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e To know about fundamental aspects of distribution system, principle of distribution
substations
e To know about classification of various loads
To understand difference between conventional load flow studies of power system and
distribution system load flow
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Course Outcomes:
* Understand basics of distribution systems and substations, modelling of various loads
* Evaluation of load flow solutions in distribution system
+ Evaluation of power loss and feeder cost
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UNIT IDISTRIBUTION SYSTEM FUNDAMENTALS

Brief description about electrical power transmission and distribution systems, Different types of
distribution sub-transmission systems, Substation bus schemes, Factors effecting the substation
location, Factors effecting the primary feeder rating, types of primary feeders, Factors affecting the
primary feeder voltage level, Factors effecting the primary feeder loading.

UNIT II DISTRIBUTION SYSTEM SUBSTATIONS AND LOADS

Substations: Rating of a distribution substation for square and hexagonal shaped distribution
substation service area, K constant, Radial feeder with uniformly and non-uniformly distributed
loading. Loads: Various types of loads, Definitions of various terms related to system loading,
detailed description of distribution transformer loading, feeder loading, Modelling of star and delta
connected loads, two-phase and single-phase loads, shunt capacitors.

UNIT HIDISTRIBUTION SYSTEM LOAD FLOW

Exact line segment model, Modified line model, approximate line segment model, Step-Voltage
Regulators, Line drop compensator, Forward/Backward sweep distribution load flow algorithm —
Numerical problems

UNIT IV VOLTAGE DROP AND POWER LOSS CALCULATION

Analysis of non-three phase primary lines, concepts of four-wire multi-grounded common-neutral
distribution system, Percent power loss calculation, Distribution feeder cost calculation methods,
Capacitor installation types, types of three-phase capacitor-bank connections, Economic justification
for capacitors — Numerical problems

UNIT VDISTRIBUTION AUTOMATION

Distribution automation, distribution management systems, distribution automation system functions,
Basic SCADA system, outage management, decision support applications, substation automation,
control feeder automation, database structures and interfaces.
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1. Distribution System Modelling and Analysis, William H. Kersting, CRC Press, Newyork,
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2. Electric Power Distribution System Engineering, TuranGonen, McGraw-Hill Inc., New
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UNIT —1I

DISTRIBUTION SYSTEM SUBSTATIONS AND
LOADS




UNIT-II

DISTRIBUTION SYSTEM SUBSTATIONS AND LOADS
Substation:

A substation is a component of power system which receives electric energy at a relatively higher
voltage and delivers to the consumers at lower voltage. It is a link between the transmission and
distribution systems and converts high voltage electrical power into low voltage electrical power.
To be precise, a substation may be defined as an assembly of apparatus installed to perform any one
or two or all of the following operations.
I.  To switch on and off the power supply, i.e., switching operation.
IL To transform voltage from higher to lower or viceversa, i.e., voltage transformation
operation.
II.  To convert frequency from higher to lower or vice- versa i.e., frequency converting
operation.
IV.  To convert A.C. into D.C. or vice-versa, i.e., power converting operation.
V. To improve the power factor by installing synchronous condensers at the end of the line,

i.e., power factor correction operation.

Location of substations:

The location of substation is dictated by the voltage levels, voltage regulation considerations, sub
transmission costs, substation costs, and costs of primary feeders, mains and distribution
transformers. It is, therefore, essential to exercise utmost care while designing and building a

substation. The following points must be considered, while selecting the location of a substation.

1. The location should be as near the load center as possible, so that the addition of load times
the distance from the substation is a minimum.

2. Is should be such that proper voltage regulation can be obtainable without taking extensive
measures.

3. Far away from obstructions, to permit easy and safe approach of high voltage overhead
transmission lines.

4. The location should provide proper access for incoming sub transmission lines and outgoing
primary feeders and also allows for future growth.

5. The substation location should provide enough space for the future expansion.




6. The location must not be opposed by land use regulation, local ordinances, and neighbours.
7. The selected location should help to minimize the number of customers affected by any
service discontinuity

8. It must be easily accessible to the road to facilitate transport of plant and equipment.

9. The site selected should have sufficient area to properly accommodate the substation,
structures, and equipment, switchgear, etc.
A part form the above, non- technical factors such as adaptability, emergency, etc., must also be

considered while choosing a location.

Centre of Gravity of Load:

The selection of site for substation is of prime importance in the planning of distribution
systems. The most economical position of the substation will be at the centre of gravity of the loads
to be supplied. This may normally not be possible as the load centre will be in the heart of the city,
where the cost of land and other activates may by exorbitant and hence a compromise is made in

choosing the site.

In order to find out the centre of gravity of the loads for the location of the substation, following

general procedure is adopted.

Let mi, mo, ......... mn be the loads in kW of the various towns and industrial centres and x1, x2,
..... xn their distances with respect to a reference point, then the centre of gravity x with respect a

reference point is given by

y= myyy+mgys+........... My, Vn
(mi+ my+........ my)
Where y1, yo,........... ynare the y — coordinates of the loads.

For this location of the substation, the volume of copper required to feed to various loads, for the same

voltage drops, is minimum.




Classification of Substations:
There are several ways of classifying substations based on various factors like service
requirement, design feature, etc.,
Depending upon the service requirement, they may be classified as,
i.  Transformer substations
ii.  Switching substations
iii.  Power factor correcting substations
iv.  Frequency changer substations
v.  Converting substations
vi.  Industrial substation
Depending upon the physical design features, which infact are governed by operating voltages, the

substations may be classified as

1. Outdoor substations
1i. Indoor substation
iii.  Underground substations

1v. Pole — Mounted substations

Normally for voltages 33 Kv and above, outdoor substations are recommended
because of the large air clearness required. All the equipment lies open in the air. Such substations
are either situated near a power station ( step up substion) or near a large load centre ( step down
substation). A single line diagram of a typical outdoor substation with two 132 kV feeders
incoming and one 33 kV feeder outgoing, is given in figure 3.1 (a).

The equipment in an indoor substation lies in a room. The operating voltages are 400V, 3- phase, 4-
wire, L.T and H.T. voltages may range anything between 3.3 kv to 11 kv. These substation are
located in towns. A single line diagram of a typical indoor substation (11kv/0.4kv) is given in
figure 3.1 (b).

In thickly populated areas, the space available for equipment and building in limited and the cost of
land is high. Under such situations, the substation is created underground. All the equipment and
other installations are mounted in the rooms built underground. Cooling and ventilation must be
properly provided for such stations.

Pole mounted substations are step-down substations where all the equipment is mounted on poles.

These substations are quite simple and cheap as no building for housing the equipments is required.




The main disadvantage of such substations is that they are low capacity usually upto 500 kVA as
the size of the transformer for large capacity becomes quite big and it cannot be mounted on poles.

A single line diagram of a typical 11 kv/0.4kv, 500 KVA pole mounted substation is shown in

figure 3.1 (c).
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Figure 3.1 : Single Line Diagrams




Substation Equipment:
The equipment required for a transformer substation depends upon the type of substation, service

requirement and degree of protection desired. However in general, any substation consists of power
converting equipment, switching apparatus, switchgear for protection and measuring devices like
voltmeters, ammeters and wattmeters.
A typical substation may include the following equipment:
1. Power transformers
Circuit breakers
Disconnection switches
Station buses and insulators
Current limiting reactors
Shunt reactors
Current transformers

Potential transformers
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Capacitor voltage transformers
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Rating of Distribution Substation:

The distribution substation, which is made of power transformers together with the voltage —
regulating apparatus, fuses and switchgear reduces the sub transmission voltage to a lower primary
system voltage for local distribution. The three- phase primary feeder, which is usually, operating
in the range of 11 KV to 33 KV, distributes energy from the low — voltage bus of the substation to
its load center where it branches into three- phase sub feeders and single laterals. Distribution
transformers, generally rated from 10 to 500 KV A, are usually connected to each primary feeder,
sub feeders, and laterals. The exact rating of these substations depends upon various factors such as
the load to which it is subjected, voltage drop, future expansion, etc.

The additional capacity requirements of a system with increasing load density can be met by:

1. Either holding the service area of a given substation constant and increasing its capacity.

2. Or developing new substations and thereby holding the rating of the give substation

constant.

It is helpful to assume that the system changes (1) at constant load density for short- term distribution
planning and (2) at increasing load density for long term planning. It is customary and helpful to
employ geometric figures to represent substation service areas as its simplifies greatly the
comparison of alterative plans which may require different sizes of distribution substation,

different numbers of primary feeders and different primary feeder voltages.

In this section, general methods of determining the ratings are explained. For this purpose, three

different cases are considered, they are:

i.  Case I : square-shaped service area served by four primary feeders.
ii.  Case II : hexagonal-shaped service area served by six feeders

ni.  Case III : substation service area with n primary feeders (General Case).

Case I : Square Distribution Substation Area:

Figure 3.1 shows a square-shaped distribution substation area, served by four primary feeders
from a central feed point. Each feeder and its lateral are of three phase. Dots represent balanced

three phase loads lumped at that location and fed by distribution transformers
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Figure 3.1square- shaped distribution service area
Here, the percent voltage drop from the feed point ‘a’ to the end of the last lateral at ‘c’ is

Y% VDac=% VDab+ % VDb

The voltage- drop equation can be simplified by introducing a constant K which can be defined as
percent voltage drop per kilovolt ampere-mile.

In figure 3.5 each feeder serves a total load of

S5, =A;x DEkVA (413

where
8, 15 the kilovolt-ampere load served by one of four feeders emanating from a feed point
A, 15 the area served by one of four feeders emanating from a feed point, mi®
I} 15 the load density, KWA/mi’

Equation 4.1 can be rewritten as
S_] = II = D‘ kv.ﬁ {421
since

Ag=1 i4.3)




where [ is the linear dimension of the primary-feeder service area, mi. Assuming uniformly dis-
tributed load, that 15, equally loaded and spaced distribution transformers. the voltage drop in the
primary-feeder main is

1
rﬁ‘mi_mm :%?" I_t?( K?&S_; 14.4]

or substituting Equation 4.2 into Equation 4.4,
VD iy = 0667 % Kx D[] 4.5)

In Equations 4 4 and 4.5, it 15 assumed that the total or lumped-sum load is located at a point on the
main feeder at a distance of (2/3) x [, from the [eed point a.

Reps [3] extends the discussion to a hexagonally shaped service area supplied by six feeders from
the feed point that is located at the center. as shown in Figure 4.27. Assume that each feeder service
area is equal to one-sixth of the hexagonally shaped total area, or

=0.578x /s (4.6)

where
A, is the area served by one of six feeders emanating from a feed point, mi’
I 15 the linear dimension of a primary-feeder service area. mi

3
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Case II : Hexagonal- Shaped Distribution Substation Area:

Feeder
load
. conter Distribution
. Feeder -—
™ : \ transformer
main BN

- — Lateral
il

Area
oserved by
lateral

Figure 3.2: Hexagonally- shaped distribution substation area

Here. each feeder serves a total load of

S =M DKVA “.7)
or substituting Equation 4.6 into Equation 4.7,

5:=0.578=Dx i (4.8)

As before, it is assumed that the total or lump sum is located at a point on the main feeder at a
distance of (2/3) x [, from the feed point. Hence, the percent voltage drop in the main feeder 1s

3
% VD aiin :%H I % K x 8¢ 4.9

or substituting Equation 4.8 into Equation 4.9,

GVD, iy = 0.385% K x D 2 (4.10)

11
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Case III: Substation Service Area With ‘N’ Primary Feeders (General Case):
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FIGURE 4.28 Distribution substation service area served by n primary feeders.

Above Figure shows the general case in which the distribution substation service area is served by
‘n’ primary feeders emanating from the point. Assume that the load in the service area is

uniformly distributed and each feeder serves an area of triangular shape.

The differential load served by the feeder in a differential area of dA is :

dS =D dA kVA 4.11)

where
d§ is the differential load served by the feeder in the differential area of dA, kVA
D is the load density, KVA/mil
dA is the differential service area of the feeder, mi®



In Figure 4.28. the following relationship exists:

4:12)

or

y¥=(x+dt)tanf

= xxtan@ (4.13)

The total service area of the feeder can be calculated as
In
A= _[-:M
=0
={ % tanf (4.14)

The total kilovolt-ampere load served by one of n feeders can be calculated as

= Dx[’%tan {4.15)

This total load is located, as a lump-sum load. at a point on the main feeder at a distance of
{2/3) % |, from the feed point a. Hence, the summation of the percent voltage contributions of all
such areas is

<
%VD, =< xl,xKxS, 4.16)

or, substituting Equation 4.15 into Equation 4.16,

9
%VD, =%WR'¥D)¢J';:>€ tanf/ 4.1

Or, since
ni26) =360° (4.18)

Equation 4.17 can also be expressed as

360"

2n

(4.1%

7
wVDh, =§:< ﬁ.'xﬂ:-e;.l': = lan

Equations 4.18 and 4.19 are only applicable when n > 3. Table 4.2 gives the results of the application
of Equation 4.17 to square and hexagonal areas.

13



TABLE 4.2
Application Resulls of Equation 4.17
n o tan & %VD,
4 45° 1.0 %xi’ﬂﬂ-ﬂ
6 g .1 R ¥
N} ENEN '
For n = 1, the percent voltage drop in the feeder main is
% VD, =%.~< K x Dx [
and form=21itis
1 3

GVD, = K«Dxl;

4.20)

4.21)

To compute the percent voltage drop in uniformly loaded lateral, lomp and locate its total load at
a point halfway along its length and multiply the kilovelt-ampere-mile product for that line fength

and loading by the appropriate K constant [5].

14



4.8 COMPARISON OF THE FOUR- AND SIX-FEEDER PATTERNS

For a square-shaped distribution substation area served by four primary feeders, that is, n = 4. the
area served by one of the four feeders is

Ay =1} mi’ 4.22)
The total area served by all four feeders is

TA, =44,
— 4 mi (4.23)

The kilovelt-ampere load served by one of the feeders is
Si=Dxli kVA (4.24)
Thus, the total kilovolt-ampere load served by all four feeders 1s
TS, =4Dx [ kVA (4.25)

The percent voltage drop 1n the main feeder 1s

"
GoVDy in :i x Kx Dxlj (4.26)

15



The load current in the main feeder at the feed point a 1s

S

f - 4.27)
BV,

0Or

Dxli
. = (4.28)
’ V3xVy

The ampacity, that is, the current-carrying capacity, of a conductor selected for the main feeder
should be larger than the current values that can be obtained from Equations 4.27 and 4.28.

On the other hand. for a hexagonally shaped distribution substation area served by six primary
feeders, that is, n = 6, the area served by one of the six feeders is

A i «ly mi® (4.20)

Ve

The total area served by all six feeders s
L (4.30)
ﬁ 3 )

The kilovolt-ampere load served by one of the feeders 1s

Sﬁz\:—_ﬂ:-c!f KVA 31)

Therefore. the wotal kilovolt-ampere load served by all six feeders 15
TS, =:§%—x Dx I kVA (4.32)
The percent voltage drop in the main feeder is
=
GVD, = 3—;‘,3, <« KxDxl; (4.33)

The load eurrent in the main feeder at the feed point a is

Ss

le=—5——
IxViy

(4.34)

or

[ - Dxl;
AV,

(4.35)

16



The relationship between the service areas of the four- and six-feeder patterns can be found
under two assumptions: (1) feeder circuits are thermally limited (TL) and (2) feeder circuits are
voltage-drop-limited (VDL).

I. For TL feeder circuits: For a given conductor size and neglecting voltage drop,
=1 4.36)
Substituting Equations 4.28 and 4.35 into Equation 4.36,

Dxh - Dxl
\E xVi, 3=V,

4.37)

from Equation 4.37,
[;i] =3 4.38)
1

Also, by dividing Equation 4.30 by Equation 4.23,
TA;, 6131
TA; 40

B

8

ke ] (4.30)

s,

Substituting Equation 4.38 into Equation 4.30,

TAg

- (4.40)
TA, 2
ar
TA, =1.50TA, (4.41)

Therefore, the six feeders can carrv 1.50 times as much load as the four feeders if they are
thermally loaded.
. For VDL feeder circuits: For a given conductor size and assuming equal percent voltage drop,

(]

% VD, =% VD, 442)
Substituting Equations 4.26 and 4.33 into Equation 4.42 and simplifying the resull.
f4=0833x] {4.43)

From Egoation 4,30, the total area served by all six feeders s

Th =—=x 2 (4.44)



Substituting Equation 4.43 into Equation 4.23, the total area served by all four feeders is
TA, =2.78xl; (445)

Dividing Equation 4.44 by Equation 4 .45,

1 5 (4.46)
TA, 4
or
TA, = 1.25TA, (4.47)

Therefore. the six feeders can carry only 1.25 times as much load as the four feeders if they

are VDL,

4.9 DERIVATION OF THE K CONSTANT
Consider the primary-feeder main shown in Figure 4.29. Here, the effective impedance £ of the
three-phase main depends upon the nature of the load. For example, when a lumped-sum load 15
connected at the end of the main, as shown in the higure, the effective impedance 15
Z = z» | CYphuse (4.45)
where
zis the impedance of three-phase main line, 02/(mi phase)

[ 15 the length of the feeder main. mi

When the load 15 uniformly distributed, the effective impedance is

= 1

Z= E'r: 7= | Qfphase (4.49)
When the load has an increasing load density, the effective impedance is

P g

Z =%:-¢ x| Q/phase (4.50)

Taking the receiving-end voltage as the reference phasor.

