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o ' . ABSTRACT ' .

Torque Pulsations-and Currents in Induction Motors
with Unbalanced Voltages

L)

A Asghar Khan

’

*

A'dy'namlc circult model of the c1nductlon plotor Is de’ve_lope?j for
. unbalanced supply voltages using the ‘conventlonal clrewlt rnodél for bal-
anced supply conditlons. The equations governing Lhé varieus motor per-
formance varlables such as currents, average torque and Eulsating torque
are fjerlved, and 1t Is ascertalned that the frequency of tﬁe pulsating
torque 1s twlce that of the supply. 'I"ranslen"t, -analysls of tfle ‘motor with
this model 1s pravlded. Graphlcal plots are shown for the currents and pul-

sating torque agalnst average torque for different Kinds of unbafance.
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& CHAPTER 1
7 .
. / . INTRODUCTION '
e ' ' < .

- ’

. . N 3
Unbalanced three-phase voltages are a common occurrence In an electric

. _supply system. A major cause of thls Is the non-uniform application of single-

phasrl?jads on the threé phases. Also, unbalamﬁd Impedances In three-phase
)

transmission and distribution equipment used by utilities can lead to such con-

ditlons. Thls may detrimentally affect the o%gan' and Integrity of three-

*

phase apparatus In both customer and utllity installations.
- B

~ Unbalanced voltages and currents can be resolved Into components of

symmetrical balanced three-phase quantitles known as posltive, negative and .

zero sequence components. For a balanced system the posltive sequence vol-
tage or current_is the magnltude and displacement as each phase voltage or

current, and the negative and zero sequence components are nll. Therefore, t,he

w—-—neg’atlve and zero sequence components represent a measure of unbalance.

-

The two definitlons [1] currently used to describe voltage unbalance are

[
the 'NEMA unbala_nce‘, Whlch Is mostly used In North Amerlca, and the ‘Vol-
tage Unbalance Factor (VUF)', most often used in Europe. These "’&l be stated

-

as follows :

L) .
Max. deviatlon from. average voltage

NEMA = (1.1)
5 . Average voltage
— . ' c,:: -
o Negatlve sequence volt
VUF = —& qugnce voltage (1.2)
Posltlve sequence voltage . .
hd 14

5y v
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e
These definltions result In. different values of unbalance for a glven set of
phase voltages. Generally, the VUF 1Is higher than than the NEMA depending
' |

on the phase dlspl&cement of the negatlve sequence coméonent with respeét Lé‘

the posltive sequence.

‘11 Significance of Negative Sequence

Polyphase induction motors are widely used for industrial, commerclal

‘ . | "\ .
and domestlc purposes. It 1s wéll known that voltage ungalance plays a serlous

role lg,three-phase induction motor performance, in terms of losses and=—"

currents, both llne and phase, and torque. The negatlve sequence impedance,

y

which corresponds ‘to slips of approximately two {2], 1s much lower than the
poslitlve sequence impedance. Henpe f(;r a glven negatlve sequence voltage, a
’,dlé,proportlonaliy hlgh negative sequence current will flow. Thils negative

sequ\lce lmpedfmce Is comparable to the motor locked rotor Impedance. More-

-

over, rotor losses will Increase more thap the stator,losses. In addltlon, the
negatlve sequence also brings about a negatlﬁve rotating fleld in the alr-gap,
thus producing a negative torque. Thts "not.'only reduces the average torque
whlch Is a well known phenomenon, but also Introduces torque pulsations, a

_cau'se that has not been studled .to lts ruJ extent, In the me{;;;mcal drlve sys—

tem. !

1.2 Sources of Negative Sequence

“n
-~

The negatlve sequence voltages can be created In several ways. One such .
N ? -~ !
method Is shown In Flg.1.1. A single-phase, highly reactive load produces a
i b : : R
well recognized voltage unbalance. The load unbalance in this Hlustration

v

could also be the result of one blown fuse on a power factor correcting

» ‘ »

% . . *

~
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capacitor. The resulting negatlve sequence voltage would be the same as that

N
—

due td a comparable lagging load tonnected to that phase.
v,

>
a

PRSI, 2" r/’

r ' - -
SN %

- Flg. 1.1."Neg§1t,lve Sequence unbalance due to single-phase loads.

°

The second method of producing the negative sequence, voltage Is through

une(iual lmpedances in each phase of the supply system. This occurs due to

widely spaced untransposed conductors, such as low ‘véltage high Impedance
bus runs. Severe negative sequence condltlons, which can raﬁldly'lead to motor

fallure, happen when one phase 1s coinpletely lost. This may be due to-a fuse

o™ .
blowing or any other opening of. Just one of the three motor phases.
h ~ v o .

~ A

{

1.3 Review of Earlier Work

Earller work [3,4] was concerned with the evaluation of the poslitive, nega-
tive and zero sequence components-of voltages, currents and Impedances of the

motor at a partiéilar polnt of operation. Motor losses were determlned and
. 1 . .
graphs presented in an attem”i:)t to provide easy access to the respect,ﬁ'e voltage

seq\i,encencomponents from llpe-to-lne voltages. The protect’on of Induction



" no simple-method for thelr 'p(edlct,lon has been Included.

motors agalnst excesslve line.currents and overheating [5,8,7] has been anotherd
area of Interest. Graphs were obtalned to suggest critical polnts of operatlion. l

4 e

N
Unbalanced voltages also occur due to system faults such as outage of a

" phase, phaselto-phas_e faults or phase-to-ground faults. Motor performance ﬁl

terms of heat loss and rotor overheating [8,0,10] has been .ln’(restlgated when
subjected to such disturbances. With the advent of power electronic converting
equipment, -non-sinusoldal voltages are fed to the Inductlon motors. The har-

monlics 1&1 the supply have led to a greater concern over torque bulsatlon {11].
w - 2

N AN
. Recent ‘literature has mentloned torque pulsatlons [12] to a small extent, but

¢

1.4 Scope of this Thesis

P

A quantltatlve analysis of motor curziey' and torque pulsations for vari-

ous unbalances Is outllned To provide a-gultable comparlson, the open-line

characteristlics will be presented. Graphs of line and phase currems. andvampli- c

tude of pulsating torque agdinst the average torque are shown, Traﬂslem
motor behavlour when sublected to uﬁbalance or Vvice versa 1s provided. ’i‘he
calculatlons of thevcurrent,s Is based on a dynamlc clrcult model of the motor

havlng three axes on the stator and two on the rot,or This enables the direct

" modeling of currents and voltages of the actual stator colls. Detafls of t,he

derlvation of the requlred parameters values.from those of the convent,?onal :

model for balanced operatién are Included.

