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Abstract — This paper describes improved torque control of
an induction motor. The control is based on direct field
ortentation  with a  rotor flux simulator, and muotor
parameters in the simulator are estimated by a robust
identifier with no sensitivity to the stator resistance. Owing
to model mismatch in the controller caused by the equivalent
core loss resistance, however, both the ficld orientation and
the parameter identificativon cannot be carried out perfectly,
which results in degradation of torque control performance.
In order to improve accuracy of the output torque, the
preposed system employs a moditfied muchine model taking
the core loss into consideration. Consequently, it has been
verified through computer simulations that the technique
achieves high precision in torque control within a few

percent errors.
I. INTRODUCTION

The principle of field-oriented control has inherently
been derived on the assumption that no core loss is in the
induction motor model. In rccent years, some papers have
reported that the core loss detrimentally affects the field
orientation, especially torque control accuracy, unless the
core loss are taken into consideration {1]-[3]. However,
there have probably been few reports that dealt with direct
ficld-orieni~d control (flux-feedback field orientation) with
on-line identification of the inotor parameters
incorporating the core loss. [n order to achieve highly
precise torque control by the direct field orientation, it is
substantial to comprehensively modify not only the ficld-
oriented controller but also the parameter identificr by
taking the core loss into consideration. This paper

describes a quite simplified technique for improvement of
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torque control accuracy which is based on the above
modificd system, and shows possibility of reducing the
output torque error down to less than a few percent through

computer simulations.

I1. Basic CoNCEPT OF DIRECT FIELD-ORIENTED CONTROL.

AND PARAMETER FIDENTIFICATION

Fig. 1 and 2 show schematic diagrams of the direct

field-oriented controller and the on-line parameter
identifier respectively [4]. The direct field orientation is
performed on the basis of the following equations :
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where the motor variables and parameters are defined as

follows :
{| : stator current vector,

| stator voltage vector,
¥4 rotor flux vector,

T : outpul torque,

w,, . rotor speed,

T2  Totor time constant,

Lyz : rotor inductance,

A/ magnetizing inductance,
¢ . leakage inductance,
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{(a) Current controller.

(b} Rotor flux simulator.

Fig. 1. Basic contiguration of direct field-onented controller.

G mp - transfer function (P1) of flux regulator,
p : differential operator,

j - imaginary unit,

1" : command value of x,

% : estimated value of x,

P complex conjugate of x,

| x| : amplitude of x,

o  vector on stator (& — ) coordinates, and

dg - vector on rotor flux ( d — g ) coordinates.

The first equation is regarded as a feedforward block which
determines amplitudes of the d-axis and g-axis componenis
of the stator current command. The d-axis current
command is obtained from an output of the PI controller
with respect to an amplitude of the rotor {lux, while the g-
axis current command is directly calculated from the
torque command. On the other hand, the second gquation
is a feedback block with respect to the rotor flux, which
gives an estimated value of the flux using the motor model
with the parameters in order to perform coordinate
transformations described by (3} and (4).

The parameter identifier shown in Fig. 2 is based on a
model reference adaptive system, which tunes the

magnetizing inductance at no load and the rotor time
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Fig. 2. Parameter identifier with robusiness to stator resistance,
constant at loaded condition in the flux simulator by taking
The

instantancous reactive power which is calculated by the

advantage of instantaneous reactive  power.

following cquation is used as a reference model

Q = Im(vlaﬁilaﬁ). (5)
On the other hand, the following equation gives a
mathematical model of the instantaneous reactive power
with respect to the estimated rotor flux and the stator

current
M

0= Im[zpﬁzaﬁgﬂ“ fDilaﬁilaﬂJ : {6)
Since both of the above equations have no influence of the
stator resistance, the configuration of Fig. 2 enables the
identifier to achieve robust estimation of the motor
parameters in (2) against the stator resistance. The core
loss in the induction motor, however, has not been
incorporated in the control and identification algorithms
described above. Owing to the model mismatch caused by
the core loss, both the field orientation and the parameter
identification cannot be carried out perfectly, which results

in degradation of torque control accuracy.

I111. EQUIVALENT CORE LOSS RESISTANCE
AND ITS INFLUENCE ON TORQUE CONTROL

A. Experimental Measurement of Motor Paramelers

Since the core loss of the motor has been taken into
consideration in neither the control nor the identification,
the output torque error of not a few percent can probably

remain owing to the model mismatch on the field
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Fig. 3. Eguivalent circuits of induction metor.
orientation. In the section, measurements of the motor
briefly
the following discussion {3].

