High Performance Adjustable-Speed induction Motor Drive System incorporating Sensorless Vector 99

JPE 3-2-4

High Performance Adjustable-Speed Induction Motor Drive System
Incorporating Sensorless Vector Controlled PWM Inverter with
Auto-Tuning Machine-Operated Parameter Estimation Schemes

lKOJi Soshin*, 2Yukihike Okamura, arek Ahmed and “Mutsuo Nakaoka

l’2Se:nsmg & Communication Technology Research & Development Laboratory Matsushita Electric Works, Ltd ,
1048 Kadoma, Osaka 571-8686, Japan
3"jDept of Elecirical and Eleciromes Eng , Yamaguchi University, Yamaguchy, 755-8611, Japan

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 shp frequency type vector controlled
sine-wave PWM 1nverter with an automatic tumng machine parameter estimation schemes In the first place, the sensorless
vector control theory on the three-phase voltage source-fed mverter induction motor drive system 1s developed n 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 1s 1llustrated and evatuated 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 1s based on three -phase high frequency
carrier PWM inverter with automatic tuning estimation schemes of the temperature -dependent and -mdependent machme
circutt 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 Ulustrated and discussed from an experimental point of view

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

1. Introduction control and systems tegration technologies relating to the
hugh performance adjustable-speed drives for nduction motor
In recent years, a variety of advanced power electronics applications which are based on the voltage-source type

three-phase current controlled PWM inverter using IGBTs and
its associated vector control scheme have attracted special

Manuscript recerved Dec. 18, 2002, revised Apnl 1, 2003 mterest m the fields of the mdustrial, transportation and
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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 vartous load operating conditions
should be measured and estimated automatically for the
purpose of sensorless vector control implementation
introduced for the nduction motor variable-speed drives
In particular, the complex temperature-dependent
rotor resistance variations of application specific types of
induction motor and different type mduction motors are
actually more sigmficant i not ounly the steady state speed
regulation accuracy but also for the setthng time at the
transient speed responses. It 15 difficult to achieve the
sufficient speed regulation accuracy 1n steady state as well
as the speed settlmg tme m dynamuc 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 apphcation specific induction motors

additon to some different types of general purpose

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 mverter with a specific
automatic auto-tunmg machime parameter estimation
scheme which 1s introduced to transient torque current
component due to transtent current suppression
feasible

This paper state-of-the-art

development and characterization on the general purpose

presents  the

and application specific mnduction motor variable speed

mndustry  whuch  applies  for  sensoiless

slip-frequency-based vector control implementation with a

drives m

novel automatic auto-tumng machime operated parameter
dsttmation scheme. The experimental results m the
feasible induction motor drive system treated here are
llustrated for speed regulation characteristics mn steady
state 1n addition to speed setting performances n dynamic
state and discussed from a practical pomnt of view

Fig. 1.  Equivalent dynamic circuit of induction motor on plane transformed to d-q coordinate frame axis

7  Stator winding resistance

¥ Rotor equivalent resistance
L, - Stator winding mductance

,  Rotor equivalent mductance
ll Stator leakage inductance

{ » Rotor leakage inductance

i] d d-ax1s exiting current componcnt
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il ¢ 4-ax1s torque current component
d-axis input voltage

. q-ax1s mput voltage
Mutual mductance between Ll - LZ

Shlip angular frequency
Rotot angular speed of d-q axis

Rotor speed of 3-phase dynamic model

T
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2. System Description and Control Strastage

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

Fig 2 shows an adjustable-speed mduction motor drive
system usmg slip frequency mode vector control based on
three-phase PWM 1nverter using the latest IGBTs. This
mduction motor variable speed drive system meorporates
PI 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
L,

Equation (1) gives the general voltage equation of
mnduction motor described and formulated on rectangular
coordmates (d-q frame coordinates), i which rotation
angle frequency denoted as .

