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ABSTRACT

This paper presents a feasible development on a highly accurate quick response adjustable speed drive implementation
for general purpose induction motor which operates on the basis of sensorless slip frequency type vector controlled
sine-wave PWM inverter with an automatic tuning machine parameter estimation schemes. In the first place, the sensorless
vector control theory on the three-phase voltage source-fed inverter induction motor drive system is developed in slip
frequency based vector control principle. In particular, the essential procedure and considerations to measure and estimate
the exact stator and rotor circuit parameters of general purpose induction motor are discussed under its operating
conditions. The speed regulation characteristics of induction motor operated by the three-phase voltage-fed type current
controlled PWM inverter using IGBT's is illustrated and evaluated for machine parameter variations under the actual
conditions of low frequency and high frequency operations for the load torque. In the second place, the variable speed
induction motor drive system, employing sensorless vector control scheme which is based on three-phase high frequency
carrier PWM inverter with automatic tuning estimation schemes of the temperature -dependent and -independent machine
circuit parameters, is practically implemented using DSP-based controller. Finally, the dynamic speed response
performances for largely changed load torque disturbances as well as steady state speed vs. torque characteristics of this
induction motor control implementation are itlustrated and discussed from an experimental point of view.

Keywords: Induction Motor, Sesorless Vector Control, Sine-wave PWM Inverter, IGBT

1. Introduction control and systems integration technologies relating to the

high performance adjustable-speed drives for induction motor

Ir recent years, a variety of advanced power electronics applications which are based on the voltage-source type
three-phase current controlled PWM inverter using IGBTSs and
its associated vector control scheme have attracted special

Manuscript received Dec. 18, 2002; revised April 1, 2003. interest in the fields of the industrial, transportation and
Corresponding Author: soushin@hkrl.mew.co.jp consumer AC motor drives as well as electric vehicle AC
Tel : +81-6-6906-3471, Fax : +81-6-6906-0772 motor drives. Thus, the exact stator and rotor circuit
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parameters of general purpose induction motors operated
different types under various load operating conditions
should be measured and estimated automatically for the
purpose of sensorless vector control implementation
introduced for the induction motor variable-speed drives.
In particular, the complex temperature-dependent
rotor resistance variations of application specific types of
induction motor and different type induction motors are
actually more significant in not only the steady state speed
regulation accuracy but also for the settling time at the
transient speed responses. It is difficult to achieve the
sufficient speed regulation accuracy in steady state as well
as the speed settling time in dynamic state which are
required for wide speed setting ranges and largely changed
load torque disturbances. In order to solve these feasible
problems mentioned above, the authors have developed a
simple and practical automatic auto-tuning method to
measure and estimate the exact stator and rotor circuit
parameters of application specific induction motors

addition to some different types of general purpose

Fig. 1.

} : Stator winding resistance

¥, :Rotor equivalent resistance
Ll : Stator winding inductance
L2 : Rotor equivalent inductance
ll : Stator leakage inductance

lz : Rotor leakage inductance

l'l 4 - d-axis exiting current component

induction motors used from diverse application
viewpoints,

In addition to these, the high performance induction
motor variable speed drives employing sensorless vector
control based on three-phase PWM inverter with a specific
automatic auto-tuning machine parameter estimation
scheme which is introduced to transient torque current
component due to transient current suppression.
state-of-the-art feasible

development and characterization on the general purpose

This paper presents the
and application specific induction motor variable speed

drives in industry which applies for sensorless
slip-frequency-based vector control implementation with a
novel automatic auto-tuning machine operated parameter
estimation scheme. The experimental results in the
feasible induction motor drive system treated here are
illustrated for speed regulation characteristics in steady
state in addition to speed setting performances in dynamic

state and discussed from a practical point of view.

Equivalent dynamic circuit of induction motor on plane transformed to d-q coordinate frame axis.

il q g-axis torque current component

V4 :d-axis input voltage

: g-axis input voltage

M : Mutual inductance between Ll - L2
.

: Slip angular frequency
: Rotor angular speed of d-q axis

W
@, :Rotor speed of 3-phase dynamic model
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2. System Description and Control Strastage

As shown in Fig. 1, in order to perform the speed
sensorless vector control of the induction motor, 2-axis
model which carried out coordinates conversion at the
synchronous rotation rectangular coordinates system (d-q
coordinates) which rotates in the angular frequency of
secondary magnetic flux from the equal circuit expressed
with 3 phase AC will be treated in this paper.

