SPECI FI CATI ON Control I i ng Met hod and Apparatus for |nduction Motor

Techhical Field This invention relates to a controlling nethod and
apparatus for an induction notor (hereinafter referred to sinply as
"notor") which is applied for running the notor at its highest efficiency
at all times irrespective of |oad variation or frequency variation.
Background Art Running of a notor by an inverter is normally perfornmed with
a fixed ratio of V (voltage)/f(fr eSpRCLEICATIGNr unni ng frequency has been
determ ned, the notor has a slip at which it exhibits the highest
efficiency , and this value does not depend on the magnitude of the | oad.
In running wherein ratio V/If is fixed, if frequency f is determ ned, then

since the vol t gegmtr®lliiegd Medhodhandoagpezaitas, folie Islduetian R taid
accordingly the efficiency varies, and therefore, it is inpossible to

al ways run the notor at the highest efficiency. Here, several conventional
techni ques of the type described are slightly exam ned. '

Technical Field
This invention relates to a controlling method and
apparatus for an induction motor (hereinafter referred to
simply as “motor”) which is-applied for running the motor
at its highest efficiency at all times irrespective of load

variation or frequency variation.

Background Art

Running of a motor by an inverter is normally
performed with a fixed ratio of V (voltage)/f(frequency).If
a running frequency has been determined, the motor has a
slip at which it exhibits the highest efficiency , and thié
value does not depend on the magnitude of the load.

In running wherein ratio V/f is fixed, if frequency £
is determined, then since the voltage is fixed, as the load
varies, the slip varies and accordingly the efficiency
varies, and therefore, it is impossible to always run the
motor at the highest effiéiency. Here, several conventional
techniques of the type described are slightly examined.

As conventional technique 1; Japanese Patent Laid-
Open No. 41029/1991 discloses a method for reducing the

drop in efficiency caused by load variation. According to



As' conventional technique 1, Japanese Patent Laid- Open No. 41029/ 1991
di scl oses a nethod for reducing the-drop in efficiency caused by | oad
variation. According to 1 conventional technique 1, a running nethod for
an induction notor driven by a voltage type inverter is characterized in
that, when the notor enters a steady running condition, an output voltage
and an output current:of the inverter are nultiplied to determne oqutput
pover PN af@nVRBtiAPALt teshnigueot i AcrPADEP et BodofinEcan: dndyrtiga
Vierr] which is | ower bx [err] 'V than output voltage V[err] at the
begi nni ng EPtPHed§ﬂ¥§&y YufnVRdtagaetyPef énEREECFeif] chpEpfFepée®deAnout put
power P[err] of the inverter calculated at that tinme and output power
Plerr] of thatinvBenethpnmpgerpegtansng stead¥ ruapingr aanda§irs,cenpared
with constant [err] Pl[err] and then, if [err] Plerr] < [err] Plerr], the
i nverter ogupputvypiliggei anfli rpdoutpuhecuvkenyeo¥| bhe] inBartetr peer] Plerr]
[err] [err] P[err], and after a fixed period the inverter output
multiplied to determine output power Py and the output

voltage of the inverter is reduced to voltage V1 which is

lower by AV than output voltage Vg at the beginning of the
steady running. The difference A P; between 6utput power Pj
of the inverter calculated at that time and output power Py
of the inverter in the beginning of the steady running is
compared with constant A Pg and then, if AP; < APg, the
inverter output voltage is fixed to the voltage V;, But if
AP, = APg, and after. a fixed period the inverter output
voltage is further reduced by AV from voltage_ Vi, the
value of the reduction (difference) of the output power at
that time and the constantl&fs are compared with each other
and the inverter output voltage is fixed or further reduced
depending upon the relationship in magnitude between them,
the steés being repeated to run the motor with the output
voltage of the inverter.

Further, as conventional technique 2, Japanese Patent
Laid-Opgn No. 203700/1995 discloses a method wherein a slip
to obtain the highest effidiency is calculated from the
motor constant and the frequency. The application of
voltage to thé motor is controlled to obtain the calculated

slip. By this method, when the motor enters a steady



voltage is further reduced by AV fromvoltage V1, the value of the
reduction (difference) of the output power at that time and the constant
[err] Pl[err] are conpared with each other and the inverter output voltage
is fixed or further reduced dependi ng upon the relationship in magnitude
between them the steps being repeated to run the notor with the output

vol tage of the, invert Further, as conventional technique 2, Japanese
Pat ent LalHuﬁﬂéﬂgh5°n§b§?ﬁbﬁl§§§ anEppbs¥eltage: ABd Kher enkPUtsiip to
obtain the highest efficiency is calculated fromthe notor constant and the
frequency. C?ﬁﬁeﬁEprcﬁ??oﬁnBFrVSFtéﬁ@ myltipligtotoi detgrMine| @UtPBtobt ai n
the cal cul ated slip. this nethod, when the notor enters a steady 2
runni ng COHGW?FoﬁNrt%@gdﬁk%UY°¥6¢9%g@hhﬁh vibl caghieveuthenhigheste

inverter are nultiplied to determ ne output power PN, and the voltage which
wi || achi eeéfiateneghwith this power and frequency is calculated and

supplied to the motor to control the motor indirectly for

optimum slip.