clarify some
The

measurements are conducted according to three kinds of

parameters are reviewed to

assumptions in

experimental tests as usual, dc excitation test, no load test,
and lock test. The stator resistance is measured with ease
bv exciting the motor with a dec voltage source. When the
no load test is conducted. scveral parameters arc calculated
according to the equivalent circuit shown in Fig. 3(a}. In
the figure, a resistance which equivalently acts as a
dissipater of the core loss is connected in parallel with the
stator inductance. The equivalent core loss resistance and

the stator inductance can be calculated by the following

process !
12 £ 2
R, = % and {7a)
R*+x?
ST )

where the intermediate parameters R' and V" are

obtained by :
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In the above calculation, the motor variables and

parameters are defined as follows :
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Fig. 4. Characteristics of equivalent core loss resistunce.
Vy : stator terminal voltage (rms) at no load,
{1 stator line current (rms) at no load,
Py : dissipated power at no load,
: mechanical power loss at no load,
@  operating angular frequency,
R, : stator resistance,
. equivalent core loss resistance, and

L1 : stator inductance.

The lock test is subsequently conducted on the basis of the
equivalent circuit shown in Fig. 3(b). The rotor resistance,
the magnetizing inductance and the leakage inductance are

calculated by the following process :

" RHz +‘YH2

RZ =R (T} , (8a)
Lals ff2 .'12

am=2 [fi__t€§__J , and (8)
ft) Xfl

E = L” - 1’\/1, (SC)

where R” and X" are obtained by :

R :—P" -R,and X" =wly -

31,7

The variables and the parameters are defined as follows :

V', : stator terminal voltage (rms) with rotor locked.
I, : stator line current (rms) with rotor locked,
B, : dissipated power with rotor locked, and

R, : rotor resistance.
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TABLE [ SPECIFICATIONS OF TEST MOTCRS

Test Motor A Test Motor B

Rated Power (kW) 1.5 1.5
Rated Torque (Nm) 863 10.1
Rated Volrage (V) 180 200
Rated Current (A) 8.1 6.8
Rated Frequency (Hz) 35 50
Rated Speed (rpm) - 1420
Number of Poles 4 4

Consequently, the equivalent circuit of the induction motor
on the whole can be drawn as shown in Fig. 3(c). It should
be noted that the leakage inductance on the rotor side has
been equivalently canceled out and automatically converted
1o the stator side when the calculation processes described
above are taken,

Fig. 4 shows characteristics of the equivalent core loss
resistance which have been measured on the basis of the
method. Two kinds of induction motors of which
specifications are shown in TABLE I have been tested. In
arder to make the measurcments as accurate as possible, a
precise VVVF analog power amplifier which is able to
generate pure sinusoidal waveforms has been used.
Although the value of the resistance is known to be
proportional to the operating frequency to the 1.6 power,
the results can be approximated as linear proportional
functions of the operating frequency within the range of

less than 60Hz. On the assumption, the equivalent core loss
resistance is written as follows using a coefficient &, :

R, = k.. (9)

B. Torque control performance without compensation

Fig. 5 shows a characteristic of the control error against
the output torque obtained by computer simulations. In the
simulations, a model of the test motor A in which the
cquivalent core loss resistance had been incorporated was
employed as a controlled object (cf. Appendix). When the
motor is controlled by the system shown in Fig. 1 and 2,
which has not introduced the core loss compensation, the
error raises up to 7% as the output torque increases, It can
be found that the core loss brings not only insufficient
output torque but also non-lincarity in torque control. The
output torque error should be avoided for the applications
which require accurate pressure or lension control such as
plastic forming or winding machinery. In what follows, a

simplifted method to overcome the problem is described.
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Fig. 5. Characteristic of torque control without core loss eompensation.

[V. IMPROVED TORQUE CONTROL IN CONSIDERATION
OF EQUIVALENT CORE LSS RESISTANCE

A. Modified control system with core loss compensation

The dircct field-oriented control system is inherently
composed of two blocks, the feedforward block and the
feedback block, as previously described. The feedforward
block converts the torque and flux commands into the d-
axis and g-axis current commands, while the feedback
block estimates the rotor flux and performs the coordinate
transformations to regulate the currents on the rotor flux
{d - ¢ ) coordinates. Since both of the blocks include the
motor model, the equivalent core loss resistance has to be
considered for both.

In order to make the consideration simpler, it is
assumed that the leakage inductance is much smaller than
the magnetizing inductance and the influence of the
leakage flux on the rotor circuit is negligibly small
compared with the main flux in the steady-state equivalent
circuit. On the assumption described here, the equivalent
core loss resistance can be moved to another position which
is in parallel with the magnetizing inductance in the circuit,
Then it is possible to suppose that some amount of the q-
axis current bypasses the cquivalent core loss resistance,
which probably causes insufficient torque current to the
which

corresponds (o the bypassing component should be

rotor circuit. Therefore, a current command
superposed beforehand on the g-axis current command in

(1). The current component i.* to be superposed for the

core loss compensation is derived by simply dividing the

steady-state induced voltage by the equivalent core loss
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Fig. 6. Modified field-oriented control blocks.
resistance on the rotor flux { d — ¢ ) coordinates as follows :

