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Abstract -— MHNew quick tesponse and high efficiency
contrel of an induction mocot which Ls quite different
from that of fleld orlented one lis proposed. The most
obvious difference between the two are as fallows;

(1) The proposed scheme {g based on limit cycle
coatrol of both flux and torque uslng optimum PWM
output voltage. An awitching table {5 employed far

selecting the optimum lnverter oucput voltage vectors
3o as to attain as fast torque response, low inverter
switching frequency and low harmoanlc losses as pos-
sible.

(2) The efficlency optimizacion {n the dready stare
operation s also congidered. It can be achieved by
controlling the amplitude of the flux {n accordance
with the toerque command.

To verlfy the feasibllity of this scheme, experiment,
simulation and comparison with field oriented control

are carried out. The resuits prove the excellent

charactaristics for torque response and effficiency,

whtich confirm the validity of this control scheme.
1. INTRODUCTION

According to the advance of factory aucomation,

servo systems became indispensable to various applica=
tions such as industrial robots and numerical con-
trolled machinery. Especially, the progress of an ac
serve system ls remarkable owing to maintenance free
system. In recent Yyears, {t becomes to employ field
oriented contrel, which enables an induction motor to

attain as quick torque response as a dc moror. The
principle of 1ts torque generation is based on the
interaccion between the flux and current like a dc
mator (1] . Fig.l{a) is a system configuration of
a typical field orientation drive. In this system,
the flux current component Ig* and the torque current
component I_* are astimated from both flux command

y2* and torque command T* by using a calcularor pos-
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sessing motor parameters. The system usually employs
a position sensor for coordinate transformation of the
current components and a current controlled inverter.
Therefore, Lif the values used in the calculator

deviate from the cerrect ones, both steady state and
transient response would be degraded. A number of
papers have reported the problem . and exploved the
means of compensation {2} - [4] . There also remains
some problems concerning Lnscantaneous current con-—
troi. Since the current controlled lnverter contains
three independent hysteresis comparators, it is
difficult co avoid increase of the inverter switching
Erequency, torque ripple and harmonic losses of the

machine in the steady state operation. Moreover, when
the PWM inverter saturates, sufficient torque response
would not be expected.
This paper describes
induction wmotor [5].

a2 novel contrel scheme of an
The principie of it is based on
limit cycle control and it makes possible both quick
torque response and high efficiency operation at the
same time. Fig.!(b) shous a system configuration of
the proposed scheme. 1In this system, the instantane-
ous values of the flux and torque are calculated from
only the primary variables. They can be controlled
directly and independently by selecting optimum
inverter switching modes. The selection fs made so as
to restrict the errors of the Flux and torque within
the hysteraesis bands and 10 obctain the fascest torque
response and highest efficiency at every instanc. It
enables both quick terque Tresponse in the transient
operation, and reduction of the harmonic losses and
acoustic noise. Moreover, the implementaction of an
afficiency controller is also considered in oder to
imprave the efficiency 1in the steady stace operation.

I1. DYNAMIC BEHAVIOR OF AN INDUCTION MOTOR

By using ilnstantaneous Vectors, the behavier of a
pachine can be conveniently exprassed not only in the
steady state but also in the transient state. Ia this
section, in oder to examine the transient torque
response of an {nduction motor, an application cf the
vectors to the charactaristic aquacions i3 described.

The primary volrage vector Vi is defined by thae
following expresaion [6].

vl-JZI3[y1a+v1bexp(j2!/3)+v1cexp(141/3)[ (L)

where via, vib and vic are instantanecus values of the

primary line=-to—neutral voltages. Similarly, the
primary current vector i; and the secondary currenl
vector 1; are given by
11-¥2/3[Lla*L1bexp(j2H/3)*11cexp(jél/3)] {2}
Lz-/ZIS[izaftzbexp(j2ﬂ/3)+£zcexp(jhw/3)i 3
These vectors are represented in a d-q stationary

reference Erame. Using the vector noration, the equa-
tions of a two pole induction metor can be written as

vy Ry*plyy L) L
4 . @
Q (p-jdm)M Rp+{p-)8m)lzz] L1
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T“’l'('jil) (5)
whera R stator resistance, R; : rotor resistance,
Ly : stator self inductance, Lzz : rotor gatf Lnduct-
ance, M : mutuai inductance, 9w : mechanical angular
velocity, T : electromagnectic torque, - & scalar
product and ¥ primary flux linkage vector.