V.=V, 20° 4.51)
v, V.,
Z=R+iX T
I:l _,‘.Ny_."-hﬁ-ﬁ"?."_tl— I
P
@G—= Load
P, +iQ;
_— J’ -

FIGURE 4.29  An illustration of a primary-feeder main.
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FIGURE 4.30 Phasor diagram.

and from the phasor diagram given in Figure 4.30, the sending-end voltage 15

Vi=Ve£d
The current is
1=12-6
and the power-factor angle is
0=6; -6
=0°-6r = by

(4.52)

(4.53u)

i.53b)

and the power factor is a lagging one. When the real power P and the reactive power @ flow in

opposite directions, the power factor is a leading one.
Here, the per unit voltage regulation is defined as

e
VR,, £ hv“

and the percent voltage regulation 1s

or
% VR = VR x100
whereas the per unit voltage drop is defined as

& Fl = Fr

VR, 5

where V; is normally selected to be V.

(4.54)

(4.55)

(4.56)

(4.57)

19



Hence. the percent voltage drop is

VD=t Ve

Va

= 100 4.58)

or
VD = VD, <100 (4.39)

where V15 the arbitrary base voltage. The base secondary voltage is usually selected as 120V, The
base pnmary voltage 1s usually selected with respect to the polential transformation (PT) ratio used.

Common PT Raties  V, (V)

20 2400
&0 7200
1063 12,000

From Figures 4.29 and 4.30, the sending-end voltage is

V,=V,+IZ (4.60)
or

V.= (cosd + jsind) =V, Z0° + HcosO — jsind )i R+ jX) 4.61)

The guantities in Equation 4.6]1 can be either all in per units or in the mks (or 8I) system. Use
line-to-neutral voltages for single-phase three-wire or three-phase three- or four-wire systems.
In typical distribution circuits,
R=X
and the voltage angle & is closer to zero or typically

SRS

whereas in typical fransmission eircuits,

since X 15 much larger than K.
Therefore, for a typical distribution cireuit, the sin 8 can be neglected in Equation 4.61. Hence,

V, = V, cosd
and Equation 4.61 becomes

V, =2V .+ IRcosfl + IX sinf 4.62)

20



Therefore, the per unit voltage drop, for a lagging power factor, 15

IR cosfl + IX sinf
VD, = - i4.63)
Va
and it is a positive quantity. The VD, is negative when there is a leading power factor due to shunt
capacitors or when there is a negative reactance X due to series capacitors installed in the circuits.
The complex power at the receiving end 15

P+jQ =VI# 4.64)
Therefore,
r-f o (4.65)
V.
since
V.=V, Ar

Substituting Equation 4.65 into Equation 4.61, which 1s the exact equation since the voltage angle 4
15 not neglected, the sending-end voltage can be written as

= RP,+XQ, .RQ,-XP,

V.=V. L0+ i {4.66)
V, £0° V,.A0°
or approximately,
e RP, + XO,
R Tl st (4.67)
V:
Substituting Equation 4.67 into Equation 4.57,
RP.+ XO :
VD,=—— 468
or
F - i 1
VD, = f.S'rf'i,.]Rt..ﬂs-E]'-l.-{S,f‘rrjffsmE (4.69)
Va
or
VD, = 5. = Rcosé +.S,H_r5ll'lﬂ (470)
ViV
since

P.=85,cos8 W (471

21



and
Q, =35, sinf var #+.72)
Equations 4.69 and 4.70 can also be derived from Equation 7.63, since
S, =V.IVA 4.73)

The quantities in Equations 4.68 and 4.70 can be either all in per units or in the SI system. Use
the line-to-neutral voltage values and per phase values for the P, @, and S,
To determine the K constant. use Equation 4.68,

VD, = R+ X0
"’!V"
or
VD,, = (S W) reosf + xsinG)((1/3) = 1000) puV (474)
ViV
or
VD, = sx K x 8y puV (4.75)
or
VD, =sx K xS, puV 4.76)
where
K= (rcos@ + xsin@)((1/3)= 1000) @TD
ViVe
Therefore.
K = f(conductor size, spacing, cos €. V)
and 1t has the unit of
VD,
Arbitrary no.of kVA -mi
To get the percent voltage drop, multiply the rnight side of Equation 4.77 by 100,
so that
B (rcos&+xsm0)((l/3')x1000)x100 478)

ViV

22
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which has the umt of

VD
Arbitrary no.of KWVA - mi

In Equations 474 through 4.76. 5 is the effective length of the feeder main that depends upon the
nature of the load. For example, when the lvad is connected at the end of the main as lumped sum.
the effective feeder length s

& = lunit length

when the load is uniformly distributed along the main,
! .
y=ox [ unit length
when the load has an increasing load densiiy.

4
5 =§x [ unit length

Example 4.2

Assume that a three-phase 4.16 kV wye-grounded feeder main has #4 copper conductors with an
equivalent spacing of 37 in. between phase conductors and a lagging-load power factor of 0.9,

a. Determine the K constant of the main by employing Equation 4.77.
b. Determine the K constant of the main by using the precalculated percent voltage drop per
kilovalt-ampere-mile curves and compare it with the one found in part (a).

Solution
a. From Equation 4.77,

(r cos@ +x sin@(1/3) 1000
V¥a

K

[I?

where
r = 1.503.0mi from Table A1 for 50°C and 60 Hz
X; = %; + X3 = 0.7456 O/mi
x, = 0,609 £¥/mi from Table A1 for 60 Hz
xy=0.1366 /mi from Table A0 for 60 Hz and 37 —in. spacing cos 8= 0.9, lapging
V.=V, = 2400V, line-to-neutral voltage

Therefore, the per unit voltage drop per kilovolt-ampere-mile is

_ (1.503%0.9+0.7456 = 0.4359)((1/3) x 1000)
- 2400°

= 0.0001 VD, /(kVA :mi)

K

It



or
K = 0.01%VD/KVA -mi)
b. From Figure 4.26, the K constant for £4 copper conductors js

K = 0.019%VD/(kVA-mi)

which is the same as the one found in part {a).

Example 4.3

Assume that the feeder shown in Figure 4.31 has the same characteristics as the one in Example
4.2, and a lumped-sum load of 500 kVA with a lagging-load power factor of 1.9 is connected at
the end of a 1 mi long feeder main. Calculate the percent valiage drop in the main.

Solution
The percent voltage drop in the main is
WND = s xK x5,
= 1.0mix (.0T%NVD/KVA «mi) = 500 kKVA

=5.0%

Example 4.4

Assume that the feeder shown in Figure 4.32 has the same characteristics as the one in Example
4.3, but the 500 kVA load is uniformly distributed along the feeder main. Calculate the percent
voltage drop in the main.

!—' S=1=1mi -
[] 1
# 4 capper
5
W =+416kV
J
500 kKVA
PF=09 lag
HGURE4.31  The feeder of Example 4.2,
- I=1mi -

T T

FIGURE 4.32  The feeder of Example 2.4,
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Solution
The percent voltage drop in the main is

YVND =sxK x5,
where the effective feeder length 5 is
|
i=—={L5mi
2
Therefore,
VD =s=K =5,

= 0. 5mix 0.019% VDA KVA = mi)= 500 kVA
=7 5%,
Therefore, it can be seen that the negative effect of the lumped-sum load on the %VD is worse

than the one for the uniformly distributed load. Figure 4.32 also shows the conversion of the uni-
tormly distributed load to a lumped-sum load located at point a for the voltage-drop calculation.

Example 4.5
Assume that the leeder shown in Figure 4.33 has the same characteristics as the one in Example

4.3, but the 500 kVA load has an increasing load density. Calculate the percent voltage drop in
the main,

Solution
The percent voltage drop in the main is

WND =41 Kx5,

where the effective feeder length s is

)
5 =§f=ﬂ.ﬁ£'rb?'mi

¥

- = 1.0mi

-— s:%r:u.ﬁéﬁrmi — =]

HGURE 4.33 The feeder of Example 4.5
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Thersiore,

*ﬁ"u‘u’D=%EIK &,

= (L6667 mix 0.01%VDAKVA < mi) = 500 kVA
=3.33%

Thus, it can be seen that the negative effect of the load with an increasing load density is worse
than the one for the uniformly distributed load but is better than the one for the lumped-sum load.
Figure 4.33 also shows the conversion of the load with an increasing load density to a lumped-
sum load located at point b for the voltage-drop calculation.

Example 4.6

Use the results of the calculations of Examples 4.3 through 4.5 1o calculate and compare the per-
cent voltage drop ratios and reach conclusions.
Solution

a. The ratio of the percent voltage drop for the lumped-sum load to the one far the uniformiy
distributed load is

YoV higed 50
= =20 79
WVDy i 2.5 i3
Therefore,
l?’ﬁmlunpﬂi =1 'mrﬁ‘vnmilnml:l [d'BDJ

b. The ratio of the percent voltage drop for the lumped-sum load to the percent voltage drop
for the load with increasing load density is

WV Dirged 5.0 _

= =13 (4,81
I-'!'I::"h"ll-Dlm:rl-alirr|;| 335

Therefore,

';Futh.lTﬂFIh’J — 1 a 5{*%"&!’[}, rerEaring :| [‘1.8.2]

c. The ratio of the percent voltage drop for the load with increasing load density to the one for
the uniformly distributed load is

YWDy 3:33
= =1.33 4.83
Il:"if'l"'r!:}ljni:1!\:\|'rr| E-SU { J

Therefore,

o VI i = 133V D it ) (4.84)
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]

OPTIMAL LOCATION OF SUB-STATIONS

Every consumer in a utility system should be supplied from the nearest
sub-station. Supplying each consumer from the nearest sub-station assumes that the
distribution delivery distance is as short as nossible, which reduces feeder cost,
electric power losses costs and service interruption exposure. Sub-stations must be
located as close as possible to the consumer. There are a host of reasons why “all
things are not equal’ in most real world situations, but as concepts, “serve every
consumer from the nearest sub-station”, and “locate substation so this is as close
as possible to as many consumers as possible”, are useful guidelines for optimizing
site, size and service area are good concepts for the layout of a power delivery

system.
Perpendicular Bisector Rule

Itis a simple, graphical method of applying the concept “Serve every consumer
from the nearest substation” to a map in order to determine “optimum’ sub-station
<ervice areas and their peak loads. Applied in a somewhat tedious, iterative manner,
it can also be used to determine where to locate a new sub-station to maximize its

closeness to as many consumer loads as possible.

Although simple in concept and at best approximate, the perpendicular
hisector rule is a useful qualitative concept that every distribution planner should
understand. Application of this rule to a service area map consists of several simple

steps
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4.5.2

1. Draw a straight line between a proposed sub-station site and each of its
neighbors.

2. Perpendicularly bisect each of those lines (i.e., divide it in two with a line
that intersects it at a ninety degree angle).

3. The set of all the perpendicular bisectors around a sub-station defines its
service territory.

4. The target load for this sub-station will be the sum of all loads in its
service territory.

This process is illustrated in Fig. 4.3. Step 2 of this process determines a set of
lines that are equidistant between the sub-station and each of its neighbours. The
set of all such lines around a proposed substation site encloses the area that is closer
to it than any other sub-station. As a starting point in the planning process, this
should be considered as its preferred service area. The sum of all loads inside this set
of lines defines the required peak demand to be served by the sub-station. The impact
on the loading of the nearly sub-station can be determined in a similar manner, by
using the perpendicular bisector method to identify how their service area boundaries
change, what area they give to the new sub-station, and how much their load is
reduced by the new sub-station taking a part of their service area away from them.

| | Proposed

0 L 1 \ @" substation
3 !
|

Existing
substation

Fig. 4.3 Location of substations.

X, Y Coordinate Method

Total KVA load fed through a particular node is TKVA;y fori =1, 2, 3, ... number
of nodes(nn). TKVA is always available from the load flow computation. Optimum
location of sub-station is computed through an iterative algorithm. It is worth
mentioning here that substation is chosen as node or bus 1 (i.e., S=1). By
minimizing real power loss, the optimal location of sub-station (X (s), ¥ (s)) for
sub-station ‘S', can be computed through the following expressions.
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2 WXy
X(s)= = w(4.14)
’E’Zw(i)
m
2 WXy
Y (s)= = o(4.15)
i);:zw(i)

where X and Viy=X and Y coordinates of the consumer load point for
152, 3 ones

Wy = Real load at node 1.
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RADIAL FEEDERS WITh UNIFORMLY DISTRIBUTED LOAD

5.10 RADIAL FEEDERS WITH UNIFORMLY DISTRIBUTED LOAD

The single-line diagram, shown n Figure 5,25, illustrates a three-phase feeder maim having the
same construction, that 1s. in terms of cable size or open-wire size and spacing, along its entire
length /. Here, the line impedance is z = r+ jx per unit length.

The load low in the main is assumed to be perfectly balanced and uniformly distributed at all
locations along the main. In practice. a reasonably good phase balance sometimes is realized when
single-phase and open-wye laterals are wisely distributed among the three phases of the main.

Assume that there are many closely spaced loads and/or lateral lines connected to the main
but not shown in Figure 5.25. Since the load 1s uniformly distributed along the main, as shown in
Figure 3.26, the load current in the main is a function of the distance. Therefore, in view of the many
¢losely spaced small loads, a differential tapped-off load current dI. which corresponds to a dx dif-
ferential distance, 1s to be used asan idealization. Here, [ 1s the total length of the feeder and x is the
distance of the point | on the feeder from the beginning end of the feeder. Therefore, the distance of
point 2 on the feeder from the beginning end of the feeder is x + dx. [ is the sending-end current at
the feeder breaker, and 7_is the receiving-end current. I and I, are the currents in the main at points
| and 2, respectively. Assume that all loads connected to the feeder have the same power factor.

I dV=Txdx , I=0
— W .
I,—= ldf I—=

X _! dx !
- I -
FIGURE 5.25 A radial feeder.
—,—————_ —
| |
| |
| |
| |
| |
N |
| |
| |
| |
| |
| |
- i

FIGURE 5.26 A uniformly distributed main feeder.
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The following eguations are valid both in per-unit or per-phase (line-to-neutral) dimensional
wvariables. The circuit voltage is of either primary or secondary. and therefore shumt capacitance cur-
rents may be neglected. Since the total load s uniformly distributed from x =0 o x = £,

el

=% (5.8)
dx

which is a constant. Therefore [, that is, the current in the main of some x distance away from the
circuit breaker, can be found as a function of the sending-end current 7, and the distance x. This can
be accomplished either by inspection or by writing a current equation containimg the mtegration of
dl. Therefore, for dx distance.

Th=1Io+d (5.9)
or
Ta=T,—dr (5.10)
From Equation 510,
g Ly gl
Fo=Tu—dl
=T -i—id_t (5.11)
or
T =To — kdx =1
where k = dfidx or, approximately,
Too=T,—kdl (5.13)
and
Foy=Ton kdl (5.14)
Therefore. for the total feeder,
Io=1,—k=xl (5.15)
and
=1 +k=! (3.16)

When x=/, from Equation 5.13,

I, =I—kxi=0
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hence

k=— (3.17)

and since x=1{,
| e (5.18)

Therefare, substituting Equation 3.17 into Equation 5.185,

L=1| 1 —:] (5.19)
For a given x distance,
I,=1,
thus Equation 5.19 can be written as
I, = fi = (5.20)

which gives the current in the muin at some xdistance away from the circuit breaker. Note that from
Equation 5.20,

i :J' =0 ax=lI
=1, atx=0
The differential series voltage drop dV and the differential power loss dP, ; due to PR losses can

also be found as a function of the sending-end current /, and the distance v in a4 similar manner.
Theretore, the differential sertes voltage drop can be found as

dV =1, % zdx (5.21)

or substituting Equation 5.20 into Equation 5.21,
AV =1,% ;{ i 'T‘_']dr (5.22)
Also, the differential power loss can be found as

dPs = I % rdx (5.23)

or substituting Equation 5.20 into Equation 5.23,

dRs {L[ ! HJ rdx (5.24)

'
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The series voltage drop VI, due to I, current at any point x on the feeder 15
-
VD, = le (5.25)
0

Substituting Equation 5.22 into Equation 5.25,
VD, = J':, {l -'T’f]iu (5.26)
il

or
VD, =1, xzx .1'{ l T ] (3.27)
: oyl

Therefore. the total series voltage drop Y VD, on the main feeder whenx=1/1s
d

ZVD: :f*_;-c:;:f{] L]
2¢,

or
2 1 -
E VD, =—zxxl; (3.28)

The total copper loss per phase in the main due to 'R losses is

[
> Bis= .[dﬂj (5.20)
i)

or
l.- , R
S Bs=—Tixrxt (3.30)
 — 3

Therefore, from Egquation 528, the distance x from the beginning of the main feeder at which
location the total load current /, may be concentrated, that is. lumped for the purpose of calculating
the total voltage drop, 1s

bed | 2

whereas, from Equation 5.30, the distance x from the beginning of the main feeder at which location
the total load current I, may be lumped for the purpose of calculating the total power loss 1s

y

I=—
3
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511 RADIAL FEEDERS WITH NONUNIFORMLY DISTRIBUTED LOAD

The single-line diagram, shown in Figure 3.27, illustrates a three-phase feeder main, which has the
tapped-off load increasing linearly with the distance x. Note that the load s zero when x = 0. The
plot of the sending-end current vs. the x distance along the feeder mam gives the curve shown
Figure 528,

From Figure 3.28, the negative slope can be written as

By itz (5.31)
dx

HGURE 5.27 A uniformly increasing load.

