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Absiract : This paper proposes new forque control of an induction motor, which is robust against the variation of the
primary resisiance and adapiable to the leakage inductance, the mutwal inductance and the secondary time constant. The
controd is based on a flux feedback with a flux simulator. The sinndator employs a rofor current model 56 as not o he
affected by the variation of the primary resistance, but uses the mutnal indvctance and the secomdary time constant values
to estimate the flux. Their parameter mismaiches make transient phenomend in flux and torque responses warse. I order
{0 compensaie for degradation af the responses, an identifier of them s iniroduced info the system. The identifier is
perfectly robust against the variation of the primary resistance hecause it is hased on the instantancous reactive power of
the induction molor. In addition to that, the leakage induciance identifier is also introduced to achicve perfect
compensation, which is robust against other parameters. To verify the feasibility of this technique, some digital
sintlations and experimenial tesis were conducted on the basis of thearetical consideration. The results prove excellent

characteristics, which confirms the validity of the proposed scheme.

Introduction

Field-oriented control of induction motors has been widely
known as z quick-response torque control method, and has been
applied to various industrial fields instead of de¢ motors. In
recerit years, many researches have b_een done actively on
automated tuning of the induction motor parameters. The
achievements of them contribute to realization of the intelligent
motor drives. Many conventional tuning techniques, however,
seem to be based on the off-line parameter measurements."”’
They are effective to obtain automated and highly accurate
adjustments of the motor parameters, but some problems still

. remain as foliows. First of all, parameters which may vary during
the operation are not compensated dynamically. Secondly,
conventional off-line tuning requires special operating patterns
to measure the motor parameters. Some motors embedded in
machinery are restricted to have such special operaticns. Finally,
off-line tuning itself is very complicated and wastes considerably
much time before substantial control operations. Therefore,
conception of the on-line identification ought to be introduced
into the system essentially to overcome the above problems.*'
On-line identification technique enables to accomplish not only
the automated and highly accurate measurements but also the
dynamic optimization of the parameters.

This paper describes the novel torque controi strategy of
an induction motor which has not only robustness against the
variation af the primary resistance but also adaptability to the
leakage inductance, the mutual inductance and the secondary
time constant. Its principle is based on flux-feedback-type field
orientation with a flux simulator and robust identifiers of the
motor parameters. One of the identifiers is introduced into the
system so as to compensate for variations of the mutual
inductance and the secondary time constant perfectly. Tt is
essentially robust against the variation of the primary resistance
because it is based on the instantaneous reactive power of the
induction-motor. In addition to that, the leakage inductance, of
which value is necessary for, the above identifier, is also
estimated by-the other identifier which is based on the
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instantaneous  harmonic  reactive power of the motor,
Consequently, the proposed method makes it possibie to attain
the fully automated on-line tuning of all parameters with
robustness against the variation of the primary resistance. In
what follows, theoretical consideration is developed, and some
computer simulations and experimental tests are described.

Flux-Feedback-Type Field-Oriented Control

Figure 1 shows a configuration of flux-feedback-type
field-oriented controller. The secondary flux vector is estimated
by & flux simulator of Eg. (1) in the system. Instantaneous
torque control can be achieved by a current controller using the
estimated ¥2q8 Equations (2) ~ (4) show the control algerithms,
and the current controller is constituted on the rotating -g

coordinates.
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Fig. | Configuration of flux-feedback-type field-oriented control.
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where the variables and the parameters are defined as below:
vI : primary voltage vector
i1 primary current vector
w2 : secondary flux vector
T output torque
@ - rotating speed of the o - g coordinates
@ Tolating speed of the rotor
Ry - primary resistance
ft2 - secondary resistance
L1 primary self inductance
L2z : secondary self inductance
M - mutual inductance
f= f—'—“-"lez-:—Mi ' leakage inductance
L2
rz = L2/ K2 . secondary time constant
p: diﬂ”crential'opera:or
j . imaginary unit
- estimated value of x
: command of x
tx| : amplitude of x

