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¢
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LARGE INDUSTRIAL INSTALLATIONS
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Energy reserves are diminishing at an increasing rate, and if society
R S ‘» .
a ‘ i/z"to maintain or impro¥e the presentgandard of living, then energy

conservation must be included in- our WM of 'life.

[ - / s . . P .
Q’ " Power factor impgovement conserves energy by reducing the demand on

currently available.’

s 4
) Lod
-1 Graphs indicating the relative costs of some of the available options

. are presented here, in an attempt to standardize ‘the method ofsselecting

3
1
1

the most ecogomical option.
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I, INTRODUCTION '~ o
,'. . (]

?

’

s

Electrical power affects every aspect of an'industrialized society, -

A

and since unscheduled outagés can result in millions of dollars bein'g
lost, then sJupply must at least equal the demand, which tends to - J

increase as the society develops. t

>

\
Unfortunately, energy resources are limited, and the possibility of

the demand/‘f‘;r power exceedin'g the sqpp.ly capabilities of the util~— -t

/ ities is becoming a reality. .

o
{

Reactive power is necessary to supply ‘the excitation current requirements .
' 4
of alternating current efuipment, agd must additionally be generated in

sufficient:’quantities to cover system losses, and to maintain reasonable
A A%

.

voltage levels on the power system. The reactive power requiréd i?a

. function of the overall power factor of the system, and the problem can

be appreciated more readily, when it is considered that an installation
-

with a nominal requirement of 100 MW at 0.8 pf (lag) requires 75Mvar of

reactive power, and is therefore equivalent to a requirement of lﬁS/MVA.
-

Y

The annual budget of any electrical utility for generating reactive

power (or imaginary power, as it is often inappropriately termed) will
clearly show the costs involved in generating this power, (and indicate
that it is a real qu’ntity). Industrial customers can therefore expect

to pay their portion of the costs involved in producing this power.




1 INTRODUCTION cont'd. : -

Utilicie‘s\ave traditionally used a rate structure that is dependent

on the power factor as a means of recovering some of the costs involved,
and as an incentive, to encourageé customers to improve the power factor

'

of their installations. . The operating power.factor of the installation’

‘l

was generally left up to the individual customer, based on the ecoﬁomics

AN — of generating reactive power locally, as opposed to payiﬁg the penalties

for nomng so. This choice was traditionally considered to be theé

N .

right of the customer.

Utilities are no longer able to supply economically, all of their
reactive power requirements, since the economics and reliabflity criteria

of real power generation have resulted in such installatiodls being rela-

N - ~ N

tively large, and located remote from the load centers. This has re-
sulted in a decrease in the effectiveness of the generators themselves
as sources of reactive power. Additionally, with ard increased public

) ’ f
awarenessaof energy conservation, there has been a slowdown in the rate
. ?

of expansion of generation facilities, with the demand for electricity.

v

continuing to increase at approximately 10 percent per vear. The solution
~

i
to this problem is to maximize the use of currently available generation .

facilities, with one method being to generate reactive power locally, at

the load centers.

.

A modified energy contra}:t is now becoming evident, whereby utilities

insist on an installation beinﬁ operated at a stipulated minimum powar
. ~ N L
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INTRODUCTION ° cont'd. . ' .

\

]

e ’
‘ «

. factqr or better, with no concedsions beifig’granted for operation above' e~
the stipulated minimum value, and severe economic penalties being imposed

for operation below the value. Such contracts effectivgly remove the

right of determining the opwimum power factor of an installation from
b i . ! ke
the individual user. . : h ! o

. ' (P

This report will concentrate on mandatory minimum power factor contracts, ..

and their efféct on the design of installations.

* - ' x 24
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II GENERAL CONSIDERATIONS IN POWER FACTOR IMPROVEMENT

3

Reacgive power produced by the utility generators is supplemenged by
reac;::':ve i:ower from sources such as high voltage li-nes, and inter-
Eognectioﬂs. Additional reactive power is required by the utility’
so as to compensate for system 1osses,'and' to maintain reasonable
voltage levels on the system. -
¢
i.arge industrial installations. gbnerally operate ‘at sevet:.al voltage
levels, ané utilize large numbers of ijd“tion moto.rs. Thig usually
results in a relatively low power factor, and’ reactive power must
’ then Pe generated and injecrz’ed into the system if the power factor .
is to be improved. Several methods are ava‘ilable for improving tﬁe
power factomw of industrial installations, including synchronous
capaci‘tors,' synchr‘onous motors, and static devices; howeve}, b&®h
economic and technical cons.iderations apply to the selection of a
partilcu‘lar meéhod, and it should be remembered that the most economic
solution will not always be technically best. -