Fig. 2 shows an adjustable-speed induction motor drive
system using slip frequency mode vector control based on
three-phase PWM inverter using the latest IGBTs. This
mduction motor variable speed drive system incorporates
P1 control strategy to delay the torque current component
in order to suppress the transient current over under
largely changed load conditions. In Fig. 2 ¢ equals to
Ly,

Equation (1) gives the general voltage equation of
mduction motor described and formulated on rectangular
coordinates (d-q frame coordinates), in which rotation

angle frequency denoted as @.

Over Shooted Slip Angular Frequency @,

/ Delayed Slip Angular
Frequency Current e,

Reference Angular
\ Speed Reference Value @,

time

Angular frequency speed of rotor @ »
Slip Anglular frequency speed @ s

Actual Rotor Angler Speed @,

Torque current without delay iy,

/ Delayed Torque

Current Component i,

Torque current compnent ilq

time

Fig. 2. Influence on transient mode of in the case of increasing

torque current component.

Vig t+olp —-oLw (M/L)p -(M/L)e] iy,
Vig - ol K+olp (M/Lz Yo (M/Lz )p iy,
0 -Mn/[L, 0 KL +p -, oy
0 0 -Mn/L, @, nlL+p || &,
(1)

where, 7, :Exiting current component of d-axis
I;, @ Torque current component of g-axis

L, : Stator winding inductance

L, :Rotor equivalent inductance

7 : Stator winding resistance

: Rotor equivalent resistance
: Differential operator (=d/dt)

oY

P

@ : Rotor angular speed

@, : Slip angular frequency

o0 : Leakage flux coefficient (=1-M*/LL,)

M : Mutual inductance between stator winding
inductance L, and cage form rotor inductance L,

v, :Input voltage of d-axis

Vi d* : Initial voltage vale of d d-axis

v,, :Input voltage of g-axis

a
&y ¢2q : d-axis and q-axis components of rotor

flux described by

ba = Miyy + Ly, ¢y = Miy + Loy, )

Equation (3) is a state-space vector equation estimated
by rewriting equation (1).

oLiy, " _(M/Lz)zrz oL@ (Mrz/Lz)Z (M/Lz)wr ha Via

P oL, - oL, ~h —(M/L2)2r2 -(M/L))o, (M/Lz )2 by " Vig
P Mry (L, 0 -n/L, o, ba} | O

[ 0 Mr, /L, -0, niL, | $y 0
3

Torque of the induction motor 7T, is expressed as

equation (4) with the sum and products style of rotor flux
and stator current.

T, = pM(i\, -iyy =1,y "1y,)

M . . 4)
= pf(11q¢2d - lld¢2q)
2
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I,; :d-axis current component of the stator winding
: g-axis current component of the stator windings
I,, :d-axis current component of the rotor

: d-axis current component of the rotor

¢2 4 : d-axis number of magnetic-flux interlinkage of

the rotor
o, ; * 9-axis number of magnetic-flux interlinkage of

the rotor

In the equation (4), torque 7, will be able to

controlled very easy by controlling the rotor magnetic

flux @, 4 to keep certain value and controlling the rotor
magnetic flux in order to be proportional to the current
orthogonalizes to rotor magnetic flux ¢, g

Rotator interlinkage magnetic flux @,, equal to Mi,

and @ =0 as shown in equation (5), it is possible to

control torque 7, linearly just like the DC motor.
$,, = Mi,, (constant), ¢, =0 (5)

The torque of 7, shown in equation (4) is expressed as

following equation (6) under the conditions of equation

(%)
M .
Te = p—¢2d .llq (6)
LZ

If the conditions of equation (6) is satisfied, reference

value @, of slip angular frequency can be formulated by
the equation (7).
_hM . 2

7
= ll ~—
' L2¢2d ! ¢2d

K in equation (7) is the gain of slip angular

m

ilq =Kmi1q @)

frequency @, , and is given by the following equation (8).

K, = ;—2 ®)
2d

Vector controlled PWM inverter supplies the specific

voltage expressed by equation (9) substituting

#,, = Mi,, (constant) and @, , =0 to equation (1) for
the induction motor in steady state.