-

K3



)

' ®

- CHAPTER 2

THE TRANSFORMED CIRCUIT MODEL

°

o

2.1 Introduction

Y

The Induction motor can be represented by the cogwent,lonal model fo{

balanged operatlon as sho_wn in Fig.2.1.

RS XQ‘S' ?(.Qr

(4 ) 'a
Flg. 2.1. Model for balanced motor operation.

——

For unbalénced operation, the clrcuit model of Flg.2.2 s used. When wdrking

with thf§ model the 3-phase voltage varlables are transformed to thelr sfm.-_

-

* metrical components In order to obtaln the symmetrical current components
. . ; R

and then transformed back to the actual currents. However, a dynamiec clreult

' ¢ ES

model having three axes or phases on the stator as shown In F“(;%;ﬁ [13] will

provide the solutlons directly. The varlous equatlons for this model will be for-
* . b 14 ' ) Y
mulated-in this chapter. i
L] * ™
- . / ]
- - ———— - N
- ¢ .
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Fig. 2.3. Transformed circult model of motor. ° ~
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(;f}i% 2.2 Analysis

>

, N - Y
For slhusoldal steagy-stai,e

model are related to those of the conventional md‘d‘el as follows :

P

—tr - ) ;o
operation’ tlie /pargmet,grs'or the transformed

roedig o, E

DY

. e °
‘

. 2Xm . R
X, = —2 (21) -
3 . _ :
-’ ﬁ‘ - ~ ’ ) ‘ . '
Xs =wly = X +,?Cms . ,(2.2) -
: X, =wl, =x,; Xy (2.3)
' . N T 2 \ K .
2 : Lo
b . [ ’ . . ) 1
The equatlon for steady-state operation of the machine Is glven-as
-, . ' ; B |
‘ V=RI+pw,Gl+JX1 = Z1 @5) .
- ' ’ ! g . .
1 wherg ‘P’ Is the number of pole-palrs and the-reslstance, reactance and rota- -
‘tlonal coefficlent matrices can be given as follows: !
| “,.[rRg @ 0 .0:0] .
\ » , . > ’” Ay
’ OR O 0 O ‘ * R
R=/0 0'R; 0 0 (28) ,
" 000 0 R,'O e . . o
’ - v ’
Co .0 0"0 0 R, ~ / oo
* - ¢ : 1 !‘ .
S ' o : SR
\\ ._ R v " ) k4 ./
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v

-

Xjg + Xms  Xme€08(f-a) XpsCos(ra) Xgcosa XSlno ]
Xmscos(a—f) X5 + Xpg  Xpgcos(y-F) Xgcosf  Xgsing |
X = | X, cos(a—~) ?Cmicos(ﬁ—v) Xjs + Xps Xgcosy  Xgsiny | (2.7)

. | X,cosa X, c0sf X COsY X + X, 0
X, shna Xgsinf Xgsiny 0 X + ij'
T\ .
e I 0 0]
0 o° .q . 0 .0
G = 0o - 0 0 "o o _ (2.8)

Mgslnae Mgsinf Mgsiny 0 L,
-Mgcosa -Mgcosff ~Mgcosy -Ly, O |

%,

The steady-state solutlon of (2.5) 1s as follows:
- ’q .

1= 2V

e

I_r‘onl)-f ‘the average value of the torque Is required, 1t is obtalned from

Taye = I"'G I (2.9)

provided the vector I contalns the rms values of the currents. The Jdnstantane-
% __— .

ous torque (2.10) Is obtq:lned by first derlving the ‘Instantaneous currents-

. .
* v ™ o

corresponding to the magnltudes and phase angles In the vector I,

[~}

. ' ) T = 1'G 1 - . (2.10)
B Q ’ . .
After manipulating and simplifying (2.10), the result Is

.
4

. B S o - D T R T T TS
B - , . .
. - . .
. '
L] k| s ) .
> - N B i
8
' “ ’ - ~ . !



o

.

"Thegmagnitude of the pulsating torque Is obtalned by adding the oscillatory’

p .
5 . ) . /: v .

/

terms ‘only, which have both magnltude‘a'\r_xd phase angle, /a’.fnd the average

[ . P
b

1 * ‘ . L SR S . .
torque by adding the constant terms only.. This Is presented in {(2.13) and

i

. v A - Lo . ) : v o . .
(2014). . ' ' ‘- -, t \v‘
. - 1
’ 13 . D
- ’ 0 -
'
'
hnad - »
, ' A ! ’ Il
1 " . -
! v .
%
. %
. vt
* -

