(f).

VI. CONCLUSION

A torque control strategy of an induction motor with ro-
bustness against primary resistance and adaptability to leakage
inductance, magnetizing inductance and a secondary time
constant has been proposed. In this paper, results of theoret-
ical analysis, digital simulations and experimental tests have
been presented. Flux-feedback field-oriented control is robust
against the variation of the primary resistance because its
flux simulator is based on a rotor current model. Parameter
mismatch of the magnetizing inductance and the secondary
time constant in the simulator, however, detrimentally affects
the conirol performance. Introducing a robust identifier, the
parameter mismatch can be compensated completely without
sensitivity to the primary resistance. The identifier is based on

instantaneous reactive power of the motor, and it can automati-
cally and uniquely identify the magnetizing inductance and the
secondary time constant. Moreover, a leakage inductance iden-
tification technigue has been described. The identified leakage
inductance value is utilized in the above identifier to achieve
perfect parameter tuning. The leakage inductance identifier
is almost insensitive to any other parameters and operating
conditions because it is based on instantaneous harmonic
reactive power, The proposed techniques are expected to make
induction motor drives completely free from adjustments of
their parameters.
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