Ve | | o —oly || ©)
12 Lo 7 A

q9 q

Under these conditions, @, is calculated from the

torque current components , DY rewriting equation (3)
and the velocity of induction motor could be coincided
with the reference value of the stator frequency adding
a)s* to speed reference a)r*.

In a transient condition, the slip angular frequency @,
is formulated by equation (10) on the basis of substituting
equation (9) to equation (3). As a result, @, can be

obtained by

M. N oL, M

o, = 1 pi (10)
L2¢2d N L2¢2d lq

According to equation (10), not only proportional term
of torque current component 7, , butalso differential term

of torque current component I, g will be influenced to

@,. Then calculated reference value of stator frequency
@ can be larger by differential term. Therefore, it will be
difficult to realize stable speed-adjustment in accordance

with increasing of the slip frequency @, . The motor shaft

speed @ can be regulated by not making drastic changes

of the reference slip frequency (0:. The reference slip

frequency a)s* is calculated by substituting the output
value of the PI controller which input is the detected
torque current component I 4> as indicated in equation
(10) above.

Because the inverter provides the voltage compensated
for the voltage drop which is caused by the motor. If the
starter resistance 7 and the inductance L, value set to
the inverter have some ecrror with the actual value of
hand [, , the error appears as the error of motor current.

On the other hand, the rotor resistance r, is to be

contained in the proportional coefficient for operating slip
angular frequency from torque current component in
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equation (10), the error of rotor resistance 7, is to cause
an error of slip angular frequency @, .

The effect of the integrator adopted in order to negate
the influence of the slip angular frequency @, by this

differential coefficient of equation (10) is shown in Fig. 2.
Fig. 2 shows the difference between the case where

detected torque current component I g s directly used as
slip angular-frequency reference valuei, 4> and the case

where detected torque current component i q is delayed
by the integrator. Since large overshoot appears in slip
angular frequency @, in case where there is no integrator.

Fig. 2 shows that it is the validity of an integrator.

Vector Control Block

3. Novel Practical Approach of Machine
Parameters

3.1 Influence of the induction motor parameter
errors

In this section, the novel automatic auto-tuning scheme
of the induction motor parameters is that is necessary to be
driven by vector controlled inverter is explained. Fig. 3
depicts the developed dynamic model of the senseless
vector controlled PWM inverter system. This system is
designed as follows.

Detecting the stator current by the current sensor,
carries out vector control operation by the microprocessor
based on that stator current value, calculates the voltage
reference value for obtaining instant torque component

Commercial Power

T T - Supply
: N R ] ; AC200V/400V
d-Aix Excitation ' !
N L] - 50/60Hz 2-Phase
Current Reference i, ; Current Controller ; Rectifier
' _ (P1 Controller) ! ‘ ]
. 1 ) %
Stator Coil ! vy, | 2axisto3axis | Yy 3-Phase
1 ] d L
Inductance ! : . Coordinate v : Voltage-fed
7 : 1 I g . Pl .
Reference Ly i ' il Conversion | vy’ PWM Sine
i : (dg — UVW) Inverter
L} )
E : ulviw
Rototr Angular : '
velocity Reference @,
E Current Controller @ 1 o
] R 0 N N ld S
: (PI Controller) ' V=0 +0
E E (Km=r2/¢2d)
R J . |3axisto2axis | . CLJ
ll‘l . lu <:
*— Coordinate [ 4
Torque Control Current Delayd Circuit Y 1 Conversion I L
(UVW — dq)
L, : Stator Coil Inductance @, :Slip Angular Velocy Reference M
# : Stator Coil Resistance @, :Rotator Angular-Velocity Reference
O : Leakage Flux Coefficient ® :Voltage Angular Frequency (@@=, +@,)

g : electrical angle for Axis-of-coordinates
conversion / reverse conversion

Fig. 3.

Schematic block diagram of sensorless vector controlled inverter system for induction motor drive.
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current i ,and the voltage reference value is given to a 3

phase-voltage type PWM inverter as a result. The vector
control operation needs some motor parameters. They are

following four parameters.

L, : Stator winding inductance

[, : Leakage inductance

# : Stator winding

¥, :Rotator equivalent resistance

Fig. 4 represents the experimental result of the
induction motor speed regulation under the conditions of
low frequency at 3Hz and high frequency at 60Hz in case
of adapting some errors to three motor parameters. Fig.