R “u
) ) 9
- . ~ 2
) n=3 -
i T = YA} [-cos(2wt+¢s+¢p) + cos(dg-dn)) )
=1
L !
" - »
» n=3 . » -
_ | + B, [-cos(2wt+d+d,)+cos(dy-dn)] (2.11)
\ ’ n=1 ’
= T (2wt) + Tyy, ' (2.12)
where 1,2 and 3 represent phases ab, bc and ca respectively, and
Al == 0 + N "‘ 5% T . .
§
Ay =Gy Ig Ty vt , Y
- i |
' ¢ - [
A3 =Gglyl, - ;
- e A it
\.: ! ) ,"\ N - /
B, =Gy, Iq Lb . /
¢ ; ] 1\ / L}
By =Crlofic = . - ' ' . L/
. ) N . 4 . : i .//
By =Gig I Ia Te o S |
N 1) ' - . + * L. e S 2]
.\ 3 “ \ ) ) . // I
. S - N /
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n=3 . n=3 ' ’
Ty =1 S An/ (Gafdal + 5B, [ G601 - (@.13)
n=2 n==1 .
and y . SR SN . C ~
s e T
' Taye = [ EAnCOS(¢d"¢n) + ZBn(;OS(qu—an).] . ‘ (2.14)
n=2 ° - ‘n=1 '

)

Although 1t Is not evldqzzn}. (2.14) gives the same values for the avefage terque
as (2.9). ‘

2.3 Numerical Parameters ’ ‘ ’
5 3
2 0. 0 " 0. 0. | ’
‘ 0. 2 "0 0. 0., A
" Rl + (6] = 0. o 2 .0 0 (2.15)
w o 0. .-.08 -.03 .3 .0439 ‘
|-.0347 0173 .0173 -.0439 .3 | )
1192 -5.33 -5.33 13.08 0. |
‘ . |-533 11.22 -5.33 -8.5 11.31 .
X] = |-5.33 -5.33 11.22 -6.5 -11.31 ) (2.18)
- . {13.08 -85 ,-8.5 - 16,55 O. ' '
_ | 0. 1131 1131 0. 16.55 | .
Y N . 4 . W , o . -
I‘s ) :
p— . ’ - , =
: ‘ " .
- . td \
0 ’

. '7 . : : ~ 10"
/ o 'f . | . '



3.1 Intrqduction

B

Sy

11

. N . L
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S - CHAPTER 3

- OPEN-LINE AND TRANSIENT CONDITIONS

Ead

L

This chapter deals w)\%he dnalysls of the Induction- motor behaviour

]

»

. when —unbalance occurs and when the balance Is restored. The equatlons

governing such cases are developed rronf the ones obtalned In Chapter 2. -
. N, ) :

alanced and open-line cireutt dlagrams are shown in Fig.3.1. The

. ‘ »*
olt,ag_e,and current relatlons that can be derlved from thesesflgures are

va
as follows: : : a .
™~ Ry . ¢ “
o . | .
Val b == Vab. i ( (3.1)
e " - g, B
Voo vy = '_vbrl: ~ Vea i i (3.2)
+ 3 : "
Vg =, Vg4 - . (3.3)
Vql = Vq L. ' .(3.4)
) . . )
gt p = 1y . (3.5)
131 b == —lca == *‘bc T, ' . {3.6)
Ny =1y : | o 2 (3.7)
’\‘& ) °
-
» : °
v b

whexl one line is open clr¢ulted, and the translent performance of the motor,



*. * 1 * a4
«»
- a
. g —b
e - i
. 'ob ca .
x"‘ ( !
B ", -
, - ’ 3
( - b '\ ©
N b —
i
. n bc
. c > .
f ALY

N ' .

+  Flg. 3.1. (a) Schematlc of balanced motor.
(b) Schematic of an open-iine at C.



where

and

8,

where

v, = C' v,

.

Vo b
Vat ¢ b ' .

OO0 G~
colo
oolo
o~oo
- O 00

The above equations(3.1-3.8) can b® 'presen_t,ed‘ as follows:

&

13

(3.8)

3.9)

(3.10)
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L0 00
<100
C= |{0-100 (3.12)
0010 \
0 0 01 ;

g,

The new reslstance, reactance and rotatlonal coefficlent matrices can be

obtalned,rrdm thelir old matrlices as follows:

+ -~

. [ new parameters | = C! [ old parameters ] C (3.13)
. ‘% :.,?k G —

. . -

Hence, the new matrices willbe as shown: - “

R, 0 0 O .
R 0 2R, O O . 3 :
. - IS H
n 0 O .R-r 0 ( '14)
. 0.0 0 R v

Xjs+Xps X2  Xgcosa Xgsino

Xo  200e+Xmg) X Xg |
X cosa Xao X+ Xm 0 e
XsSino l X4 0, ‘ xlr'*'Xm ' E

s Xy, = Xpglcos(a-fi)+cos(a—)]

° .

XQ’l = qus[cos(ﬂ—a)+cos('7;a)]

Xps = X3y = Xg[cosf+cosn] : ¢

\



.
.
o
‘ . 15
: :
-

i

Xy = X, o = X, [sInf+sin~]

o 0 0 0]
0 o 0 0
Mgsina -Mg(sinf+siny) 0 L,
-M,cosa M (cosfi+cosy) -L, O

G, = (3.18)

[y

Thus, the .new equations for ste.é.'dy-st,ate operation of the Induction motor
w4

\/ with an open-line at C can be written as In (3.17).

. V= [Ry + pwnG, + IX,| I = 2,1 (3.17)

v

The solution of (3.17) will glve the new currents. Equatlons [2.9‘- 2.14] can be
then be used In a simYar procedﬁi‘e with the new 'parax;geters to obtaln the

average torque_ and pulsating torque.

-

- In the translent sltyatlon, the steady-state equation (2.5) can be rewrltten

-

v=[R + pwyG]1+L V (3.18)

-+, Tosolve, for |, the above equatlon Is rearranged as follows

V~A~» S AT

c v =.°L—1{T (R +‘ pw,G) 1 + V] N (3.19)

L

The torque can then be attalned lrrom (2.10), which i1s

T=1"G\
* 'U
The mechanlcal system representatlon can bg glven as follows:

o

@ e

1 = Buy, + Juy/ | (3.20)

or 3" c -



o

] 1 * 4
- . Wy = 3 [ T Rwp, | ’ (3.21)

»

Equatlons (3.19) and (§,21) can be combined and solved using a Fourth Order

Runga Kﬁtt,e numerlcal Integration. . )
e .
i _ ‘ \N/

3.3 Numerical parameters ¢

% . ——
0.2 0. 0. 0. W
o , 0. .04 0. o. |~ \
v Ra) + (Gl = 0. 0. 0.3  0.0439
- . - L—0.0347 0.0347 -0.0439- 0.3
® - T d
11.22 10.87 13.08 O. L ;
. . IO.G? 22.00 13.08 0. ’ , o
. PGl = 113.08 13.06 1655 . 0. . \
- - . . | © 0. 0. 1655]" ' ~
i
¥ AN s
- pﬂ
(& :
s - N\
" > . )



, N
\ g ' ~ .CHAPTER 4

RESULTS <.