Disclosure of Invention

However, with the method of conventional technique 1,
since the minimum power running condition is sought while
varying the voltage by small amounts, much time is required
until the point of the minimum power is reached, and
accdrdingly, there is a problem that the responsiveness to
load variation is low. Meanwhile, with the method of
conventional technique 2, since the motor is cbntrolled
indirectly to obtain the slip with the ﬁighest efficiency,
there is a probiem with accuracy. Further, as application
of vector control to general purpose invérters proceeds,
this controlling method has a problem in that it cannot be
applied to a vector control inverter in which an excitation
current and a current for torque are controlled
independently of each other.

The present invention has been made in view of such
prbblems of conventional‘techniques as described above, and
it is an object of the present invention to provide a

controlling method and apparatus for an induction motor in



efficiency wwth this power and frequency is cal cul ated and supplied to the
nmotor to control the notor indirectly for optinmumslip. Disclosure of
I'nventi on However, with the nmethod of conventional technique 1, since the
m ni nrum power running condition is sought while varying the voltage by
smal | amounts, nmuch time is required until the point of the m ni mum power

I s reached,, .and ,gccordingly,. .there,is a problemi}hat the sponsiveness to
| oad vari e{'f}}’bc:}' it?'? o%lﬁ/%a%\/ﬁn? el,n%%tﬁ'qxﬁén_%?lf‘lo’cf o‘fm&ﬁ?/fe%‘ro‘?%ﬁ l(ﬁeléhni gue
2, since the tor .is controlled indirecily to, obtain the slip with the
v ghest effh AARyERS 1R B, o IR i ndnSidR diyFok an wats e
applicatiaqn, Qf vector control to general purpose inverters proceeds, this
control | i A-RRHo I HAY TSRS &R | at*é‘faﬁplta'b%ﬁfh(ﬁn%ef%?r&i’to a vector
control inverter in which an excitation current and a current for torque

are cont r HaRiptiffepedde REAPLotoc SO VO Hbe PHOLLemss descripes: BdRvEas been

made in view of such problens of conventional techniques as described
above, andccording to the present invention, a controlling method

for an inverter controlled induction motor wherein the slip
of the motor is detected and the optimum slip dependent on
the motor constant and the frequency supplied to the motor
providing the highest efficiency is calculated, the optimum
slip and the slip of the motor are compared to determine a
voltage manipulated variable which is used to form.an
output voltage instruction or a magnetic flux instruction
for running'the motor at the slip which provides the
highest efficiency.

Also, according to the present invention, a
controlling apparatus for an inverter controlied induction
motor comprising a means for deteéting the slip of the
notor, a means for calculating the optimum slip dependent
on the constant of the motor and the frequency supplied to
the motor, providing the highest efficiency, a comparator
for comparing the optimum slip and the slip of the motor,
and a calculation means for calculating a voltage
manipulated variable from the result of the comparison,
wherein the voltage manipulated variable is used to form an
output voltage instrucfion or a magnetic flux instruction

for running the motor at the slip which provides the
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it.is "an object of the present invention to provide a controlling nethod.
and ‘apparatus for an induction notor in 3 whi ch—the—ski-p—of_the _
induction motor is controlled rapidly so that the ﬁf |C|ency of t he

i nducti on notor may al ways be hi ghest with respec{ ﬂbn and-
frequgncy variation. In order to solve the proble “ ﬂﬁa

according to the present invention, a controllin nverter
controlIedh+ﬂﬁﬁ§F|%£§ﬁﬁfﬁP C¥herein the slip of Sgld |nduct|on motor is
detected and the optinumslip S [err] MAX dependent on, t he cpnstant of sai d
i nducti on not or Bwethes, f Ehguear r@hp%PP%%P¥?§s£ﬁ¥i??n W?ﬁﬁ%%t

provi ding the highest efficiency is calculated by the follow ng fornula
S[err] MAXi= charastemizeflein] that theomepns forfeglentatiperairl is the

primary resistance of said induction notor,
optlmum slip, calculates an optlmum slip S¢ for a supplied

frequency by calculatlng the product of the optimum sllp S
n max, determined. from the motor constant and a specific
frequency fp, and a ratio (fg/f)ll2 when the supplied
_frequency is frequéncy f, and characterized in that the
means for caléuiating a voltage manipulated variable by
calculating the product of the result of the comparison and
the gain coefficient K dependent on the load tordue of the
motor and optimum slip, and that the gain coefficient K
increases in proportion to an exponentiallfunction of the
motor torque and iﬁcreases in inverse proportion to the
optimum slip S 7 max. Said means for calculating a voltage
manipulated variabie, calculates the voltage manipulated
variable by calculating the product of the result of the
comparison and gain coefficient K dependent on the load
torque of said induction motor and the optimuﬁ slip.