4-(a) shows that stator winding resistance #, influences

the speed regulation in the range of low frequency, and

10 O 60Hz
8 3Hz
D N e e
Q [>) )
2 2 4 Rl el tal
o <\n !
o P i i T s R b o
[ :
s 2 A
& § 7
8572 |
g8 i
S = -6 [ S,
= |
-8 R
' I
-10 . b -
~3Ar, —2An  -An 0 A 2An 34Ar
(@) Error of stator winding resistance 1,
10 : : 1 O 60Hz
8 [~ I“":L """""" | A 3Hz
2 61" "7 TNV T T
LY o~ |
2 4N - o
B 2 ¢ WD N I —— [
> § 2 t 1 1
E \"‘/ 0 : ] lg\ /T\ : L
B : . ;Ne——z
@8 2" R I AR
- D S S A A -
5y L____ L____l __________ L v
g 8+ P S
4 8 F---- s EERTE o -
L] 1 t il
10 . ; . .
~3AL —2AL, —AL, o AL 2AL 3AL

(c)Error of stator winding inductance L,
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also stator winding inductance L, influences the speed
regulation in the range of high frequency. Fig. 4-(b)
displays the rotor resistance r, gives influence to the
speed regulation for any frequency range. Fig. 4-(c)
displays that the error of stator winding inductance L,
has large influence in higher frequency (60Hz). Fig. 4-(d)
shows that the leakage inductance [, does not give much

influence. The above result shows as follows.
When the general-purpose induction motor is driven by
the vector control inverter system, if the parameters of

stator winding resistance #; , stator winding inductance

L, and rotator equivalent resistance 7, can be estimated,

it is possible to control the three phase induction motor
with sufficient accuracy. However, it is difficult for user to
estimate the parameters of the general-purpose induction

10 : : | O 60Hz
81;““:“'"? """""" ClA  3Hz
%‘ 5 L3 D~ G . .
I . U U L N [
5 & 4 | T
» T 2 F-—-- e AN - - - Hm— - - -
ot g 1 [ t
S <0 i i ; :
a) 8 I 1 EHl 1
g '43 -2 _____ IL.---—JI' _____ TTTNRY T 00T
1 1] t
55 T !
Q% > 6 - Paiieiairiei i A TR ‘“>
1 ( H H
s A CoT h
10 . . X :
-3Ar, —2Ar, —Ar, 0 Ar,  24r,  3Arn
2 2 2 2 2 2
(b) Error of rotor equivalent resistance r,
10 | : O 60Hz
8 F~--- A Eelieiul Il A 3Hz
> 6 bF---- H N P — | — —
o~ : ) X :
§ g 4 ‘““:““‘—i ---------- R E
s 2 Ll mmmm A m e ISR Fooee
> "g 22 i i
5 £ o %—-@W
— 1 H [
é':n § 2 F I T T
8 8 4 b---rr----q e = Pe---
8 & bl ! L
3 > 6 [---- A R T T
&~ 8 F---- I N S
3 il i \
1O 3A 2AlL Al o AL 24, 3A

(d)Error of stator leakage inductance /;

Fig. 4. Relationship between error of induction motor parameters and speed change.
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motor in fact.
The reasons are

(1) User needs to input the parameters of the
induction motor into the vector control inverter
system.

{2) User needs the special measuring device and
special technical knowledge to estimate the

parameters of the induction motor.

Then, if the vector controlled inverter system itself can
measure the parameters of the adapted general purpose
mduction motor, the optimal speed control and optimal
torque control of the induction motor will become possible
without a burden of a user and also flexibility will
becomes very high.

Next, in order to judge the possibility of measurement
of the induction motor circuit constants required for vector
control inverter system, the relationship between the stator

winding resistance #, rotator equivalent resistance ¥,
stator winding inductance L, , d-axis current component

of the stator i,,, g-axis current component of the stator

i;,and rotor angular speed @, of the induction motor

parameter are measured.

Fig. 5 represents the experimental results of the rotor
current regulation so as to adapt in accordance with some
errors to three induction motor types of system circuit

parameters. Fig. 5 (a) and 5 (c) show that the variations

of the stator winding resistance 7, and stator inductance

L, cause the variation of stator current 7, and Ly -
Therefore, it is possible to estimate its stator winding

resistance #; and stator winding inductance L, by

measuring the stator current. But Fig. 5 (b) shows that the
speed sensing operation should be necessary to measure

the rotor speed of the motor @, itself because changing
rotor resistance 7; changes the rotor speed @, but not
the stator current I q and I,, does not change the rotor
speed @, .