Over Shooted Slip Anpular Frequency @,
J Delayed Ship Angular
Erequency Current g,

Reference Angnlar
Speed Reference Value @),

time
Actual Rotor Angler Speed @,

Angular frequency speed of rotor @ »
Slip Anglular frequency speed o 5

: Torque current without delay i,

A/ Delayed Torque

; Current Component i,

Torque current compnent 114

time

Fig 2 Influence on transient mode of i the case of mereasing

toique current component
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Vg rtolp ol (M/L)p 7(M/L2)(D i
v |_| oL@  rtolp (M/Lya (M[L)p | 1,
0 - ML, 0 KiL+p — @, thy
0 0 -Mn /L, @, niltp || é,
(1)

where, i, :Exiting current component of d-axis

Y, : Torque current component of g-ax1s

L, - Stator winding mductance
L, - Rotor equivalent mductance
Stator winding resistance
Rotor equivalent resistance

- Differential operator (=d/dr)
- Rotor angular speed

£

P

w

@, . Shp angular frequency

o : Leakage flux coefficient (=1-M?/ L L,)

M : Mutual mductance between stator wmnding

inductance 1, and cage form rotor inductance L,
Viz - Input voltage of d-axis

Vig " Inal voltage vale of d d-axis

v, ' Inputvoltage of g-axis

/. ¢2q : d-axis and g-axis components of rotor

flux described by

¢2d = Mi, + Ly, ¢2q = Milq + inzq (2)

Equation (3} 1s a state-space vector equation estimated
by rewrtting equation (1)

ol 1| —n— (/1) r, oL ML, (MiL)e, |2 | [V
P oL, - [ 2 _rl_(Ml"LJ.)ZrZ — (ML, ), (M/Lz)z g . Vg
thy M, (L, 0 -5, /L, o, Boy ¢

b, 0 M jL, —w, niL, | # 0
3)

Torque of the mduction motor T, 1s expressed as

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

T, =pM(y, iy =iy +1y,)

M .. {4)
=p 7 (llq¢2d —Yt,)
2
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i, d-axis current component of the stator winding
: g-ax1s current component of the stator windings
,q - d-axis current component of the rotor
. d-ax1s current component of the rotor

¢, : d-axis number of magnetic-flux mterlmkage of
the rotor
&, g 9-axis number of magnetic-flux mterlinkage of

the rotor

In the equation (4), torque 7T, wil be able to
controlled very easy by controlling the rotor magnetic
flux @, , to keep certam value and controlling the rotor
magnetic flux in order to be proportional to the current
orthogonalizes to rotor magnetic flux ¢, -

Rotator interlinkage magnetic flux @, equal to Mi,,

and @, =0 as shown m equation (5), it 1s possible to

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

The torque of 7, shown in equation (4) 1s expressed as

following equation (6) under the conditions of equation

&)
M
T,=p —ta-n, 6)
L,

If the conditions of equation (6) 15 satisfied, reference
value @, of slip angular frequency can be formulated by

the equation (7)

N

K m equation (7) 1s the gamn of shp angular

frequency @, , and is given by the following equation (8)
¥
K =" (8)

m
2d

Vector controlled PWM mverter supplies the specific

voltage expressed by equation (9) substituting
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$,q = Mi,, (constant) and @, =0 to equation (1) for
the induction motor 1n steady state

Vie| | n —oly, | ©
Vi, Le r i

q

Under these conditions, @, 1s calculated from the

torque current components #, by rewntmg equation (3
q p g oY gcq

and the velocity of mduction motor could be comcided
with the reference value of the stator frequency adding
a): to speed reference a)r*

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

obtamed by

M oM
s 1
L2¢2d ! L2¢2d N

(10)

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

of torque current component #;, 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 n accordance

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

speed @ can be regulated by not making drastic changes

of the reference slip frequency a):. The reference slip

frequency a)s* 1s calculated by substituting the output
value of the PI confroller which nput 1s the detected
torque current component L, g 38 mdicated 11 equation
(10) above

Because the mverter provides the voltage compensated
for the voltage drop which 1s caused by the motor If the

starter resistance r and the inductance I, value set to

the nverter have some error with the actual value of

hand 7, ,the error appears as the error of motor current
On the other hand, the rotor resistance 7, 15 to be

contained 1n the proportional coefficient for operating ship
angular frequency from torque current component n



High Performance Adjustable-Speed Induction Motor Drive System incorporating Senscrless Vector...

equation (10), the error of rotor resistance 7, 1s o

an error of slip angular frequency @, .