1

Sending- end current

¥ distance

FIGURE 5.28  The sendirg-end current as a function of the distance along a feeder.
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Here. the constant & can be found from

oar

;.-:
Iy =k, 7
From Equation 3.33, the constant & 1s
2
k==
I

Substituting Equation 5.34 into Egquation 3.31,

U T
dx Y

(3.33)

(3.34)

(3.35)

Therefore. the current in the main at some x distance away from the circuit breaker can be

found as

Hence, the differential series voltage drop 1s

dV =1, = zdx
ar
et wd ; di

Also, the differential power loss can be found as

dPs =13 = rdx

ar

(3.36)

(5.38)

(5.39)

(5.40)




36

The senes voltage drop due to /, current at any point x on the feeder s

VD, = |dV

[1]
Substituting Equation 3,38 into Equation 341 and integrating the resull,

-

o R S (i ;1[
\ - J

Therefore. the total series voltage drop on the main feeder whenx =1 is

> b, =%: <£x1,

The total copper loss per phase in the main due to I°R losses is

or

(540

(3.42)

(543)

(5.45)
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LOAD MODELLING AND CHARACTERISTICS
INTRODUCTION:

DEFINITIONS

Load Electrical power needed in kW or kVA

Demand The power requirement (in kVA or kW) at the load averaged over a specified interval (15
min or 30 min). Sometimes it is given in amperes at a specified voltage level.

Demand Intervals The time interval specified for demand (D), usually 15 min or 30 min. This is
obtained from daily demand curves or load duration curves.

Maximum Demand The maximum load (or the greatest if a unit or group of units) that occurred in
a period of time as specified. This can be daily, weekly, seasonal or on annual basis (for billing purpose
in India it is monthly and in kVA).

Demand Factor The ratio of maximum demand to the total load connected to the system

Connected Load The sum total of the continuous rating of all the apparatus, equipment, etc., Con-
nected to the system.

Utilization Factor The ratio of maximum demand to the rated capacity of the system.
Load Factor The ratio of average load in given interval of time to the peak during that interval.

Annual Load Factor The ratio of total energy supplied in an year to annual peek load multiplied
by 8760.

Diversity Factor (D)  The ratio of sum of the individual maximum demands of various sub-divisions
of the system to the maximum demand of the entire or complete system.

Coincident Maximum Demand (D) Any demand that occurs simultaneously with any other
demand and also the sum of any set of coincident demands.

Coincidence factor (C) This is usually referred to a group of consumers or loads. It is defined as
the ratio of coincident maximum demand D _to sum total of maximum demands of individual or group
of loads.

Generally, it is taken as the reciprocal of the diversity factor.
Load Diversity The difference between the sum of peaks of two or more individual loads and the
peak of combined load.
Load diversity =X D - D_ 2.1)
D, = individual maximum demand
D_ = coincident maximum demand

Contribution Factor This is a factor that is usually referred in distribution systems regarding the
importance of weighted effect of a particular load.

IfC, C, ... C_are the contribution factors of each of the n individual loads and D, D, D, ............ D,
are their maximum demands.
D= comncident maximum demand is taken as
D,=CD,+ CD,+ oo co, =3CD, . (22)
i=]
Hence = comcidence factor is = —Z;—IDD‘- wu (23)

'
The contribution factor C, = C, when all the demands equally affect or influence the maximum
demand.
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Loss Factors This is the ratio of average power loss in the system to power loss during peak load
period and referred to the variable power losscs, i.c.. copper losses or power loss in conductors or wind-
ings but not to no load losses in transformers, ete.

LOADS AND LOAD CHARACTERISTICS

A broad classification of loads are
(1) Domestic and residential loads
(i) Only lighting loads (such as for street lights etc.)
(iii) Commercial loads (shops, business establishments, hospitals)
(iv) Industrial loads
(v) Agricultural loads and other rural loads

1 Domestic and Residential Loads

The important part in the distribution system is domestic and residential loads as they are highly
variable and erotic. These consist of lighting loads, domestic appliances such as water heaters, washing
machines, grinders and mixes, TV and electronic gadgets etc. The duration of these loads will be few
minutes to few hours in a day. The power factor of these loads in less and may vary between 0.5 to
0.7. In residential flats and bigger buildings, the diversity between each residence will be less typically
between 1.1 to 1.15. The load factor for domestic loads will be usually 0.5 to 0.6.

.2 Industrial Loads

Industrial loads are of greater importance in distribution systems with demand factor 0.7 to 0.8 and load
factor 0.6 10 0.7. For heavy industries demand factor may be 0.9 and load factor 0.7 10 0.8

Typical power range for various loads

Cottage and small-scale industries: 3 to 20 kW,
Medium industries (like rice mills, oil mills, workshops, etc.) : 25 to 100 kW
Large industries connected to distribution feeders (33 kV and below): 100 to 500 kW.

.3  Water supply and Agricultural Loads

Most of the panchayats, small and medium municipalities have protected water system which use
pumping stations. They normally operate in off peak time and use water pumps ranging from 10 h.p to
50 h.p or more, depending on the population and area.

4 Agricultural and Irrigation Loads

Most of the rural irrigation in India depends on ground water pumping or lifting water from tanks or
nearby canals. In most cases design and pump selection is very poor with efficiencies of the order of
25%. Single phase motors are used (up to 10 h.p.) for ground water level 15 m in depth or less with
discharge of about 20 I/sec while multi stage submersible pumps with discharge of 800 to 1000 Vm may
require motors of 15 to 20 h.p.
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RELATION BETWEEN LOAD AND LOSS FACTOR:

In general, load changes occur continuously for any type of load and the load pattern on any feeder
or distributor can be idealized and simplified approach for load on a feeder can be taken as shown in

Fig.

Pm
Load
Pa-
P2
t T
-

Let a peak load P_ exist for duration of ‘' and p, be the off peak load during any interval ‘7"
considered. Let P be the average load during the period ‘7",
p _ B xt+P(T-1)
T e (24)

But load factor =~ = o
P B

For the duration * 7 "considered

i P! xt+ P(T=1)

F,xT
re T wee (2.5)

(Power loss(avg)in given time period)
powoer loss(max. loss) x the total duration

and loss factor =

Thismbeextenﬂedlotbcwholcdmutionofuhotmbycomideﬁngl’,.l’, «ow P, as the loads
occurring over a duration of 7 £,....... 4, with P_ as the peak load. If P, is average power loss and P

power loss corresponding to peak load P_.

P, Pt + P (T-1)
Loss factor = -5 = —45= ""=’" "7 ..(2.6
2 P xT 29
Since losses are proportional to /* x P?
(- voltage is constant)
¢ (P Y(T~0
Loss factor = — +| —% | | — 2
actor T+[P,](T) (2.7)

(@) Thisis=t/Tif off peak load i.e P, x 0,(same as load factor)
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P >
(b) For short time peak ¢ << T loss factor = [ %'— ) = (load factor)® (2.8)
(c) In general for variable industrial loads loss factor, is taken as
= ().3(load factor) + 0.7 (load factor)’ - (2.9)

Recently, the formula given earlier has been modified for rural areas and expressed as

Fs=0.16F+0.84F5

/]
&
,/
0.8 7
Loss factor = load factor 1——_ ""/
: 4
=06 7
< D T /
2 04 /
] / / g
0.2 /,/ /
////C\"‘ Loss factor = (load factor)®
L~ l
-
, éi"#’/’,
0.2 04 0.6 0.8 1.0

Load factor (Fip) pu
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Example 2.7

The average load factor of a substation is (.65, Determine the average loss factor of its feeders, i

the substation services

a. An urban area
b. A rural area

Salution

a. For the urban area,

b. For the rural area,

Fis= 035+ 0.7hRs)

0.300.65)+ 0.70.65)"

0.49

Fs=0.16F0+0.84(R )
= (L16(0.65)+ 0.84(0.657

= (L33
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Find the annual load factor and average demand, given that peak load is 3.5 MW
and energy supplied is 10 million units (10" kwh). Peak demand was recorded during April — June.

7
. l‘Wh==ll41k\\l

Solution Average demand =

Peak load = 3500 kW

1141

=—=0.326
Annual load factor 3500

A feeder supplies 2 MW to an area. The total losses at peak load are 100 kW and
units supplied to that area during an year are 5.61 million. Calculate the loss factor.

5.61x10°
= — =), ' ) 7
Solution Load factor PO 8I60 0.32 (unit supplied/ peak load x 8760)

Loss factor = 0.3 (load factor) + 0.7 (load factory
=03 x032+0.7 x(0.32y=0.168

Average power loss = 0.168 x (100 kW) = 16.8 kW

The above examples illustrate how the average power loss and loss factor can be estimated from the
peak load occurring and units supplied. The estimates give gross idea regarding power losses and hence
the revenue lost in a distribution system. The loss factor should be as low as possible so that the energy
efficiency will be high. In general, loss factor will be such that

(load factor)’ < (loss factor) < (load factor)
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2.1 Definitions

The load that an individual customer or a group of customers presents to
the distribution system is constantly changing. Every time a light bulb or an
electrical appliance is switched on or off, the load seen by the distribution
feeder changes. In order to describe the changing load, the following terms
are defined:

1. Demand
a. Load averaged over a specific period of time
b. Load can be kW, kvar, kVA, or A
¢. Must include the time interval
d. Example: The 15min kW demand is 100 kW
2. Maximum demand
a. Greatest of all demands that occur during a specific time
b. Must include demand interval, period, and units

c¢. Example: The 15min maximum kW demand for the week was
150 kW
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3. Average demand

a. The average of the demands over a specified period (day, week,
month, etc.)

b. Must include demand interval, period, and units

c. Example: The 15min average kW demand for the month was
350 kW

4. Diversified demand

a. Sum of demands imposed by a group of loads over a particular
period

b. Must include demand interval, period, and units

M

Example: The 15min diversified kW demand in the period end-
ing at 9:30 was 200 kW

5. Maximum diversified demand
a. Maximum of the sum of the demands imposed by a group of
loads over a particular period
b. Must include demand interval, period, and units

¢. Example: The 15min maximum diversified kW demand for the
week was 500kW
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6. Maximum noncoincident demand

10.

11.

a.

b.

For a group of loads, the sum of the individual maximum
demands without any restriction that they occur at the same time

Must include demand interval, period, and units

Example: The maximum noncoincident 15min kW demand for
the week was 700 kW

Demand factor

a.

d.

d.

Ratio of maximum demand to connected load

. Utilization factor

Ratio of the maximum demand to rated capacity

. Load factor

Ratio of the average demand of any individual customer or a
group of customers over a period to the maximum demand over
the same period

Diversity factor

da.

Ratio of the “maximum noncoincident demand” to the “maxi-
mum diversified demand”

Load dix-’ert;ity

d.

Difference between “maximum noncoincident demand” and the
“maximum diversified demand”
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2.2 Individual Customer Load

Figure 2.1 illustrates how the instantaneous kW load of a customer changes
during two 15min intervals.

2.2.1 Demand

In order to define the load, the demand curve is broken into equal time inter-
vals. In Figure 2.1, the selected time interval is 15min. In each interval, the
average value of the demand is determined. In Figure 2.1, the straight lines
represent the average load in a time interval. The shorter the time interval,
the more accurate will be the value of the load. This process is very similar to
numerical integration. The average value of the load in an interval is defined
as the “15min kW demand.”

The 24h 15min kW demand curve for a customer is shown in Figure 2.2.
This curve is developed from a spreadsheet that gives the 15min kW demand
for a period of 24 h.

2.2.2 Maximum Demand

The demand curve shown in Figure 2.2 represents a typical residential cus-
tomer. Each bar represents the “15min kW demand.” Note that during the
24 h period there is a great variation in the demand. This particular customer
has three periods in which the kW demand exceeds 6.0kW. The greatest of
these is the “15min maximum kW demand.” For this customer, the “15min
maximum kW demand” occurs at 13:15 and has a value of 6.18 kW.

Instantaneous
| | |
6.0 - | | |
| | |
| | |
| | |
- 5.0 | ,\_/_\] . |
|
g N \f H\ |
g 40 | | '
| | |
= | | |
= 3.0 | [ [
E [ [ [
E | | |
8 2.0+ : : Average :
| | |
| | |
1.0 | | |
> | f
L
6:15 6:30 6:45
Time of day
FIGURE 2.1

Customer demand curve.
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2.2.3 Average Demand

During the 24 h period, energy (kWh) will be consumed. The energy in kWh
used during each 15min time interval is computed by

kWh = (15min_ kW _ demand ,\-%h (2.1)

The total energy consumed during the day is the summation of all of the
15min interval consumptions. From the spreadsheet, the total energy con-
sumed during the period by customer #1 is 5896 KWh. The “15min average
kW demand” is computed by

Total _energy ~ 58.96
Hours :

Average _demand = =2.46kW (2.2)

2.2.4 Load Factor

“Load factor” is a term that is often referred to when describing a load. It
is defined as the ratio of the average demand to the maximum demand. In
many ways, load factor gives an indication of how well the utility’s facili-
ties are being utilized. From the utility’s standpoint, the optimal load factor
would be 1.00 since the system has to be designed to handle the maximum
demand. Sometimes utility companies will encourage industrial customers
to improve their load factor. One method of encouragement is to penalize the
customer on the electric bill for having a low load factor.
For customer #1 in Figure 2.2 the load factor is computed to be

Average _15_min_ kW _demand  2.46

' - =040 (2.3
Max. 15 min kW _demand 6.18

Load _ factor =
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2.3 Distribution Transformer Loading

A distribution transformer will provide service to one or more custom-
ers. Each customer will have a demand curve similar to that of Figure 2.2.
However, the peaks and valleys and maximum demands will be different for
each customer. Figures 2.3 through 2.5 give the demand curves for the three
additional customers connected to the same distribution transformer.

The load curves for the four customers show that each customer has
its unique loading characteristic. The customers’ individual maximum
kW demand occurs at different times of the day. Customer #3 is the only

w

15 min kW demand
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FIGURE 2.3
Twenty-four hour demand curve for customer #2.
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Twenty-four hour demand curve for customer #3.

TABLE 2.1

Individual Customer Load Characteristics

TTTTTTTT TT
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T

7:15 9:00 10:45 12:30 14:15 16:00 17:45 19:30 21:15 23:00

Customer #1

Customer #2

Customer #3

Customer #4

Energy usage (kWh)

Maximum kW demand

Time of maximum kW

demand

Average kW demand

Load factor

58.57
6.18
13:15

244
0.40

36.46
6.82
11:30

1.52
0.22

95.64
4.93
6:45

3.98
0.81

42.75

7.05

20:30

1.78
0.25

customer who will have a high load factor. A summary of individual loads
is given in Table 2.1. The four customers given in Table 2.1 demonstrate that
there is great diversity between their loads.
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2.3.1 Diversified Demand

It is assumed that the same distribution transformer serves the four custom-
ers discussed previously. The sum of the four 15kW demands for each time
interval is the “diversified demand” for the group in that time interval, and
in this case, the distribution transformer. The 15min diversified kW demand
of the transformer for the day is shown in Figure 2.6. Note in this figure how
the demand curve is beginning to smooth out. There are not as many signifi-
cant changes as seen by some of the individual customer curves.

2.3.2 Maximum Diversified Demand

The transformer demand curve of Figure 2.6 demonstrates how the combined
customer loads begin to smooth out the extreme changes of the individual loads.
For the transformer, the 15min kW demand exceeds 16 kW twice. The greater

18
16
14

12

10

15 min kW demand

=T T N = L R = <]

0:15 2:00 3:45 5:30 7:15 9:00 10:45 12:30 14:15 16:00 17:45 19:30 21:15 23:00
Time of day

FIGURE 2.6
Transformer diversified demand curve.

of these is the “15min maximum diversified kW demand” of the transformer.
It occurs at 17:30 and has a value of 16.16 kW. Note that this maximum demand
does not occur at the same time as any one of the individual demands nor is
this maximum demand the sum of the individual maximum demands.




2.3.3 Load Duration Curve

A “load duration curve” can be developed for the transformer serving the
four customers. Sorting in a descending order, the kW demand of the trans-
former develops the load duration curve shown in Figure 2.7.

18.00
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FIGURE 2.7
Transformer load duration curve.
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The load duration curve plots the 15min kW demand versus the percent
of time the transformer operates at or above the specific kW demand. For
example, the load duration curve shows the transformer operates with a
15min kW demand of 12kW or greater 22% of the time. This curve can be
used to determine whether or not a transformer needs to be replaced due to
an overloading condition.

2.3.4 Maximum Noncoincident Demand

The “15 min maximum noncoincident kW demand” for the day is the sum of
the individual customer 15min maximum kW demands. For the transformer
in question, the sum of the individual maximums is

Max. _noncoincident _demand = 6.18+6.82+4.93+7.05=2498kW  (24)

2.3.5 Diversity Factor

By definition, diversity factor (DF) is the ratio of the maximum noncoinci-
dent demand of a group of customers to the maximum diversified demand
of the group. With reference to the transformer serving four customers, the
DF for the four customers would be

Maximum noncoincident demand  24.98
= = = =1.5458

Diversity _ factor = . . — =
Maximum _diversified _ demand 16.16

(2.5)
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The idea behind the DF is that when the maximum demands of the customers
are known, then the maximum diversified demand of a group of customers can
be computed. There will be a different value of the DF for different numbers of
customers. The value computed earlier would apply for four customers. If there
are five customers, then a load survey would have to be set up to determine the
DF for five customers. This process would have to be repeated for all practi-
cal number of customers. Table 2.2 is an example of the DFs for the number of
customers ranging from 1 up to 70. The table was developed from a different
database than the four customers that have been discussed previously. A graph
of the DFs is shown in Figure 2.8.