Before discussing the selection of an acceptable method of generating

reactive power, >t may be benificial to describe some ot" the effects

of a power factor improvement scheme, These include:

~
t 3

(a) Release of system electrical capacity;
(b) > Lower system losses;
(c)  Improved voltage' profile;

v
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IT GENERAL CONSIDERATIONS IN POWER FACTOR IMPROVEMENT ‘cont'd.

"7

. A

It may also be useful to diseuss:

(] N .

-

(d)  Energy contracts.

-

.
9
? - , - ’,

g

Release of syé’em electrical capacity s
) . '

- /’

-

System‘capacit'y normally tied up in producing r‘eactive power can be

released to produce active power, by generating reactive power sepa-

e

. rately; and as an example, consider a transformer nominally rated at

P

\

-1 - Original load -

100 MVA, supplying full load at’ 0.6 pf lag.

It is possible to incrgase the congected load to this transformer by
o y
- “ N
35.4 percent (f.e. 35.4 percent additional load at 0.6.pf lag), if
50 Mvar of reactive power i1s generated separately. Ac'iditionally', the

overall power factor of the installation will bg improved tb 0.81 dag

(combination of old load + new load + reactive power generated).

The additional load that may be comnected, without exceeding the rating

of the equipment is'determined by the.equation: T ‘ :

Wi, < |2 - R'Mvar‘ - Mvar,) - tan(Cos—lﬁ ) MW 2 - MVA2 (¢))
1 2 ! 3 R P

2 \ Additional load

3 - Reactive power generated -
. . -6 -
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GENERAL CONSIDERATIONS. IN POVER' FACTOR IMPROVEMENT .
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Release of system electri@al capacity ° cont'd.

0 . o ~
4

. . r .
Figure 1 shows 'the percentsge of additional load at the original powezk
. . . - .

factor, that may be; connectgd, without exgeeding the. full ‘load ;:a‘tings
of t:hé substatiqn. N

Lower System Losses

.

. ® . - .

o’ - ‘ /., * . :
Power factor improvemerdt results in lower system currents (foér the-
same aconnected load), eind hence -gystem losses will reduce. | Losses vary
.. ’ . N o ‘
i 2 3
as the square of \the current and therefore:

*
v, E

Loss = L =~ K‘(Cos_¢)2

~,
N

M ﬁystem donstant ) ]

1

. LY '
hence the’ percentage loss reduction e'quals

) ¢ -
Ny

LR = 100 [1 - (Cés 61"/ Cos ¢2)2:], pe(:‘é' t,

Pa - R ° -

The-resultant energy saviﬁgs will not Jsually 'just:‘Lfy Jthe costs involved ©
- . ° ) ) ’ X ' ' : . &
in improving the pozver factor, but’ since the i.}\itial assumption is that

such improvement 1s mandat'ory,athen the resultant emergy savings can *
Justifiably be deducted from the cobst of improving the power factor.

- a
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cont'd.

II GENERAL CONSIDERATIONS IN POWER FACTOR IMPROVEMENT

s
v

'
N
]
!
’ < r . . . i
. ) ¥

Improved voltage prbfile

f Any measures taken to iﬁprove éhé power factor d§ an’installation causes
a véltagé Tise at the gayminals of equipment’cénnected‘to the system.

This resulté_in a moré effective;utilizatign oé)the'equipment, and will - o
prpbably reduée maintenance costs. It is very difficult to attach a.

dollar. value to this effect, and it can be considered as being a bonus.

) . . co
-
-
. N
‘ .

Energy contracts ' \ L. : I . ' o

-

o

' . A 3
Beﬁpre suggesting that reactive power be-generated locally (at the -

4 -
| e

\ . ' v . .
-installation), it must first be determined that this is necessary. : R

The uﬁcompensated power factor of the ingtallation can be estimated

e o g A S e

. < )
manually; “however, a more accurate assessment of the power factor

.