cause

The effect of the integrator adopted in order to negate

the nfluence 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 £ g 18 directly used as

slip angular-frequency reference valuei, ;> and the

Case

where detected torque current component ¢, s delayed

by the integrator. Since large overshoot appears m ship

angular frequency @@, 1n case where there 15 no mtegrator

Fig 2 shows that it 1s the validity of an integrator

Vector Control Block

103

3. Novel Practical Approach of Machine
Parameters

3.1 Influence of the induction motor parameter
errors

In this section, the novel antomatic auto-tuning scheme
of the induction motor parameters 1s that 1s necessary to be
driven by vector controlled inverter 1s explained Fig 3
depicts the developed dynamic model of the senseless
vector controlled PWM inverter system. This system is
destgned 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 obtammmg mstant torque component

Commercial Power

A N “; acovioov | ] |
d-Awx Excitation ] E L] E 50/60H7 3-Phase
Current Reference ¢, : Current Controller 1 Rectifier

! (PI Controtter) ' | T
Stator Col é i v, | 2axsto3 axs V: y| 3-Phase
Inductance J ; . Coordinate v: Voltage-fed
Reference 4 ; ; Y| Conversion y: | PWM Sue

E : (dg — UVW) | Inverter

; ‘ wlv|w

Rototr Angulas k '
velocity Reference @,
ii Curent Contyoller ' w-; /s g
i (P1 Controtler) : = a): + w:
E i K,=nlth)
E ................... .E . 3 axis to 2 axis . T |
5\ ® :q Cootdinate ‘"Tu"*"*"’ <4
Torque Control Current Delayd Circuit i Convelsion LA S
(UVW — dg)
L, Stator Coil Inductance @, . Shp Angular Velocy Reference M
i Stator Coil Resistance @ Rotator Angulai-Velocity Reference
& Leakage Flux Coefficient @  Voltage Angnla Frequency (@=w, + @)
o electrical angle for Axis-of-coordinates

conversion / teverse Conversion

Fig 3
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Schematic block diagram of sensorless vector controlled inverter system for induction motor drive
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current I, o and the voltage reference value 1s given to a 3

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

L, Stator winding inductance
[, : Leakage mductance
¥, Stator winding

¥, . Rotator equivalent resistance

Fig. 4 represents the experimental result of the
mduction motor speed regulation under the conditions of
low frequency at 3Hz and high frequency at 60Hz m case
of adapting some errors to three motor parameters. Fig.
4-(a) shows that stator winding resistance # influences

the speed regulation n the range of low frequency, and

variation (rad/sec)
<=

Rotor angular velocity

-8

~An o Mg

-10
~3An  -2An 34An

(a) Error of stator winding resistance

10 T

]
j

variation (rad/sec)
[T )

Rotor angular velocity
&

|
o
Y
!
t
t
!
R R e Bl el el
1
i
'
3
S R

o co

AL 0
(c)Error of stator winding inductance L,

3AL,
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also stator winding inductance L, influences the speed
regulation 1 the range of high frequency Fig 4-(b)
displays the rotor resistance r, gives ifluence to the
speed regulation for any frequency range. Fig. 4-(c)
displays that the error of stator winding inductance L,
has large influence mn higher frequency (60Hz). Fig 4-(d)
shows that the leakage inductance [, does not give much

wifluence. The above result shows as follows
When the general-purpose mduction motor 1s driven by

the vector control 1nverter system, 1f the parameters of

stator winding resistance ¥, , stator winding mnductance

Ll and rotator equivalent resistance #, can be estumated,

1t 18 possible to control the three phase mnduction motor
with sufficient accuracy However, 1t 1s difficult for user to
estimate the parameters of the general-purpose mduction

194 r 1O 60Hz
B N
RN [ T
— (%) 1 t 1
TN U SR . N AU S .
o . 1 1 1
< 0 1 1 1 1
T ] £ 1 T
E) = ' 1 i '
C 4, F---- [ G [, S [
g = -2 1 ' '
=T S [P R o
8 E | ' i
o ¥ 6 F--—- I U U PR, N
| t 1 i
M 77777 \____I __________ o !____ )
* T TR
10 : ; ; ;
—3Ar, -24Ar, -Ar, ¢ Ay, 2Ar, 3An
{(b) Error of rotor equivalent resistance r,
0 ! l O 60Hz
3 rTTTTT T TTtiAa 3Hz
1 3
BT o
13 D 4 - E______l __________ L
- N B N e
4 = -
"én ; | ' |
g2 - AR RAEES R e
§ 8 4 |---- AP RN E— TR
1~ 5 -4 1 1 : 1
2 6 F---- [P N S — T Leeen
g o o
i oS E U S S
S3AL 2AL AL o AL 2AL 34

{d)Error of stator leakage inductance /

Fig 4 Relanonship between error of induction motor parameters and speed change
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motor 1n fact.
The reasons are

(1) User needs to mput the parameters of the
mduction motor into the vector control mverter

system.