9 L3 given by

LIGISTTRRG Y] (6)
Under the condition of a constant amplituda of %y,

{.2. a congrant ampiitude of the wmagnecizing current
vector lg of che scator, let's examine the torque step

response of the motor. ig is aobtained by dividing
Eq.(6) by Lll'
Lo=9)/Lyp=iy#(H/Ly)L ("

Both iy and 1) can be wricten in the form of the pelar
coordinates as

1g=Tgexp(j8q), 11=Tyexp(jdq) (8)

considered to be a constant creferance
an angle between 1p and the d-axis.
inro Eqs.{4)} and (7), the foilow=
the rotor equation

where I is
vecror and 9y is
Substitucting Eq.(8)
ing relation can be obtained from
in Eq.(4).

- RreGmideite ®
Rz+(pr1ds)t

whare L=(Lyjlzz-#%)/Ly; and Ba=d,y-fm. 8s is an
inatantaneous slip angular frequency of ¢y referred to
the rotor. Assuming, Che condition of constant 6m, Lf
che atep change of 95 is applled ac t=0, 85 can be
also regarded to be stepwise at t=0 and then constant.

Subscituting Eqs.(7) and (B) into £q.(5), the torque
is represented by using Ig and I;.

Toly ot HIa( I (5)]) {10)

whara L-! means the loverse Laplace transformation and
Im means the imagipary part of the vectors. Conse=-

quently, by subsctituting the Laplace transformed I, of
be derived aa

Eq.(9) 1inte Eq.(10), the solution can
3 2142 27,2 .
-8R I - RoM71o sin(8st+a)
zz 1z

Litlo ’ 2
- =37 [La2To-tRe(T, |t_0)1 sindsc

- LyiToIm(Xy | o) cosbat)exp(-Rt/L) (11)
36,
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Fig.2. Torque response for step cha;ge of Ba

whece z=iRp2+(832)211/2, guran-l(8s2/Ry) and Re means
the real part of che vectors. Thisg equacion rapre-

gents tha torgue step response to the slep change of
83 under a conscanc l&ll. The Eirsct and second cerms
of Eq.(ll) show steady state and ctransient torque
respectively.

8y differenciating Egq.(ll) with respect <to t, the
vrace of increasing corque at t=0 can be obtained.

4T

L1l .
S W B prg-tRe(Ty | o)) s-Reim(Ty| )} (12)

t=0

of 81 1is always positive and
large, che quick torque response can be attained by
uging as much 8s as possible. TFig.2 shows some
simulation cesults of the Corque response to the
step change of 8s. The rate increass is approximate-
ly propotional to #g, but the corque has the maximum
value at 83=2¢-15 vradfsec in the steady srtate.

Since the coefficienc

ITI. SPACTIAL FLUX VECTOR CONTROL BY PWM I[NVERTER

In the preceding section, an ideal powaer source with
sinusoidal voltage and variable frequency output was
considered. In practice, a power source which has
innherencly stepwise volrage waveforms such as a PWM
inverter should be considered. The {nstancanecus
vectors of the PWM fnverter are regarded as discrece
values, and cthe analysis wusing the Lastancanecus
vectors ls suitable for investigating dynamic behavior
of the machine.

Fig.3 shows a schematic diagram of a PWM Inverter
drive system. In this Ffigure, the line-to-neutral
voltage v a, vib and vi¢ are detarmined only by the
inverter switching wmodes. Considering the combina-
tions of the status of switches Sa, b and 5S¢, the
inverter has eight conduction modes. 3y using swlt”h-
ing functions 3a, Sb and Sc¢ of which value is either |
er 0, tha primary voitage vectar ¥y of Eq.(l) is
represented as

v (5a,5b,5¢)=v¥2/3V(SarSbexp(]2x/3)+Scexp(J4n/I)](L3)

Fig.3. Schematic diagram of PWM inverter

d
“vl(luolo)
vi(l.0,0) vi{l,1,0)
vi(0,0,0)q
5 vi(1,1,1)
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Yor(0,1,0

Flg.4. Instantaneous voltage vectors
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where V {3 a de 1liok volcage of cthea PWM invecer.
Accarding to the combinacion of the switching modas,
tha voltage vectors are specified for eight kinds of
vectors, two of which are zero voltage vecrtors
v1(,0,0) and vi(l,1,l), and the athars are nanzera
voltage vectors n1{(0.0,1), ***, v1(1,L,0) as shown in
Fig.s (6] - (8].