4.1 Introduction

This chapter presents the results attalned from the equatlons determined®
In the previous chapters. Plots of steady-state performance of the Inductlon
motor for the two unbajanced cases (llne-to-line and line-to-neutral loads) with

;"egards to Current ana pulsating torque are given. The translent sltuatlon ls

i

shown by comparison of speed and average torque for the varlous cases.

4.2 Steady-state case
~ ' .

The “s\teady-spate unbalanced sltuatlon Is presented In two ways; the line-

to-neutral load and llne-to-llne loadf Flgures 4.1-4.7 represent the first case

\
.,

while\the |atter Is shown In/figures 4.8-4.14. The varlous degrees of voltage

unbalance and ihe per unit values of tc')rm;é that were used In the above men-

‘t,loneci figures ;re as follows :' ' . ' ‘ "o
-

1.= balanceg supply

2 = 1‘?;3 unbalance ‘ ‘ QO

3 == 5% unbalance =

4= ld%‘unbalance |

5 = open-llnec .

-

1 p.u. Torque = 20 N.om ' '

A
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(p.u.)

PHRSE CURRENT R-B

e .5 1 1.5

e

TORQUE (p.u.)  °

’ ! . :
Fig. 4.1. I, versus average torque for llne-to-neutral load unbalance.
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‘ - TORQUE (p.u.)
-Fig. 4.4. I, versus average torque for lhe-to-neutral load unbalance.
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Fig. 4.8. Iai, versus éverage torque for line-to-line load unbalance.
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4.3 Transient case v

— -

The translent performance of the Inductlon motor s presented for the fol-
. -

’

lowing cases: -
(1) Balanced direct on-line start of motqQr. -
¥ ,
(11) Unbalanced direct on-line start of motor. ¢ \
o : . / ~ ‘\
(111) The supply becomes unbalanced at silp of 0.03 and switching angle of 0P,
(1v) The supply becomes uﬁbalapced at slip of 0.03 and switching angle of 90°.

(v) Balanced 1s restored. .

t

The above mentioned sltuations are presented In Figures 4.15-4.19,

L ,, :
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Q'HAPTER 5

CONCLUSIONS

The discussion and résults of the prevlous chapters lead 10 the following

polnts:

1.

6. ‘

L] ' '

0
Y

. The dynamic clrcult model gives a convenlent method for detalled

calculations of currents, average torque, pulsating torque and

motor losses. . .

.The phase-angle of the negatlve sequence volt,age depends on &he

-way the slngle-phase 1oad 1s connected, as well as Lheﬁhase to,

which 1t Is connected. Hence, there Is no slmpler procedure to cal-
culate the currents based on the magnltude of the negative

sequence current omnly. o “p .

N

The superposition of the positive and negatlve sequence ‘currents

-

In the simplified model 1s nol?‘feaslbloe.

[
LA

The Initlal unpalanced translent behaviour.of the motor for a

- dlrect line start has a:slight difference from the balanted one.

The amplitude of the osclllating torque- Is reduced by a small

amount because of the negative developed torque.

The Inertia of the motor keeps the transient speed falrly simllar to

that with a balanced source. ’ p

"The changeover from balanced to unbalariced condltions and vice
' versa, under standard operating conditions presents a very stable

performance of the motor and 15 not likely to cause any problems.

Rl

AN
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. - -
b, -

7. The pulsating torque 1s vlrtuaily Independent ¢of the load on the,

torque when t_he negative sequence is 5%. There r'nay be some

appllcatléns where thls. would make a simple induction motor
) N ,

unsultable. .

negative phase sequence on open line Is dependent on moftor 16ad. .

-

'9. Sc;mé characterlstlgs\_f_or seemingly small unbalance are surpris-.

Ingly close to those for the open-line situation.

-

. Nowadays, many applications of Inductlon motors are. belng employed

with power converting equipment. Due ,‘t;o the non-linearlty of“the switching

devices used In convertgrs/lnverters, harmonles are produced even when the

supply 1s balanced. Therefore, with an unbalanced three-phase source, the gen-

v

‘ eration of such®harmonlcs will be greatly lncreased. Further studles'that are

belng condicted presently, will Investigate and analyse the harmonics gen-
erated for a three-phase, slx-pulge. ;\C-DC converter under unbalanced supply
conditlons, where both the’ magnltudesof the supply voltage and the phase

angle are unbalanced.

/

\ »

e“ R

motor and the amplitude of thls torque approaches \halt rated ‘

8. The open-llne curve shows ‘dependence on motor load since the
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APPENDIX A
STATOR VOLTAGES

~

Line-to-Neutral Load Unbalance

Phase Voltage (Magﬁnlt.ude / Angle)

Condltlon Vab Ve Vea
Balanced 120 /30 ° 120 / 270° 120 / 150°
1% unbalance, 117.04 / 20.93° | 120/270° | 118.67 / 148.73°
5% unbalance 109.94-/ 20.76 ° 120 / 270° | 11571 / 145.57°
10% trfibalance 100.78 / 29.51° 120 / 270° 11244 / 141.28° |

Table A.1. Stator voltages for llne-to-neutral load unbalance.