Im(x) : imaginary part of ¥

0y
.
x

x : complex conjugate of x

Xap  vector x on the stator'{ @ — f) coordinates

Xdq ; vector X on the flux (¢ — ¢ ) coordinates

The simulator is called a rotor current model, which

requires detecting the primary currents and the rotating speed of
the rotor. The model can calculate the flux all over the speed
range including zero speed because it does not possess pure
integratars. On the @ -g coordinates rotating synchronously
with Wz, the flux amplitude and the output torque can be
controlled by manipulating the flux component /14 and the
torque component ilg respectively. As it is necessary to control
each component of the current, detected currents and voltage
commands are transformed by using 248 which is estimated in
the Mux simulator. Therefare, if the simulator estimates ¥2af
with an error, current control on the & — ¢ coordinates can not
be carried out perfectly This prevents the system from
controfling the fux and the output torque without transient
phenomena. The parameter mismatches of M and 72 cause the
estimation error. The former is caused by magnelic saturation
(non-linearity), while the latter is caused by magnetic saturalion
and thermal variation. Figure 2 shows an example of inductances
which were measured for a tested induction motar. Tt is found
that ¢ is almost constant, but A7 varies widely according fo the
operating conditions.

Principle of Robust Identification of the Parameters

{dentification of Leakage Inductance

ft is possible to identify the mutual inductance and the
secondary time constant assuming no parameter mismatch of the
leakage induclance as described in the next section. In order to
achieve more perfect on-line parameter tuning, the identification
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of the leakage inductance, which is not alfected by any other
parameters, aught fo be considered.

The equivalent circuit of the induction motor in the steady-
state is given as shown in Fig. 3(a), which is for a fundamental
angular frequency @. For much higher angular frequency
wh>> m, however, the circuit can be simplified as shown in Fig,
(9). Therefore, the effects of M and @m can be neglected for the
most part. It is assumed that the harmonic current vector i is
abtained according 1o the harmonic voltage vector wia, Vib has
an angular frequency en and is superposed on the primary
voltage vector command wiaq” in Fig. 1. The instantancous
harmonic reactive power (« is given by Eq. (5).

On= Im(val—h) 5
On the other hand, the circui equation for harmonics can be
expressed as follows:

1'|h=(Rl+Rz+p€)im (6)
Substituting this equation into Eq. (5), the terms of Ri and Rz
in Eq. {6) are canceled out perfectly, and the following equation
is derived.

Qn= 1o pividn) 0
Equations {5) and (7) have no parameter sensitivities (o both R
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Fig. 2 Tnductance of tested induction motor.
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Fig. 3 Equivalent circuits of induction motor.



and R2, while Eq (7) requires the value of the leakage
inductance. I there is a parameter mismatch of it, Eq (7) has an
error; hence it is feasibie to replace Eq. (7) with Eq. (8).

— (:7.';: ?‘In1(|)i|:.ff1.) {8)
The error between Eq. {7) which represents a true value and Gq,
(8} can be calculated in the steady-state as follaws:

AQh= mr.({’ - :f’)“ihiz "

Since an =0, it is found that AQs =0 if and only if £=¢ from
this equation. Therefore, it is possible to identify the leakage
inductance value uniquely by using A(Qs in any conditiens, As
vib is a high frequency vector, winding resistance value
increases more because of its skin effect, By using the
instantaneous harmaenic reactive power, however, the effect can
be neglected, which is also an advantage of the proposed
technique.

Figure 4 shows a configuration of the leakage inductance
identifier. (0w calculated by Eq. (5) is a reference model, and (O
estimated by Eq. (8) is a mathematical model. The error A(»
adjusts dynamically 7 in Fq. (8). Tdentified value is also used for
the identifier of the mutual inductance and the secondary time
constant as described in the next section. It is important to
extract {1 from the primary current as precisely as possible. A
digital filter can be vsed for this purpose, and it has a following
transfer function.

b:(z"' 7272)
Hey = - (10)
Equation (10) gives a band-pass characteristics, and each
coefficient is determined by its central frequency, quality factor
and gain.