(2) User needs the special measurmg device and
special techmical knowledge fo estimate the

parameters of the induction motor

Then, 1f the vector controlled inverter system itself can
measure the parameters of the adapted general purpose
induction 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 wall

becomes very hugh.

Next, m order to judge the possibility of measurement
of the mnduction motor circuit constants required for vector
control nverter system, the relationship between the stator

winding resistance #, rotator equivalent resistance #,,
stator winding mnductance L1= d-ax1s current component
of the stator i,,, q-axis current component of the stator

i, and rotor angular speed @, of the mduction motor

parameter are measured.

Fig 5 represents the expernmental results of the rotor
current regulation so as to adapt in accordance with some
errors to three mduction motor types of system circuit
parameters, Fig 5 (a) and 5 (c) show that the vanations
of the stator winding resistance ¥ and stator mductance

L, cause the variation of stator current A g and 7,

Therefore, 1t 18 possible to estimate 1ts stator winding
resistance  # and stator winding iductance 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 ¢, 1tself because changing
rotor resistance 7, changes the rotor speed @, but not

the stator current i ,and i, does not change the rotor

speed @,

The novel automatic estimation scheme of these motor

parameters without speed sensor 1s discussed below
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0 1 r f v

40 b obeeedeee et O @
‘30{ E~ s FAR
2 : h

% regulation of stator
winding current {96}
= B

~3An ~24n —An g A 2An 38y

{a) Brvor of rotor wingding resistance /|

%% repulation of stakr
wingling current (%)

£
=
T
1
1
i
'
b - g

~3Arn -248 ~& ¢ Ar, 24 34n

{b} Error of rotor equivalent resistance 2

winding current (%)

Yo ropulation of stator

i} : |

ki 3 B
<3
=3Ar ~288 —A8 E: ER T, V. V1.8

{r) Brrur of stator winding imductance £,

Fig 5 Relationship between error of mnduction motor
parameters and speed variation

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

avold the mfluence of the stator mductance L1° Under
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Stator Col Inductance
Refeience rl*

d-Aix Excitation
Stator  Resistance "

Measwrement L2048

Operation Algoithm

Current Reference 4, + _ Ay,

ha h
H
d axis current detected value

4

Ay,

N
l Ar +; | IAridelermmazed I

An, 15 changed until Aq, 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 g

is equal to zero, thus the following equation described as

the product of # and l]; can be obtamned by

substituting v, = 0 to equation of v, = 5, d*.

Accordingly, adapting this nitial value of v, d*to the

motor, measuring actual exciing  current ) d

adjusting 7 value i order that 4, will be equal to i d*.

As a result, stator resistance # can be estimated

Fig 6 shows the method to estimate the stator resistance

#; This measuring apparatus consists of the integrator

3.3 Estimation of stator inductance

After measuring the stator resistance r , the stator
inductance L, 1s measured by driving the mduction
motor at constant speed with no-load In this case, the

deviation of angular velocity ), and the torque current

component i,

equation (9), the equation (9} can be rearranged to the

following equations

JE

Vig =H "ha

Copyright (C) 2003 NuriMedia Co., Ltd.