~

Line-to-Line Load Unbalance

v

Phase Voltage (Magnltude / Angle)

Condltlon Y Vab Vie Vea
balanced’ . 120 /30 ° 120 / 270 ° 120 / 150 °
1% unbalance. 120.17 / 28.59 ° | 115.05 / 268.41° | 117.38 / 150.86 °

5% unbalance

10%~ unbalance

120.41 / 27.18°

121.11 / 23.40°

‘110.21 / 266.68° 1

10Q.85 / 262.74°

114.78 / 151.36°

109.63 / 152.85°

Table A.2.

Stator voltages for line-to-line Joad unbalance.

N



APPENDIX B

MOTOR PARAMETERS:

Stator resistance, R= 0.2 Q
Stator reactance, Xe= 0550 |
Rotor reslstance, R,= 03 2,
Rotor reactance, X,= 0550
Magnetlzing reactance, Xp= 16090

L4
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APPENDIXTC

t

COMPUTER PROGRAM

b

THIS PROGRAM DETERMINES THE VALUES OF CURRENT,

TORQUE,

AND COPPER LOSSES FOR ANY SET

OF VOLTAGES APPLIED TO-.AN INDUCTION MOTOR
FOR SPEEDS RANGING FROM 1620-1800 RPM.

PRGGRAM CAL(INPUT ,QUTPUT)

LEGEND

RS
RR
XM2
Xs2
XR2
XM3
Xs3
XRT

. XMSR
CASE

nmuynuwnuwuynuwn

\

COMPLEX A(5,5),A3(5,5),B(5),B81(5),C(5),CC(5).CL(3),SuM .

OF VARIABLES TO BE USED

STATOR RESISTANCE .-

ROTDR RESISTANCE

MAGNETIZING REACTANCE

STATOR LEAKAGE REACTANCE

ROTOR LEAKAGE REACTANCE '

MUTUAL REACTANCE BETWEEN STATOR PHASES

STATOR SELF-REACTANCE -

ROTOR SELF~REACTANCE

MUTUAL REACTANCE BETWEEN STATOR-ROTOR

CHARACTER THAT SPECIFIES THE CONDITION
WHETHER THE MOTOR IS OPERATING UNDER
NORMAL OR OPEN-LINE CASES.

COMPLEX AQ(4,4),A4(4,4),B0(4),82(4),C0(4),CCO(4)

REAL ANGB(5),ANGC(5),ANGCC(5) WA(S) RESIS(5.5),REAC(5,5).G(5,5)
REAL RESI0(4,4) ,REA0{4,4),G0(4,4),Xv(5.4)
INTEGER PP,CA(5,4),CT(4,5)

CHARACTER CASE*2

23

'PI-ACOS(—1 )

READ*,

PP= POLE PAIRS

CALL MATSET(RESIS,REAC,G,5)
b SET UP WORKING MATRICES hd

3 READ*
IF(CA

ASE
LEQ.C’) THEN

NORMAL OPERATI ON *

"RE&Q—,'“.(B(J),I=I,5)

* READ

IN STATOR VOLTAGES *

‘PRINT 1 -
1 FQAMAT (* F')

CALL

COND(B,5) - )

-CHECK IF SUPPLV BALANCED OR NOT s

i CALL ANGLE(B,ANGB.5,PI,1)
* FIND PHASE ANGLES OF VOLTAGES *
PRINTQ9 >

99 FORMAT(/‘ SPEED’,5X,‘'CUR(AB)’,5X, CUR(BC)’,5

¥'CUR(A) -

6X, 'CUR(B)',BX, ‘CUR(C) "’ ,6X, 'TORQUE

& SET UP OUTPUT TABLE * .

0055,

-

SpP=1620, 1800,4.5

* RUN FOR SPEEDS FROM Y620 TO 1800 RPM *

W=2 . *SP*P1/60.
* CHANGE FROM RPM TO RAD/SEC . o

¥
X,'CUR(CN)’ 58X,

+8X, 'PULSE TOR')

K



, C
C
C
! C
C
C-
C
. c
C
115
( 55
T~
V-z c
C
) C
c
/4
’ . 116
117
- .
. i 118
‘e,
#
k! c
70
72
v A [od
AN
. i
75
299
° ) kY
. % s 4 )
.‘ ) .

CALL ASET(RESIS,REAC,G,A,W,5,PP)
* FORM IMPEDANCE MATRIX *
CALL SOLUA(A,Aa.s,ss,c.wA.s.th)
* DETERMINE THE PHASE CURRENTS »
CALL ANGLE(C,ANGC,5,P1,0)
¢ FIND PHASE ANGLE OF CURRENTS * ,
CALL LINEC(C,CL,H)
* GET LINE CURRENTS * __
CALL CCONJ(C,CC,5) .
DETERMINE CONJUGATE OF CURRENTS * ] v
CALL ANGLE(CC,ANGCEC,5,PI,0)
$ FIND ANGLE OF CONJUGATE *#
T TCALL TORQ(G,C,CC.PP,TRQ,S)
* GET AVERAGE TORQUE *
CALL PTRQ(C,G,ANGC,PP,PULT,5)
* GET PULSATING TORQUE *
CALL LOSS(C,RESIS,COPLOS,5) N
* GET COPPER LOSSES *

PRINT115,5P, (ABS(C(LY),L=1,3),(ABS(CL(L))},L=1,3),.TRQ,PULT

FORMAT(2X ,F6.1,4X,3(F7.4,5X),3(F?.4,5X),F7.4,5X,F7,4,) 3
CONTINUE s -
GO T0 3 ~
ELSE IF(CASE.EQ. Q') THEN
* OPEN-LINE CONDITION *
READ*, (B(L),L=1,5) - .
. . o
* READ IN THE STATOR VOLTAGES AND ,
* FORM THE RESISTANCE, REACTANCE AND ROTATIONAL W

b COEFFEICIENT MATRICES FOR THE OPEN-LINE CASE. o

ke . .
PRINT116 o ,
FORMAT( “ 1’ /4X, ' OPEN LTNE.CASE'/4XPI‘Q'-’)/6X,‘RESﬂSTANCE MATRIX"

* /) © i ) . .