Further, the contfol apparatus for ah induction motor is
characterized in that the optimum slip S 7 max is
represented by

S n wax = ra/Im[rm/2/7n/(r1 + rg) 142/ (£0) 22
where r; is the primary resistance of the motor,
ry is the secondary resistance of the motor,

Lm is the excitation inductance of the motor,




r2 is the secondary resistance of said induction notor, Lmis the
excitation inductance of said induction motor, rmis the iron |oss

resi stance of said induction notor, and fO is the supply frequency to said
i nduction notor, the optimumslip and the slip of said induction notor are
conpared to determ ne a voltage mani pul ated variable which is used to form
an out put vol tage and nmagnetic _flux instruction _for running said induction
motor ‘at the slifm Wi EhepldPnddespnEehigharcecPfi thenpgtoy, ang go
according to the present invention, a controlling apparatus for an inverter
control | ed i ndudt ii6n ths GurRdiyp fredugngynsanshpomogetecting the slip of

said induction notor, neans for calculating the optimumslip S [err]
According to the present invention, The slip is not

controlled indirectly to obtain the highest efficiency as
in the conventional techniques and the point of the lowest
power is not searched out while slightly varying the
inverter output voltage. The slip of the induction motor is
detected directly and the detected slip value and an
optimum slip value dependent on the constant of the motor
and the running frequency which provides the highest
efficiency are compared. Then a voltage manipulated
variable based on the result of the comparison is used to
form.a magne;ic flux instruction, whereby the slip is
controlled rapidly to-obtain the highést efficiency even if

load conditions change or a given frequency varies.

Brief Description of the Drawings
Fig. 1 is an L-type equivalent circuit of an
induétion motor{
Fig. 2 is a block diagram showing a circuit .
construction in an embodiment of the present invention; and
Fig. 3 is a jraph illustrafing a relationship between
optimum slip_Sf and gain coefficient K whére a load factor

is used as a parameter.

— Best Mode for Carrying out the Invention
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MAX dependent on the constant of said induction notor and the frequency
supplied to said induction notor providing the.highest efficiency by the
following formula S [err] MAX = r2/Lnfrm2/[err]/(r1 + r2)][err]/(f0O)[err]
where rl is-the primary resistance of said induction nmotor, r2 is the )
secondary resistance of said induction notor, Lmis the excitation

i nduct'ance of said induction nmotor, rmis the iron |oss resistance of said
i nduction nmotor, &fdthe ifoldewingpplther haftemode Eanivtihiging Phkothr | a
conparator for conparing the optimumslip and the slip of 'said induction
nmot or, and a cineembionnisedescribedavitharefigrangel tagéheadirpwingsd
variable fromthe result of the conparison, wherein said voltage
mani pul ated vari abig. i 5 siseds t anf brtype negnévatenturirestituotfi am f or
runni ng said induction notor at the slip which provides the highest

ef ficiency. ikdatbion mbeoroofrah empedimentf of &hel pohesEntn imviemtion.

Réferring to Fig. 1, reference symbol V; represents a
phase voltage, I; a primary current, r; a primary
resistance, r; a secondary resistance, x a sum of primary
and secondary reactances, go an excitation conductance, by
an excitation susceptance, and S a motor slip. Where a
complex symbol is represented by j, from the equivalent

circuit shown, the following expressions are formed:

Vector I3 = {1/(x2/S + r; + jx) + gg — jbo}Va (1)
Vector I; = Vi/(r2/S + r; + jx) - (2)
Vector Iy = (go — jbo)Vyi - (3)

Primary input complex'power vector Paj; is given, where the
number of phase of the power supply is m, by

Vector Pa;y = m x vector'Il x Vi

m{(r2/S + r1)/((r2/5 + r1)? + x%) + go

- J{x/((x2/8 + x2)% + %) + bo}IVy? (4)
Since the primary inpuf power is given by the real numbher
part of the expression (4),

Primary input power P; = {ry/S + r;}/((xr2/S + rl)2 + xz)

+ go}mvy? (3)

and secondary complex power vector Paj; is given by

Vector Paj m(vector I,v; —- Izzrl)

m[(r2/8)/((r2/S + r1)? + x?)



I s.characterized in that the nmeans for cal culating optinmum slip cal cul ates
optimumslip Sf for a supplied frequency by 5 cal cul ating the product of
the optimumslip S [err] MAX, is determ ned fromthe notor constant and a
specific frequency fO, and a ratio (fo/f)[err] when the supplied frequency
Is frequency f, and characterized in that the nmeans for calculating a
vol t age mani pul ated vari abl e determ nes a,voltage | pul ated variabl e by
cal culating the product Tofd {¥d (red§ Gﬂ)ghé Eggb&gfgon and the §%n
coefficient K dependent on the |oad torque of the notor and optinmmslip,
and that tHeirge thedgqandany Kinprk @ewer | is pgbyentPynthe BRabxpBNbALi al
function of the notor torque and increases in inverse proportion to the
opti num sl ipa> [@f riheegpres ke d(eans for cal cul ating a vol tage
mani pul at ed vari abl e cal cul ates the voltage nanipulatedzvari bl e by

cal cul at i ngSed¢engaxyumpwi pdwer Rl {of2 /ST (cdSart gur) amdxga}mvl

(7)
mIz%r, = xp/((r2/s + r1)? + x*)mvy?

(8)

Secondary loss Pj3j

Mechanical loss Pg = Py - Paj .
= ry(1 - 8)/S/((x2/S + r1)? + x*)mv1?
(9)
Efficiency n = Po/P;
= ry(1 - 8)/S/{rz/s + ry + go((r2/s+ r1)? + x?)}
(10)

- The slip that provides the hiQhest efficiency is
obtained by differentiating efficiency n of expression (10)
with motor slip S until the value of S becomes zero.
Accordingly, the slip S n yax which provides the highest
efficiency is given by |

1/2

S nmax = (ra[go®{(r1 + r2)? + %%} + go(r1 + 12)]
gor2?) /[go{(r1 + r2)2 + %% - %} + 11 + 3]
(11)
Since expression (11) is a function only of motor
lconstants and frequency, it is not influenced by the load
or the input voltage if only the frequency is determined.