Since tha flux linkage vector is axprassed by an
iacagral of the voltage vector, aubscitucing £q.(6)
{nto cthe stator equation in Eq.{4), the primary flux
linkage vector $p Ls represented as a different style
as follows.

w1=/ (v -RyLy)de (la}

During the switching incervals, each vector v1(0,0,0),
eea, wyp {1,1,1) is constant so chat substituting

£q.(13) imto Eq.(l4) gives

t1-4213V[Savaexp(j2n/3)+5cexp(jbn/3)]t
—R;Iildt*tllt_o (15)

Considering cthat the voltage drop of the winding 1ia
small, cthe trajeccry of ¢; moves in direction to the
faverter output voltage vecter (7] - (9] When the
output is one of the nonzero voltage vectors, ¥ moves
it a constant velocity which is propoticnal to the
output valtage. In the case of a zero voltage vector,
the velocity i{s very small and considered to be
approximately zero because of the small value of Ry,
Therefore, by selecting these vecrors appropriately,
the trajectry of ¥y can follow up to the specified
locus. For example, by selecting adequate voltage
vectors, |#;| can be kept constanc as illusclaced fn
Fig.5 and the rotating velocicy of ¥y can be con-—
trolled by changing the output ratlo between zeroc
vectors and the nthers.

Thug &8s and [¥y]| Ls greacly concerned with the
gynamic torque and efficiency. If che amplitude and
rotating velocity of 9y can be changed freely, the
desirabie torque control and mianimum loss operation
would be obtained at a time.

IV. TORQUE CONTROL FOR QUICK RESPONSE

Fig.5 shows an example of conatant Itll contral.
The selection of wy(5a,5b,5c) 1s aade so¢ that the
ervor between |¥y| and 1its command Itll* satisfies to
be within the limits of alw |, i.e.

|y *-aley[/25 [9y] s [er]nealw /2 (16)

The selection depends on not only the error of the
amplitude but also the direction of ¥). As shown in
Fig.5, the inverter output voltage vecctors change
periodically by w/3 rad sceps. Accordingly, in order
to discriminate the direction, the d-q plane 18
.devided into six reglona as

/
VI(I,I,D) V‘l(oillo)

8(1) // w1 (0,1,1)
N /
\ v1(0,1,0)
\ 89/ 0
\\ 7
/
vi(1,0,0) , AR |1

\u as) 0N eyt _J"L“M

8(4) (3}

Flg.5. Selection of voltage vectors for ¥

(ZN=-3)w/6 § A(N) S (2N-1)n/6 (17

whare Nel, <«+,6. For example, if ¥y is in the ragion
of 9(2), v1(0,1,0) amd vy{0,1.1) ecan sacisfy Eq.(L6)
for clockwise rocacion. When |¢1| reaches tha upper
limit of |#y]*+a{vr|/2, w; {0,1,1) must b selsctaed.
Whan |¢y| reaches the lover limit of [wyl==a]wy]/2,
v1{0,l 0) wust be selacted. On the other hand, for
councerclockwise ratation, wy(1.0,0) and wy{(1,0,l)
should ba selacted in 8(2). Thus, two dimensional
limit cyele contvol of )| makes possible a conscanc
|wll by salacting the appropriata voltagsa vectors.