Identification of Mutual Inductance and Secondary Time Constant

Tn what follows, the identification technique of the mutual
inductance and the secondary time constant, which is never
affected by the variation of the primary resistance, is discussed

The conventional technique is based on comparison
between a stator voltage mode!l and a rator current model of the
induction motor. It compensates for the parameters used in the
rotor current model according to the output error of the two
tmodels. The error is caiculated by Eq. (1) and Eq. (11) which is
the stator voltage model.

(t1)

This equation operates as a reference model, hawever it requires
not only Rt but also pure integrator. Consequently, the
identification of the A7 and 72 in Eq. (1) becomes imperfect
because the integrator accumulates the error of Ri. In order to
avoid the above problem, the instantaneous reactive power of
the induction moter (J is introduced.

{ is defined by the following equation en the a-j
coordinates.

0 = Im{viagitas) (12)

This quantity is a scalar which is calculated statically by using

Wiag= -—]-(l‘laﬂ'— Ru'mﬁ) ~filap
p

the detected primary voltages and currents, which means that Eq.

(12) does not require any integrator. Tt always gives a true value
because no parameters of the induction motor are used. On the
other hand, substituting viag of Eq. (11) into Ex. (12),  can be
rewritten as follows:

0 = 1m{pw2asiiap+ £pi1apirap) (13)
The term of Rt in Eq. (11) is canceled out perfectly in this
derivation.** Therefore, Eq. (13) has no paramefer sensitivity to

1 BEquation {13) requires w20, which may be calculated in the
flux simulater The simulator, however, uses the values ol the
mutual inductance and the secondary time constant as described
before. Cquation {13) possibly has an error owing to the
parameter -mismatches; hence it is feasible to replace Liq (13)
with Eq (14).

(= | pyraasian+ f.’pilu,ﬂiruﬂ) (14)
The dilference between Eq. (13) and Eq (14) can be derived as
follows:

AQ = Im{p( Wrof - el b (F . K’)(pil,rmmﬁ)} (15)
The variations of the parameters are considerably slow
compared with electrical time constants. Therefore it is enough
o consider a steady-state, and the instantancous variables can be
replaced as p— jo, wrap—>» ¥2, wieg~» "Y1 and fiag— T in
Lq. (1) and Eq. (15), where the upper-case variables represent
phasors in the steady-state. Then AQ is caleulated as follows

-~ 3 - - 5
M= N »(wwh)‘(Mn’wmlj .
— - i i f

{I +{rm— m-.)l th! Vw - wn) rzz}

A - w

(16)
It is recognized that there are infinitely many solutions which can
make A() zero rom this equation; hence each parameter can not
be identified uniquely without any restrictions Assuming no load
condition and that 7 has converged to & true value (This
identdication technique was discussed in the pervious seciion ),
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Fig. 4 Leakage inductance identifier.
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Eq. (16) is simplified as follows:

80 = o M- Ar)nd (7
It is tound that A} = 0 if and anly if AL = M except the case of
w=0 from this equation. In other words, it is possible to
identily the mutual inductance value uniquely by using AQ) in the
no load condition. Assuming that the identification of Af has
finished on the basis of the above process, that is M= M, Eq.

based on a parallel-type model reference adaptive system. (7 of
tiq. (12) is a process, and the flux simulator and (' of Eq. (14}
constitutes a mathematical madel. The error AQ is used to
adjust Af and 72 in the Mux simulator dynamically. Two
integrators are employed as identification algorithms because of
slow variations of the parameters as mentioned before. They are
switched complementarily by using torque compenent current

{18) can be rewritten as follows:

s am)* M- o+ n) ot

SRS AT

command 71y, [dentification algorithm of X is selected under
the no load condition, and that of T2 is selected under the loaded
(18) condition. [f the case of w=0 or @w=am occurs, the
identification algorithms hold the values which have been

integrated as M and T2, and they do not diverge.