Note that, in Table 2.2 and Figure 2.8, the value of the DF basically leveled
out when the number of customers reached 70. This is an important obser-
vation because it means, at least for the system from which these DFs were
determined, that the DF will remain constant at 3.20 from 70 customers and
above. In other words as viewed from the substation, the maximum diversi-
fied demand of a feeder can be predicted by computing the total noncoin-
cident maximum demand of all of the customers served by the feeder and

dividing by 3.2.




TABLE 2.2

Diversity Factors

N DF N DF N DF N DF N DF N DF N DF
1 1.0 1 267 21 29 31 305 41 313 51 315 61 318
2 1e0 12 270 22 292 32 306 42 313 52 315 62 3.18
3 180 13 274 23 294 33 308 43 314 53 316 63 3.18
4 210 14 278 24 296 34 309 44 314 54 316 64 319
5 220 15 280 25 298 35 310 45 314 55 316 65 319
6 230 16 282 26 300 36 310 46 314 56 317 66 3.19
7 240 17 284 27 301 37 311 47 315 57 317 67 3.19
8 255 18 286 28 3.02 38 312 48 315 58 317 68 3.19
9 260 19 288 29 304 39 312 49 315 59 318 69 3.20

10 265 20 290 30 305 40 313 50 315 60 318 70 3.20

35

3 /—/
2.5

NIV4

Diversity factors
—
un
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Number of customers

FIGURE 2.8
Diversity factors.
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2.3.6 Demand Factor

The demand factor can be defined for an individual customer. For example,
the 15min maximum kW demand of customer #1 was found to be 6.18 kW.
In order to determine the demand factor, the total connected load of the cus-
tomer needs to be known. The total connected load will be the sum of the
ratings of all of the electrical devices at the customer’s location. Assume that
this total comes to 35kW, then the demand factor is computed to be

Maximum _demand  6.18

. = =0.1766 (2.6)
Total _connected _load 35

Demand _ factor =

The demand factor gives an indication of the percentage of electrical devices
that are on when the maximum demand occurs. The demand factor can be
computed for an individual customer but not for a distribution transformer
or the total feeder.

2.3.7 Utilization Factor

The utilization factor gives an indication of how well the capacity of an
electrical device is being utilized. For example, the transformer serving
the four loads is rated 15kVA. Using the 16.16 kW maximum diversified
demand and assuming a power factor of 0.9, the 15min maximum kVA
demand on the transformer is computed by dividing the 16.16 kW maxi-
mum kW demand by the power factor and would be 1796 kVA. The utiliza-
tion factor is computed to be

Maximum kVA _demand _ 17.96

: =1.197  (2.7)
Transformer _kVA _rating 15

Litilization _ factor =

2.3.8 Load Diversity

Load diversity is defined as the difference between the noncoincident maxi-
mum demand and the maximum diversified demand. For the transformer in
question, the load diversity is computed to be

Load _diversity = 24.97 —16.16 = 8.81kVA (2.8)
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FIGURE 2.9
Feeder demand curve.

2.4 Feeder Load

The load that a feeder serves will display a smoothed out demand curve as
shown in Figure 2.9.

The feeder demand curve does not display any of the abrupt changes
in demand of an individual customer demand curve or the semi-abrupt
changes in the demand curve of a transformer. The simple explanation for
this is that with several hundred customers served by the feeder, the odds
are good that as one customer is turning off a light bulb another customer
will be turning a light bulb on. The feeder load therefore does not experience
a jump as would be seen in the individual customer’s demand curve.

2.4.1 Load Allocation

In the analysis of a distribution feeder, “load” data will have to be speci-
fied. The data provided will depend upon how detailed the feeder is to be
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FIGURE 2.9
Feeder demand curve.

modeled and the availability of customer load data. The most comprehensive
model of a feeder will represent every distribution transformer. When this
is the case, the load allocated to each transformer needs to be determined.
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2.4.1.1 Application of Diversity Factors

The definition of the DF is the ratio of the maximum noncoincident demand
to the maximum diversified demand. DFs are shown in Table 2.2. When such
a table is available, then it is possible to determine the maximum diversi-
fied demand of a group of customers such as those served by a distribution
transformer. That is, the maximum diversified demand can be computed by

" - Max nonceoincident _demand
Max. _diversified _demand = = DE (2.9)
n

This maximum diversified demand becomes the allocated “load” for the
transformer.

2.4.1.2 load Survey

Many times the maximum demand of individual customers will be known
either from metering or from knowledge of the energy (kWh) consumed by
the customer. Some utility companies will perform a load survey of sim-
ilar customers in order to determine the relationship between the energy
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consumption in kWh and the maximum kW demand. Such a load survey
requires the installation of a demand meter at each customer’s location. The
meter can be the same type as is used to develop the demand curves previ-
ously discussed, or it can be a simple meter that only records the maximum
demand during the period. At the end of the survey period, the maximum
demand versus kWh for each customer can be plotted on a common graph.
Linear regression is used to determine the equation of a straight line that
gives the kW demand as a function of kWh. The plot of points for 15 cus-
tomers along with the resulting equation derived from a linear regression
algorithm is shown in Figure 2.10.
The straight-line equation derived is

Max. kKW _demand =0.1058 +0.005014 - kWh (2.10)

Knowing the maximum demand for each customer is the first step in devel-
oping a table of DFs as shown in Table 2.2. The next step is to perform a
load survey where the maximum diversified demand of groups of cus-
tomers is metered. This will involve selecting a series of locations where
demand meters can be placed that will record the maximum demand for
groups of customers ranging from at least 2 to 70. At each meter location, the
maximum demand of all downstream customers must also be known. With
that data, the DF can be computed for the given number of downstream
customers.

10.5 12

10 1

15 min maximum kW demand (kW)
=
=

19 0
500 1000 1500 2000
500 kWh; 2000

Energy (kWh)

FIGURE 2.10
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Z.4.1.T Application of Diversity Factors

The detinition of the DF is the ratio of the maximum noncoincident demand
to the maximum diversified demand. DFs are shown in Table 2.2. When such
a table is available, then it is possible to determine the maximum diversi-
fied demand of a group of customers such as those served by a distribution
transformer. That is, the maximum diversified demand can be computed by

Max _noncoincident _deniand
DF,

Max. _diversified _demand = (2.9)

This maximum diversified demand becomes the allocated “load” for the
transformer.

2.4.1.2 Load Survey

Many times the maximum demand of individual customers will be known
either from metering or from knowledge of the energy (kWh) consumed by
the customer. Some utility companies will perform a load survey of sim-
ilar customers in order to determine the relationship between the energy
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consumption in kWh and the maximum kW demand. Such a load survey
requires the installation of a demand meter at each customer’s location. The
meter can be the same type as is used to develop the demand curves previ-
ously discussed, or it can be a simple meter that only records the maximum
demand during the period. At the end of the survey period, the maximum
demand versus kWh for each customer can be plotted on a common graph.
Linear regression is used to determine the equation of a straight line that
gives the kW demand as a function of kWh. The plot of points for 15 cus-
tomers along with the resulting equation derived from a linear regression
algorithm is shown in Figure 2.10.
The straight-line equation derived is

Max. kW _demand = 0.1058 + 0.005014 - kWh (2.10)

Knowing the maximum demand for each customer is the first step in devel-
oping a table of DFs as shown in Table 2.2. The next step is to perform a
load survey where the maximum diversified demand of groups of cus-
tomers is metered. This will involve selecting a series of locations where
demand meters can be placed that will record the maximum demand for
groups of customers ranging from at least 2 to 70. At each meter location, the
maximum demand of all downstream customers must also be known. With
that data, the DF can be computed for the given number of downstream
customers.
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FIGURE 2.10
kW demand versus kWh for residential customers.
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MODELLING OF STAR AND DELTA CONNECTED LOADS

Loads on a distribution feeder can be modeled as wye connected or delta
connected. The loads can be three phase, two phase, or single phase with any
degree of unbalanced. The ZIP models are

e Constant impedance (Z)
e Constant current (I)
* Constant real and reactive power (constant P)

* Any combination of the above

The load models developed are to be used in the iterative process of a power-
flow program where the load voltages are initially assumed. One of the
results of the power-flow analysis is to replace the assumed voltages with
the actual operating load voltages. All models are initially defined by a com-
plex power per phase and an assumed line-to-neutral voltage (wye load) or
an assumed line-to-line voltage (delta load). The units of the complex power
can be in volt-amperes and volts or per-unit volt-amperes and per-unit volt-
ages. For all loads, the line currents entering the load are required in order to
perform the power-flow analysis.

9.1 Wye-Connected Loads

Figure 9.1 shows the model of a wye-connected load.
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L, — >

FIGURE 9.1

Wye-connected load.

The notation for the specified complex powers and voltages are as follows:

Phase a:

Sn|& =P+ ]‘Qa and |Vun‘ /Sn

Phase b:
So|/6p =P+ jQy and |Vi|/8y

Phase c:

n
S Vm

/0. =F.+jQ. and /0

9.1.1 Constant Real and Reactive Power Loads

©.1)

(9.2)

9.3)

The line currents for constant real and reactive power loads (PQ loads) are

given by

I, =| 2 s /5.6, <|IL.|/
(- ([ Va” = ‘\/im| a ﬂ_‘ .r'l| (lll
Sb Sb‘
IL,=|=1] = /Oy —0, =|ILy| /0ty
l Vb” ‘\/bnl l l ‘ l| !
Se Y I8 s o
B\ 2Bl

(94)

In this model, the line-to-neutral voltages will change during each iteration

until convergence is achieved.
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9.1.2 Constant Impedance Loads

The “constant load impedance” is first determined from the specified com-

plex power and assumed line-to-neutral voltages:

_ rjn _ =m| /0, = ‘Z‘[‘/eﬂ
V’” bn
:L: 3| /BE:"‘ZbVBb
i
2 2
e V'U;:_ _ ‘Vin‘ /6. = |ZC‘ /8.
Se S¢

95)

The load currents as a function of the “constant load impedances” are given by

/
L= ‘ [34—0, = IL| /ot
-V'im ‘ b
IL,: — /b BT'_IL /C(,
b ‘Zb‘ Y=Yy ‘ b‘ i
1/(” o .Il—/tl'ﬂ ~ | -
ILC = Z e ZC th et’ =

(9.6)

In this model, the line-to-neutral voltages will change during each iteration,

but the impedance computed in Equation 9.5 will remain constant.

9.1.3 Constant Current Loads

In this model, the magnitudes of the currents are computed according
to Equations 9.4 and then held constant while the angle of the voltage ()
changes resulting in a changing angle on the current so that the power factor

of the load remains constant:
H—«r = ‘JH—'R‘/SH _ea
IL, = ‘ILI,‘ /0, — 6,
Lt’ = ‘ILL’| /af _ec
where

3.4 represents the line-to-neutral voltage angles
8,5 represents the power factor angles

(9.7)
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9.1.4 Combination Loads

Combination loads can be modeled by assigning a percentage of the total
load to each of the three aforementioned load models. The total line current
entering the load is the sum of the three components.

9.2 Delta-Connected Loads

The model for a delta-connected load is shown in Figure 9.2.
The notations for the specified complex powers and voltages in Figure 9.2

are as follows:

Phase ab:

bab

@: Pub-l'anh

FIGURE 9.2
Delta-connected load.

and |Va.5: | /B (9.8)
ILb %
H_r,ab %
Sab
IL, %
fLm Lbc
IL, %
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Phase be:

|Stu'| & = Py + f Qn and |Vh[ /‘S_h

Phase ca:

/8a=Pu+jQu and  |Vi|/8a

-~
b o

9.2.1 Constant Real and Reactive Power Loads

The currents in the delta-connected loads are

H—rfr = [ Sﬂb ] M /bni: = u!l = ‘ILn[r
Vig| =

*
=S ) - - = ]

S\ _ Sal /s -
IL('.r’I [ V_ ] |V“, /bm - Hm - |"Lm‘ /(Xm'

»/{xdlr

(99)

(9.10)

(©.11)

In this model, the line-to-line voltages will change during each iteration
resulting in new current magnitudes and angles at the start of each iteration.

9.2.2 Constant Impedance Loads

The “constant load impedance” is first determined from the specified com-

plex power and line-to-line voltages:

M ‘I'_L / Hnb |ZHI

Zﬂh - 2 /Bﬂll'
San -~ Ji‘f‘
J%L Vel — 22101
e St

Val _ |Vl
Zm = J1_>(-| 5 _/Bm ‘Z(‘-II&

o

~n

9.12)
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The delta load currents as a function of the “constant load impedances” are

Vn!: |Vﬂb| :
H—fa == = /bm_Hm: HL(; /(IHJ
’ Zn!: |erb| f f | b] :
Vbc |Vf't|
Ly = === St —Opc = [ILse| /0t 9.13
L ZI,{- |ZI,(|/ I I | b |/l1i ( )

V lV,('{l’
H_.,;ﬂ === Bw —Hm = H—fa o
7 J—[| Zl. Ll /0

In this model, the line-to-line voltages will change during each iteration
until convergence is achieved.

9.2.3 Constant Current Loads

In this model, the magnitudes of the currents are computed according
to Equations 911 and then held constant while the angle of the voltage
(8) changes during each iteration. This keeps the power factor of the load
constant:

H—HIP = |-ILd!r| /Snb - eﬂir
ILye = |[Lsc| /pc —Bic (9.14)

IL, = |H-bm|/6m —0a

9.2.4 Combination Loads

Combination loads can be modeled by assigning a percentage of the total
load to each of the three aforementioned load models. The total delta current
for each load is the sum of the three components.

9.2.5 Line Currents Serving a Delta-Connected Load

The line currents entering the delta-connected load are determined by apply-
ing Kirchhoff’s current law (KCL) at each of the nodes of the delta. In matrix
form, the equations are

] 1 o 1[I,
Ly [=|-1 1 0 ||IL 9.15)
I o -1 1/||IL,
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9.3 Two-Phase and Single-Phase Loads

In both the wye- and delta-connected loads, single-phase and two-phase
loads are modeled by setting the currents of the missing phases to zero. The
currents in the phases present are computed using the same appropriate
equatiDnS for constant complex power, constant impedance, and constant
current.

9.4 Shunt Capacitors

Shunt capacitor banks are commonly used in distribution systems to help
in voltage regulation and to provide reactive power support. The capaci-
tor banks are modeled as constant susceptances connected in either wye or
delta. Similar to the load model, all capacitor banks are modeled as three-
phase banks with the currents of the missing phases set to zero for single-
phase and two-phase banks.

9.4.1 Wye-Connected Capacitor Bank

The model of a three-phase wye-connected shunt capacitor bank is shown
in Figure 9.3,

The individual phase capacitor units are specified in kvar and kV. The con-
stant susceptance for each unit can be computed in Siemens. The suscep-
tance of a capacitor unit is computed by

kovar

B 9.16
© kVi-1000 =10)

I1C, —_— &
Ba 1~ V,,
By \/\/ Vor
IC,, E— - ¥, /B, b
c > FIGURE 9.3

[} Wye-connected capacitor bank.
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With the susceptance computed, the line currents serving the capacitor bank
are given by

ICa = _Jfo‘.‘ ’ Vﬁ'li
IC{! = _fBb ’ Vbn (Q]?J
IC( = ."Bf : Vun

9.4.2 Delta-Connected Capacitor Bank

The model for a delta-connected shunt capacitor bank is shown in Figure 94.
The individual phase capacitor units are specified in kvar and kV. For the
delta-connected capacitors, the kV must be the line-to-line voltage. The con-
stant susceptance for each unit can be computed in Siemens. The suscep-
tance of a capacitor unit is computed by
kvar

. i 9.18
kV{ <1000 )

(S

With the susceptance computed, the delta currents serving the capacitor
bank are given by

ICIIL’ = fBa 'Vab
[Cpe = By - Vipe 9.19)
I Cm = !r Bc ’ Vca

The line currents flowing into the delta-connected capacitors are computed
by applying KCL at each node. In matrix form, the equations are

IC, 1 0 -1||ICs
ICy 1= 1 0 || ICs (9.20)
IC, 0 -1 1]|]|IC,

IC— >

c,, 2 ICy,

FIGURE 9.4 IC(%

Delta-connected capacitor bank.
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PARL-A OUESLIONS
Define Coincidence factor. ( November/December 2016-REG(R-13))

Ans: It 1s the ratio of the maximum coincident total demand of a group of consumers fo the sum of the
maximum power demands of individual consumers comprising the group both taken at the same point of
supply for the same time.

F coincident maximumdemand

~sum ofindividual maximum demands

Defie Contribution factor. ( November/December 2016-REG(R-13))
Ans: If €; as the contribution factor of the i load to the group maximum demand. It is given in pu of the
individual maximum demand of the i load.

FC =C1 xD‘l +C2 XDZ +C3 xD3+ ...... +Cn KDn
sn i=bi

What is the significance of load factor in distribution system? ( June 2017-SUPPLE(R-13))

Ans: The Load factor plays key role in determining the overall cost per unit generated. Higher the load
factor lesser will be the unit cost of generation.
Define Loss factor.

Ans: It 1s the ratio of the average power loss fo the peak load power loss during a specified period of time.
average powerloss

power loss at peak load

Define Load factor.

Ans: The ratio of average load to the maximum demand during a given period is
known as load factor i.e..

Average load

Max demand
If the plant is in operation for T hours,

Load factor =

Average load x T

Max. demand x T

Units generated in T hours
Max. demand < T hours

Load factor =

Define Diversity factor?