According to Eq.(l2), under <conscant |w1| concrol,
the rate of increasing torqua is almoat propotional
to #s. Therefore, when T Ls small comparing with irs
command T*, it (s nacessary to lncrease T as fast as
possibie by applying che fascest 3g. Accelaracing
vectors which possess the maximum dg of clockwise
direction can be uniquely saleacted by the regions
8(N). When T veaches T*, it Ls bettar co decreasa T
as slowly as possible for decreasing the inverter
switching Cfrequency. Thae slowveat degenerative opeza-
tion might be obrained by using zero voltage vectors.
Fig.5 shows torque control of cthis scheme for the
clockwise operation. The salection of vy{Sa,5b,5c) 1is
made so that the error of T sactisfies to ba within the
lim{ts of both AT and afwyj, i.a.

Th-aT S TS T* (when ¥ rotates clockwisae)
(18)
T*§ TS T*+4T (when 9y rocares counterclockwise)

Assuming that ¥y rotates clockwise, when T reaches T%,
4 zero voltage vector Ls salected to stop ¥y and _de-
generats T. This correspoads to thae cass of fa=-3m<0
in Eq.{12). On cthe other hand, when T reaches T*-AT,
one of the accelerating vectors vhich rotates ¥
clockwise at omaximum angular velocity Ls selected.
For countarclockwise rotation, the zaro and one of
the acceleraring voltage vectors which rotate ¥
countarclockwise as much velocity are alternacely
salected to sactisfily TRSTSTw+AT.

As shown in Fig.7, the status of the arrors of 19l
and T can be detected and digitalizad by simpie two
and chree level hystaresis comparacors. The concents
of tha optimum switching tablae, as staced before, is
determined only by the errors aad region @(N}. Ac~
cordingly, accessing the table, in which tha inverter
output voltage vectors ara lisced, by the cowmparator
outputs and 8(N) signals, the optimum switching pat-
tern desirable for drive can directly obtained. Ia
this figure, ¢ and t are digitalized ourpucs of tha
arrors, and the signals of the 9(N) ara generated by
comparing 4 and q-axis components of tha flux linkage
vector with 1its amplitude. The swictching table is
raferred by the outpurs of the comparators ¢, T and
8(N). A combination of them defines only an inverter
surput voltage vector vy(Sa,5b,5c).

AT v1{0,0,0) or vy ¢(l,1,1)
-Fn:
ACCELERATING VECTORS

va¥,
1 :

s

Fig.5. Selection of voltage vectors far T
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Fig.?. Oprimum switching table and comparators

V. FLUX CONTROL FOR EFFICIENCY IMPROVEMENT

Torque control is skillfully obtained by controlling
the instantaneous slip angular frequency, whereas the
improvement of cthe efficlency can be achieved by
controlling the amplitude of ¥ like a field weakening
operacion. In the case of frequent changes of the
torque command, it is necessary 1o keep the amplitude
of maximum. Undar the field weakened state, tha
sufficient torqua or guick torque response would not
be expected because of the slov cesponse of the flux
increase. On the other hand, in cha ateady state
operation, especially ac light loads, the maxioum
efficiency can be obtained at a low flux level.
Therafaore, in oder to obtain the muximum efficieacy,
the flux level {s adjusted automatically in accordancas
wich the forque command.

Fig.3 shows a block diagram of the efficiency
controller. A nonlinear active filter is composed of
an integrater with a diode. It behaves like a peak
holder when the torque command T* changea [requently.
The integrator output voltage increases as fast as
possibla becausa of the small charging tima constant.
When onca the voltage settles to & certain value, it
dacreases very slowly becausa tha diacharging time
conatant is very large. Thasa time conatants are
specified appropriataly according to the frequanca of
the torque command change. The wnonlinear funciion
element i3 emploved te darermine the flux command so
as to achieve the wnaximum efficiency in the stesdy
state operation. Tha function i3 approximacad as
square toot one except for tha magnetic saturaction of
the motor.

The total loss motor s expressed

of the induction

by
Plaas = Ry[;2+R413%+81142 (19)
NONLINEAR ACTIVE NONLINEAR
FILTER FUNCTYION
[y (*
" L3 »
T T | {9y |
1 max

Fig.3. Block diagram of afficiency concroller

to L———Lulo/l—_J

Fig.9. Circular diagram

whera R4 : Ry referred to the stator, RL : equivaleat
rasistance of the Lron loss, I}, I7 : tms valuas of
Iy and I; refervad to tha stator rtespectively. The
equation can be rewricten with respect to [} and [4 as

Ploss =(Ry+R§)T3Z+(Ry+RL)Tq2+2R Il jcosd (20)

where the trajectory of [4 i3 on che circle C as shown
in Fig.%9. o is tha phase difference becween I and
I4. The electromagnetic torgue of Eq.(10) can be alsgo
rewritten using 8.