Accordingly, if the motor is controlled so that optimum

slip S n Max is maintained, it can be run at the highest



coefficient K dependent on the |oad torque of said induction notor and the
optimum slip. According to the present invention, The slip is not
controlled indirectly to obtain the highest efficiency as in the
conventional techniques and the point of the | owest power is not searched
out little by little while varying the inverter output voltage. The slip of
the induction notor is detected directly and the detected slip value and an
opti num sl g fieliemcgependent on the constant of the notor and the running
frequency which provides the highest efficiency are conpared. Then a
vol t age mani pul aHewevel,aline ditad ton dadleuletd tthe loptdmmasilden fromused to
6 forma magnetic flux instruction, whereby the slip is controlled
rapi dly toeabhaissidhe (nilghevhelddrsaiime afrtlid notad ausdti tieoknowmnge or
a given frequency varies. Brief Description of the Draw ngs _

Further, even if they are known, since a large amount of

calculation is required, to perform the calculation for
each disadvantageous scanning imposes an excessively high
burden on a CPU and is not practical. Therefore,
approximatioﬁ as described below is used.

Since, in expression (11),

2 _ ry%} are

god(r1 + r2)2 + x?} and go{(r1 + r2)% + x
exceedingly small compared with (r; + rz) at a frequency
that is higher than 1 Hz, they can be disregarded and

expression (11) written as

U2 _ gory?}/(ry + r2)  (12)

1/2

S 7 max = [r2{go(r1 + x2)]
Further, since ra{gg(r1 + r2)} in the numerator-qf
expression (12) is exceedingly large compared with gorzz, it

can be disregarded and expression (12) written as

1/2

S nmax = ra2{go(ri + r2)]

{xn/2/ 7/ (x1 + r3)} Y %ry/Lm/ €212

= Ko/ f£1/2 (13)

(where Ko = {rm/2/m/(r1 + r2)} ! %rs/Lm)
In particular, it can be seen thét optimum slip S 7 Max
increases in proportion to the inverse number of the square
root of the frequenéy. Accordingly, if optimum slip

S n max when the frequency is the rated frequency fo and is

known, then optimum slip S; when the frequency is arbitrary



Fig,‘i~is an L-type equivalent circuit of an i nduct i on notor; Fig. 2is a
bl ock di agram showing a circuit construction in an enbodi nent of the

present -invention; and Fig. 3 is a graph illustrating a rel ationship
bet ween optimumslip Sf and gain coefficient K where a |oad factor is used
as a paraneter. Best Mdde for Carrying out the Invention 6-1 In the

foll ow ng, the best node for utilizing out the invention is described with
reference tfaeamensvadi fg e galrwlihid obn 1aqserdante vl eht circuit of an
i nducti on notor of an enbodanent of the present invention. Referring to °
Fig. 1, refsgrensenaxiido/¥) f%presents a phase voltage, |11 a pri(hty
current, rl a primary resistance, r2 a secondary resistance, x a sum of
primary and secoddarmher dadilandesy, gn ammodinat of cdelyptesent b0

invention is described with reference to a block diagram

showing a circuit construction of the same. Fig. 2 shows an

embodiment in which the present invention is applied to

vector control.

Referring to Fig. 2, reference numerals 1 and 5 each
denote a divider, 2 denotes a square root calculator, 3 a
multiplier, 4 a frequency-synchronous speed converter, 6 a

gain coefficient multiplier, and 7 a filter. Further,

reference symbol ¢ pof denotes a magnetic flux instruction
(prior to variation), and ¢ oyt denotes a magnetic flux

instruction after variation. Reference symbol S 7 Max

denotes a slip which provides the highest efficiency at a
rated frequency. Recent vector control involves an
automatic tuning function, and no significant difference
occurs even if a rated slip specified by automatic tuning
is used as slip S n yax which provides the highest
efficiency. Further, reference symbol f; denotes a ratéd
frequency, £ a running freéuehcy, and Njp a speed feedback
value.

Control in the present embodiment is described.

Based on expression (14),frequency.fn is divided by
running frequenéy f at divider 1 and the value of the

square root of the result of the division determined by

10



an excitation susceptance, and S a notor slip. Were a conplex synbol is
represented by j, fromthe equivalent circuit shown, the foll ow ng
expressions are formed: Vector-11 = {1/(r2/S +r1 + jx) + g0 - jbo}Vl (D)
Vector 12 = V1/(r2/S + rl + jx) (2) Vector IN = (go -

j bO) V1 (3) Primary input conplex power vector Pal is

gi ven, where the nunber of phase of the power supply is m by Vector Pal =
m X vect orsqdax¥lroot] ¢aRétlatot) 2( {s2n@leiplied tak[multipkigd 3 byx/ ((r2/S

+r1r2)2 + x2) + bo}]Vi[err] (4) Since the primary input power is given
by the rea{haugiefg B Wfwhb@heiSEbeiaéQntﬁé)hi@iéﬁﬁréffwﬂén@?"‘@brpa =
{r2/S + rl}/((r2/S +r err] + X[err]) + gO}nVli[err] (5) and

secondary EQHEHGfré@ﬁéﬁcgeﬁboaeeékﬁﬁ.ﬁb bt S Ns Dyp VBEt Bor PR 2rummingct or
12V1 - 12[err]rl) ="nm{(r2/S)/((r2/S + rI?Z + x[err]) 7

frequency. .