. S »
may be.obtained by performing a load flow study. Since such a study

cas e s e

will normally be required to determine transformer tap settings,

‘circuit‘b;eaker overload settings, cable sizes, etc., it can prove

o e rate

"‘ N . R :\ R ., . )
economical to use one of the several relatively inegpehsive computer
1]

S g
T

programs that are available for this purpose. ‘1“’ ) ]
v ® " ' .o : Cod
. '&‘ \ ;
0 . - , . .
(nﬂlﬂﬁ . ' * '
The ratio of the reactive to thermal power (vars\{o watts) demanded ‘ v
from the utility will be an indication of the uncompensated power .
factor. , P ‘ )
) ¢ ' ‘ -
. . . < - - , ] “
- ' - v
-9 - , ’
N AN
/ . I
® * . ','M‘—L:&(J
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GENERAL CONSIDERATTONS IN POWER FACTOK IMPROVEMENT

. e

Energy contracts )~ . cont'd.

P

Yhe amount of. reactive power that should be generated locally, will

. L
depe}qd to a very large extent, on the energy contract that is agreed

—

f P
! 1

upon by the utility. - - T

t ) . \ .
Generally, the two type's of ‘energy contracts enforced are:

;

Y
L N
N

(a) The rate structure is dependent on the power factor, and usually
. . PV

such as to make it écgpomically feasible to operate the instal-

e ”

. lation at some improved power factor; and
/; . ‘ , ' ' /7 Id

(b) A mandatory minimum operétinglpower f‘!tor is stipulafed by

the utility. Severe economic penalties will be imposed for ¢

.

operation of the installation below the set power factor, and
9 . N B

Y . . ) - .
“therg are no incentives for operation above the set value.
L] . q
Energy contracts applicable to existing installations are generally.

of type (a); however, type (b) fofifracts are becoming more predominant,

[

»and at least one major electrical utility will soon be enforcing a.

’ ﬁandatory minimum power factor of 0.95 laé on new installations.’

°

"A

! Y ‘
The use of type (a) contracts introduces an additional variable in the

determination of. the optimum operating poyer factor of °the 3ns§allation,

o ~ 10 -
: ! :

2488
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11 cém CONSIDERATIONS IN®POWER FACTOR IMPROVEMENT

Energy contracts cont'd. v
L "‘ ’

«

and additionall&, éepends largely on the final form of the comtract,

(which can vary consd ably). Since it is becoming.leés predominaq}{

/
it is not intended to.discuss the impliéations of such contracts here.
. . i * /
Type (b) contracts specify the mipnimum acceptable operating power " h\\\
factor, and additiénally eliminates the problemts associated with .

determining the ?ptimum power facto;:',Using such contracts, it is
necesgary to deg;rmine fif;t tﬂe amodnt of‘reactive p0we; that must
be generatéd locally, and second the ﬁost economical metbod of gen-
eratiné this power.

-
4 ,
Asg wasﬂgieviously mentioned, a load flow analysis can usually)Be used /

©
o

s - ‘ ; .
quite effectively to determine the amount gf reactive power that should

‘be generated locally, and also, to determine its effect on the .overall

power system. . _ )

3 w !

Several methods are currently available for gqufating reactive power.

*

These will now be discusséd. : o

A J

1
1
'
i
i
:




OPTIONS AVAILABLE

3 . \
)
.
: .

-

| The methods currently available, and generally acceptable as being J
N suitable for supplementing the reactive power reqﬁirements of indus-
trial installations inc¢lude: :
*® ,
- . .
. ~y : .
¢a) Synchronous motors . J
(b) Syrnichronous capacitors
. 1 Lo -
(c) Shunt capacitors ,
. - s

using either conventional switching techniques or thyristowﬂcontroll _—
- ‘ ﬁy
Synchronous motors

; ) ¥ |

o ’ . /

- /
Synchronous motors; when operated with an underexcited field, can be
d ’ ‘ ) l
considered to operate similar to induction motors, in that they require
reactive power. When the field of the motor is overexcited, it operates

at a leading power factor? and may then be considered as 4 reactive . i
¢ .

power génerator. \ : ‘
& N * ‘
~
' ¢
-The reactive power generated in this manner is available for use else-
! L
4
where in ,the system connected to the terhinals of the motor, and ig a
. functiod, not only of the excitation, but of the load as -well.
. . ~ ‘ j