T= LllIolésLna (21)

Since the wvoltage across tha leakage reactance,
wlly /M}2LT7 , {3 equal to whkyjlg cosd, cherefore, the
following telation can be obrained.

= Lit Tgcoad (22
{(L11/M)2e
Subatituting Eq.(22) into Eqs.{20) and (21) gives
LULU/M2T  Acoslees
Ploss L f sinlB 23
1
where
Ll ) o _2"
At (1 (R #RF) /(L /M) 2 AR
LMt (L11{Ry+RZ) /(L1 /M) U
B=Ry+RL

of Eq.(23) has the minimum value
Substicuting 8=can”l/{A+8)/B into

the solution is derived aa followa.
fﬂ' Al

- 1 AB+B2Z, 2
T Cii/mit A28 AN (24)

The total less
at 8=can~1/(A+8)/B,
Eq.(21) and (%El.

Therefore, the optimum flux linkage is propotional to
the squara root of the eslactromagnetic torqus.

VI. EXPERIMENTAL SYSTEM AND RESULTS

Fig.10 shows a configuratioan of the proposed system.
In this aystem, the d and q-axis variables are used
for convenienca inatead of the lnstantanous vectors.
So the threa-to—twe phase cransformations for the
primary voltage and currenc are given by

vievid+iviq
2/273( v a=v1b/2-vic/2+j (/v b/ 2~ Fvyc/2)]
(25}

11=1;d+j1,q
@/2/3{L a1 b/2-1 e/ 23 (/TL b/ 2~/ 31 c/2)}

Subscituting £q.(25) into Eq.(l4), che components of

the primary flux linkage vector are expressed as
LIRLACESEL
'f(Vld-R1ild)dt'jf(vlq—RIL[q)dt (26)
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Tha d and q-axis ccomponents of ¥y can easily caleu-
lated by using lntegrators as ghown in iabove aquation.

The ealectromagnetic cTorque in £q.(5) Ls rewricten asz
Tepydi|q=¥1qid (27)

The equation shows cthat the torgua can be astimacted by
only tha primary variables. Then the errocs of che
amplituda of che flux and ctorque need to ba digirtai-
{zed by two and three level hysteresis comparators
respectively, aod digitalized direction of ¥, a(N},
{s datarmined by comparing ¥d and Y149 with =13/2|#1|
or :1/21#1[ using some comparators and logic circuits.
Tha optimum switching table Ls rceferred by cthe
digital signais, i.e. one bic of 9, twa bits of T and
three bits of @(N). Thus the oprimum voltage vector
vy(5a,5b,3c) can be obtained directly by accessing the
address of the ROM of which wmemory gize 1s only 64
bytes. If an A/D converter were employed instead of
the comparacors, Gthe more excellent performance and
precisa concrol would be expected. The outputs of the
ROM are direccly used to drive the power transistors
after isolaced by phoro couplers.

The control circuit can be simplified because the
acheme needs neither the secondary variables and
consctants of the machine not the coordinace transfor-
matioen using a position sensor, whereas incegrators
caugse some drift and operation errars at low veloclity
regiong. But the effect i3 very small above 2 Hz, so
the compengation for flux calculation is not always
pnecessary at normal operation. For extremely low
velocity aperation, anather escimacion of the Elux
may be necessary as srtated later.

Experiments vere carried our to varify the feasibil-
1ty of the proposed scheme using a 1.5 kW three phase
induction motor. Fig.ll(a) shows a locus of Che
primacy flux linkage im the steady state. |¢y] is
controlled cto be approximacely constant and several
bright spots show the points vhere ¥ halts. Since
flux ripple are relacively small and minorloops ace
tot obsaerved in cthis locus, harmonic losses and
acoustic noise of the machine oay be effeccively
decreased [9] Fig.il(b) shows a velocity step
responsa obtained 1in the experiment. The response
time for the velocity difference of 500 rpm is about

[ V. ) I.M.