The novel automatic estimation scheme of these motor

parameters without speed sensor is discussed below.

% regulation of stator
winding current {%)

~3An -24r -An g An 2An 3B

() Error of rotor winding resistance £

0 o,

% repulation of stator
winding current (%)

50 - “‘ .
~3Ar, —28n, —As o An 24 3An

(b} Error of rotor equivalent resistance

winding current {%)

%% regulation of stator

{¢) Error of stator winding inductance L,

Fig. 5.
parameters and speed variation.

Relationship between error of induction motor

3.2 Estimation of stator resistance
The rotor winding resistance #; of the induction motor
should be estimated when this motor does not rotate to

avoid the influence of the stator inductance L,. Under
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Stator Coil Inductance

Reference

d-Aix Excitation -
c ¢ Ref . Stator  Resistance +
urrent Reference ; + _ Ai .
L 14 Measurement _Aﬁ_; 5

Operation Algorithm

L] !

J
d axis current detected value '.'
;

Aiy,

No

l Ar+a —I [ Ar determinatc?l

Ar,, is changed until Ai, becomes equal to 0.

Fig. 6. Schematic block diagram to estimate the resistance of

induction motor stator.

this condition, the induction motor does not generate the

output torque at all, then the torque current component 7, q

is equal to zero, thus the following equation described as

the product of 7, and [, can be obtained by
P
substituting v, = 0 toequationof v, =ni, -
Accordingly, adapting this initial value of vld*to the

motor, measuring actual exciting current . and

adjusting 7, value in order that I, will be equal to 7 d*.

As a result, stator resistance 7, can be estimated.
Fig. 6 shows the method to estimate the stator resistance

1, . This measuring apparatus consists of the integrator.

3.3 Estimation of stator inductance

After measuring the stator resistance 7, the stator
inductance L, is measured by driving the induction
motor at constant speed with no-load. In this case, the
deviation of angular velocity @, and the torque current
component i, are zero. Substituting 4, =0 to the

equation (9), the equation (9) can be rearranged to the
following equations.

1) - (a)

Lk
Vie =h la

(11) - ()
(11) - (©)

vlq =0 ¢
p=1L i,
The reference flux ¢ determined by the rated voltage

of the induction motor is described as the product of the

stator inductance L, and the exciting current component
lld .

That is,

K3

i, =¢/L (12)

According to the equation (12), the mismatched error of

stator inductance AL, is to be detected as a variation of
the exciting current component il 4 - The staor inductance
L, is measured by the following procedure. If the stator
inductance is AL, larger than the preset value into the
inverter, exciting current component I, is smaller as

Ai, ;. For example, the value of an actual induction motor
stator winding inductance Ll is larger AL, more than
above-mentioned initial-setting value LT , from the
equation of 7, =@/ L, , d-axis current j,, of excitation

current component becomes more smaller than the actual

value of i, and using the difference of A, , the

equation of #,, =@/ L, will be an deform into the form

equation (13).
iy +Aiyy = @/(L, +AL)) (13)

Equation (14) is obtained by subtracting equation (12)
from equation (13).

1 1

Aip, =|—————— | 14
La (L+AL) L ¢ (14)

Reference voltage v, g of g-axis is obtained by the

equation (11)-(b). The rotation speed of the induction

motor is constant, since interlinkage magnetic-flux ¢ is

the constant and change of d-axis current i, of a stator

winding does not affect q-axis reference voltage vl* .
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However, since d-axis voltage Vv,, of the stator

winding is influenced by the error of d-axis current I,
from the equation (11)-(a) and the etror of stator winding
inductance Ll is influenced as a result, and it can

express with the equation (15).

1 1

R S ) (15
(L, + ALy LJ i :

Avy, =1 -Ai, ={
Since the stator winding resistance # has been
measured and fixed, the difference between the reference
value and the detected value of exciting current
component Af, depends on the mismatched error of the
stator inductance. Therefore, by adjusting the reference

value of the exciting current component I, as to be the
same as the detected exciting current component [, the

stator inductance will be exactly set to the actual value.
The stator
demonstrated in Fig. 7.

inductance  estimation  system s

. ** . ..
In Fig. 7, i, 1is the preset value of reference exciting

current component.