. . , - I W

-

Figure 2 shows typical curves for such a motor.

i -3 -

\/ . ’ : -
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ITI OPTIONS AVAILABLE

) N

1 .
Synchronous mqtors cont'd.

h 4 * - 4
s \

v

The use of overexcited synchronous moﬁors reduces the ove{all‘reactive
power requirements of the installation, and it is quite co;ceivablg
that the reactive power generated in this manner will be sufficient
to improve thé operaging power factor to well abéve any contractual

requirements. ' N
- ’ ’ “

- %
¥ - . 1

As an example, consider an installation requfiring- 100 MVA at 0.78 pf lag

which includes the use of 6 induction motors 7250 dp, 0.8 pf leg each.
bl . D . A -
Assuming that these motors were replaced by equivalent synchronous) mo-

%

tors, and operated.at’full load, 08 pf lead, then, from Figure 2, a
i : '

total of approximately 26 Mvar of 'reactive power may be generaﬁed, \\

together with an associated raduction in the reactive power requiremeﬁ%s

of the installation, from 62 Mvar to 10 Mvar.-

.

The load requirements' of th; installation reduces t6 78 MW and 10 Mvar,

with the overall operating power factor being improved to 0.99 lag.

| & :

" - .

Technical considerations that will affect the choice of motors include

system stability,- and overall plant reliability, since production will

be affected.

- 14 -
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OPTIONS AVATILABLE

Synchronous motors cont'd.
Synchronous motors are constant speed devices (assuming a constant
#supply frequency), and the operation is more "rigid" than that of an

induction motor; i:e., fluctggtions in the §Upply voltage, frequency,

4

or load, may cause irregular running, instability, and breakdown. As

an example, the constancy in speed of a synchronous motor does not

pe}mit rapid fluctu

«

ons of the load to be absorbed and supplied by -
the fly&heel effect of Qhe rotating parts. Therefore, these load’

fluctuations may cause large variations in torque and current. This

inherent instability:of the synchronous motors should be thoroughly

investigated, since it can‘hdversely %;fect the overall reliability

‘

and production output of the plant. Additionally, synchronous motors
, .

are more 9ﬁéensive than induction motors of comparable rating, and

becaus® of the auxiliary equipment required, a more rigorous mainte-

' Sy -~
nance program would have to be set up.

o
* 9

Generally, ‘Synchronous motors are used in preference to induction

motors only in Mituhtions where either constant speed is essential,
‘ . 13

or "high outputs-at lowvspeeds are required (the efficiency is higher).
I'd

Synchronous capacitors . ) .

, ¢
\\ .
Synchronous capacitors are essentially synchronousymotors designed to

- 15 - \
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JI% OPTIONS AVAILABLE

| P 1 B |

Synchronous capacitors cont'd. éyd" Kl L
] N -

. , ' - ¢

' . .

run unloaded, and overexcited, and serve as a load, on power systems
with a lagging power factor, Overexcited synchronous generators can,

.

8 also be similarly used.

Synchronous capacitors have been used extensively,by utilities as a
means of providing reactive power to the system; however, because

of high costs, operating lossef, and maiﬁtenance £equirements, addi-
tional synchronous capacitors have not generally been installed on
power systems in recent years.. These comments are équally applicable

to industrial installations.

i

Synchronous generators connected to industrial power systems are

usually sources of emergency power, and if these units are provided

. .

with a clutch arrangement, they can be used to generate reactive power.
Such usage will require that the generatoigsge operated continuously,

and this can result in a dramatic decreage iéagpa,reliability of the
. L2 h *
\\,_} — 4

n

emergency power system.

~
.

b
Use of synchronous capacitors as a means of improving the power factor
' - ‘

) L [ : :
oﬁ.}ndustriaﬁ installations is therefore, not .generally recommended. '
- .

Q
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III- OPTICNS AVATILABLE cont'd.

+ . * '

Shunt Connected Capacitors ‘ - . ’

~

Power capacitors may be considered as reactive power generators in

that they are capable of supplying the magnetizing requirements (vars)

of induction devices when connected in shunt, with themy

» “1 ! "",. ’ .“

‘Two methods of utilization are possible:e

~

(a) connected in shunt with induction motors; and,

—

“(b) connected i;l/;;hun\t with the supply buses. .