The ratio of the sum of individual maximum demands to the maximum demand on power station is known ag

diversity factor ie..
Sum of individual max demands
Max. demand on power station

Diversity factor =
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14,

Define utilization factor?

It is the ratio of the maximum demand of a system to the rated capacity of the system.

maximum demand

U= rated system capacity

Define plant factor?

Ans; Tt 1s the ratio of the total actual energy produced or served over a designated period of time fto ths
energy that would have been produced or served if the plant had operated continuously at maximum rating)

It 1s also known as the capacity factor or the use factor.
actual energy produced or served xT

Plant factor = - .
maximum plant rating x T

Define coincident demand?

Ans: It is the demand of the composite group. as a whole. of somewhat unrelated loads over a specified
period of time. It 1s also known as Diversified demand

Define Demand?

Ans: The demand of an installation or system i1s the load at the receiving terminals averaged over a specified
interval of time. Here. the load may be given in kilowatts. kilovars. kilo-volt-amperes’. kiloamperes. or
amperes.

Write approximate formula to relate the loss factor to the load factor?

Fis = 0.3Fp+0.7F*p for urban areas
Fis = 0.16Fp+t0.84F?%p forrural areas

. What is Load modeling?

Ans: A load model is a mathematical representation of the relation between the active or reactive power (or
the current injection) in a load bus and the complex voltage of this same bus. Load models are used for
analyzing power system stability problems. such as Steady state stability. transient stability. long term
stability and voltage control

. What is a Load curve?

Ans: The curve showing the variation of load on the power station with respect to (w.r.f) time i1s known as
a load curve.

What is connected load?

Ans: It is the sum of confinuous ratings of all the equipments connected to supply system.

. What is Average load?

Ans: The average of loads occurring on the power station in a given period (day or month or year) is known
as average load or average demand.
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16.

17.

18.

19.

No. of units (kWh) generated 1n a day

24 hours

No. of units (kWh) generated 1n a month
Number of hours 1n a month

Daily average load =

Monthly average load =

No. of units (kWh) generated 1n a year
8760 hours

Yearly average load =

‘What are different types of loads?

Ans: The various types of loads on the power system ate : (1) Domestic load. (ii) Commercial load. (777)
Industrial load. (/v) Municipal load. (v) Irrigation load. (vi) Traction load.

What 1s Load Duration Curve?

Ans: When the load elements of a load curve are arranged in the order of descending magnitudes. the curve
thus obtained is called a load duration curve.
Define Non coincident demand?

Ans: It 1s defined as the sum of the demands of a group of loads with no restrictions on the interval to which
each demand 1s applicable.
Define Maximum demand?

Ans: The maximum demand of an installation or system is the greatest of all demands which have occured
during the specific period of time.

. Define Demand factor?

Ans: It 1s the ratio of the maximum demand of a system to the total connected load of the system.
maximum demand

Demand factor = total connected demand

. What is a Domestic load & Commercial load?

Domestic load consists of lights. fans. refrigerators. heaters. relevision, small motors for pumping water
etc. Most of the residential load occurs only for some hours during the day (i.e., 24 hours) e.g., lighting load
occurs during night time and domestic appliance load occurs for only a few hours. For this reason, the load
factor 1s low (10% to 12%).

Commercial load consists of lighting for shops. fans and eleciric appliances used in restaurants etc. This
class of load occurs for more hours during the day as compared to the domestic load. The commercial load

has seasonal variations due to the extensive use of air-conditioners and space heaters.
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20. What 1s the total copper loss per phase when the radial feeders are uniformly distributed and non-uniformly
distributed?
Ans: Radial feeders with uniformly distributed load:
The total copper loss per phase in the main because of I?R losses is:

ZPL‘S:% ISQX]‘X]

Radial feeders with non uniformly distributed load:
The total copper loss per phase in the main because of IR losses is:

ZP;J:i [2xrx]

15
PART B QUESTIONS
1. Explain Rating of a distribution substation for square and hexagonal shaped distribution substation
service area
Explain Rating of a distribution substation can be calculated by taking a general case with “n” number
of feeders
Derive an Expression for the power loss in a uniformly loaded distributor fed at one end.
Derive an Expression for the power loss in a non uniformly loaded distributor fed at one end.
Derive the K Constant?
Comparison of the Four- and Six-Feeder Patterns?
How is Load Modeling done in distributed networks (or )
Explain Load Modeling & its Characteristics
8. Explain detailed description of distribution transformer loading
9. Explain Feeder Loading?
10. Derive the Relation Between Loss factor and Load factor

L

NN AW

11. Explain different types of Loads

12. Explain the characteristics of residential, Agricultural, industrial &commercial loads (Nov/Dec-16Reg)

13. A power supply is having the following loads: (June 2017 -Supply)

Type of load Maximum demand Diversity of group Demand factor
Domestic 1500 KW 1.2 0.80
Commercial 200 KW 1.1 0.80

Industrial 1000 KW 1.25 1.0

If the overall system diversity factor is 1.35, determine:
1. Maximum demand
ii. Connected load of each type

14. (A) Define Load factor and Loss factor (June 2017 —-Supply R09)
a. Assume that the annual peak load of a primary feeder is 2500 kW, at which the power is
70 kWper three Phases. Assuming an annual loss factor of 0.15. Determine:
1. The average annual power loss
ii. The total annual energy loss due to the copper losses of the feeder.
15. (A) Explain the following terms: (June/July 2014-Supply (R09))
(1) Maximum demand. (ii) Coincident demand. (iii) Contribution factor.
(B) Assume that the annual peak load of a primary feeder is 2000 kW, at which the power is 80 kW
per three phases. Assuming an annual loss factor of 0.15. Determine: (i) The average annual
power loss (ii) The total annual energy loss due to the copper losses of the feeder.
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16. (A) Define Coincidence Factor and Contribution Factor (December/January 2013/14 -REG(R09))
(B) A 120 MW substation delivers 120 MW for 4 Hrs, 60 MW for 10 Hrs and shut down for rest of
each day. It is also shut down for the maintenance for 30 days each year. Calculate its annual

load factor.

17. (A) Write short notes on load modeling and its characteristics.
(B) A generating station has the following daily load cycle.

Time(hrs) | 0-6 6-10 10-12 12-16 16-20 20-24
Load(mw) | 30 40 20 70 50 40
Draw the load curve and find: i) Maximum demand ii) Units generated per day
iii) Average load iv) Load factor

18. (A) The maximum demand of a generating station is 200mw.The annual load factor
being60%.calculate the total electrical energy generated per year?
(B) The annual peak load on a 30mw power station is 25 mw. The power station supplies loads
having maximum demands of 10mw, 8.5mw, Smw, and 4.5mw.The annual load factor is 45%.

Find i) Average load ii) Energy supplied per year iii) Demand factor iv) Diversity factor

19. A) Discuss the effect of load factor on the cost of generation in a power system.

B) Discuss the characteristics of different loads.

20. A feeder supplies 2 MW to an area. The total losses at peak load are 100 kW and units
supplied tothat area during an year are 5.61 million. Calculate the loss factor and Average
power loss.

21. A generating station has a maximum demand of 25 MW, a load factor of 60%, a plant capacity factor

of 50% and a plant use factor of 72%. Find: (i) The daily energy produced. (ii) The reserve capacity of the
plant.iii) The maximum energy that could be produced daily if the plant, while running as per schedule, were
fully loaded.

22. Draw Substation Diagram mentioning all equipments

23. Name the Classification of substations

24. Explain Optimal Location of substations




EDSA

UNIT 3

DISTRIBUTION SYSTEM LOAD FLOW

SYLLABUS: Exact line segment model, Modified line model, approximate line segment model, Step
Voltage Regulators, Line drop compensator, Forward/Backward sweep distribution load flow
algorithm — Numerical problems

The modeling of distribution overhead and underground line segments is a critical step in the analysis
of a distribution feeder. It is important in the line modeling to include the actual phasing of the line
and the correct spacing between conductors. The method for the computation of the phase
impedance and phase admittance matrices with no simplifying assumptions are developed. Those
matrices will be used in the models for overhead and underground line segments.

Exact Line Segment Model:

The model of a three-phase, two-phase, or single-phase overhead or underground line is shown in
Figure 1. When a line segment is two phase (V phase) or single phase, some of the impedance and
values will be zero. In all cases the phase impedance and phase admittance matrices were 3 x 3. Rows
and columns of zeros for the missing phases represent two-phase and single-phase lines. Therefore,
one set of equations can be developed to model all overhead and underground line segments. The
values of the impedances and admittances in Figure 1 represent the total impedances and
admittances for the line.

For the line segment of Figure 1, the equations relating the input (node n) voltages and currents to
the output (node m) voltages and currents are developed as follows.

Kirchhoff’s current law applied at node m is represented by

Hine | [ Yo Ya Yo|[Vag
lling, | =|1b +:i- Yoo Yu Yal|ViW
limne I s Yy X Vg

il Al B - =



Sode u faz, 5

LS
Ve,
L

4
Vg, s
L=

diy

L

Vig,

_ U,

Fig 1: Three-phase line segment model



In condensed form Equation 6.1 becomes
[Hines ], <[ L], %{'r,,,] [V1Ga), 62

Kirchhoff's voltage law applied to the model gives

Vag| [Vag] [Ze Zu 2.][line,
Vig| =|\Vbg| +|Zy Zu  Zy || line, (6.3)
_ir’::g_ﬂ _chm EARE _Hmefm

In condensed form Equation 6.3 becomes

[VEGu], =[VLGic], ] e, 64
Substituting Equation 6.2 into Equation 6.4,
VLG ), =[VLGy| +[z¢]-{|1,k]m %[n.,“wﬂﬁ]m} (6.5)
Collecting terms,
V16, =[] {2 Hral V6, sz sl 69

where

[U]= (6.7)

== ] i =
= = =

==



Equation 6.6 is of the general form

VLG |, =[] | VLG |, +18] L], (6.8)

where
fal = 111+ 5[ Za ][ Y ©9)
] = [Za ] (6.10)

The input current to the line segment at node n is

| Hine, Y Yu Yo||Vag
| =| Hines %- Y Y Yel|Vbe 6.11)
1) | Hie, Y. Ya Yo||vesl

In condensed form, Equation £.11 becomes
(1], =Hinen ] +%-Iym]-[vu:ﬂ, I 6.12)
Substitute Equation 6.2 into Equation 6.12:
[fan], = [l ]+ %I‘Fm] (VLG ], + % [Yose |- [VLG e, (613)
Substitute Equation 6.6 into Equation 6.13:
(1], =[] + 5 Vo [ VEGa],
3 D Tz Dl VLGl #2 Ml | 60
Collecting terms in Equation 6.14,
[1ac], = {0 T 2] Y ) VG,

Uz a1 615



Equation 6.15 is of the form

[Lasc), =[] [VLGaae ], + 1] 1], (6.160)

where
[¢]=[Yﬁ]+%-{&’ml~[zm]-[r..r] (6.17)
[d] = [U] +%‘- [Zae ] [ Y ] (6.18)

Equations 6.8 and 6.16a can be put into partitioned matrix form:

g & i el I

Equation £.19 is very similar to the equation used in transmission line analy-
sis when the A, B, C, D) parameters have been defined [1]. In the case here the
i, b, ¢, d parameters are 3 x 3 matrices rather than single variables and will be
referred to as the “generalized line matrices.”

Equation 6.19 can be turned around to solve for the voltages and currents
at node m in terms of the voltages and currents at node »:

|vu;m]} [lnl IBJ} [l“'“;“]] (6.20)

(1] (1],
The inverse of the a, Iy, ¢, d matrix is simple because the determinant is

[a] [d]-[E]-[c]=[U] (6.21)
Using the relationship of Equation 6.21, Equation 6.20 becomes

[lvu:ml,, =[ld| —1bl],[lvmm-l,}
[l —e]  [a] [fac],

Since the matrix [a] is equal to the matrix [d], Equation 6.22 in expanded form
becomes

(6:22)

[VLGi |, =[a]-[VLG ], —1b]-[Lac], (6.23)

[ L], = el [VLGa ], +1d]- [T ], (6.24)



Solving Equation 6.8 for the bus m voltages gives
[VLGa], =lal {[VLGu], ~[B]-[Lac], } (6.25)

Equation 6.25 is of the torm

0.8667 + j20417  0.2955+j0.9502  0.2907 + j0.7290
[b]=[Za]=| 02955+ j0.9502 0.8837+ 19852 (0.2992+ j0.8023
(.2907 + j0.7290  0.2992+0.8023 (0.8741+;2.0172

VLG |, =[A}[VLGa ], (8] L] (6.26)

where
[A]=[a]” (6.27)
[B]=[a] *-[b] (6-25)

The line-to-line voltages are computed by

Via 1 1 0|V
Vil =lo 1 al|v| =ID1[VLG.], (6.29)
l"':'; ™ -1 u 1 .I"‘:'; o
where
1 =1 D
Bl=|]0 1 -1 (6.30)
- 0 3

Because the mutual coupling between phases on the line segments is not equal,
there will be different values of voltage drop on each of the three phases. As
a result the voltages on a distrnibution feeder become unbalanced even when
the loads are balanced. A common method of describing the degree of unbal-
ance is to use the National Electrical Manufactures Association (NEMA) defi-
nition of valtage unbalance as given in Equation 6.31 [2].

~ 1fvﬁﬂ'mium Deviation from At,mgrl

vlulh.km - |me..|

“100%: (6.31)



Example 6.1

A balanced threephase load of 6000KVA, 1247V, 09 lagping power fac-
tor is being served at node moof a 10,0008t three-phase line segment.
The Joad voltages are rated and balaneed 12 47 KV, The configuration and
conductors of the line segment are those of Example 4.1 Determinge the
peneralized line constant matrices [al, [ [c]. [d], [A], and [8] Using the
generalizved matrices determine the line-to-ground voltages and line
currents at the source end (node m) of the line segment.

Solution

The phase impedance matrix and the shunt admittance matrix forr the
| i segment ag computed in Examples 41 and 5.1 are

04576+ JLOFB0 01560+ j0.5017 (L1535 + j0.3849
[z ]=| 01560 + 05017 (14666 + jLO482 (L1580 + 014236 {3/ mile
(LI535+ (03849 01580+ j0.4236 04615+ fLO651

BATIL —jLR362  —j00as
[V |=i- 3769911 [C |=| -jL8362  j5.9774  —jL16Y |uS/mile
-j0.7033  —jL168 53911

For the HL000M line segment, the total phase impedance matrix and
shunt admittance matrix ane

(1LBRAT + 204 17 02955+ Ja502 02907 + JO.7290
[Zo]=| 02955+ 09502 08837 = 19452 (12992 + 08023 |G
02007 + 07290 02992+ j08023 L8741+ (20172

107409 —j34777 -j1.3322
[Yi]=|=j34777  j113208  -j2.2140 S
-j13322 -j22140 102104

It should be noted that the elements of the phase admittance matrix are
very small.

The genéralized matrices computed according to Equations 69, 6110,
617, and 615 are

0o
IﬂI=lUl+%-IE¢] [Yal=|0 10 0
0 0 10

(L8667 « [2IM17 02955+ j0.9502 02907 + j0.7290
[b]=|2s|=| 02955+ j09502  0.8837 + 19852 02992+ j0.8023
02907 + f0.7290 02992+ j0.8023 08741+ j20172



1]

1o 0 0
=0 10 o
B 0 10

0 0 0
fAl=l 0 10 0
0 0D 1.0

08667 + (L0417 D2955+ j0OSI2 02907 + 17290
[Bl=[al* [b]=| 02955+ 09502 (08837 + 19852 (0.2992+ L8023
02H)7 + 07290  (0.2992+ j08023 08741+ 20172

Because the elements of the phase admittance matrix are so small, the
lal. |4], and [d] matrices appear to be the unity matrix, I more significant
figures are displayed, the 11 element of these matrices is

ﬂ']_'] - .rq.]_| -— ﬂ.mll? + Iﬂam}‘magﬁ

Also, the elemenits of the [c] matrix appear to be zero. Again il more sig-
nificant figures are displayed, the 11 term is

g5 = —0.0000044134 + 00000127144

The piint here is that for all practical purposes the phase admittance
matrix can be neglected.
The magnitude of the line-to-ground voltage at the load i=

VL5=%"','§?E=?1995&

Selecting the phase g to ground voltage as reference, the line-to-ground
voltage matrix al the load is

Ve 7199.56/0
Vig | =|7199.56/=120 |V
v 7199.56/120

=5



The magnitude of the load currents is

600 )
= F a7 ~ 277

For a 09 lagging power factor the load current matrix is

277.79/-25.84
[La], =| 277.79/-14584 |A
277.79/94.16

The line-to-ground voltages at node # are computed to be

7538.70/1.57
[ViGu | =la] [VLGu L. +[b] [te ). =| 7451.25/-118.30 |V
7485.11/121.93

It is important to note that the voltages at node »n are unbalanced even
though the voltages and currents at the load (node 1) are perfectly bal-
anced. This is a result of the unequal mutual coupling between phases.
The degree of valtage unbalance is of concern since, for example, the
aperating characteristics of a three-phase induction motor are very
sensitive o voltage unbalance. Using the NEMA definition for voltage
unbalance (Equation 6:29), the valtage unbalance is given by

Vi | = Vil +IVgL +|vi|, 753870+ ZASISATHEN 00,9

Videviation,,.. = 7538 .70 — 7491.69 = 47.01

47.01

—= . 100% = 0.6275
749170 : o

Vnuhhmr =

Although this may not seem Hke o large unbalance, it does give an indi-
cation of how the unequal mutual coupling can generate an unbalance.
It is important to know that NEMA standards require that induction
motors be derated when the voltage unbalance exceeds L.