-
V(= h-iy) v

?

Current error

!
)
H
:
B
i3
i
compensation algorithm ! '
4

......................

d-Aix Excitation
Current Reference

-
l [y
e L]
LT .
Al
d axis current detected value

1Y

Aiy,

No
i, =ai, - | |in determinated|

L, measurement
completion

Repetition

-
Vig{=1-i)

i, is changed until Ai,, becomes equal to 0.

Fig. 7.
induction motor stator winding.

Schematic block diagram of inductance detector of

3.4 Estimation of rotor resistance

When the terminals of the induction motor driven by the
sine-wave PWM inverter are opened, the motor terminal
voltage vV will decreases gradually shown in Fig. 8.

This voltage vV, is defined as the residual voltage, and

represented by equation (16).

-t
v, = _‘/EwrM Iye /o -sin(w,? +6,) (16)

where, M : Mutual inductance between stator winding
inductance L, and rotator inductance L,
v, : Voltage value in real-time ¢ of the
residual-voltage damped-wave
@, : Rotation angular velocity of the induction
motor
I,y Actual rotator current value which flows
just before the power supply terminal of the

induction motor is opening

7, : Damping time constant (7, =L, /7,) a7
6, : Phase angle

The damping performance of the residual voltage is
determined by the damping time constant 7, and the
motor speed @,, and its frequency is equal to the motor

speed.

<

IIIIIIIIAZ)

out - Output signal

PRV I 1

)
I
|
'
1
|
|
t
'
¢
¢
t

of comparator

1 -

Fig. 8.
voltage of the comparator.

Relationship between Residual voltage and output
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The damping time constant 7, is constituted of the

rotor resistance r, and the rotor inductance L2

(r, =L, / ry) . Therefore, the rotor resistance 7, can be

calculated from the damping time constant 7, which is
determined by the motor terminal voltage.

Fig. 9 illustrates the relationship between the residual
voltage and the output voltage of its detecting circuit.

Fig. 9 also indicates the schematic block diagram of the
processing circuit to detect the residual voitage V,. The
detecting circuit of the residual voltage constituted by the
When

the residual voltage v, is higher than the reference

comparator and the photo-coupler, is very simple.

voltage Vs> the frequency of output voltage V| of the

measuring circuit corresponds to the frequency of the
residual voltage. On the other hand, when the residual

voltage Vv, is lower than the reference voltage V., the

output voltage V, does not change any more.

As shown in Fig. 8 and Fig. 9, a novel estimation
system of the rotor inductance L, will be explained in

the following.

IPMInverter

'Y
*]

Inverter system control
and drive circuit

| &,

Rotator equivalent resistance
detection algorithm

Comparator v a

Fig. 9. Schematic block diagram of detecting residual voltage.

Under the no-load condition, the decreasing of the
motor speed is too small and it can be ignored after
opening the motor terminals.

Considering the amplitude of the residual voltage alone,

the peak voltage value of the residual voltage v, is

defined as p, = ’_ 2o M .120|, then equation (18) can be

obtained.
Va
v,=V,-e’" (18)

where, V) :I_ \/Ea)rM ‘ 120\

In Fig. 8, when ¢ which is the time for the

residual-voltage Vv, to decline and become criteria

comparison voltage v is substituted for equation (18),
D g ref . q

the following equation (19) will be obtained.

Ve (19)

Vip, = Vy-e

This is transformed.

e_%’ =v . IV (20)

ref . (]

Calculating the logarithm of both the sides

__t_l_:ln v’_ef @2n
Ty Vs

Substituting  equation  (17) r,=L,/r,
L, = L, and equation (11)-(c) ¢ =L, -i,, into equation
(20) and solves about 7, then equation (22) will be
obtained.

It will be clear that the rotator equivalent resistance 7,

can be observed from the following equation (22).

v A%
7, Loy Y| : Dyl 2o 22)
2 Vo Lyt Vo

Finally, the gain coefficient K, of the slip angular

frequency including the rotor equivalent resistance 7,

from the equation (23).
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¥ 1 v,
K =—2=—In 2~
Lyt Vo

(23)

The block diagram for estimating rotor equivalent
resistance 7, is shown in Fig. 10.

The residual voltage after opening the motor terminal
v, and the reference voltage V. are constant, so that

the logarithm calculation in equation (23) is calculated in
advance and set.