Meanwhile, running frequency f is multiplied by 120/P
(the number of poles of the motor) at frequency-synchronous
speed converter‘4 to determine synchronous rotational
frequency Ng, and the value obtained by subtracting speed
feedback value Nfp from synchronous rotational frequency Ng
is divided by synchronous frequency Nf at divider 5 to
determine slip Sget Of the motor. The value obtained by
subtracting this slip Sget of tﬁe motor from optimum slip Sg
is multiplied by gain coefficient K at multiplier 6, and
the result of the multiplication islpassed through a.filter
for stabilization of control, whereafter it is subtracted
from magnetic flux instruction ¢ pef to obtain magnetic flux

instruction .‘b out s

When slip Sget is smaller than optimum slip Sg, since
the magnetic flux is small, control is performed by vérYing
the output voltage to make slip Sgqet approach optimum slip
Sg¢. In this manner, the motor is run at the hiQhest
efficiency.

Gain coefficient K is determined in the following
manner.

When there is no energy saving control, with output

voltage V3, slip S;, highest motor efficiency voltage V3,

11



- L{x/((rZ/S ¥-r1)2 + x2)}]Vi[err] (6) Since the secondary
i nput. power is given by the real nunber part of the expression (6),

Secondary i nput power

Secondary loss P21 = m2[err]r2 =1r2/((r2/S + rl1)2 + x[err])mvi2 (8)

Mechani ca

loss PO= P2 - P21 =r2(1 - S)/S/((r2/S + rl)[err] +

x[err])mMl [err] (9) Efficiency [err] =Po/P1 =r2(1 - S)/S/{r2/S + rl +
go((r2/ S+ rangd the[slip)by(39) gaian wagffickenk Kicrr bacalgnbated by
efficiency is obtained by differentiating efficiency [err] of expression
(10) with notor sKip ©&untiV2)t(e vaBug of S becones zero. Accordingly,
slip S [err] MAX which provides the highest efficiency is given by

Since V3, V2, S; and Sy vary with the optimum slip and the
load in rated running, the value of K must bé changed
accordingly. |

| When the value of coefficient K with respect to the
optimum slip and the load factor was calculated with regard

to motors of 0.4 to 55 kW and the relationship between them

. was investigated, the value of coefficient K increased in

inverse proportion to the optimum slip, but had an
exponential relationship to the load faétor. When this is
shown-by graph, such as shown in Fig.3 coefficient K is
obtained. In Fig. 3,'the axis of abscissa indicatés the
optimum slip (%), the axis of ordinate the gain coefficient
K, and parameters of the load factor (%).

| In this instancé, the value of gain coefficient K is

K = 15480exp(-0.696TL)/S 1 Max Ty,: load torgque

12

P2 = {r2/S/I((r2/S + rl)[err] + Xerr])}mvi[err] (7)

t he



Slerr] MAX = (r2g0[err]{(rl ++2)2 + x[err]} + 1+ r2
gOrZ[err]) /[go{fri’¢’?§%{err + x[err] ! rz%érrr%carrl +rr£}[?&£% Si nce

ot inil uenced m@’%ﬁm h'ey,\ﬁ;u{“’ vot tage. N MR ARSI, ' ©
I n

det ermi ned. Accor nmotor is controlletd so tthat* optifrumslip S
[err] MAX is ma |t can be run _at the highest 8 efficiency.
However, in order to calculate the opt¢%ﬂh$§llp fromexpression (11), the
constants of the notor nust be known. Further, even if they are known,
since a |l arhe énﬁ@mﬁnﬂilaﬂQHMQQhQﬁ1ﬁQ¥r%ﬁuﬂﬁ¥ﬁFt?% ¢RAtEPH®%e cal cul ation
for each di sadvant-ageous scanni ng inposes an excessively high burden on-a
Ssgdand i s frdugtton inetor Weeréebnethapplipi aft FaadadndustiPBeROBREOHSi s
‘detected and the optimum slip dependent on.the constant of
said induction motor and the frequency suppiied to said
induction motor providing the highest efficiency is
calculated, the optimum slip and the slip of said induction
motor are compared to determine a voltage manipulated
variable which is used to form an output voltege
instruction or a magnetic flux instruction for running said
induction motor at the slip which provides the highest
efficiency.
2. A controlling apparatus for an inverter controlled
induction motor comprising a means for detecting the slip
of said induction motor, a means for calculating the
optimum slip dependeht on.the constant of said induction
motor and the frequency supplied to said induction motor
providing the highest efficiency, a comparatof for
comparing the optimum slip and the slip of said.induction
motor, and a calculation means for calcﬁlating a voltage
manipulated variable from the result of the comparison,
wherein said voltage manipulafed variable is used to form
an output voltage instruction or a magnetic flux
instruction for running said induction motor at the slip
which provides the highest efficiency.