Selecting rated line-to-ground voltage as base (7199.56) the per-unit
voltages at bus i are

Vi 1 7538.70/1.577 1.0471/1.57
V,, =m 7451.25/-11830 |=]| 1.0350/-118.30 perumt

7485.11/121 93 1.0357/-121 931

*

By canverting the voltages to per unit, it is easy to see that the voltage drop
by phase is 471% for phase s, 3.50% for phase b, and 3.97% for phase ¢.

The N currents at node nare computed to be

277.71/-25.83
[is] =[e} [VLGa ] +|d) [1s], =|27773/-148.82 |A
277.73/9417

Comparing the computed line currents at node o b the balanced load
currents ab niode m, a very slight difference s noted that is another vesult
of the unbalanced voltages at node o and the shunt admittance of the
line segment.



Modified Line Model :

Figure 6.2 shows the modified line segment model with the shunt admittance neglected. When the
shunt admittance is neglected, the generalized matrices become

When the shunt admittance s neglected, the generalized matrices become

Jo}= (U} 6.3
b= (6:33

=[] (634

=[] 635
[Al={U] (6.36)
[B=| 2] (637)
Node I, i, 2y la, e i
3 i YN S A
by B, g, o
T Iy Hline Ie
”de X EH hi hlh‘l
— 2
ﬁgﬂ h"|l|||

FGURE b2
Mudified line segment model



a) Three-Wire Delta Line :

It the line is a three-wire delta, then the voltage drops down the line must be
in terms of the line-to-line voltages and line currents. However, it is possible
to use “equivalent” line-to-neutral voltages so that the equations derived to
this point will still apply. Writing the voltage drops in terms of line-to-line
voltages for the line in Figure 6.2 results in

Via Ve | |wdrop, | | odrop,
Vie | =| Vi | +|odrop, |- vdrop; (6.38)

vﬂ Fm mr[w,_ Mrﬂp Y

1 - =l

where

vdrop, | |Ze Za Lo || Uine,
vdropy | =| Ze  Zw Ly || Hliney {6.39)
vdrop, | |Zn e 2o || Hine,

Expanding Equation 6.38 for the phase 11,

Vab, = Vab, +odrop, —vdrop, (6.40)
buit
Vab, = Van, —Vin,
Vab, = Van, —Vin, 64
Substitute Equations 6.4] inte Equation 640
Van, —Vim, = Van, —Vbn, +vdrop, —vdrop, (642

Equation 6.40 can be broken into two parts in terms of “equivalent” line-to-
neutral voltages:

Vin, = Van,, + vdrop,

.4
Vi, = Vin, 4+ vdrop; G4

The conclusion here is that it is possible to work with “equivalent” line-to-
neutral voltages in a three-wire delta line, This is verv important since it

makes the development of general analyses techniques the same for four-
wire wye and three-wire delta systems,



b) Computation of Neutral and Ground Currents :
the Kron reduction method was used to reduce the primitive impedance matrix to the 3 x 3
phase impedance matrix. Figure 6.3 shows a three-phase line with grounded neutral that is
used in the Kron reduction. Note that the direction of the current flowing in the ground is
shown in Figure 6.3

In the development of the Kron reduction method, Equation 4.52 defined the
“"neutral transform matrix” [t ). The same equation is shown as Equation é.d4:

[t ]=—2..T " 124] (6.44)

The matrices [3,] and [5,] are the partiioned matrices in the primitive
umpedance matrix,

When the currents flowing in the lines have been determined, Equation 6.45
is used to compute the current flowing in the grounded neutral wire(sk

[ L] =[t] (] (6.45)

In Equation 6.45, the matrix [I ] for an overhead line with one neutral wire
will be a single element. However, in the case of an underground line con-
sisting of concentric neutral cables or taped shielded cables with or withoat
a separate neutral wire, [1,.] will be the currents flowing in each of the cable
neutrals and the separate neutral wire if present Once the neutral current(s)
has been determined, Kirchhoff's current law is used to compute the current
Howing in ground:

I, =l +1s +1.+In s 4+ Iny ) (f.46)
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FIGLURE 6,3
Thres-phase line with neutral and ground corrents:




Example .2

The line of Example 61 will be used o supply an unbalanced load at
node m. Assume that the voltages at the source end (node o) are balanced

three phase ai 1247EV line to line. The balanced line-to-ground vollages are

7199.56/0
[VLGa |, =| 7199.56/-120 |V
7199.56/120

The unbalanced currents measured at the source end are given by

i, 249097/-245
I, | =|2F756/=1458 |A
{, i 35547952

Dtermine

= The line-to-ground and lne-to-line voltages at the Joad end
(node m) using the modified line model

* The voltage unbalance

* The complex powers of the load

* The currents flowing in the nevtral wire and ground

Solution
The [A] and |B] matrices for the modifed lne mode] are

1 O 0
[A]l=|U}={0 1 0
e 0 1

D.8666 + 20417  (2955+ 09502  (0.2907 + j0.7290
[B]=[Z.]=| 02955+ j0.9502 (08837 + /L9852 (02992 4 j0.8023 |0
(L2907 + L7290 029924 18023 (.8741+ j20172

Since this is the approximate model, {1, ], s equal ta fl |,. Therefore

1, 24997 /-245
I | =|27756/-1458 | A
I,

05.54/05.2

The line-to-ground voltages at the load end are

6942.53/-147
[VLGa | =[AT [VLGw], = [B]-[La | = | 691835/-121.55 |V
B8E771/117.31




The line-to-line voltages-at the load end are

1 -1 0
D={0 1 -
-1 0 1
12,000/28%
[VLLy], =ID)[VLG. ], =[12.025/-922
11,903/148.1

For this condition, the average load voltage is

a2
lvwl= 694._531-691:351'6&‘7‘7] — 691620

The maximum deviation from the average is on phase ¢ so that
Vdeviation,., =[6887.71-6916.20|= 28.49

2849

wibdlsr = ———-100=0.4119%
= 6916.20 v
The complex powers of the load are
Vg~ 1o ;
s] , | 15972+ 6788
S =000 Vig Iy |=11750.8 + j788.7 |kW + jkvar
o Vig - ! 24 1949.7 + j792.0

The “neutral transformation matrix” from Example 4.1 is
[t J=[-04292- 01291 04476 - 01373 -0.4373- j0.1327]
The neutral current is
[W]={te] [t =262/-205

The ground current is

I=~(l,+1,+1.+1,}y=325/-776




Approximate Line Segment Model :

Many times the only data available for a line segment will be the positive and zero sequence
impedances. The approximate line model can be developed by applying the “reverse
impedance transformation” from symmetrical component theory

Using the known positive and zero sequence impedances, the "sequence
impedance matrix” is given by

Z 0 0
[Zol=|0 Z 0 (6.47)
0 0 Z

The "reverse impedance transformation” results in the following approxi-
mate phase impedance matrix:

[Z ] = (AT 2 AL (6.45)

(2-Z.+Zy) (4-Z.) (Zy—-Z,)
(Zo—-Z,) (2-Z.+Z)) (Z,-Z) (6.49)
(Zy=Z.) (Zy-Z.) (2-Z. +Z)

lzmm |=

G| -

Notice that the approximate impedance matrix is characterized by the three
diagonal terms being equal and all mutual terms being equal. This is the
same¢ result that is achieved if the line is assumed to be transposed. Applying
the approximate impedance matrix the voltage at node n is computed to be

Vie Vi i (2-Z.+Zy) (Zi-Z)) (Z—-24,) || L
Vie | = Vi | +3 (@-2) @2z+2z) (z-2) [|L]| 650
‘Vly N ‘/Aj,( o (ZU -Z-) (Ztl —Z.) (2 Z- + Z\) Ia -

In comdensed form, Equation 6.50 becomes

lVLGuh" ]r.' = lVLGﬁ lm +[Zanmn ]'“dv ]m (651)

Note that Equation 6.51 is of the form

[VLGac)s = [alIVLGac ks #16) Ve ) (6.52)



where

[A]= unity matrix
(0] = [ Z |

Equation 6.50 can be expanded and an equivalent circuit for the approximate
line segment model can be developed. Solving Equation 6.50 for the phase u
valtage at node n results in

Vg, = Vag,, +%{{EI{+ + Z A -2 + (L + 21} {6.53)
Modify Equation 6.53 by adding and subtracting the term (£,—Z )i, and
then combining terms and simplifying:
1 [(2£. +Zg 4Ly —L Py + Ly -2, H.—l
Vag, = Vag. += o
3| 20— Z )~ (Zo—- 2L, [

= Vg, +%{[31 Wy —Z )1+ 1 +1,))

(Zy—Z,

=Vagn +Z.- L + j-l[f,,+1r+!,] (6.54)

The same process can be followed in expanding Equation 6.50 for phases b
and ¢. The final results are

Vg, = Vg +Z, -I,+EZ‘EJ-{L+L+JI} (6.55)
Vieg, = Vf£m+1.'f¢+@-{f;+f¢.+1,] (5.56)

i

Figure 6.4 illustrates the approximate line segment model.
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Approvimate fine segment misdsel.

Figure 6.4 shows a simple equivalent circuit for the line segment since no mutual coupling has
to be modeled. It must be understood, however, that the equivalent circuit can only be used
when transposition of the line segment has been assumed.



Example 6.3

The line segment of Example 4.1 is to be analyzed assuming that the
line has been transposed. In Example 4.1, the positive and zero sequence
impedances were computed to be

=, =0.3061+ 0.6270

5y = 07735+ 19373 mile

Assume that the foad at node m is the same-as in Example 6.1, That is,

kVA=6000, KVLL=1247, Power Factor = 0.8 lagging
Determine the voltages and currents at the source end (node ) for this
loading condition.
Solution
The sequence impedance matrix is

0.7735+ j1.9373 0 0
[z]= 0 0.3061 + 0.6270 0 €/mile
0 0 0.3061 + j0.6270

Performing the reverse imp‘edancc transtormation results in the approx-
imate phase impedance natrix;

[z = 1Azl AT

04619+ /10638 01558+ j0.4368  (.1558 + ((1.4368
=| 01558 + 04368 04619+ /10638 (L1558 + (0.4368 | £2/mile
0.1558+ /04368  (.1558+ j0.4368 04619+ [1.0638

For the 10,000 ft ling, the phase impedance matrix and the [5] matrix are

T((XX)
[b]=lzm]:[zwu]'%'
08748+ j20147 02951+ 0.8272  (.2951+ j0.8272
=| 02051408272 08748+ 20147 02951+ 08272 |
02951+ 08272 02951+ 08272 08748+ 720147

Note in the approximate phase impedance matrix that the three diago-
nal terms are equal and all of the mutual terms ans equal. Again, this is
an indication of the transposition assumption.



From Example 6.1, the voltages and currents at node m are

7199.56/0
[VLG.. |, =|7199.56/-120 |V
719956/120
277.79/-2584
[la ], =| 277.79/-145.84 | A
277.79/94.16
Using Equation 6.52,
T4N72/-1.73
[VEGA], =Tal (VLG |, +18]-[La], =|7491.72/-11827 |V
LTI TR

Note that the computed voltages are balanced. In Example 6.1, it was
shown that when the line is modeled accurately, there is a voltage unbal-
ance of L6275%, It should also be noted that the average value of the
voltages at node win Example 6.1 was 749169 V.

The V_ at node n can also be computed using Equation 6.48:

a

Vag.=Vag. +Z, 1.+ (I, #1044}

Since the currents are balanced, this equation reduces to

Vg, =Vag,. +24, -1,
=T7199.56/0 +(0.5797 + j1.1675) 27779/ -25.84 =7491.72/1.73V

It can be noted that when the loads are balanced and transposition has
bevn assumed, the three-phase line can be analyzed as a simple single-
phase equivalent as was done in the calculation cardier.

Example 6.4

Use the balanced woltages and unbalanced currents al node n in
Example 62 and the approximate line model to compute the voltages
and currents at node w.

Solution

From Example 62, the voltages and currents at node g are given as

7199.56/0
[VLGaw |, =| 7199.56/-120 [V
7199.56/120



I, 24997/-245
‘u - 2?7 56/ "’45.8 A
1| | 30554952

The [A] and [B] matrices for the approximate line model are
[A]= unity matrix
[BY = [Z gy ]
The voltages at node m are determined by
6993.10/-1.63

[VLG.], =[A][VLGy ], =18 [la], = | 6881.15/-12161 |V
684023/ 1750

The voltage unbalance for this case ks computed by

3.10+6881.15 2
V‘w=699310 688;1 +68wJ=6918.l6

Vdeviation . =[6993.12 -~ 691817 = 74.94

7494 )
Vidubiees = m 100 =1.0833%

Note that the approximate model has led to a higher voltage unbalance
than the “exact” model, |



Voltage Regulation :

The regulation of voltages is an important function on a distribution feeder. As the loads on
the feeders vary, there must be some means of regulating the voltage so that every customer’s
voltage remains within an acceptable level. Common methods of regulating the voltage are
the application of step type voltage regulators, load tap changing (LTC) transformers, and
shunt capacitors.

Standard Voltage Ratings :

The American National Standards Institute (ANS]) standard ANSI C84.1-
1995 for “Electric Power Systems and Equipment Voltage Ratings (60 Hertz)"
provides the following definitions for system voltage terms [1]:

o System volluge: The root mean square (rms) phasor voltage of a por-
tion of an alternating current electric system. Each system voltage
pertains to a portion of the system that is bounded by transformers
or utilization equipment.

o Nomtinal systent voltage: The voltage by which a portion of the system
is designated and to which certain operating characteristics of the
system are related. Each nominal system voltage pertains to a por-
tion of the system bounded by transtormers or utilization equipment.

o Maximum system voltage: The highest system voltage that occurs
under normal operating conditions, and the highest system voltage
for which equipment and other components are designed for satis-
factory continuous operation without derating of any kind.

o Serbice mfh:lgr: The mltage at the point whete the electrical system
of the iuppIiEr and the electrical system of thi user are connected.

o [Dilzabion r.'r.ii'n'fl:,,*f': The 'L'ul’mge at the line terminals of utilization
Equi.pmmt

o Nominal utilization voltage: The voltage rating of certain utilization
equipment used on the system.



The ANSI standard specifies two voltage ranges. An over simplification of
the voltage ranges is

»  Rangr A: Electric supply systems shall be so designated and operated
such that most service voltages will be within the limits specified for
range A, The occurrence of valtages outside of these hmits should
be infrequent.

= Range B: Voliages above and below range A. When these voltages
occur, corrective measores shall be undertaken within a easonable
time to improve volkiges to mest range A

For a normal three-wire 120/240V service to a user, the range A and range B
valtages are

» Range A
o Mominal utilization voltage = 115Y
= Maximum utilizetion and service voltage = 126V
s Minimum service voltage = 114V
*  Minimum utiliFzation voltage = 110V
» Range B
= MNominalutilization voltage = 115V
o Maximum utilization and service voltage = 127y
= Minimum service vollage = 110V
o Minimum ubilization voltage = 107V

These ANSI standards give the distribution engineer a range of “normal
steady-state” vollages (range A) and a ange of “emergency steady-state”
valtages (mnge B) that must be supplied o all users.

In addition to the acceptable voltages magnitude ranges, the ANSI standard
recommends that the “electric supply systems should be designed and oper-
ated to limit the maximum voltage unbalance to 3 percent when measured at
the electric-utility revenue meter under a no-load condition.” Voltage unbal-
ance is defined as

Max. deviation from average m!'mge
Average volbage

- 10N (71}

Vﬂ;tﬂxflrmhmv =

The task for the distribution engineer is to design and operate the distribu-
Hon system so that under normal steady-state conditions the voltages at the
meters of all users will lie within Range A and that the voltage unbalance
will mot exceed 3%

A common device used to maintain system vollages i€ the step-voltage regu-
lator. Step-voltage regulators can be single phase or three phase. Single-phase

regulators can be connected in wye, delta, or open delta, in addition to oper-
ating as a single-phase device. The regulators and their controls allow the
voltage output to vary as the lpad varies.

A step-voltage regulator is basically an autotransformer with a LTC mecha-
nism on the "serips” winding. The voltage change is obtained by changing the
number of turns {tap Ehﬂ.[lglﬂ}llﬂf the series winding of the autotransformer.

An antotransformer can be visnalized as a two-winding transformer with
a solid connecticn between a terminal on the primary side of the transformer
and a terminal an the secondary. Before proceeding to the autotransformer,
a review of two-transformer theory and the development of generalized
constants will be presented.




Step-Voltage Regulators :

A step-voltage regulator consists of an autotransformer and a LTC mechanism. The voltage
change is obtained by changing the taps of the series winding of the autotransformer. The
position of the tap is determined by

Preventive Ny
autoiransformer

Reversing
9 switch
L

A —e L
. W
N, r.f '\_l -
W
LILITETF | ‘:ﬂ"u.l.rl
[
Shomt

winding £Ei Comtrol Vinast
T '

= —a HGLURE TS
Type "B step-wnltage regulator.