Ly,
. o—2Hval iyl

1
¢ R, Mk,

{10)

[n the above derivation, the frequency characteristic of the
equivalent core loss resistance described by (9) is utilized.
Consequently, the modified g-axis current command can
be obtained from (1) and (10) as :

. *
el

s Ly
|V’2|‘ ke

e =Ty an

[t can be found that the above equation is identical with the
q-axis current command in (1) when 4. is infinite. Since

the equivalent core loss resistance diverges in case of the
infinite k., this condition corresponds to the fact that no
core loss has been assumed in the conventional field-
oriented controller. The core loss compensation considered
in the above discussion is performed on the rotor flux
(d - g ) coordinates with respect to a current amplitude.
Unless the rotor flux is correctly estimated taking the core
loss into consideration, the feedforward compensation on
the coordinates must not be carried out properly. Therefore,
it is necessary to investigate the core loss compensation for
the feedback block, what is called the rotor flux simulator.
The rotor flux estimation error necessarily occurs in the

simulator shown in Fig. 1(b) because of the model
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Fig. 7. Characteristic of torque control with core loss compensation.
mismatch owing to the equivalent core loss resistance. On
the assumption that the equivalent core loss resistance is in
parallel with the magnetizing inductance, it is considered
that the resistance has influence on the rotor time constant
in the simulator and the rotor time constant is changed by a
ratio of (ilq* +ic*)/r‘1q* . Substituting ilq‘ of (1) and (10)

into the ratio, the rotor flux simulator of (2) can be
modified as follows :

_— N .
Wz“ﬁ - i * +i * tlaﬁ
. . B
L+(p = joo )Ty ——
ilq
M )
= 7N Hap (12)
N |W2|
L+ (p—j@n,)t,| 1+ o

This equation is identical with the rotor flux simulator of
(2) when k_ is infinite as well as (11). Fig. 6 shows both

modified blocks which correspond to (11) and {12}, and
only the coefficient %, in (9) is necessary to compensate
the core loss according to the figures, which can simplify
the configuration of the whole control system.

By employing the modified rotor flux simulator
represented by (12), the parameter identifier shown in Fig.
2 can be utilized without any modification of its
configuration to estimate the motor paramelers, because
the core loss dose not have relation with the instantaneous

reactive power.

B. Improved torque control performance
Some simulation tests have been conducted under the

same condition as that of Fig. 5. in order to verify the



validity of the method. Fig. 7 shows the characteristic of
the torque control error against the output torque. As
shown in the figure, the error has been reduced down to
less than 2%, and 1t is found that the error hardly increases
even though the output torque is increased. It is supposed
that the remaining crror has been caused by a model
mismatch owing to the position of the equivalent core loss
resistance in the equivalent circuit. Also, in a strict sense, it
should be considered that the resistance affects not only g-
axis but also d-axis in the feedforward block, and the
feedback block must be more complicated than what has
been considered in the above discussion. However, 1t would
be recognized that the method presented in the paper gives
the direct field-oriented controller an effective and simple
solution to compensate the torque control error caused by

the core loss.

V. CONCLUSION

In the paper, a simplified precise torque control strategy
of an induction motor has been described. The torque
control system consists of two subsystems which should
incorporate modification of the machine model by taking
core loss into consideration. One is a direct field-oriented
controller with a rotor flux simulator, which makes it
possible to control the cutput torque and the rotor flux
independently like a separately exited de motor. The other
is a robust parameter identifier utilizing instantaneous
reactive power of the induction motor, which enables the
system to compensate the parameter mismatch in the flux
simulator with no sensitivity to the stator reststance. Owing
to the model mismatch caused by the core loss in the motor.
however, both the field orientation and the parameter
identification cannot be carried out perfectly, which results
in inaccurate torque control. The paper has presented a
simple solution to improve the accuracy with small
modifications of the feedforward and feedback blocks in
the direct field-oriented controller. Consequently. quite
precise torque control characteristic within 2% error has
been verified through computer simulation tests. which
shows possibility of reducing the output tlorque error

effectively.
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APENDIX

The induction motor which has been controlled in the

computer simulations 1s based on the following model [1] :

: R
v Ry + R, +ply +J(‘0L11 - P m}
{ ldq:| - w

0 RH H Rf]'
@y -+ me + J[ms[‘m -p : ]
w w

) R,
Rm + me + J( mLm —-P ']
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Rm } iqu
w

R |
Ry +@,—"+plyy + J[W.s Ly -p
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where

@, =@ — @, : slip angular frequency.

w*AM*? . .
R, = —5———7 R requivalent core loss resistance.
R.5+w M
and
R
Ly = £ M . magnetizing inductance.

RC2 + i At
The resistance R, is considered to be in series with the

inductance Z,, in the model descnibed above.