3. A control apparatus for the induction motor of claim 2,

THIS SHEET HAS BEEN
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Since, in expression (11),]wh rl +r2)2 + x[err]} and goO{(rI ¥ r2j2 ¥ x2 -
r2[efr]} are exceedingly s gnaepaged h (r1 + r t hat
i's higher than 1 Hz, they @Wﬁiﬁgﬁded and ex;ﬁ"ﬁ” I’ﬂﬁgumten as
S[err]MAX = [r2{go(rl +r 2[err]}/ (r, % r2) L (42)sFurt her,
since r2{go(rl + r2)}}[err] in the nunmerator of expression (12) is
exceedingly |arge conpared with gcr2|err] it can be disregarded and

expr essi on chexpayenizad dn Thay rqaigoneans (fex rqalculat tng)ar optimum
{rm2/[err]/(rl +r2) }[err]r2/Lmf[err] = KO/f [err]

(13) (wher sldp calowldtes rthe (optimum)glip r$g 2idma |supplied ufxequéncyan
be seen that optimumslip S n MAX increases in proportion to the inverse
nunmber of cHlatioy tHe ifirodu@gusnpt ARER 108! §.1 khgxoptimumslip S
[err] MAX \;\Hk?gn t he fregtt}fency iﬂé,}'e)t he rat egy%requencyﬂgo ann I's known, then
opti mum sl igetBkeniirid tironf HaR etor caidtdn@rand a specific frequency

fo, and a ratio (folf)u2 when the supplied frequency is
frequency f.

4. A controlling apparatus for the induction motor of claim
2, characterized in that the said means for calcﬁlaﬁing a
voltage manipulated variable calculates a voltage
manipulated variable by calbulating the product of the
result of the comparison and gain coefficient K dependent
on the load torque of.said induction motor and the optimum
slip.

5. A controlling apﬁaratus for the induction motor of claim
2, characterized in fhat gain coefficient K increases in
proportion to the exponential function of the motor torque
and increases in inverse proportion to the optimum slip S 7
Max, and said means for calculating a voltage manipulated
variable calculates the voltage manipulated variable by
calculating the product of the result of the comparisonhénd
gain coefficient K dependent on the load torgue of said
induction motor and the optimum slip.

6. A control apparatus for the induction motor of claim 2,
characterized in fhat the optimum slip S 7 max is |

represented by

S 0 wax = To/Lm[rm/2/ 7/ (xy + T2)1Y/2/ (£0)1/2
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frequency f can be calculated in accordance with S1 = S [err]
MAX(-fo/f)[err] (14) In the foll owing, an
enbodi ment of the present invention is described with reference to a bl ock
di agram showing a circuit construction of the sane. Fig. 2 shows an

enbodi nent in which the present invention is applied to vector control.
Referring to Fig. 2, reference nunerals 1 and 5 each denote a divider, 2
denot es a Sthere ¥ods ddie PRiRATY Fesiatiangs iaf said imduatdary Mgt onous
speed converter, 6 a gain coefficient nmultiplier, and 7 a filter. Further,
ref erence s_ynbol ¥eriy thd skeandary regjiatancd lafk savist rigetuadiqprior to
variation), and [err] out denotes a magnetic flux instruction after

vari ati on. mefaerence synbol S [err] MAX denotes a slip which provides the
hi ghest efficiency at a rated frequency. Recent vector control involves an
automati ¢ tuni ng Tmnts i the excli tat soynindeetdnck fdfreaie obigtsicwven if a
rated slip specified by automatic tuning -

motor,

ry is the iron loss resistance of said induction

motor, and

f is the supply frequency to said induction motor.

—_—
—
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IS ugedhas slip S [err] .MAX which provides the highest efficiency. Further,
reference synbol fn denotes a rated frequency, f a running frequency, and
"Nfb a speed feedback value. Control in the present enbodinent is described.
Based on expression (14),frequency fn is divided by running frequency f at
divider 1 and the value of the square root of the result of the division
determ ned by 10 square root calculator 2 is nultiplied at nultiplier 3
by the slip S [err] MAX which provi deABSHBAGTghest efficiency for a rated
frequency to deternmne optimumslip Sf for a running frequency.. Meanwhile,
runni ng frequencyIf ap dnverperedobyro2ding(mathadnfer an podustidnt he
notor) at frequency-synchronous speed converter 4 to determ ne synchronous
rot ati onal motquentheNkslipnoft hbevmbheroisadatechpdsabtr ant opgimpmed

slip which is dependent on the motor constant and the

frequency supplied to the motor providing the highest

efficiency is calculated, and a voltage manipulated

variable is determined from a comparison of the optimum

slip and the slip of the motor, and then the voltage

manipulated variable is used to form an output voltage

instruction or a magnetic flux instruction so that running

of the induction motor is controlled with the slip with

which the highest efficiency is provided with respect to

load variation and frequency variation.
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feedback value Nfb from synchronous rotational q%yégg ded
synchronous frequency Nf at divider 5 to determ 01;75 5
The val ue obtained by subtracting this slip Sdet of the notor froMopti
slip Sf is nultiplied by gain coefficient Kat nmultiplier 6, and the result
of the multiplication is passed through a filter for stabilization of

control, whereafter it is subtracted frommagnetic flux instruction [err]

ref to obtainy @it fd1 | e ti R d 18 dd nQH:tor Wl,erbo%{ﬂﬂbli‘lﬁt dapidly

snmal l er than optimumslip Sf, since the magnetic flux is small, contro |s

performed by @y Wit Ui %Eﬂ&éﬂﬂ e iy ”i‘fl-liﬁxcﬁ{h CH’F]est 2 ?f&éro%‘i@a‘i/@t M

slip Sf. In this manner, the notor |s run- at ency Gin

coefficient Ky M‘fwﬁ?%é‘{hé&f dPly C%va y&p rte%g:
energy saving C tr vol'tage s lp I ghest
efficiency VMJ&¥¥%Q§GH.