)

Y

These two methods are described here:

(a) Capacitors in shunt with induction motors

s

Induction motors are among the prime users of reactive power,
a ’ N
and capacitors can be used to supply the required vars, and so

.Fimprove the power factor. Various connections are possible,

as shown in Figure 3, with connection (a) being the preferred

method, an& (b) the second choice.

This technifue for power factor improvement is quite fedsible,

@
Aand has been succesgfully used on several installations; however,

+ s
-

N -17 - ) /
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: . FIGURE 3
Options for the connection of capacitors in Shunt
with Inductfon Motors
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ITI OPTIONS AVAILABLE

N

~
Shunt Connected Capacitors

¢

(a)

A

Capacitors in shunt with induction motors cont'd.

>

problems do exist, and this method therefore requires care in

application. o

b Ve

o

Induction.motor shafts can be subjected to very severe transient
i ' ' a
torques if the power source is disconnected, and quickly recon-
w ~ / .

nected. This is because, after disconnection, induction motors
may act as self-excited induction generators, and power frequency

voltages'will therefore be maintained at the terminals for a
period of time, depending on the time constant of th:a machine.
The effect of shunt capacitors will be to increaseuthe time
constant of the partic'ular niotor, and the overall tesﬁ'lt will
be to increase the probability of subjecting th}eﬁﬁé’haft to damaging

P

transient torques ue to out-of-phase reclosing.

)
¢

-

Thiy effect requires careful analysis, particularly when used
on high inertia drives, since it may require a modification of

the motor control circuits, and may even reduce the reliability

and availability of the overall system.‘

N - —




IIT OPTIONS AVAILABLE

Shunt Connected Capacitors: a Ty

" (a) Capacitors in shunt with induction motors i cont'd. - .

3

y , f

FigurT 4 tends to suggest that it may be possiﬁle”to minimiié

the problem by limitigg the capacitor sizé'to a value equi-

t .
- 0

valent to the no load magnetizing current requirements of the"ﬂg

; ‘motors (usually of the order of: 20 percent of the motor kVA A

rating).

. . | : tl
‘Additionally, shgnt gap;ci;ors shogld be connected so as to o
b de;ive the maximum bewéfitefrom ;héir se, and since, on. large
" installations operational reliability ;:nsider%tions~9ftenL,

)

require that several motors within a plant be inBtalle% for

standby oberation’ mainly, this tends to limit the possible

locations for these capacitors. . o

[y
B

, o
¢ ‘ :

The overall result is that usually, only a fraction of the

reactive power requirements of the plant can be supplied in

» L

this manner, and additional cpmﬁensating equipment will there-

fore be required, thus increasing the costs.

’ . hRAT
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'III OPTIONS AVAILABLE % - - .
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Shunt Connected Capacitons cont'd. ., °

C, . «"‘ 4 }“A;' . } ) ° [ K -

- (b) Capac;;b(s in .shunt with supply buses . - . ' T
T s ) . : o \

F) - !

&

Large banks of capacitors fay be connected in shunt with the
R B ' .

]

. power supply buses of an ‘industrial syEEEE, and used to supply

i

. all of the reactive power requirements of the system. This

" method is.widely used, and has proveﬁ to be flexibie;‘gffeé-

N

tive, and reliable, requiring little mé%ntenancel ’ e

)
@
‘ . »

¢ Vo —

<.

© . . ty
1 Operational difficulties do exist, but these may be Miqiﬁaggd

\
» .

L 1 3 /
by proper system.design. ‘ . N

> . ¢

D .

a

: [ > N ° o, ' ' R i'
Some of the- problems that may exist are:. ° ) . |
’ . ¥ ,r" ;‘ |

. e o . ’ - ' "-"?.

B \

4

1) ‘Overvoltages under 1ight logg conditfons. -
. f) ','Sslf excitation of ihduct{on motQrs ‘on loss.of power.

3 Improper operatibn of ground fauit relays. . )
) Capacitor unit fgilurés caused by overloads due to" .

. ’
‘harmonic currents and voltages.

Ay -
.