LJS&.Sb.Sc

00 DL D2
SWITCHING TABLE (ROM) Vi

AQ AL A2 A3ALAS

[ L1
= e e

o fterer b b=

Il

CONV.

zc ¢

34/2¢

11l
iy

- |91l iy

vid| viq

d +
+
X dt
» i
T FJ—- y1q +

Ix] 2t

R1| (Rl
ttd 1 L
Llq le/2¢

Fig.10. Block diagram of proposed aystem

3 msec. Even in the transienc opecacion, [¥1] can be
kept constant owing to rhe Limict cycle concrol except
for sacuration of the inverter. The harmonic
componants of cha electromagnetic rorquae are also
restricted within the hysceresais bands. The switching
frequency of the compararors is identical with chat of
the PWM inverter. Henca, using proposed control, the
inverter switching frequency cam be reduced under the
sama condition of torque and flux rippla (n comparison
with the other schemes. Since the rtilpplas have
relation eclosely to che acoustic noise and harmonic
losses, the propesed scheme will make possible
decreasing not only the lpverter switching frequency
but also the alse harmful components. Flg.l2(a) and
(b) show the improved resuits of the efficiency and
acoustic nolse, cespectively, by using the efficiency
controiler. When the ampiitude of ¥y is 33 X of che
maximum value, no load loss can be improved leas than
70 W and the acoustic noise level Ls also decreased by
10 - 15 dB.

Fig.ll.
Exparimental resuits
(a) Locus of ¥
at 500 cvpm
{b) Velocity step
response
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VII. COMPARISON WITH FIELD CRIENTED CONTROL

Assuming field oriented control employing an instan-
taneous current controlled inverter by hysteresis
compatators and the same inverrter switching frequency
and dc link voltage, the comparison between field
oriented and proposed contrel is performed.

Fig.l3(a) and (b) show asimulacion vesults of the
torque step responses from 5 N*m to i5 N'm. As shown
in this figure, the flux rtipples of both schemes are
almost same, whereas the torgque rippie of this scheme
is about half of conventional one in the sceady srate.

It has been said that the fleld oriented controller
can achieve the torque response instantansously. But
this can be said only when the inverter can achiave
instantaneous current control sufficiently. In other
words, when the inverter output voltage is limited,
the {nstantaneous response would not be assured. In
the proposed syatem, the optimum voltage vector can
be gelected to obtain as fast torque response as pos—
sible at every instant. Therefore, the response when
the inverter saturates bears comparison with that of
fieid orfented contral. Moreover, owing to the
effective swrching operation, the reduction of the
inverter switching frequency (s remarkable especially
in the low velocity operation.

Eq.(l2) rapresents the effect of the rotor resist-
ance variations on the response, which clearly shows
that the increase of Rz causes deterioratlion of the
response. Fig.l4 shows chat the small deterioracion
of the response time is observed as R; increases. 1In
cthe practical case, however, the deviations of Ry from
507 to 50 would scarecely cause the serious prob-

lems. Thus torque limit cycle control empioyed in
this scheme 1s very effective for designing a robust
gystem. On the other hand, the deviations of thae

stator resistanse Ry causes some errors in calculacting

Fig.l4, Torque step responase
for variacions of R

Therafore, a
is necessary to

at low wvelocities.
the flux calculacion

%) using Eq.(l4)
compensator for
be implemented.

VIII. COMPENSATION FOR FLUX CALCULATICN

Eq.(l4) indicates that the primary flux linkage vec-
tor ¥; can be calculated from only the primary vari-
ables, vhich are observable and measured with simple
circuits, Some problems, however, would arise from
the integral operation at extremely low valocities.
The reason this is thact the operation of inte-
gractors cam not be perfectly done at zaro velocity

of

becausa of no 1induced electromotive forca in the
motor, so that control of ¥, might be unscable vhen
Ry deviates from thae corvect valua. These problems

relatively high velocities such as
another calculation of ¥| oust be

are
above 2 Uz.

negligible ac
Buct

. employed below 2 Hz.