In order to sélve the probiems deécribed above,
according to the present_invention, a controlling method
for an inverter controlled induction motor wherein the slip
of said induction motor is detected and the optimum slip
S n max dependent on the constant of said inducti&n motor
and the frequency supplied to said induction motor
~providing the highest effiéiency is calculated by the
following formula

S 7 wax = T2/Im{xa/2/m/ (1 + x2) 1%/ (£0) /2
where 1rj; is the primary resistance of said induction motor,

rz is the secondary resistance of said induction
motor, |

ILm is the excitation inductance of said induction
motor,

rp is the iron loss resistance of said induction
motor, and

fo is the supply frequency to said induction motor,
the optimum slip and the slip of said induction motor aré
comparéd to determine a voltage manipulated variablé:ﬁhich
is used to form an output voltage and magnetic flux
instruction for running §aid induction motor at the slip

which provides the highest efficiency.



an thé slip by S2. gain coefficient K can be calculated by K = (V1 -
V2)(S2 - S1) Since V1, V2, S1 and S2 vary with the optimumslip and the
load in rated running, the value of K nust be changed accordingly. Wen the
val ue of coefficient Kwth respect to the optimumslip and the |oad factor
was cal culated with regard to notors of 0.4 to 55 kWand the rel ationship
bet ween them was investigated, the value of coefficient Kincreased in
i nverse proportion #dscheasgoirdimgstiop theupriesendn iomeatdiarn ala rel ati onshi p
to the load factor. Wen this is shown by graph, such as shown in Fig.3
coefficient Kontuhtlhingdpparatus fHr tare vertdr abertrehleddinduetiohe
optimumslip (%, the axis of ordinate the gain coefficient K and
par anmet ers ofmétver |comwpAiscing & Mearnsn fdry dletexttaimog, théaesVip uef osafddi n
coefficient Kis K = 15480exp(-0.696TL)/S [err] MAX TL: | oad torque
12 l.induction motor, means for calculating the optimum slip S g
MAx dependent on the constant of said induction motor and
the frequency supplied to said induction motor providing
the highest efficiency by the following formula

S 1 max = r2/Lm[rn/2/m/(xr1 + x2)1Y/27(£0)1/2
where rj; is the primary resistance of said induction motor,

rz is the secondary resistance of said induction
motor,

ILm is the excitation inductance of said induction
motor,

ry is the iron loss resistance of said induction
motor, and

fy is the supply frequency to said induction motor, a
comparator for comparing the optimum slip and the slip of
said induction motor, and a calculation means for
calculating a voltage manipulated variable from the result
of the comparison, wherein éaid voltage manipulated
variable is used to form a magnetic flux instruction for
running said induction motor at the slip which provides the
highest efficiency.

Further, the control apparatus for an induction motor

is characterized in that the means for calculating optimum

slip calculates optimum slip Sf for a supplied frequency by



Clalns | . (Amrended) A controlling nethod for an inverter controlled

i nduction notor wherein the slip of said induction notor is detected and

the optimumslip S [err] MAX dependent on the constant of said induction

notor and the frequency supplied to said induction notor providing the

hi ghest efficiency i.s calculated by the followng formula; S [err] MAX =

r2/Lnfrm 2/[err]/(rl +r2)][err]/(fo)[err] where rl is the primary

resi stance ofadgudatiage tihen pasiduct (of the optdovonsddp Sesdivaxané® of said

i nduction nmotor, Lmis the excitation inductance of said induction notor,

rmis the irdetegadnedsifaqomdhepmoter] cdongirenitoangpaospegid iro firequeacy

supply frequency to said induction EPtor, the optimumslip and the slip of

sai d i nducti &o,nendr aaretéomidnéd) e ddtesr tihee smppd! ity neguisndlyatied

vari abl e whi ch

frequency £, and characterized in that the means for
calculating a voltage manipulated variable determines a
voltage manipulated variable by calculating the product of
the result of the comparison and the gain coefficient K -
dependent on the load torque of the motor and optimum slip,
and that the gain coefficient K increases in proportion to
an exponential function of the motor torque and increases
in inverse proportion to the optimum slip S 7 max. The said
means for calculating a voltage manipulated variable
calculates the voltage manipulated variable by calculating
the product of the result of the comparison and gain
coefficient K dependent on the load torque of said
induction motor and the optimum slip.

According to the present invention, The slip is not
controlled indirectly to obtain the highest efficiency as
in the conventional techniques and the point of the lowest
power is not searched out little by little while varying
the inverter output voltage. The slip of the induction
motor is detected directly and the detected slip value and
an optimum slip value dependent on the constant of the

. motor and the running frequency which provides the highest

efficiency are compared. Then a voltage manipulated

variable based on the result, the comparison is used to



is.used to forman output voltage and magnetic flux instruction for running
sal-d i nduction motor at the slip which provides the highest efficiency.