4

are zero Substituting §, =0 to the

(11) - (@

(1) - (b)
(1) - {¢)

vlq:a)-qé
$=1,-i,

The reference flux ¢ determined by the rated voltage
of the mduction motor 18 described as the product of the
stator mductance L1 and the exciting current component
by
That 15,

it =gl (12)

According to the equation (12), the mismatched error of
stator nductance AL, 1s to be detected as a variation of

the exciting current component {, The staor inductance
I, 15 measured by the following procedure If the stator
inductance 15 AL, larger than the preset value into the
inverter, exciting current component #; 1s smaller as

Ai, For example, the value of an actual induction motor

stator winding inductance I, is larger AL, more than

above-mentioned 1nttial-settng  value L: , from the
v* v

equation of 7, = ¢/ L, d-axis current £, of excitation

current component becomes more smaller than the actual

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

equation of i,, =@/ L, will be an deform mio the form

equation (13)
iy + Ay = 9N(L +AL) (13)

Equation (14} 1s obtained by subtracting equation (12)
from equation (13).

1 1

=l ¢ (14)
(L, +AL) L

Ai,

Reference voltage V|, of g-axis 1s obtamned by the

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

motor 18 constant, since interlinkage magnetic-flux ¢ 1s

the constant and change of d-axis current 7, of a stator

winding does not affect g-axis reference voltage vl* g
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However, since d-axis voltage V|, of the stator

winding 1s mfluenced by the error of d-axis current i,
from the equation (11)-(a} and the error of stator winding
inductance L] 1s influenced as a result, and 1t can

express with the equation (15).

1 1

Av,=n Ay =|—"7"——
ld 1 1d {(L|+AL|) Ll

]’1 - (15)
Since the stator winding resistance 7 has been

measured and fixed, the difference between the reference
value and the detected value of exciing current
component Af 4 depends on the mismatched error of the
stator mductance. 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 mnductance will be exactly set to the actual value
The  stator
demonstrated in Fig 7.

inductance  estimation  system  is

InFig. 7, d** 15 the preset value of reference exciting

current component

-
v =4 ny)

T

Cuirent erior

d-Arx Excitabion
Curreni Reference

I 3
. 1
i 1
1d H

+
d axis current detected value
1

Ar,

No
| y, = AL, - 1 l!;; determmated!

Repetition

L, measurement
completion

Yal=1 &)
fi4 15 changed until Aty, becomes equal to 0

Fig 7 Schematic block diagram of nductance detector of
mduction motor stator winding
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3.4 Estimation of rotor resistance

When the terminals of the induction motor driven by the
sine~-wave PWM mverter are opened, the motor terminal
voltage Vv, will decreases gradually shown m Fig. 8,

This voltage Vv, 1s defined as the residual voltage, and

represented by equation (16).

v, = —‘\/EW,M 'Izoe%') -sin(e,f + &) (106)

where, M Mutual inductance between stator winding

mductance L, and rotator mductance L,

v, : Voltage value mn real-time ¢ of the
residual-voltage damped-wave

@.. Rotation angular velocity of the mnduction
motor

1,y Actual rotator current value which flows

Just before the power supply terminal of the
induction motor 1s opening

T, Damping time constant (7, =L, /r,) (a7

@, . Phase angle

The damping performance of the residual voltage 1s
determined by the dampmg time constant 7, and the
motor speed ¢7,, and 1ts frequency 1s equal to the motor

speed

e B

.1, -

Fig 8. Relationship between Residual voltage and output
voltage of the comparator
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The damping time constant 7, 1s constituted of the
rotor resistance ¥, and the rotor inductance L,
(z, = L,/r,) . Therefore, the rotor resistance 7, can be

calculated from the damping time constant 7 which 18
determied 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 mndicates the schematic block diagram of the
processing ciurcuit to detect the residual voltage Vv . The
detecting circwit of the residual voltage constituted by the
When
the residual voltage v, 1s higher than the reference

comparator and the photo-coupler, s very simple

voltage V, ., 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 V_ 1s lower than the reference voltage V., the
output voitage V; does not change any more

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

the following.

IPM Inverter

POy PR
'

Inverter system contiol
and duve circuit

K

0

Rotator equivalent resistance
detection algorithm

vV
' Comparator a

Fig 9 Schematic block diagram of detecting residual voltage
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Under the no-load condition, the decreasing of the
motor speed 15 too small and 1t can be ignored after
opening the motor termunals,

Considering the amplitude of the residual voltage alone,
the peak voltage value of the residual voltage v, 15

defined as p, =|_ \Ew, M 120|, then equation (18) can be

obtained.
V.
v, =V, -e’" (18)

where, V, =‘-— «/Ea)rM ']20|

In Fig. 8, when # which 1s the time for the

residual-voltage v, to declme and become criteria

comparison voltage v, of 18 substituted for equation (18),

the following equation {19) will be obtammed
Vi
vy =Vye " (19)