CALL CTZC(RES1S,CA,CT,RESI0,5,4,XY) )
PRINTI17
FORMAT(/6X, 'REACTANCE MATRIX‘/) o7
CALt CTZC(REAC,CA,CT,REAQ,5,4,XY) . ,
PRINTIIB ' o
FORMAT( /6X,’'G MATRIX'/) .

CALL CTZC(G.CA,CT,G0,5.4,XY)

-

* TRANSFORM THE INPUT VOLTAGES FOR OPEN-LINE CASE.,

Do72,1=1,4
SUMM=0 , .
D070,J=1,5 : : ' .

SUMM=SUMM+CT(I,J)*B(J) !
CONTINUE ' .
B80(1)=SumMM . ‘

CONTINUE ’ -

PRINTI9 )

,0075,SP=1620,1800,4.5 . 2

SP=162Q. - *
w=2_.8SP*PI1/60. . c v e
CALL ASET(RESIO,REAQ,GO,AQ,W,4,PP) . )
“CALL SOLUA(AO\A4,BO,B2,CO,.WA,4,SUM) . -
CALL PHCUR(CO,C,CA,4,5) . - .
CALL LINEC{(C,CL,5) - N

CALL
B CALL
CALL
CALL

CCONJ(C,CC,5) . . >
ANGLE(C,, ANGC,,5,P1,0) -
ANGLE(CC ,ANGCC,5,P1;0) .
TORQ(G,C,CC,PP,TRQ,S5) . - . .
CALL PTRQ(C,G,ANGC,PP,PULT,S) - .
CALL LOSS((~ RESIS,COPLOS,5) © N
PRINT 115, .(ABS(C(L)).L=1.3).(ABS(CL(L)).Lh‘.3).TRQ‘PUET
CONTINUE ¢ ) ’ .
ENDIF ’ { -

 STOP . N

END ) .

S
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SUBROUTINE MATSET (RESIS.hEAC.G.K) !

THIS SUBROUTINE USES THE D-Q PARAMETERS OF THE INDUCTION MOTOR °
AND TRANSFORMS. THEM TO 3-PHASE STATOR, 2-PHASE ROTOR VALUES,

THESE VALUES ARE THEN USED TO FORM THE RESISTANCE, REACTANCE AND
G WMATRICES. - A

“. " 8 n

REAL RESIS(K,K),REAC(K,K),G{K,K)
T=2./3.

PI= ACOS(-1.) - *

THI=PI*T . ’ f
TH2=2.%TH1 ) _
READ®* ,RS,RR,XS2,XR2,XM2 .
PRINT100,RS,RR,X52,XR2, XM2

o

100 FORMAT(’1’,/,/ STATOR RESISTAN&E'.7X,F4.2./.

“a

5

*‘’ ROTOR RESISTANCE',BX,F4.2,/,’' STATOR REACTANCE'.B8Xx.F4.2.,/,

*' ROTOR REACTANCE',9X,F4.2,/,' MAGNETIZING REACTANCE’,2X,
*F5.2,/) °

XM3 = XM2*T - /

.XS$3 XS2+(XM2*T) . -
XRY XR2+XM2 /

XMSR= XM2#SQRT(T)

DO7,1=1,3 ’ . . .
D05 ;J=1,5 ' .
IF(I.EQ.J) THEN
RESIS(I,J)=RS
REAC (I,J)=XS83 .
. *G (1,J)=0. .
ELSE :
1F(J.LE.3)THEN -
RESIS(I,4)=0. .
REAC (1,J)=XM3%COS(TH1) s . . A
G (1,J)=0. ) :
ELSE
RESIS (.I,J)=0. /a\<\
G (I,J)=0. ™
BNDIF
ENDIF
CONTINUE

7 CONTINUE : )

8

9

R

© G(5,3)=-(XMSR*COS(TH2)/(120*P1))

008 ,1=4,5 o
00B8J=4,5 . 4
‘IE(1.EQ.J) THEN
RESIS(I, J)=RR
REAC™ (1,J)=XRT
G {(1.4)=0. : ‘
ELSE ?
RESIS(I,J)=0.
"~ REAC (I.J)=0‘ N A4 . 1
. G LI ,J)=XRT/(120%P1)
ENDIF  ° ‘ .o . . -
CONTINUE . &

. 4
G(5,40=-(G(4,5)) [\ . . ~%J
REAC(1,4)=XMSR ) . | §
REAC(4,1)=XMSR / Y
REAC(1,5)=0. .
REAC(5,1)=0. ,
REAC(2,4)FXMSR‘COS(THI) . . '
R&AC(4’2)=REAC(2.4) * R . . \ .
REAC(3.4)=XMSR‘COS(TH2) - .
REAC(4,3)=REAC(3,4) ) , .
REAC(2.5)=XMSR‘SIN(TWI)
REAC(5', 2)=REAC(2,5)
REAC(3.5)=XMSR®SIN(TH2) . . N ;
REAC(5.,3)=REAC(3,5) -
G(4,1)=0. . . i
GE4,2)=XM$R‘SIN(TH1)/(120'PI) . o
G(4,3)=XMSR‘SIN(TH2%;(120‘91)

5.1)=-XMSR/ (120%P .o

g%s‘Z)F-(XMSR‘COS(TH1)/(120‘91)) , o ) \

-CONTINUE



ze

105
110
106

107

128

95
130

126

PRINT106 -
FORMAT (/6X, 'RESISTANCE. MATRIX'/)

PRINT 110, ((RESIS(I,d4),u=1,K),I=1,K)

FORMAT (5(4X,F8.4))

PRINT 106

FORMAT (/6X, ' REACTAMCE MATRIX*/)

PRINT110, ((REAC(I J) . JE1,K),I=1,K)

PRINT107 . . ,
FORMAT(/6X, G MATRIX'/)

PRINTID, ((G(x JY,Jd=1,K),1=1°,K)

RETURN ’ .