Transforming Eq.{4) with respect to an a-8 frame
synclonously rostating wicth the rocor, then che result

can be written as
V’l' Rl*(p*jém)[‘ll (p"jélﬂ)ﬂ 11'
- (28)
0 i Ra+plaz J L2’
And the Elux linkage vector in <che a-f frame (s
(29)
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1 peiTe
Ry X =
+ °F:::'1+prc "
4 Eq. (32| "
g "

Fig.15, tmproved [lux catimator

Subscitucing L2’ Erom the rotor equation {nto £q.(29),
¥1' can be rewritten with respect (o 1)' as follows.

l+n{L/R
'ml _L*o(t/R2) . .
¥ 11 l"'PU-ZZIR-z)tl (30)
Equations describing the coordinate transformation are
gilven below. L -

¥1=¥; 'exp{Tiom), L, =t exp(jbm) (3

Then, subscituting Eq.{3l) into Eq.(30) gives

l+o(1/R7
"'(L‘11+P(£zilki) [t1exp(jom)]lexp(-)8m) 32y
Hence, ¥; can be calculated from 1) and 9m even at low
velocitiex, but variations of R affects this calcula-
tion [6].

Accardingly, in order to calculace the flux precise-
ly, Lt is bectter to employ £q.(14) than Eq.(32) at
relatively high velocities, At low velocities such as
below 2 Hz, Eg.{32) is better to the contrarcy. Fig.l$
shos an improved Flux estimator circuit composed of 2
simple lag network. The Linput aof the necwork (s
Tcp¥1+9), therefore, the output is equal to ¥;. In
this figure, the time constant Tc must be specified so
as to minimize aucomatically the calcuiation errvor
when the flux equation changes from Eq.(l4) to
Eq.(32). In the case of the low velocity operation,
{.e. wlc<<l, the netvork behaves as a circuit of umity
tranafer function. Thus its output becomes almost
L 1 of Eq.(32) because of the small value of vy~Ryi|
in Eq.{l4). In the high velocity operation, since
1<<aTc, the transfer function is approximately shown
as l/8, which corresponds to that of the integrator.
Hence, these actiona ars switched over smoothly around
the frequency of L/Tc.

Fig.16(a) shows the trajectory of % at 1 rpm when
the stator resistance varied by +20 I. The trajectory
is shifted and, as a result, ¥, would be saturacted.
Wheress, Fig.16(b) shows the compensated result using
above scheme. As can be seen frowm this figurs, the
shifting is fully compensated.

d {4b) d S“?

{a) Fm/. (&) 0.8

Fig.16. Trajectory of
(a) In the case of R{=1.2R,
(b) Campensated result

IX. CONCLUSION

{nduction motor control optimized both torque
response and efficiency 4s proposed. The concrel s
quite different from usual fisld oriented control
becausa it depends on the concept of the Lnstantanecus
slip frequency control in spite of the electromagnetic
force. In another words, the former {is to “Arago's

Hovel

1av" as the lazter ls %o "Tlemizg's L.

Threugh  the experimental  and simulatfen rechnique,
validity uof  the proposed  theory  can he  made o
¢lacify. The main results obtained Ln this papar are
as follows;

(1) In the transienc sctate, the highest torque
response can be obtained by selecting the fastest,

accelecrating voltage vector to produce the maxmum slip
frequency.

(2) In steady state, by selecting the accelerating
vector and the zero voltage vector alternately, the
torque ¢an be mainctained constant with small switching
frequency by the hysteresis comparator of torgue,
Accordingly, the harmonic losses and the acouscic
noise levei of the motor can be reduced.

{3) The ampiltude of the primary flux L3 also
controlled 1in order to attain the maximum efficiency
{n the steady state operation. The flux level can be
automatically adiusted to get the optimum efficiency
in the steady state and the highest torque cresponse Ln
the cransient state at the same time by using a
nonlineaar active filter.

(4) At extremely low frequency operation, the
proposed control circuit makes some drift, but {t can
be easily compensatad aucomatically cto minimize the
effect of the variation of the machine conatants.

The propesed scheme (s found to be very promising
snd valuable corresponding to the field oriented
control. All of the results show that the scheme is
superior in every respect to tha field oriented
control.
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