This 1s transformed

_tl

e’ =v, 1V (20)

Calculating the loganithm of both the sides

I Veef
—~—=In| — 21
w2 o

Substituting  equation  (17) Ty =L, /r, )
L, = L, and equation (11)-(c) ¢ =L, -1,, nto equation

(20) and solves about #, then equation (22) will be
obtamned
It will be clear that the rotator equivalent resistance #,

can be observed from the following equation (22),

L vre vl‘(i

po=—2n Y |= $ In| = (22)
P 14 i -t v,
1 4] 14 1 4]

Finally, the gamn coefficient K, of the slip angular

frequency iwcluding the rotor equivalent resistance #,

from the equation (23).
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v
K, =—% = L | Ve (23)
by By b Vs

The block diagram for estimatmg rotor equivalent
resistance #, 15 shown nFig 10

The residual voltage after opening the motor termunal
v, and the reference voltage Vs are constant, so that

the logarithm calculation 1n equation (23) 1s calculated m
advance and set

Fig 11 shows the experimental results 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
equvalent resistance 7, 1s measured about the mduction

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 1s 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 comceidence and the measurement process

of rotator equivalent resistance ¢, by the residual voltage

of an mduction motor 1s very effectrve

Operatior of a slip angular-frequency constant

"
L¥

Residual- ! [The remdual-voltage L :

voltage [ Vour | ldamping-time detection|y kO K,

detecion . algorithm of the h 1 '
Fig 9 i [industien motor l—’

v : :
K =1a( o Y Mresanmnseanre i annn b e e -
( Vref

d axss current reference including the
measured a stator inductance value

t
K, Ship angnlar-frequency gain

Fig 10 Block diagram of rotor equivalent resistance detector
of mduction motor rotor
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4. Control System Configuration

Actual adjustable speed induction motor drive system
with machine parameter measuring scheme 1s shown in
Fig 12 In addition to the vector control basic system of
Fig 2, automatic measurement system of the induction
motor machine parameters 15 built mto the system block
diagram of Fig 12

The flowchart to estimate the stator and rotor circmt
constants of the mduction motor are shown m Fig. 13 In
Fig. 12, the switch 1n the measurement section of stator

winding resistance 7 and stator winding mductance L,

1s the measurement loop used at the time of measurement
of each mduction motor constant, and shows that 1t is
separated from an operation loop at the time of an after
machme parameter measurement Fig 13 shows the
flowchart of the algorithm which carries out the induction
motor parameter aufomatic measurement of a vector
control mnverter system with the proposed motor machine
parameter automatic measurement function to propose.
Furst, the frequency of the stator voltage 15 set to 0Hz,

and stator winding resistance 7, 1s measured. After

measurement of the stator winding resistance K. the
induction motor 1s rotated by predetermmed angular

frequency and stator winding mductance L, 1s measured

Finally, the rotor equivalent resistance 7, 1s measured

from the residual-voltage wave which 1s observed at the
power supply termmal after stopping the supply voltage to
the mduction motor, thus the measurement process of the
wduction motor machine parameter 1s completed

The feasible system mmplementation 1s shown n Fig. 14
The power conversion processing of the mverter 1s based
on the 3 phase-voltage-fed PWM mverter with IGBT
I6-bit DSP (ADSP1201 product by Analog
Devices) 15 used for the center of control. Special IC for 3

bridge

phase PWM signal generating of 8 bits resolution
{apcl5013, product by NEC) 15 used for generating PWM
signal which frequency 18 12 KHz. The A/D converter
which has 12 bits resolution and 8 mucroseconds of
conversion time are used for measurmg the voltage
between phases and the line current of the induction motor
The CT (DCS-150, product by TDK) in which the hali
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effective element 1s built in 15 using sensing the current of 1/O interface of the 7 segments LEDs for displaying the
the mduction stator winding current rotation frequency of the mnduction motor and also has the
In addition, the inverter system shown m Fig 14 has ten keyboards by which inverter drive data 1s mput 1o

[

[==]
b
<o

—
wh

¥,

Estimated rotor resistance r2 (€2)
by the Auto-tunning method
o

by the Auto-tunning method

Estimated rotor resistance 2 (€)

0 2 4 6 8 0 12 0 2 4 6 g 10 12
Rotor resistance # (£2) measured by the

Roto tan Q asured b
method of no-load and locked test presstifice r, (£) measuted by

the method of no lead and locked test
{by Rotor Resistance  of 400V rated Type
induction Motors

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

Fig 11 Rotor iesistance values estimated by digital signal processor incorporated mto 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
for the coordinate transformation and the reference voltage
can be achieved withm 100 usec .