END . . Rt

SUBROUTINE COND{8,K) '

2 -

. *
* THIS SUBROUTINE FINDS OUT IF THE SUPPLY VOLTAGE IS BALANCED OR ~

* UNBALANCED AND PRINTS VOLTAGE UNBALANCE FACTORS (BOTH NEMA AND VUF).
Al

COMPLEX B(K).H!,H2,VP,VN

H=SQRT(3.)
H1=CMPLX(~.5,H/2.) : .
H2=CMPLX(~.5,~H/2.) - ‘
D=,001 )
Di1=ABS(B(1))-ABS(B(2))
D2=ABS(B(2))-ABS(B{(3))
D3=ABS(B(1))~ABS(B(3)) )
1F((D1.GE.D).OR.(D2.GE.D).0OR. (D3.GE.D))THEN
PRINT125 .
FORMAT (56X, ‘UNBALANCED SUPPLY’,/,85X,19('="))
WP=(B(1)+(H1#B(2) )+ (H2*B8(3)) ) /H
VN=(B(1)+(H2*B(2))+(H1*B(3)))/H
AVG=(ABS(B(1))+ABS(B(2))+ABS(8(3)))/3.
AMX=0, N )
D095,1=1,3
AX=AVG~ABS(B(I))
IFCAX.GT.AX) AMX=AX -
CONTINUE
PRINT13Q, ABS(VN/VP) '‘AMX/AVG
. FORMAT (10X, ' VOLTAGE UNBALANCE FACTOR = ‘,,20X,F5.3,/, 10X,
‘NEMA UNBALANCE FACTOR = ‘,234,F5.3//)
ELSE
PRINT 126
FORMAT (58X, BALANCED SUPPLY* /57X, 17(°="))
ENDIF N
RETURN - N

END . X . X ‘i

:
]

SUBROUTINE ASET(RESIS,REAC,G,A,W,K,PP) "

¢ FORM THE IMPEDANCE (Z) MATRIX.

COMPLEX A(K,K)

15
20

REAL, RESIS(K,K),REAC(K,K),G(K, K)

INTEGER PP
PP=POLE PAIRS . )
0020,1=1,5 > ' , E \
DO1S,J=1,5 ~ . !
A1=RESIS(I Jy+(6(1, J)SWePP) . ‘-

A2=REAC(I, J)
A(X.J)=CMPL¥(A1.A2)

CONTINUE _ v <
CONTINUE .
RETURN . . ,
END : . -

-~
”w
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SUBROUTINE SOLUA(A,A3,B8,81,C,WA,K,SUM),

® SOLVES FOR THE CURRENT IN THE STATOR AND ROTOR.

!

COMPLEX A(K,K),B(K),A3(K,K),B1(K),C{K),SUM
REAL WA(K) N
PI=ACOS(-1.) "
N=K
IA=K
M=)
1B=K . . -~
1J0B=0 '
D025,K1=1,K J

B1(K1)=B(K)) '

D023 ,K2=1,K . .

A3(K1,K2)=A(K1,K2)

CONTINUE -
CONTINUE
CALL LEQTIC(A,N,IA,B,M,1B, IJOB WA 1ER)

THIS SUBROUTINE 1S FROM IMSL. THE RESULT IS THE
SOLUTION OF A COMPLEX MATRIX IN VECTOR B.
VECTOR B 1S CHANGED TO C AND THE ORIGINAL
CONTENTS RESTORED, I.E, STATOR VOLTAGES.

SUM=CMPLX(0,,0.)

D030,K1=1,K N
C(K1)=B(K1)
B(K1)=B1(K1) Lo
SUM=SUM+{A3(1,K1)%C(K1)) -

D027,K2=1,K .
A(K! KZ) A3(K1 K2}
CONTINUE .
CONTINUE -
RETURN
END
A

SUBROUTINE ANGLE(B,ANG,K,PI N}
* FIND PHASE ANGLE OF CURRENT OR VOLTAGE.

COMPLEX B(K) .
REAL ANG(K) ,
RTD=180./P1 ' .
D066,1=1 K
X1=REAL(B(1))
X2=AIMAG(B(I))
IF((X3I.GT.0.).AND.(X2.GT. 0 ) )THEN .
ANG(I)=ATAN(X2/X1)*RTD
ELSE IF((X1.GT.Q.).AND.(X2.LT.0.))THEN
ANG(I)=360-(ABS(ATAN(X2/X1))*RTDY)
ELSE IF({X1,LT.0\.).AND.(X2.LT.0.))THEN
ANG(I)=180+{ATAN(X2/X1)*RTD)
BLSE IF({X1.LT.0.).AND.(X2.GT.0.))THEN
ANG(I)=180- (ABS(ATAN(X2/X1))*RTD)

"ELSE IF((X1.EQ.0x).AND.({X2.GT.0O. ))THEN . ks

ANG(I)= 90.

ELSE IF((X1.EQ.0.).AND.(X2.LT.O. ))THEN
ANG(I)= 270,

ELSE IF((X1.GT.0.).AND. (x2 EQ.0.))THEN
ANG(I)= 0.

ELSE IF{{(X1.LT.0.).AND. (x2 €Q.0.))THEN
ANG(I)= 180.

ENDLIF o

IF(NYEQ.1) PRINT135, B(I) ABS(B(1)),ANG(I)

FORMAT (5X,F10.5,* +J *,F10.5,10X, OR’,BX,F0.5,° AT ', F9.5,

66 CONTINUE

' DEGREES') ' é .

RETURN
END

.

»

g
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SUBROUTINE CTZC(X,CA,CT,Y,K,NK,XV)
C . * HERE THE [C]TRANS.*{Z]*[C] IS OBTAINED FOR THE OPEN-LINE CASE!

