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REACTIVE LOAD AND POWER FACTOR
AT PARTIAL LOADS OF INDUCTION
MOTOR

Miloje M. Kostic,
Institute "Nikola Tesla", Belgrade, Republic of Serbia

Abstract: Method for determination of reactive load
nominal components, Qy and Qsy, is presented. New
expression for calculation component (in branch) loads
(O:zn), on the base motor catalogue dates (Iy, cos@y, sy,
Py, and Ty-breakdown torque), is found out. On the base
0, and Q. values, reactive power (Q;,) at any partial
load p=P/Py, and corresponding power factor
values (cos@,) are calculated. Though, for motor
individual correction, the capacitor output should be
approximatively 90% of no-load power, power factor
obtainable with this correction cosp=0.95-0.98 > 0.95
(recommended final cosg), as it is shown. The effects of
voltage variations on reactive loads components and
power factor values at partial loads are analyzed.

Key Words: Rreactive load, Power factor, Partial load,
Induction motor.

1. INTRODUCTION

The connected motor load in a facility is usually a
major factor in determining the system power factor.
Low system power factor results in increased losses in
the distribution system. Induction motors inherently
cause a lagging system power factor. The power factor of
an induction motor decreases when the load decreases, as
shown in Figure 1. Figure 2 indicates that rated load
power factor increases with an increase in the
horsepower rating of the motor. A number of induction
motors, all operating at light load, can cause the
electrical system to have a low power factor. The power
factor of induction motors at rated load is less for low-
speed motors than for high-speed motors as shown in
Figure 2.

Power-factor-correction capacitors can be used to
improve power factor of the electrical system. However,
if they are used, they should be carefully selected and
applied to avoid unsafe operating conditions. It is
recommended that the motor manufacturer be consulted
for the proper value of corrective capacitance. An
analysis of the electrical system will indicate whether
improvement in the power factor is needed and whether
capacitors, synchronous motors, or other corrective
measures should be used.

A small increase in voltage (< 10 percent) above rated
voltage will decrease the power factor, and a small

decrease in voltage (< 10 percent) below rated voltage
will improve the power factor of an induction motor. The
above-mentioned effects of voltage variations are larger
as loads are smaller, i.e. these effects are greater at
partial loads. However, other performance characteristics
may be adversely affected by such a change in voltage
and operation as close as possible to the nameplate
voltage and horsepower rating is recommended.
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Fig. 1. Typical power factor versus load curves for 4-
pole three-phase Cage Induction motors [1]

00 -

HIGH SPEED
(3600 APM)
90
3 B0
=
o 70
ra
T &0
= LOW SHF'PE"I‘ED
H00
g sl ¢ !
-
i
B 40
1
i}
L) .
NOTE—THE CURVES INDICATE
A GENERAL RELATIONSHIP.
20 WALUES WILL VARY WITH
INDIVIDUAL MOTOR TYPE AND
10 f= MANUFACTURER,
a 1 L1 i I
o1 2 5 20 50100200

HORSEPOWER RATING

Fig. 2. Typical full-load power factor versus for three-
phase 60-hertz design B squirrel-cage induction motors



2. DETERMINING OF POWER FACTOR AT
PARTIAL LOAD

The required capacitor rating can be determined
relatively easily and accurately from the power
company’s monthly invoice. Induction motors is the
most wide spread contributor to reactive load in an
industrial electric power system. An analysis of the
electrical system will indicate in what manner
improvement in the power factor is needed.

The power factor induction motors may be improved
by connecting a capacitor directly across the motor
terminals, i.e. by individual power factor correction. It
has been stressed, that capacitors used for individual
motor correction should not exceed the no-load reactive
power (Qy), or better 0.9Q, values. The reason for this is
to ensure that over-excitation of the motor cannot occur.
For this reason and energetic analysis, calculation total
reactive power (Q;= QytQ,) at any partial load, and its
components Qo and reactive power (in branch) of loads
component (Q,), is needed.

On the base
. Catalogue dates for rated load Iy, cosoy, sy, P, and
e  Ty-breakdown torque expressed as a per unit vale of

the rated torque Ty=1,
first are determined total reactive power (Qn) and its
component (in branch) load (Q,y), both at rated load, and
no-load reactive power (Qy), i.e.:

Q —P_N.—COS(p ()
Ny yJ1—cos® o
Q,n =(0.5/T,)-Py 2)

Q) =Qix —Qux 3)

On the base Q, and Q,y values, reactive power (Q; ) at
any partial load p=P/Py, and corresponding power factor
values (cos,) are calculated:

le = Qo +Q2N 'p2 C))

P,

P
—_—— (5)
V Plp2 + le2

where:

P,,=(p+ pot pinp’)-Py —active power input at any partial
load p=P/Py .