5) Equipment failures caused by transient volfdgeg and \ﬂ )

" currents due to capacitor switching.
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IIT OPTIONS AVAILABLE - . cont'd. g :

e e S

Static Compensators |

' - ¢
- . - - '

;Pese devices are a relatively new concept in«reactive power compensation, ' }

and two general types are available: Static var~controlled systems (SVS) .

and thyristh controlled capacitors (TCC). ‘ . - ' 4

-, (a) The SVS ioncept is the older, method, and is essentlally a com- -/

N B
blnation of shunt capacitors in parallel with a thyristor " , Vs
controlled reactor. SVS's have been use4 for some years on

>

industrial networks for compensating symmetrical and asymme- Y ) .
" trical voltage drops by-rapidly modifying the poner factor.

' " o C T :
These dsyices have been used on some installatiomns for fast

A

« "

power factor modification, and for the short pefiod considefed‘

operational experience has been good. S S -
) & . L ’ ,
v \ ’
r‘ . . ‘ i N .
(b) The TCC concept is relatively new,” and consists of a shunt .
., ¢ . - . I
caoacitor bank, each of whoge phases ig in series with a thyristor,
switch. It is possible to vary the reactive power generated from -
zero to its rated Mvar value, by varying the firing angle of the
s .
thyristors. s .
., - ) . A .
l\ .. ~ “ - . . \L -‘ . ‘P
- Reliability of this system has been good for: the period considered,
P and. it may prove to be an economical alternatlve to traditionally
X switched capacitor banks. ' ' S '
- . - ' ' K . . v ‘//
T . - 22 -
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IV COST COMPARISONS e .\ -
C 4 o ’ g ) S ) . © i

The selec.tion of any particulér method of generating reactive power

depends on numerous factors, .;md lzoth tecl{niqal and’economic consi~

. derations «apply. The graphs presented here s;how the relat'i':re &sts
of .sc‘)me.options availab\le f'c'n: improving fhe power factor qf ‘different )

o

sizes of Installatiomns. Seﬁral assumptions were made in arriving at

IS S S SRR S A

* ‘
Fhese graphs,q in;luding: ‘ . - o
(a) 'The cost diff;rential in the maincgngﬁ;:e of synchronous matéfs :
‘ ‘ as 6ppoégd to induction motors, has not beep : uded, because
"of the vari'ab‘les itwaved; . ‘ ' \n\ | ’
{(b) The leffect oé \;oltqge transf‘ormations{‘ on the reactive pow’er
r requiremen'ts of the instillations ‘has’ beén negle‘cted.
1(c3 Ifh‘e cost of using 0.8 pf (leading) synchronous motors, was' used
. P as the base for all the c_zalculatiox&. : ‘
. (d) - Installations costs:of éhe motors were not iuncluded in the figurés, '
' ) . sir,\ce it 1s felt that these cos'ts will be the same, irfgspective
. of the type of motBr,. ' R N f
i ‘(e) Instaliation costs for ;:apacitors we-re included, since these were i
) considered to be e;ctra. \
(£) The origin;'l power factor was assumed-to bé 0.8 pf (lég) in all
. ‘ cases,” o' . S
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V CONCLUSION '

¢
»

The plots presented in this report are intended to be used for
comparison purposes only, sin%e, any doflar valueg given will not
necessarily be accurate. This is because of the several costs that

have not been included. . ) S‘

The relative costs of the various options, as presented, are consi- ’

der’e.d to be more instructive, @nd‘inciications are that ché ratios
are accurate. Additionally, as long as the relative costs of the
equipment considel"ed remain the same, then these curves will be valid.
From the plots presented, it may be observed that the use of over-

excited synchronous motors presents the lowest cost option over most

+

Y o )
of the range considered, but the shunt capacitor option tends to be

¢

lower in cost, for the high capacity plants.

These figures therefore, tend to indicdte that synchronous motors are

the most economical sources of reactive powé‘r, however, as was pre-

viously state:i, a thorough techmical analysis wmust be performed, be- — -

fore selecting this option. | :

Curves were not pi‘e'senrfed for either the synchronous capacitor.op.tion,

or the static controlled capacitors option, since it 1is felt that

synchronous capacitors are>uneconomical, and sufficient information is /
not available to allow a proper assessment of the costs involved in

<
using static controlled capacitors.

..32..




»

cont'd. :

Vv CONCLUSION
~ <
It should be pointed out that preliminary reports indicate that static
controlled capacitors-are quite reliable, and compet;itivély priced.
This option requires further investigation, - -
. {
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