REAL X(K,K),Y(NK,NK) 6 XY(K,NK)
INTEGER CA(K,NK),CT(NK,K)
' . D048, 1=1 K
DO47,J=1,NK s .
- CA(1,J)=0
CT(y,1)=0 - oy
. 47 CONTINUE ) .
48 CONTINUES
. CA(1,1)=1
CA(2,2)=-1 -
CA{3,2)=-1 .
CA(4,3)=Y .
- l‘ CA‘.5.4)=‘ -
! CT(1,1)=1
¢ CT(2,2)=-1 . - ¢
€T(2,3)=1 .
CT(3,4)=1 . -
CT(4,5)=1 :
D054, 1=1,K
0052,.: 1,NK -
. XX=0, ' . .
B . R050,L=1,K .
- XX=XX+X{I,L}*CA(L,J)
. % 50 CONTINUE .
. XY (T,d)=%X
52 CONTINUE , .
54 CONTINUE -
D064 ,I=1,NK ~ - .
. D062,4=1,NK ‘ . v
XX=0, -
D060, L=1,K .
XX=XX+CT(I,L)*XvY(L,J) .
60 CONTINUE i
Y(I,J)=XX
o . 62 . CONTINUE
. 64 CONTINUE
PRINTI20, ((Y(IL,0J),JJ=1,NK), 11-1 NK) Lo
. 120 Fonunr(a(ax F8. 4)
7 RETURN ’
END

SUBROUTINE TORO(G €.CC,PP,TRQ,K) | . . i

~ Cc * DETERMINES AVERAGE TORQUE USING [I] TRANSPOSE CONJUGATE TIMES THE
' Cc * G-MATRIX TIMES (1. o

COMPLEX C(K),CC(K),TR ‘ ,
REAL G(K.K) . ‘
INTEGER PP
. TR=CMPLX(0.,0.) ‘ . ’
‘ DO37,1#1,K * \, "
Do 35,J=),K ~ . \ ‘
TR=TR+(G(1,J)*C(u)+CC(T)) . 4

35  CONTINUE N .

37 CONTINUE - |
TRQ=TROPP

SHBETURN .

END ' &

X 4 .

£ ]
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,SUBROUTINE PTRQ(C,G,ANGC,PP,PULT, K) * .
* PULSATIING TORQUE AS WELL AS AVERAGE TORQUE ARE DETERMINED. !

IMPLICIT COMPLEX(Z)

COMPLEX C(K)

REAL G(K,K), ANGC(K) . :
INTEGER PP

PI=ACOS(-1.) =
DTR=PI/180. }
D090,I=1,K Y N

. ANGc(x) ANGC(I)‘DTR

90 CONTINUE

A1=G(4,2)*ABS(C(2))*ABS(C(4))
AZ=G(A4,3)*ABS(C(3))*ABS(C(4))
A3=G(5,1)*ABS(C(1))*ABS(C(5))
A4=G(5,2)*ABS(C(2))*ABS(C(5))
A5=G(5,3)*ABS(C(3))*ABS(C(5))
Z1=CMPLX(A1*COS (ANGC (2)+ANGC(4)) , Al‘S!N(ANGC(Z)*ANGC(4)))
Z2=CMPLX{A2%COS(ANGC(3)+ANGC(4)) ,A2*SIN(ANGC(3)+ANGC(4)))
Z3=CMPLX (A3*COS(ANGC( V)*NGC(5) ) ,A3*SIN(ANGC(1)+ANGC(5)))
Z4=CMPLX (A4%COS(ANGC (2)+*ANGC(5)) ,A4%SIN(ANGC(2)+ANGC(5)))
. 15=cmpex(A5tc05(ANGc(3)+ANGC(5)) Aﬁ‘SlN(ANGC(3)*ANGC(5)))
MY 2=~ (Z1422+23+24+25)
ZP=22*pPP
PULT=ABS(ZP) ‘
X1=A1*COS{ANGC(4)-ANGC(2))
X2=A2*COS (ANGC (4)-ANGC(3)) T
X3=A3*COS(ANGC(5)-ANGC(1Y) :
X4=A4*COS(ANGC(5)-ANGC(2))
X5=A5*COSLANGC(5)-ANGC{3) )’ . d
TORDC=(X1+X2+X3+XA+X5)*PP ) :
RETURN ..
END . . \

’

SUBROUTINE PHCUR(C,C1,CA,NR, K} b —

. 0

** 'GET THE PHASE CURRENTS®FOR THE OPEN LINE SITUATIDN,

COMPLEX C(NK),C1(K),X

INTEGER CA(K,NK) )

0080,I=1,K .
X=0. - , '
0078,J=1 ,NK B
s X=X+CA(1,J)*C(J) :

78 ' CONTINUE

Ci1(I)=x

80 CONTINUE -

RETURN
£ND

T |



SUBROUTINE LINEC(C,CL,K)
* GETS THE LINE CURRENTS FROM PHASE CURRENTS

© % OBTAINED IN SUBROUTINE SOLUA.

32

COMPLEX C(H),6L(K)
CL{1)=C( c{(3) "
CL(2)=C(2)-C(1)
CL(3)=C(3)-C(2) iz
RETURN .

END

SUBROUTINE CCONJ(C,CC,K)
s GETS THE CONJUGATE OF THE CURRENT.

COMPLEX C(K),CC(K)

D032,1=1,K -
X1aREAL(C(1))
X2=-AIMAG(C(I))
CC{I)=CMPLX(X),X2)

CONTINUE °

RETURN

END -

%
&l . J

susabu;xns LDSS(C,RESIS, COPLOS, K)
* OBTAIN PONER LOSSES.

COMPLEX C(K)

REAL RESIS(K,K):

COPLOS=D,

0045, I=1,K
Z=ABS(C(1))**2
COPLOS=COPLOS+Z*RESIS(I.1)

CONTINUE
REFURN~
END ) .
) A
- £y '
)

51