2. (Amended) A controlling apparatus for an inverter controlled induction
notor conprising a means for detecting the slip of said induction notor, a
means for calculating the optimumslip S [err] MAX dependent on the
constant of said induction notor and the frequency supplied_ to said 13

i nducti on nof®rmppoPRINR§iChELlRRghBSErEELienenwhebpbyh&heosildR 4§ for nul a;
S[err] MAX = r2/LnErrd2/[e'rr]/(rI + rg)][errL/_(fo)[err] where rl1 is the
primary resi spatreldedszppiddyutei ohtabnother higheshke efddongacy evenstidnce
of said induction nmotor, Lmis the excitation inductance of said induction
not or , load conditions change or a given frequency varies.

Brief Description of the Drawings
Fig. 1 is an L-type equivalent circuit of an
induction motor;
Fig. 2 is a block diagram showing a circuit
construction in an embodiment of the present invention; and
Fig. 3 is a graph illustrating a relationship between
optimum slip Sf and gain coefficient K where a load factor

is used as a parameter.

"Best Mode for Carrying out the Invention

6-1"



rmis the iron | oss resistance of said induction notor, and fo is the

supply frequency to said induction notor, a conparatQL_LQLJuMnxu44E}44%}
optimumslip and the slip of said |nduct|on notor, and a calculaiﬂg

for calculating a voltage mani pul ated vari abl e fronlt
conmpari son, wherein said voltage mani pul at ed variable
magnetic flux instruction for running said induction nDtor at the S|Ip
whi ch provides the highest efficiency. §la8iM8ontrol apparatus for the
i nduction motor of claim2, characterized in that said neans for
cal cul ati ng dn(bwﬁmﬁﬁﬁDsIApCQQFEQI&#EQ pathedt faunas| ipvertesrcentoppledd
frequency by calculating the product of optinumslip S [err] MAX
det er mi ned f doguchdomomortogo whexed natdien sdigeiofi safidedadneyipo, matdraisati o
(fo/f)[err] when the supplied frequency is frequency f. 4. A controlling
appar at us f odetketeddasid thenoptimin &1dpnslg yax dependent on the
constant of said induction motor and the frequency supplied
to said induction motor providing the highest efficiency is
calculated by the following formula;
S N Max = T2/Im[rg/2/m/(ry + r2) 112/ (£0)2/?
where r; is the primary resistance of said induction motor,
r; is the secondary resistance of said induction
mqtor,
ILm is the excitation inductance of said induction
motor,
rm is the iron loss resistance of said induction
motor, and
fg is the supply frequency to said induction motor,
the optimum slip and the slip of said induction motor are
compared to determine a voltage manipulated variable which
is used to form an output voltage and magnetic flux
instruction for running said induction motor at the slip
which provides the highest efficiency.
2. (Amended) A controlling apparatus for an inverter
controlled induction motor comprising a means for detecting
the slip of said induction motor, a means for calculating

the optimum slip S n yax dependent on the constant of said

induction motor and the frequency supplied to said

13



2, characterlzed in that said neans for calculatlng a vol tage mani pul at ed
vari abl e cal cul ates a vol tage mani pul at e mmuﬂmmmu cul ating the
product of the result of the conparison: lent K dependent on
the | oad torque of said induction notor iand the ofti funfslip. 5. A

controlllng apparatus for the induction notor of claim?2, characterized in
that gain coefficient Kincreases in proportion to the exponentlal function

of the notor LBARGELARMPHRY RERELIANG he highesh efEici8ntKebypthfum siip
S [err] MAX, and said nmeans for calculating a voltage mani pul ated vari abl e

cal cul ates t hEoyboviee feymplaat ed variable by calcul ating the product of
the result of the conparison and gain coefficient K erendenz on the | oad

torque of said i ndu& momm@tmz/anthwapﬂmpms&z)p] 8/(Bg) tted) 15

where ri is the primary resistance of said induction motor,

r; is the secondary resistance of said induction
motor,

Lm is the excitation inductance of said induction
motor,

rn is the iron loss resistance of said induction
motor, and

fo is the supply frequency to said induction motor, a
comparator for comparing the optimum slip and the slip-of
said induction motor, and a calculation means for
calculating a voltage manipulated variable from the-result-
of the comparison, wherein said voltage manipulated
variable is used to form a magnetic flux instruction for
running said induction_motbr at the slip which provides the
highest efficiency.
3. A control apparatus for the induction motor of claim 2,
characterized in that said means for calculating an optimum
slip calculates the optimum slip Sf for a supplied frequency
by calculating the product of optimum slip S 7 max,
determined from the motor constant and a specific frequency
fg, and a ratio (fo/f)“2 when the supplied frequeﬁcy is
frequency £.

4. A controlling apparatus for the induction motor of claim

14
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2, characterized in that said-means for calculating a
voltage manipulated variabie calculates a voitage
manipulated variable by calculating the product of the
result of the comparison and gain coefficient K dependent
6n the load torque of said induction motor and the optimum
slip.

5. A controlling apparatus for the induction motor of élaim
2, characterized in that gain coefficient K increases in
proportion to the exponential function of the motor torque
and increases in inverse proportion to the optimum slip S n
Max, and said means for calculating a voltage manipulated
variable calculates the voltage manipuléted variable by
calculating the product of the result of the comparison and
gain coefficient K dependeht on'the load torque of said
induction motor and the optimum slip.

6. (Deleted)