Fig. 11 shows the experimental resuits of measuring
some kinds of motors by this estimation system and the
motors constants are as follows ;

« Rated voltages are 200 and 400v.
» Horse powers are from 1/4hp to Shp.
» Constructions of motor are 2, 4 and 6 poles.

According to the above-mentioned conditions, rotator
equivalent resistance 7, is measured about the induction

motor of a total of 36 types.

The difference between the estimated rotor resistance
value and the one measured by the method obtained from
no-load test and lock test is within & 10%.

As a result, the rotor equivalent resistance 7, of both
rated voltage 200V series and 400V series of the induction
motor are well coincidence and the measurement process

of rotator equivalent resistance ¥, by the residual voltage

of an induction motor is very effective.

Operatior of a slip angular-frequency constant

by pmemmnmemesanafoiecrieanc st rhas e ana ey, ,
+

Residual- i [The residual-voltage l N K
voltage Vt'"'f damping-time detection}!] L i R

detector ¢ algorithm of the f il
(Fig. 9) i |induction motor r
M v ~t
K =1n{ ™~ ) remanerr o
Vref
-

iy, :daxis current reference including the
measured a stator inductance value

K,, : Slip angular-frequency gain

Fig. 10. Block diagram of rotor equivalent resistance detector
of induction motor rotor.

4. Control System Configuration

Actual adjustable speed induction motor drive system
with machine parameter measuring scheme is shown in
Fig. 12. In addition to the vector control basic system of
Fig. 2, automatic measurement system of the induction
motor machine parameters is built into the system block
diagram of Fig. 12.

The flowchart to estimate the stator and rotor circuit
constants of the induction motor are shown in Fig. 13. In

Fig. 12, the switch in the measurement section of stator
winding resistance 7, and stator winding inductance L

is the measurement loop used at the time of measurement
of each induction motor constant, and shows that it is
separated from an operation loop at the time of an after
machine parameter measurement. Fig. 13 shows the
flowchart of the algorithm which carries out the induction
motor parameter automatic measurement of a vector
control inverter system with the proposed motor machine
parameter automatic measurement function to propose.
First, the frequency of the stator voltage is set to OHz,

and stator winding resistance 7, is measured. After

measurement of the stator winding resistance # , the
induction motor is rotated by predetermined angular

frequency and stator winding inductance L, is measured.

Finally, the rotor equivalent resistance 7, is measured

from the residual-voltage wave which is observed at the
power supply terminal after stopping the supply voltage to
the induction motor, thus the measurement process of the
induction motor machine parameter is completed.

The feasible system implementation is shown in Fig. 14.
The power conversion processing of the inverter is based
on the 3 phase-voltage-fed PWM inverter with IGBT
bridge. 16-bit DSP (ADSP1201 product by Analog
Devices) is used for the center of control. Special IC for 3
phase PWM signal generating of 8 bits resolution
(upc15015, product by NEC) is used for generating PWM
signal which frequency is 12 KHz. The A/D converter
which has 12 bits resolution and 8 microseconds of
conversion time are used for measuring the voltage
between phases and the line current of the induction motor.
The CT (DCS-150, product by TDK) in which the hall
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effective element is built in is using sensing the current of 1/O interface of the 7 segments LEDs for displaying the

the induction stator winding current. rotation frequency of the induction motor and also has the
In addition, the inverter system shown in Fig. 14 has ten keyboards by which inverter drive data is input in.
@ 20

by the Auto-tunning method
by the Auto-tunning method

Estimated rotor resistance r2
Estimated rotor resistance 12 (Q)

0 H
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Rotor resistance L (£2) measured by the

Rotor resista measured b
method of no-load and locked test rresistance 5, (£) sured by

the method of no load and locked test
(b) Rotor Resistance  of 400V rated Type
Induction Motors

(a) Rotor Resistance  of 200V rated Type
Induction Motors

Fig. 11. Rotor resistance values estimated by digital signal processor incorporated into inverter.
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Fig. 12. Block diagram of control system with a novel auto-turning machine parameter estimation scheme.
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The vector control software processing and the delay
based software processing of torque current component
can be achieved in term of DSP implementation and its
peripheral circuits. In this case, the control procedures
for the coordinate transformation and the reference voltage

can be achieved within 100usec . The machine

parameter estimations and the delay based processing of
torque current component in dynamic state can be
performed during the sampling time 7, (=Ims). In this
system, the current detection interface uses the isolated CT
(current transformer) with hall-effect sensing device and
12 bit A/D converter.