In this case, the control procedures

The machme
parameter estimations and the delay based processing of
torque current component in dynamic state can be
performed during the sampling time 7, (=lms) In this
system, the current detection mterface uses the 1solated CT
(current transformer) with hall-effect sensing device and
12 bit A/D converter.

Measurement induciion
motor CIrcilt constants

Apply voltage of O0Hz
frequency

[
Ll

"
l

' Wi ,
Aiyy =1, —iy

# &
ho=h O

20URSISAY 1018)s SULINSES

e
|

Rotate the induction motor
on pieset frequency

sotrionpul 10]e3s SuLmsesiy

€
wl

Measuring equivalent
rotor resistance

Calculate gain of slip
angular frequency

| Y

C R )

Flowchart of machme parameter automatic estimation
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of the induction motor
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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 1s practically proven that the stator
current of the mduction motor drive system becomes
stable without an excessive current in spite of largely
changed load torque disturbances.

In addition to this, i experiment, the speed regulation
factor m steady state 15 less than about 2.8% of the rated
speed over wide ranges speed settings as well as large load
torque disturbances Furthermore, 1t 15 noted that the
transient recovermng time (settling time) 15 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 r(93) r2(€) | L1(H)
Rated
voltage 200V 230 247 015
Rated
voltage 400V I54 197 ol

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
mduction motors 1s less than about 2% 1n a wide range of
speed and load torque variation conditions
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6. Conclusions

In this paper, the lhigh performance and accuracy

adjustable-speed drive

induction  motor system
mcorporating sensorless vector control based three-phase
PWM IGBT 1nverter 1s demonstrated and characterized.
This mverter has a novel automatic tuning machme
operated circuit parameter estimation scheme m addrtion
to the effective PI controller to delay the transient torque
current component to reduce the excessive stator current

1n dynarmic disturbances
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Characteristics between motor speed and torque estimated by novel machine parameter aute-tuning method

In this paper, the shp angular-frequency control system
for speed sensorless vector controlling method of the
mduction motor and the proposed automatic parameter
measurmng method of a practical induction motor cireunt
were explammed, the tnal production expermment and the
application experiment performed the property evaluation,
and the validity was made clear from an experimental
standpoint

The mherent automatic tumng principle of the stator
and rotor circurt parameters has been presented from
theoretical and practical considerations
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The steady state  varigble speed  regulation
characteristics and dynamic speed response performances
of this cost effective sensorless vector control iverter-fed
have been 1llustrated and tested from experimental points
of view

The feature of this system 1s as follows

(1) By measuring automatically stator winding

resistance #;, stator winding inductance L, and

rotor equivalent resistance 7, which are the
mduction motor equivalent circuit parameters, 1t
proved that this novel sensorless vector control
mverter 15 possible to control any kind of the
induction motor at high-speed response and high
precision speed control.

{2} The novel measuring method of the stator winding

inductance L, is not the method of computing

the mductance value 1tself directly but the method
of operating the d-axis excitation current
component on d-g 2-axis coordmates as a
substitution value of stator winding mductance

L

{3) The system which measures the rotor equivalent

resistance  value 7, was adopted from

residual-voltage damping-time £, which s

generated when the power supply terminal of the
induction motor 1s opened under fixed rotation, as
shown in Fig 8.

Furthermore, mucroprocessor does not detect the
residual-voltage damping-time ¢, directly, adapung the
circuit using the comparator and the photo coupler, the
rotor equivalent resistance 7, will be possible to detect
without microprocessor’s burden

Stator winding resistance 7, stator winding mductance

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

parameters requred m the sensorless vector control
mverter system are able to be measured m short time and
high accuracy, and the validity and practicality of novel
measurement system were clarified
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