It1s found that AQ =0 if and only if T2 = 72 except the case of

w=0 or &= cw from this equation. Therefore, it is pessibic to
identify the secondary time constant value uniquely by using AQ

except the condition of no load.

Figure 5 shows a block diagram of the mutual inductance
and the sccondary time constant identifier, which s robust
against the variation of the primary resistance. The identifier is

MWWMWWMWW’WW

{a) Kt nominal, I’ identified, *

M fixed at 70[%], 77" fxed at 30(%).

() R1 - nominal, 2 - identified,
A:{ fixed at 70{%], 27" identified,

(c) R - nominal, 7 - identified,
M :identified, 727" identified.

Digital Simulation and Results

A.digital simulation was conducted on the control system
described abave. Robustness against the primary resistance and
adaptability to the leakage inductance, the mutual inductance
and -the secondary time constant were examined through the

Mo 182 [Afdiv]
[z 05 [Wb/div]
I L0 [Nm/div]

r27' 128 [s7'/div)

M 500 [mH/div]

? 65 [mH/div]

{d) R : varied by 192[%], ? : identified,

t 2900 [ms/div] !
M : fixed at 700%], T ; fixed at 30[%]

fa 182 [A/div]

/
lwrg 05 [Wb/div]

T 110 [Nm/div)

t27 128 57/ div]

M 500 [mH/div]

? 65 [mH/div] 0+

() R1 - varied by 192[%]. 7 - identift
M :fixed at 70[%], 727" - identified.

t 2000 [ms/div]

e 182 [A7div]

lwd 05 [Wh/div]

T 110 [Nm/div] U it O S D 7

t27' 128 [s7'/div] ‘ ..... —

A 500 [mH/ div}

¢ 65 [mH/div]

(f) Ri : varied by 192{%], ? : identified,
A identified, 727" : identified.
Fig. 6 Characteristics of parameter identification and torque control (simutation results),

¢ 2000 [ms/div]
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simulations, The parameters of the induction motor are shown in
Table 1, and its output torque was cantrolled under the
condition of a constant rotating speed. The harmonic voltage
vector and the digital filter used in the leakage inductance
identifier are shown below.

yia = §.0gi2mB (19

a1=19782, a1 =0.9878, » =0.0974 (20)

central frequency : 303 5[11z]

quality factor : 8.0

gain : 8.0

Figure 6 shows step torque responses of 100{%] tarque

command, and the command is changed intermittently at low
frequency (1.25[Hz]). Condition of each simulation 1s described
in its caption. Leakage inductance is identified simultaneously in
every case, As shown in every figure, identification of T is
performed in about 200[ ms], and is found to be robust against
any other parameters. Small deviations of identified inductance
are observed when the output torque steps up and down, which

is owing to the transient characteristics of the digital filter,

Comparing Figs. (a) ~ {c) with Figs. (d) ~ (f), it is found that the
proposed method is robust against the variation of R1. Because
field-oriented control system has a current control loop, and
proposed technique is based on the identifiers using
instantaneous reactive power. The parameter mismatches of M

T 110 (Nm/div]

77! 128 [/ div]

and 7z in the flux simulator cause transient phenomena in both
flux and torque responses, Figures 6(a) and (d) show
degradation of the responses. The parameter mismatches of
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Fig. 7 Experimental system.
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(f) R : varied by 192[%], ¢  identified,

M - identified, T2 : identified.