Measurement induction
motor circuit constants

| A
Z
Apply voltage of OHz e
frequency E
=
W
a
2
. S
Al =iy =iy =
* * 2
n=nta 4
&
5
le]
(¢}
no
h A
A
yes

Rotate the induction motor
on preset frequency.

QaueONpUI JOJelS SULINSBIN

d
|

2

Measuring equivalent

rotor resistance

Calculate gain of slip
angular frequency

(R )

Fig. 13. Flowchart of machine parameter automatic estimation
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<
EPROM | » | PWMsignal
N ol : modulator 5
: (Gate array) driver
) Interface
P! n YO /10 Keyboard
- v JLED display
Y 4
P oA Ly
| 8bitdch
Fig. 14. Feasible DSP circuit implementation of vector

controlled inverter.

5. Experimental Result and Their Practical
Evalutions

Fig. 15 illustrates the dynamic speed transient response
performance when step-rise load torque disturbance is
applied to this induction motor drive system from no-load
to full load torque. It is practically proven that the stator
current of the induction motor drive system becomes
stable without an excessive current in spite of largely
changed load torque disturbances.

In addition to this, in experiment, the speed regulation
factor in steady state is less than about 2.8% of the rated
speed over wide ranges speed settings as well as large load
torque disturbances. Furthermore, it is noted that the
transient recovering time (settling time) is to be about
300msec.

Table.l shows the machine constants measured by
means of no-load test and lock test.

Table 1. Machine Parameters
Motor rl(QQ) r2(Q)| L1 (H)
Rated
voltage :200V 2.50 2.47 0.15
Rated
voltage :400V 1.54 1.97 0.11

Fig. 16 illustrates the steady state torque vs. speed
characteristics of this motor speed control system. Note
that the steady state accuracy of speed regulation for two
induction motors is less than about 2% in a wide range of
speed and load torque variation conditions.
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Fig. 16. Characteristics between motor speed and torque estimated by novel machine parameter auto-tuning method.

6. Conclusions

In this paper, the high performance and accuracy

adjustable-speed  induction motor drive  system
incorporating sensorless vector control based three-phase
PWM IGBT inverter is demonstrated and characterized.
This inverter has a novel automatic tuning machine
operated circuit parameter estimation scheme in addition
to the effective PI controller to delay the transient torque
current component to reduce the excessive stator current

in dynamic disturbances.

In this paper, the slip angular-frequency control system
for speed sensorless vector controlling method of the
induction motor and the proposed automatic parameter
measuring method of a practical induction motor circuit
were explained, the trial production experiment and the
application experiment performed the property evaluation,
and the validity was made clear from an experimental
standpoint.

The inherent automatic tuning principle of the stator
and rotor circuit parameters has been presented from

theoretical and practical considerations.
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steady state variable speed regulation

characteristics and dynamic speed response performances

of this cost effective sensorless vector conirol inverter-fed

have been illustrated and tested from experimental points

of view.

The feature of this system is as follows.

ey

(2

(3)

Furthermore,

By measuring automatically stator winding

resistance 7, stator winding inductance L, and

rotor equivalent resistance #, which are the

induction motor equivalent circuit parameters, it
proved that this novel sensorless vector control
inverter is possible to control any kind of the
induction motor at high-speed response and high
precision speed control.

The novel measuring method of the stator winding
inductance L, is not the method of computing

the inductance value itself directly but the method

of operating the d-axis excitation current

component on d-q 2-axis coordinates as a

substitution value of stator winding inductance

L.

The system which measures the rotor equivalent

resistance value #, was adopted from

residual-voltage damping-time ¢, which is
generated when the power supply terminal of the
induction motor is opened under fixed rotation, as

shown in Fig. 8.

microprocessor does not detect the

residual-voltage damping-time ¢, directly, adapting the

circuit using the comparator and the photo coupler, the

rotor equivalent resistance #, will be possible to detect

without microprocessor’s burden.

Stator winding resistance 7, stator winding inductance

L, and the rotor equivalent resistance #, which are the

parameters required in the sensorless vector control

mverter system are able to be measured in short time and

high accuracy, and the validity and practicality of novel

measurement system were clarified.

(2]

(4]

(5]

tel

{71

9]
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