Values obtained by (2) are little a bit higher from the
amount of reactive loads growth from no-load to full
load, in absolute values (AQy) or per unit (Aqn=
AQn/Py), because of reactive power reduction on
magnetization branch (Aq.n =(0.01-0.16)qgy) for the
nominal regime in order to no-load regime, Table I.

cosQ, =

Table 1. Values Aqy= AQwN/P;, for induction motors

Motor Power Aqn= AQn/Px
0.25+ 3 kW 0.16-0.10
4+7.5kW 0.10-0.06
11+ 30 kW 0.06-0.02
37+ 100 kW 0.02-0.01

For motors rated <3kW, Q= Q, [2], becauseQy=AQ,,.
Equation (2) is obtained by expressions (6) and (7a)

getting from the equivalent I'-circuit of induction

machine [2]:

e  for rated load condition

Lign /Lopy = (0, X + GIZXZ)/(GIZRZ /s,) (6)

e for condition when

maximum (P;=P ;,,):

input power is a

P /Py = (R, /53)/2(6,X, +6,°X,))  (7)

and, for condition when electromagnetic torque is a

maximum (7=7,= P,,../Py), equation ®) is,
approximate, valid:
T, = (R, /53)/(2(0,X, +06,°X,)) ®)

NOTE: By complete analysis getting from the equivalent
I'-circuit of induction machine, which is given in chapter
7. APPENDIX, it is obtain

Q,n =(0.99+1.03)-(0.5/T,) - Py ©)
where are coefficient values from 0.99-1.03,
respectively, for motors with rated slip sy=0.03+0.01. By
(9), it will be proved that (2) from [2], is sufficient
accurate.

The final paper appearance should be as this
instruction is look like.

3. POWER FACTOR OBTAINABLE VALUES
WITH INDIVIDUAL CORRECTION MOTORS

The power factor of an induction motors may be
improved by connecting capacitors directly across the
motor terminals, or alternatively by connecting a
capacitor to the lines supplying the motor. The practice
of connecting capacitors a cross the starter of an
induction motor and switched the motor and capacitor as
one unit is now universally established, and this
individual correction of motors is to be recommended.

Care should be taken in deciding the kvar rating of
the capacitor in relation to the magnetizing kvar of the
induction motors. If the rating is too high, damage may
result to both motor and capacitor. Namely, as the motor,
while still revolving after disconnection from the supply,
may act as a generator by self-excitation and produce a
voltage higher the supply voltage. If the motor is
switched on again before the speed has fallen to about
80% of the normal running speed, the high voltage will
be superimposed on the supply circuits and there may be
a risk of damaging other types of equipment. As a
general rule the correct size of capacitors for individual
correction motor should have a kvar rating not exceeding
90% of the normal no-load kVA of the machine [3].



Though, for motor individual correction, the
capacitor output should be approximatively 90% of no-
load power, power factor obtainable with this correction
c0s9=0.95-0.98 > 0.95 (recommended final coso), as it is
shown.

4. DEPEENDENCY OF REAACTIVE LOADS ON
VOLTAGE VALUES

In order to ascertain reactive loads Q(u) dependency, it
is necessary to determine no-load reactive power versus
voltage, in absolute (Qy(u)) values and per unit
(qo(u)=Q/Py), for the load range from no-load to full
load, as in (qg(u)=Qy/Px), for the load range from no-load
to full load:

Q,(w)=+3-Ugl, (10)

qo(u)=Qq(u)/Py (11)

Values of reactive loads nominal components, Q,y and
Qon, are being calculated from the (2) and (10), and of T,-
breakdown torque expressed as a per unit vale of the
rated torque Ty=1, and their values are little a bit higher
from the amount of reactive loads growth from no-load
to full load, in absolute values (AQy) or per unit (Aqn=
AQn\/Piy), because of reactive power reduction on
magnetization branch (Aqun =(0.01-0.10)g,y) for the
nominal regime in order to no-load regime. Total
reactive load is calculated (in absolute values and per
unit) as: as in (qo(u)=Q¢/Py), for the load range from no-
load to full load:

Q,(u)=Qy(w) + Q,y(u)-p* /u? (12)

q;(u) =q,(u) +qyy (u)-p* /u’ (12a)

For motors of power <3kW, Q= Qo [2], because
QanAQu, 80 Qi(u)= Qo(u) and q;(u) ~ qo(u).

Expressions (12) and (12a) are commonly in use.
Instead of Q,y and qun, AQy and Aqy can be used if they
are known or they can be calculated (AQn=Qn—Qon)-
For the calculation of dependency according to
expressions (2) and (12), it is necessary to know:
- no-load characteristic Io(u), Qo(u), for the analyzed
voltage range

- motor catalogue data: nominal power (Py), nominal
current (Iy), efficiency (1), power factor (cos), slip (sy)
and the quotient of maximum and nominal torque (T),
and Q,y are calculated.