By

a control circuit (line drop compensator). Standard step-regulators contain
a reversing switch enabling a +10% regulator range, usually in 32 steps.
This ameunts to a 5/8% change per step ar .75V change per step on a 120V
base. Step-regulators can be connected ina "Type A" or “Type B” connec-
tion according to the ANSI/IEEE C3715-1986 standard [2]. The more commion
Type B connection is shownin Fgure 75

The step-voltage regulator control circuitis shown in block form in Figure 76
The step-voltage regulator control circuit regquires the following settings:

L Voltuge level: The desired voltage (on 120V base) to be held at the
“load center.” The load center may be the output terminal of the reg-

ulator or a remote node on the feeder.

2. Bandwidth: The allowed variance of the load center voltage from the
set voltage level. The valtage held at the lbad center will be +1/2 of

Control curment tronsformer

- a A
: C‘LV o
Motos
E Line drop |
compensator "Prf'm’-g
cireunit

Contral potentinl transforoer

Line curremt

FIGLIRE 7.6
Stepamnltage regulator control circirit




the bandwidth. For example, if the voltage level is set to 122V and the
bandwidth set to 2V, the regulator will change taps until the load
center valtage lies between 121 and 123V,

3. Time defay: Lemgth of time that a raise or lower operation is called
for before the actual execution of the command. This prevents taps
changing during a transient or short time change in current.

4. Line drop compensator: Set to compensate for the voltage drop (line
drop) between the regulator and the load center. The settings con-
sist of R and X settings in volts corresponding to the equivalent
impedance between the regulator and the load center. This set-
ting may be zero if the regulator output terminals are the “load
center.”

The required rating of a step-regulator is based upon the KVA transformed
and not the kVA rating of the line. In general, this will be 10% of the line
rating since rated current flows through the series winding, which repre-
sents the +10% vn]lﬂgu change. The kVA mating of the step-voltage regula-
tor is determined in the same manner as that of the previously discussed
autttransformer.

a)SingIe-Phase Step-Voltage Regulators :
Because the series impedance and shunt admittance values of step-voltage regulators are
so small, they will be neglected in the following equivalent circuits. It should be pointed
out, however, that if it is desired to include the impedance and admittance, they can be
incorporated into the following equivalent circuits in the same way they were originally
modeled in the autotransformer equivalent circuit.

1) Type A Step-Voltage Regulator :

The detailed equivalent circuit and abbreviated equivalent circuit of a Type
A step-voltage regulator in the “raise” position are shown in Figure 7.7

As shown in Figure 77 the primary circuit of the system is connected
directly to the shunt winding of the Type A regulator. The series winding is
connected to the shunt winding and, in turn, via taps, to the regulated cir-
cuit. In this connection, the core excitatiom varies because the shunt winding
is connected directly across primary circuit.

When the Type A connection isin the “lower” position, the reversing switch
is connected to the “L" terminal. The effect of this reversal is to reverse the
direction of the currents in the series and shunt windings. Figure 78 shows
the equivalent circuit and abbreviated circuit of the Type A regulator in the
lower position.
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FIGURE 7.7

[vpe A step-voltage regulator in the raise position,

e

FIGURE 7.8
Ivpie A step-voltage regulator in the lower position.




ii ) Type B Step-Voltage Regulator :
The more common connection for step-voltage regulators is the Type B. Since this
is the more common connection, the defining voltage and current equations for
the voltage regulator will be developed only for the Type B connection. The
detailed and abbreviated equivalent circuits of a Type B step-voltage regulator in
the “raise” position are shown in Figure 7.9

FIGURE 7.9
Type B step-voltame regulator in the raise position

The primary circuit of the system is connected, via taps, to the series wind-
ing of the regulatorin the Type B connection. The series winding is connected
to the shunt winding, which is connected directly to the regulated circuit. In
a Type B regulator, the core excitation is constant because the shunt winding
is connected across the regulated circuit;

The defining voltage and current equations for the regulator in the raise
position are as follows:

Voltage Equatinns Current Equations

E, E o
ﬁ:h‘l—; Nidp=Na |I: (7.61]
Vi=k <E: Ih=li-H (7.62)
V. =E fy=] (7.63)
E =_b‘.‘|_*. El=lp. ],=£1‘ =£J‘ (754

My My N5 Ny
v =[\--_,—=]1r', J;:il—m—|! 7.65)
] h

Vi =iry l}"|_ I|_=i.!.- Iy (.5
by =1- L:l_| L7687}

Equations 7.66 and 767 are the necessary defining equations for modeling a
Type B regulator in the raise position.

The Type B _~i.tep—v{1]tag+_- connection in the “lower” position is shown
in Figure 710. As in the Type A connection, note that the direction of the
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FIGLRE 7.10
Type B step-valtage regulator in the ower position.

currents through the series and shunt windings change, but the voltage
polarity of the two windings remain the same.

The defining voltage and current equations for the Type B step-voltage
regulator in the lower position are as follows:

Voltage Equations Current Equations

E E.

}:‘jrzﬁ Ng -’|=l~: f: Fﬁﬂ?

Vi =B+ B L=l=1, (7.59)

V=5 fy=-15 (7700
N oy _ Ny N- N+ T

Ey=—"FE = ¥ Jj= g =—=[=ls} 1)

=N = N. e N| h' : L

Lr,=.[1+% W, ,_[14--—].!. @22

V= - ¥ ly=ng Iy (7.73)

N
"FHN_T (778

Equations 767 and 774 give the value of the effective regulator ratio as a
function of the ratio of the number of turns on the series winding (N.} to the
number of turns on the shunt winding (N)).

In the final analysis, the only difference between the voltage and current
equations for the Tvpe B n—:guiﬂtm in the raise and lower positions is the sign
of the turns ratio (N,/N, ). The actual turns ratio of the windings isnot known.

However, the particular tap position will be known. Equations 767 and 7731
can be modified to give the etfective regulator ratio as a function of the tap
puosition. Each tap changes the voltage by 5/8% or 00625 per unit. Therefore,
the effective regulator ratio can be given by

iy = 1= 0.00625-Tup (7.75)

In Equation 775, the minus sign applies for the “raise” position and the posi-
tive sign for the “lower” position.



iii) Generalized Constants :

generalized a, b, ¢, and d constants have been developed for various devices. It
can now be shown that the generalized a, b, ¢, and d constants can also be
applied to the step-voltage regulator. For both Type A and Type B regulators, the
relationship between the source voltage and current to the load voltage and
current is of the form:

Type A
V:; = i' Il".|_ I:: =g '.h I:'F.?hjl
g
Tvpe B
; 1 i
Ve=uay V_l_ fo=—0-], {777
fAr

Therefore, the generalized constants for a single-phase step-voltage reguls-

tor become
Type A
1
g=— b=0 =0 d=my
bl (775
A=gy B=0
Type B

i=ag b=0 c=0 :f=i

iy

where 4, is given by Equation 7.75 and the sign convention is given i Table 71

TABLE 7.1

Sign Comvention Table foray,
Type A Type B

Raise 4 =

Lower - .




iv) Line Drop Compensator :

The changing of taps on a regulator is controlled by the “line drop compen-
sator.” Figure 711 shows an analog circuit of the compensator circuit and
how it is connected to the distribution line through a potential transformer
and a current transformer. Older regulators are controlled by an analog com-
pensator circuit. Modern regulators are controlled by a digital compensator.
The digital compensators require the same settings as the analog, because it
is easy to visualize, the analog circuit will be used in this section. However,
understand that the modern digital compensators perform the same func-
tion for changing the taps on the regulators.

The purpaose of the line drop compensator is to model the voltage drop of
the distribution line from the regulator to the “load center.” The compensator
is an analeg ¢ircuit that is a scale model of the line circuit. The compensator
input voltage is typically 120V, which requires the potential transformer in
Figure 711 to reduce the rated voltage down to 120V, For a regulator connected
line to ground, the rated voltage is the nominal line-to-neutral voltage, while
for a regulator connected line to line, the rated voltage is the line-to-line
voltage. The current transformer turns ratio is specified as CT',:CT,;, where the

MV A pating
kY hi-kV s

I
e CTmETy

‘ EE i R line-+ X line LA‘L

Mpe:l Voltnge
relay

FIGURE 7.11
Line drop compensator circoit



primary rating (CT ) will typically be the rated current of the fedder. The set-
ting that is most critical is that of K’ and X' calibrated in volis. These values
must represent the equivalent impedance from the regulator to the load center.
The basic requirement is to force the per-umit line impedance to be equal to
the per-unit compensator impedance, In order o cause this to happen, it is
essential that a consistent set of base values be develaped wherein the per-unit
voltage and currents in the line and in the compensator are equal. The consis-
tent set of base values is determined by selecting a base voltage and current
for the line dreuit and then computing the base voltage and current in the
compensator by dividing the system base values by the potential transformer
ratio and current transformer ratio, respectively. For regulators connected line
to ground, the base system voltage is selected as the rated line-to-neutral volt-
age (Vi) and the base system current is selected as the rating of the primary
winding of the current transformer (CT;) Table 72 gives "table of base values”
and employs these rules for a regulator connected line to ground.

With the table of base values developed, the compensator R and X settings
in Ohms can be computed by first computing the per-unit line impedance:

e Rliney + jXline
RPI ¥ fonl = ;;MH i

R+ (X = (Rliney + j}{!':'u:u}-% (7.80)

Ly

The per-unit impedance ot Equation 780 must be the same in the line and
in the compensator. The compensator impedance in Ohms 15 computed by
multiplying the per-unit impedance by the base compensator impedance:

Rfﬂﬂfpu + th.ﬂ'mPn - {Rpu ¥ ,'xpu }"zimsflmlr

. V,
= (Rltnteq + 1 X1ins Tl LS
ot Xlinea) G-
) Sl CTp
=(Rliney + 1 Xlingg ) —————11 (781
( a+] ) Nor CT. |
TABLE 7.2
Table of Bage Values
Base Line Circuit Compensator Cincuit
V.
Voltage Vix \l_:.
Curremt Ty T,
: Wiy _—
Impedance Fhar; T Thawr o = N CT,

Equation 781 gives the value of the compensator R and X settings in Ohms.
The compensator R and X settings in volts are determined by multiplying
the compensator R and X in Ohms timmes the rated secondary current (CT.)
of the current transformer:

R+ X" = (Reomipa+ jXcompy ) CT:

CiTp

— . T,
Moy -ClTz #

= [ Rlinreg + jXlineg )

= { Rlireg + iXlinea ). 2 (7B
My

Kaowing the equivalent impedance in Ohms from the regulator to the load
center, the required value for the compensator settings in volts is determined
by wsing Equation 752, This is demonstrated in Example 740



b) Thre

e-Phase Step-Voltage Regulators :

Three single-phase step-voltage regulators can be comnected externally to
form a three-phase regulator, When three single-phase regulators are con-
nected together, each regulator has its own compensator circuit, and, there-
fore, the taps on each reguolator are changed separately. Typical connections
for single-phase step-regulators are

1. Single phase

2 Two regulators connected in “open wye” (sometimes referred to as
“¥* phase)

3. Three regulators connected in grounded wye

4. Two regulators connected in open delta

5. Three regulators connected in closed delta

A three-phase regulator has the conmections between the single-phase
windings internal to the regulator housing. The three-phase regulator is
“sang" operated so that the taps on all windings change the same, and, as a
result, only one compensator circuit Is required. For this case, it is up to the
engineer to determine which phase current and veltage will be sampled by
the compensator circuit. Three-phase regulators will only be connected ina
three-phase wye or closed delta.

Many times the substation transformer will have LTC windings on the
secondary. The LTC will be controlled in the same way as a gang-operated
three-phase regulator.

In the regulator models to be developed in the next sections, the phasing
on the source side of the regulator will use capital letters A, B, and C. The
load-side phasing will use lower case letters o, b, and .

Wye-Connected Regulator :

Three Type B single-phase regulators connected in wye are shown in
Figure 7.12. In Figure 7.12 the polarities of the windings are shown in
the “raise” position. When the regulator is in the “lower” position, a

reversing switch will have reconnected the series winding so that the
polarity on the series
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FIGLIRE 7.12
Wyp-monnected Type I regulators

winding 15 now at the output terminal. Regardless of whether the regulator
is raising or lowering the voltage, the following equations apply:

Voltage equations

V.‘hl ‘IE__ W ﬂ ﬂ Vm
li"r!!rr = 0 ilg_b 0 | Vl'm (7.84)
ll-"’.:,,_ i 1) iy VLH

where ay ity ), and dg . represent the effective turns ratios for the three

single-phase regulators,
Equation 784 is of the form
(VLN e = o} VLN |+ 8] 1 785
Current :’eitmtiun:-'
! 0 0
1] | % !
1 [
Ial=| 0 "_ 0 [k (7.86)
I b U
1] 1] —_—
[IR_ i
r

[Lase | = [e] | VLG | +[d]| L | (787)




Equations 785 and 787 are of the same form as the generalized equations
that were developed for the three-phase line segment of Chapter 6. For a
threg-phase wye-connected step-voltage regulator, neglecting the series
impedance and shunt admittance, the forward and backward sweep matri-

ces are therefore defined as

ja] =

[Al=

(7.88)

(7.89)

(790

(791)

(7492)

(7493)

In Equatioms 788, 791, and 793, the effective turns ratio for each regulator must
satisfy 09 < 0y . £ L1 in 32 steps of (625%/step (0753 V/step on 120V base),

The effective turn ratios (@, , a0 ,, and g; ) can take on different values
when three single-phase regulators are connected in wye. It is also possible

to have a three-phase regulator connected in wye where the voltage and

cur rent are sampled on only one phase and then all three phases are changed

by the same number of taps.



ii ) Closed Delta—Connected Regulators :

Three single-phase Type B regulators can be connected in a closed delta as
shown in Figure 715. In the fgure, the regulators are shown in the "raise”
position.

The closed delta conmection is typically used in three-wire delta feeders
Note that the potential transformers for this connection are monitoring the
load-side line-to-line voltages and the current transformers are not monitor-
ing the load-side line currents.

The relationships between the source side and currents and the voltages
are needed. Equations 764 through 767 define the relationships between the
serips and shunt winding voltages and currents for a step-voltage reguolator
that must be satisfied no matter how the régulators are connected.

KVL is first applied around a closed loop starting with the line-to-line volt-
age between phases A and C on the source side. Refer to Figure 714, which
defines the various voltages:

Vg =V +Ve—Vy (754

FIGURE 7.5
Cliosed delta-connected regulatorswith voltages.



but

N,
V =——‘-V A
= v (795)
N
Vi =—=-V 796
A= N, it (796)

Substitute Equations 795 and 796 into Equation 794 and simplify:

Vi =[t-% ] v...+%-v.. —tg w Vatl-aus) Ve (797

The same procedure can be followed to determine the relationships between
the other line-to-line voltages. The final three-phase equation is

Vaa ay 1—ay j 0 Vb
Vic|=| 0 (. 1—ag_q || Vie (798)
VCA 1"”’(-& 0 Ay Vm

Equation 798 is of the generalized form
[VLL e ] = [a]- Vil )+ 0] [ £ux ] (799)

Figure 716 shows the closed delta-delta connection with the defining
currents,

The relationship between source and load line currents starts with apply-
ing KCL at the load-side terminal 4.

L=0+1,=1:—1,+1. (Z.100)
but
N,
I, =—:1 7.101
s =N, (7.101)
_N: ;
Iu-m'lc (7102)

Substitute Equations 7100 and 7101 into Equation 7.100 and simplify:

Nﬁ N\
I.=(1“‘A—,;']'Ia+w:‘1r=ﬂx,m‘1A+(1-ﬂz.a)'lc (7.103)
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FIGLURE 716
Closed delta—connected regulators with cuments.

The same procedure can be followed at the other two load-side terminals,
The resulting three-phase equation is

L . 0 l—ape | [ 14
h.. = l—l'I,L'__J_I. Iy e { " }IJ E:lﬂ'-i;l
I 0 1—dy s By o I

Equation 7104 is of the general form

“.miﬂ”j'“.ﬂj—:] {7.105)
where
I ':lJn.‘,nf 0 i_ﬂ};..u
IDI= ].—Jil'p__,_u [ 0
0 ].—ilp.n,- M

The general form needed for the standard model is
[f.m:] =[] 'IVLL_-U;{ i+ [d]- [juh' t (7106)

where [d] = [O]%

As with the wye-connected regulators, the matrices [b] and [c] are zero as long
as the series impedance and shunt admittance of each regulator are neglected.
The closed delta connection can be difficult to apply. Note that in both the
voltage and current equations, a change of the tap position in one regulator will
affect voltages and currents in two phases. As a result, increasing the tap in one
regulator will affect the tap position of the second regulator. In most cases, the
bandwidth setting for the closed delta connection will have to be wider than
that for wye-connected regulators.



iii)Open Delta—Connected Regulators:
Two Type B single-phase regulators can be connected in the “open” delta
connection. Shown in Figure 717 is an open delta connection where two
single-phase regulators have been connected between phases AB and CB.

Two additional open connections can be made by connecting the
single-phase regulators between phases BC and AC and also between
phases CA and BA.

The open delta connection is typically applied to three-wire delta feeders,
Note that the potential transformers monitor the line-to-line voltages and the
current transformers monitor the line currents, Once again the basic voltage
and current relations of the individual regulators are used to determine the

. ——>

P

FIGURE 7.17
Open delta connection



relatiomships between the source-side and load-side voltages and currents,
The connection shown in Figure 717 will be used to derive the relationships
and then the relationships of the other two possible connectiony can follow
the same procedure.