Fig. 8 Characteristics of parameter identification and torque control {experimental results).
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them ought to be compensated without any relations with &1 to
improve the responses. On the other hand, if anly 72 is identified
with parameter mismatch of M as shown in Figs. (b) and (e), its
identification characteristics are degraded. The reason of this
degradation is that unique convergence of T2 can not be certified
under the condition of parameter mismatch of M in Eq. (16).
Transient phenamena are remained in the responses of flux and
torque. When both A and T2 are identified as shown in Figs. {c)
and (), however, the flux and torque responses arc improved
successfully with their convergence to the true values. A quick
torque response was obtained without any transient oscillation
and steady-state errors,

Experimental Systern and Results

Outline of Experimental System

Some experimental tests were carmied out to confirm the
feasibility of the proposed scheme. Figure 7 shows a schematic
diagram of an experimenta} system. The system consists of an
inverter fed induction motor and a chopper fed dc motor. The
parameters of the induction motor are as same as those shown in
Table 1.

A fully digitized software control system was developed
for the induction motor. The control and identification process is
completely based on, DSP (TMS320C50, 3 instruction cycle :
50[ns]) software, and the control program is proceeded in
103.0[zs] for every conatrol period, while the program
concerning the leakage inductance identifier which deals with a
higher frequency is performed in every 51.5[4s). Specifications
of the harmonic voltage vector and the digital filter are as same
as described in Eqs. (19) and (20). The output torque of Lhe
induction motor is controfled by the system without a speed loop.

A load of the induction motor is the dc motor system
which has both current and speed loops to keep the mechanical
rotating speed constant. The shafts of the two motors are
coupled with a distortion-gage-type torque pickup. The actual
outpul torque of the induction motor can be observed with it.

Experimental Results

Figures 8(a) ~ (f) show experimental results of the above
system. The experiments were conducted under the same
conditions as those of simulations. The primary resistance was
varied by inserting the external resisters of 0.5{(2]. As shown in
every figure, ¢ is identified without any effects of other
parameters as well as simulation results. In addition to that, the
characteristics of the torque response and the identification are
found to be robust comparing Figs. (a) ~ {c} with Figs. (d) ~ (f).

As shown in Figs. (a) and (d), transient phenomena were
measured in the torque responses because of the parameter
mismatches of A and T2. The output torque was decreased by
50[%] in the steady-state. On the other hand, improvement of

the torque response was confirmed by Figs. (c) and (f).

Transien! phenomena in the responses were observed at the
beginning of the identifications because there were parameter
mismatches in their initial values. However, the identification
started automatically, and each of M and T2 converged to a
certain constant value. The value of T2 in this experimental case
was rather smaller than the nominat value. It is supposed that the
nominal value included nearly 20[%] errors because it had been
determined by using L-lype equivalent circuit with thermal
conversion. Then the torque responses were improved
successfully without any transicnt oscillations and steady-state
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errars. The torque response time was about 3[ms], and this
performance was almost as same as dc mator. In addition to that,
the variation of R did not affect the compensation process as
shown in Fig. {d).

Conclusions

The authors propesed a torque control strategy of an
induction motor with robusiness against the variations of the
primary resistance and adaptability to the leakage inductance,
the mutual inductance and the secondary time constant. In this
paper, several results were obtained through the theoretical
consideration, some digital simulations and experimental tests.
The flux-feedback-type field-oriented control is essentially
robust against the variation of the*primary resistance because its
flux simufator employs a rotor current model. The variations of
the mutual inductance and the secondary time constant, however,
affect strongly the contral performance. Introducing a robust
identifier, their variations cam be compensated completely
without any effects of the primary resistance, The identifier is
based on the instantanecus reactive power of the induction
motor, and it can identify the mutual inductance and the
secondary time constant automatically and uniquely. Moreover,
this paper described a leakage inductance identification
technique, which is based on the instantaneaus harmonic
reactive power of the induction motor. The techniques propoted
by the authors are supposed to make induction motor drives
perfectly free from adjustments of their parameters.
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Table 1. Nominal parameters and rated values of tested motor.

Rated output 1.5[kW] [; 31 mH]

Rated torque | 8.63[Nm] M 51.0[mH]
Ri 0.542[€1] |W1‘. 0.427[Wb]
T 0.536[02] @ 104 7[rad/ s}