5. CONCLUSION

In this paper is proved any important conclusions.

1. By complete analysis getting from the equivalent
I'-circuit of induction machine, which will be given in
full paper, it is obtain

Q,y =(0.99+1.03)-(0.5/T,) - Py (13)

where are coefficient values from 0.99-1.03,
respectively, for motors with rated slip sy=0.03+0.01. By
(9), it will be proved that (2) from [2], is sufficient
accurate.

2. Though, for motor individual correction, the capacitor
output should be Q¢ < Q, (motor no-load power), power
factor obtainable with correction cos@p=0.95-0.98>0.95
(recommended final power cos¢), at motor load from 75-
100%.

3. The effects of voltage variations on reactive loads
components (Q, and Q,y) and power factor values at
partial loads are analyzed.
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7. APPENDIX

Equation (2) is completely derived in this Appendix.
Q. =(0.5/T,)-Py

1. Electromagnetic power (P, ) at rated load, i.e. at
slip s=sy, can be expressed as following:

1)em,N = Tem,N .Ql = 122 .O—er /Sn
j— U12 . O-zR) / S}l
(oR,+0’R)* +(cX,+0°R /s,)
For motors with power within the range of 1-200kW,

values for sy are 0.05+0.01, respectively, and therefore:
61" Ry/sy = (20+100)-0,R;, (61X + 6,°X;) 20.20-6,°R,/sm

(A-1)

Pem,N :Mem,N -Ql :[22 -Uer /SN
N Ul-6’R, /s, (A-2)
(1.15+1.05)-(c*R, / s,)’
Uy

(1.15+1.05)-(6*R, / s,,)

2. Regime with maximum input power, i.e. at s=sp,
accrues when resistance (o,X,+ ,°X,) and reactance in
load branch (o,Rito°Ri/s,) are equal, ie.
(61R+0°Ry/sm)=(01X+0,°X,), and when the load
branch impedance is Zz,m:\/Z(cles-ircler).
Corresponding electromagnetic power (Pep 1), power on
the resistance o,°R,/s, is:



I)Em,m :Tem,Pm 'Ql 2122 'O-er/Sm

_U!-o’R /s,

2(cX, +0°X,)’
Since for motors with power within the range of
1+200kW, values for corresponding slip are
sm= 0.25+0.05, respectively, the skin effect in the bars of
the squirrel-cage is minor (the depth of penetration
8:(smf1) > h,-the bar height), so it is &;°Ri/sm =(5+20)
o1R;. Consequently it is

(A-3)

c’R /s, =(0.8+0.95)-(oR, +c’R, /s,)
=(0.8+0.95) (cX, +0°X,)

and the electromagnetic power (Pemm), in the regime
with maximum input power, is

(A-4)

Popp =Tonn Q=15 -0°R, /5,
U -(0.8+0.95)- (X, +0°X,)
- 2oX, +0°X,)?
U -(0.8+0.95)
2o, +0X))
3. If cler/sn is expressed from (A-1), and (G]XS+012Xr)
is expressed from (A-2), then it is:

(AS5)

2
0’R +0°R /s, = ui (A-6)
: T, - Q(1.15+1.05)
2 -
ot 4oy, Ui (08+095) A
2T, , Q)

em,Pn

On the base of (A-6) and (A-7), it is given

oX, +0° X, T,
: L= .(0.8+0.95)-(1.15+1.05) (A-8)
o’R +c’R /s, 2T ( I )

em,m

Reactive power in the load branch of I'-circuit, under
rated condition, Qpy, can be expressed in terms of the
electromagnetic power (Pey, ), 1.€:

oX, +0°X,

Q=P " (A-9)
= N o’R, +G°R, /sy
Since the relation between the electromagnetic
power (P, n) and the rating power (Py) is:
2 2
6°R,+0°R, /s 1
Pem,N =N : s N (A-IO)

(6°R, /sy)
then on the base of equations (A-7)-(A-10), it follows:

I-sy

T, (08095 (1.15+105)
O =B o 095+099

=—"-(098+1.0))
2L

Since the maximum torque (T,), which is catalogue data,
is greater up to 2% from mentioned torque (Tepm ) in the
regime with maximum input power, i.e. T, <1.02Ty, 1, it
might be concluded that the equation (9) represents
sufficiently accurate and simple expression for
calculating the rating component of reactive power in
load branch (Q,y) in terms of the rating power (Py),
i.e.

Q2N = (O'S/Tb) : PN
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