The voltage V; across the first régulator consists of the voltage across the
series winding plus the voltage across the shunt winding:

Vg =Viu+Va {7.107)

Paying attention to the polarity marks on the series and shunt windings, the
voltage across the series winding is

Vie=- N; Vi (7108

Substituting Equation 7108 into Equation 7107 yields

s N
Vi -‘-‘[I—N'

]‘Vj.- =y s Ve (7109

Following the same procedure for the regulator connected across Vg, the
voltage equation is

Vﬂ::[l_&J‘Vk:ﬂﬁ_&'Vh W.ll[n
Ny
KVL must be satisfied so that

Vs =~V + Vic) = —ttn_o Vie —tp_a- Vi (7.111)

Equations 7107 through 7109 can be put into matrix form:

Van Ag i 0 0f |Va
VM = i I!R i 0f- Vh.' {'?J 12:
Viea —yp . =g 0] | Va

Equation 7112 in genemlized form is
[VLLage | = ae | [VELw |+ [bua )| Luie ] (7L13)

where

. aie 0 0
!d',_._] = i B ok { (¥.11s8)
—tg g Hrg O



The effective tums ratio of each regulator is given by Equation 775, Again,
as long as the series impedance and shunt admittance of the regulators are
neglected, [b,] is zero. Equation 7114 gives the line-to-line voltages an the
source side as a function of the line-to-line voltages on the load side of the
open delta using the generalized matrices. Up o this point, the relation-
ships between the voltages have been in terms of line-to-neutral voltages.
In Chapter B, the [W] matrix is derived. This matrix is used to convert line-
to-line voltages to equivalent line-to-neutral voltages.

2 1L 0D
[VEN ) = [W] [VLLuc] where [w1=%- 0 2 1| (s
Lo 2
The ine-to-neutral voltages are converted to line-to-line voltages by
1 =1 0
[VLLie |={D) [VINsc] where[D]=|0 1 -1 (7116
-1 0 1
Convert Equation 7113 to line-to-neutral form:
[VELage | = [ ] [V Lase [+ Bue | [ L]
VLN i | =[W] | VLLage | =[W]: [ |- [D]- | VLN
[ Al ] (Wl [ wr:] W] E‘LL][ ]I ] (71173)

i V-LN-'&C ] = I_nm;] f [VLN.qu. ]

where [a,,.]=[W] [aw]-[D]
When the load-side line-to-line voltages are needed as function of the source-
side line-to-line voltages, the necessary equation is

2 00
Vi iy Vi
vil=| o ' ooolve (7117b)
Vi 1 "“'-1** Vea
— ]
| 2R ah AR




where

) 0 o
H.-_d-,
[Ac]=] 0 : 0 (7.119)
g o
= 1 =i 0
| TR b L |

Equation 7118 is converted to line-to-neutral form by
[VENwe] = A | IVIN anc] - where [Ay ] = [W]-[Aw |- [D] (7.120)

There is no general eguation for each of the elements of [A_]. The matrix
[A,,] must be computed according to Equation 7120,

Referring to Figure 717, the current equations are derived by applying KCL
at the L node of each regulator:

li=1,+14 {7121)
but
N
=—-—=_.]
S TR

Therefore, Equation 7121 becomes

N
s (-1 53 | P (7.122)
[ Ny } ’
Therefore
I,= ! -1, (7123)
M _ab

In a similar manner, the current equation for the second regulator is given by

1

Ra_a

3 (7124)

Ic=

Because this is a three-wire delta ling, then

b g

i _an R _ch

g, (7:125)

[g = —{jﬂ+1c} =—



In matrix form, the current equations become

1 ] 1]
-I.r! HR_;I "l
o  J—— (7126)
g i g _oh
I = l- 1
0 (1]
L By b |
In gemeralized form, Equation 7126 becomes
[Lasc ] = g ] [VIN swe ]+ [ ] [Lane ] (7127)
where
o s
U] i
D b
1 1
d.]=l-——— 0 - 7128)
[y ] — o {
o o
L g

When the series impedances and shunt admittances are neglected, the con-
stant matrix [c,, | will be zeto.
The load-side line currents as a function of the source line currents are

given by
.I'.d g {1 0 I."l
hij=|—tg .+ 0O -8 al|ls (71299
_|'_|: { {1 e .h:
(7130)

[t ] = [P ] [ Lt |

where
iy { {
D=0 s O —itgxs (7.131)
{ { L

The determination of the R and X compensator settings for the open delta
follows the same procedure as that of the wye-connected regulators,
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FIGLIRE 7.18
Cipen delta conmected to.a load center

However, care must be taken to recognize that in the open delta connec-
tion the voltages applied to the compensator are line to line and the cur-
rents are line currents, The open delta—connected regulators will maintain
anly two of the line-to-line voltages at the load center within defined
limits. The third line-to-line voltage will be dictated by the other two
(KVL). Thersfore, it is possible that the third voltage may not be within
the defined limits,

With reference to Figure 718, an equivalent impedance between the regula-
tors and the lpad center must be computed. Since each regulator is sampling
line-to-line voltages and a line current, the equivalent impedance is com-
puted by taking the appropriate line-to-line voltage drop and dividing by
the sampled line current. For the open delta connection shown in Figure 718,
the equivalent impedances are computed as

Zuq,, = % {7132)

Zﬂ}; 7= VRL.".'J_ Vl'r'h {?_133}

The units of these impedances will be in system Ohms. They must be con-
verted to compensator volts by applving Equation 778, For the open delta
comnection, the potential transformer will transform the system line-to-line
rated '.TrIIaEE down to 120V, Example 78 demonstrates how the compensa-
tor K and X settings are determined knowing the line-to-line voltages at the
regulator and at the load center.



FORWARD/BACKWARD SWEEP
DISTRIBUTION LOAD FLOW ALGORITHM

Modified “Ladder” Iterative Technique:

The ladder technique is composed of two parts:
1. Forward sweep

2. Backward sweep

The forward sweep computes the downstream voltages from the source by
applying Equation 6.26:

(VLG ], =[A] VLG |, — B[ 1] (6.26)

To start the process, the load currents |1, ] are assumed to be equal to zero
and the load voltages are computed. In the first iteration the load voltages
will be the same as the source voltages.

The backward sweep computes the currents from the load back to the
source using the most recently computed voltages from the forward sweep.
Equation &.16a is applied for this sweep:

[f-‘h]ll =IEI-[VLG"-'\ ]m+|d|'[]‘ah.]‘| Eh.lhﬂ]

Recall that for all practical purposes the [¢] matrix is zero so Equation 6.16a
is simplified to be

[, =1l [dae ], (6:16k)

After the first forward and backward sweeps, the new load voltages are com-
puted using the most recent currents. The forward and backward sweeps
continue until the error between the new and previous load voltages is
within a specified tolerance. Using the matrices computed in Example 6.1, a
very simple Mathead® program that applies the ladder iterative technigue is
demenstrated in Example 6.5.
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FIGURE 6.6
Simple modified ladder flowchart.
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HGURE 6.7
Equivalent 1" parsiiel lines.

The first step in computing the 4, b, ¢, d matrices is to multiply the 6 = 6
phase impedance matrix from Chapter 4 and the 6 = 6 shunt admittance
matrix from Chapter 5 by the distance that the lines are parallel:

el -l Gl o

[z21]
[el=12]11]



[[1;11] [ylE]]; il [[‘ru] {‘nz]}5

[21] [v22] [va1] [vza

Referring to Figure 6.5, the line currents in the two circuits are given by

gl I

[1]=[1R}+3{¥] V]

(6.58)

The sending end voltages are given by
“Vﬁ ﬂ “"ﬁ ” [Ei { [iﬂﬂ [k ]] (6:60)
[Vs]=[VR]+[Z}-[1]
Substitute Equation 6.59 into Equation 6.6(:
] e e e e e
[vs]=[vR]+[Z] [IIRI+3 [Y]-[VR]] (6:61)

Combine terms in Equation 6.61:

etz e belllie
+[[2] [rftz]] [[HE:]} (6.62)

(2] [Za]] [[1R:]

[vs)=({tr}3 (2] Y] | {vRl+|z} ]

Equation 6.62 is of the form

[VS]= [a] [VR]+[b]-IR] (65.63)



where

(a]=[U}+ 3 [211Y]

(6.64)
[b]=(Z]
The sending end currents are given by
B R

US]=[1]+ 3 [¥]-[VS]
Substitute Equations 6,59 and 663 into Equation 6.65 using the shorthand form:
[1S]=[1R)+> Y} IVRI+ 3-I¥)-(a IVRI+BHIRDA - (666)

Combine terms in Equation 6.67

[1S]= (VYL VR (Ul B[R (6
Equation 6.67 is of the form
[15]=lc]- [VR]+[d]-[IR] (6.68)

where
=5 (VT4 DY]-fah= [%-[Iﬂ+ITI-[[UI+%-[EI-{Y]D]
lel= Y]+ Y2} 1Y) (669

14 = U]+ 5-(YT )= U]+ 5 [YI2]

The derived matrices [, [8), [c], [d] will be & = 6 matrices. These four matrices
can all be partitioned between the third and fourth rows and columns, The
final voltage equation in partitioned form is given by

[[ﬁ]]#{{,,“] [ﬂu]]_[[m]H[a,d Ib::]} Im]] 6700

VS Man] =] [ {IVR]] | [B2]  [Bs]] ][R



The final current equation in partitioned form is given by

[EISLJ]=[E'T:1| |L‘J:]]_[|Vﬂil}+[[du| ldﬂ]}_ IIRJ] 671)
[1S:]) len]  lenl] [[VR]] [[dn] [da]] |[1R:]
Equations 670 and 671 are used to compute the sending end voltages and
currents of two parallel lines. The matrices [A] and [B] are used to compute
the receiving end voltages when the sending end voltages and receiving end
currents are known. Solving Equation 6,63 for [VE],
[VR]=[a] " «([VS]=[b]-[IR])
[VR]=[al " [VS]—[a] " [} LIR] (6.72)
[VR] =[A][VS]-[B]-[IR]
whiere
[A]=fa]”
[B]=[a]"-[b]

In expanded form, Equation 6.72 becomes
ol e [ ] o

2 MARKS QUESTION & ANSWERS:
1. Write the Equations of Exact Line Segment Model ?

Ans:

The line-to-line voltages are computed by

Ve 1 -1 0]V,
V.| =| D 1 1| Vg | =[D][VLG.],

V. 1 0 1|V,

i m
where

£ .. R
[D]=]| 0 1 =1
-1 0 1

The Line Current at node n:

e |, ={e) VLG ], +{d]) [Tu ], -

Voltage Unbalance:

i
Sk

]Mr.‘rfmumﬂezrhﬂiuu from f\t'erﬂg:" 20
ivaun.rﬁ'rl

\'Iilmhbm'.' =



2. Draw the Exact Line Segment Model ?

Ans:
Node n in, N ‘-% Lo by Node m
® P A — 2 = a
) ty, Z, }-z ih ;
Viag, a 2l il Vi,
> —in
Vhg, o < zr,‘J [ ey Vg,
- +'
Veg, [ T Veg,
TP
LS W bl 3l
3. Write the Generalized Matrices for Modified Line Segment Model?
Ans: When the shunt admittance is neglected, the generalized matrices become
[a] =[]
[b] = [Zm‘-c]
[c]=[0]
[d]=[u]
[A]=[U]
[B] = [Znh’]
4. Draw the Modified Line Segment Model diagram:
Ans:
la HNive . fa 7
Niade LIS s Lo Wy Node
[E] ‘L‘H ﬁuw y i
Va Ik, iy P }i'.'.,r_ }Z_. i, Vg,
B T, = .
.‘-—%,__.nw
Vig, Vg,

Ans:

- —‘W -



6. The ladder technique is composed of how many parts?
ANS: 1. Forward sweep 2. Backward sweep

7. Draw the Flowchart for Forward/ Backward sweep Distribution Load Flow Algorithm
( Ladder Technique) ?

Ans:

Imitialize

L 2

Forwar swaep

w

Cranputs
erear
L
Yes Cutpot
results
Mo

+ Backwand swesp @

8. Write the Receiving End Voltage Equations for Forward/ Backward sweep
Distribution Load Flow Algorithm (Ladder Technique)?

Ans:

VR | _ [Aun]  [Aw]] [VS [Bu] |Bu|l IR,
VR: | [[An]  [Az]]|VS:] |[Bx] [Bz]| LiR:

9. Short notes on Standard Voltage Ratings?

Ans:

The American MNMatiomnal Standards Instituckbs (A DMNST) stamntdacrd ANSTI CS4.1-
19495 for “Electric Power Systems and Eguipmuwent YWoltage Ratimgs (600 Hert=)™
prowides the foilowing definitions for systern voeltage teermes [1]:

= Systewnn voltagoe: The oot mean square (rmms) phasor vwolagge of a por-
tiom of an altermating current electric system. Each systermn voltage
pertains o a portion of the systerm: that s boonded by transformers
or utilization eguiprrrersr.

= Mowsrrnald systersa poltage: The voltages by which a porton of the sy stern
is designaoted and. o wihich certain oporating characteristics of the
system are related. Each nomanal system volbage pertoins to a peor—
tiom of The sy stem: bounaded by transformers or utilizastion egoiprnent.,

= Adaximcnr systemr poltasges The highest swvstern voltage that occooars
under normal operating conditions, and the highest systerm: voltage
for which eguipmment and other components are designed for satis-
factory continuous operatiorn without deratimeg of any kind.

= Sgregce welfoges The voltags at the point wherss the electrical sy stenn
of tihwe supplier and the electrical systerm of e uaser are coreruescbedd .

w It ptionr oaoltage: The voltage at the line termainals of otib=ation
equiprreerti

= Momrnal abilization oolteges The vaoltage rating of cerimin abilizatioan
e et wsese] oo thee Sy stem



10. Define System Voltage?

Ans: The root mean square (rms) phasor voltage of a portion of an alternating current electric
system. Each system voltage pertains to a portion of the system that is bounded by transformers
or utilization equipment

11. Define Nominal system voltage?

Ans: The voltage by which a portion of the system is designated and to which certain operating
characteristics of the system are related. Each nominal system voltage pertains to a portion of
the system bounded by transformers or utilization equipment

12. Define Maximum system voltage?

Ans: The highest system voltage that occurs under normal operating conditions, and the highest
system voltage for which equipment and other components are designed for satis factory
continuous operation without derating of any kind.

13. Define Service voltage?

Ans: : The voltage at the point where the electrical system of the supplier and the electrical
system of the user are connected.

14. Define Utilization voltage?
Ans: The voltage at the line terminals of utilization equipment.
15. Define Nominal utilization voltage?

Ans: The voltage rating of certain utilization equipment used on the system.

10 Marks Questions:
Explain Exact Line Segment Model with Neat Diagram and Analysis?
Explain Modified Line Segment Model with Neat Diagram and Analysis?
Explain Approximate Line Segment Model with Neat Diagram and Analysis?
Explain Step Voltage Regulator with Neat Diagram?
Explain Different Types of Step Voltage Regulators with Neat Diagrams?
Explain Line drop compensator with Neat Diagrams?
Explain Forward / Backward sweep distribution Load flow Algorithm ( Ladder
Technique ) with flowchart?

NoukwbhR



EDSA
UNIT IV

Voltage-Drop and Power-Loss Calculation

Analysis of non-three phase primary lines, concepts of four-wire multi-grounded common neutral
distribution system, Percent power loss calculation, Distribution feeder cost calculation methods,
Capacitor installation types, types of three-phase capacitor-bank connections, Economic justification
for capacitors — Numerical problems

As discussed in THREE-PHASE BALANCED PRIMARY LINES , a utility company strives to achieve a well-
balanced distribution system in order to improve system voltage regulation by means of equally
loading each phase. Figure 7.1 shows a primary system with either a three-phase three-wire or a
three-phase four-wire main. The laterals can be either (1) three-phase three-wire, (2) three-phase
four-wire, (3) single phase with line-to-line voltage, ungrounded, (4) single phase with line-to-neutral
voltage, grounded, or (5) two-phase plus neutral, open wye.

Latevals
three-phase 3W o
e three-phase 4 W or
one-phade, line-to-line V, ungroinded
one-phase, line-to-neutrul ¥, grounded
two-phase + neutral, open'Y

Feeder mains

Three-phase  Three-phose
3W ar W

FIGLIRE 7.1 Varsus lateral rypes thor exasn in the United Soaes.

NON-THREE-PHASE PRIMARY LINES:

Usually there are many laterals on a primary feeder that are not necessarily in three phase, for
example, single phase, which causes the voltage drop and power loss due to load current not only in
the phase conductor but also in the return path.

)] SINGLE-PHASE TWO-WIRE LATERALS WITH UNGROUNDED NEUTRAL:

Assume that an overloaded single-phase lateral is to be changed to an equivalent three-
phase three wire and balanced lateral, holding the load constant. Since the power input
to the lateral is the same as before,



where the subscripts 1¢ and 3¢ refer to the single-phase and three-phase circuits, respectively.
Equation 7.1 can be rewritten as

(J3xV )1, =3V,
...... (7.2)

where Vs is the line-to-neutral voltage. Therefore, from Equation 2,

Iy =3 xly, 13)

which means that the current in the single-phase lateral is 1.73 times larger than the one in the
equivalent three-phose lateral, The voltage drop in the three-phase lateral can he expressed as

VD, =1 (Reosfl+ Xsinfl) (744
and in the single-phase lateral as
VD, =1,,(K Rcostl + K X sinf) (T5)

where
K, and K are conversion constants of R and X and dare used (o convert them from their three-
phase values (o the equivalent single-phase values
K,=20
Ky = 20 when underground (LIG) cable is used
K = 2.0 when overhead line is used, with approximately a £10% accurncy

Therefore, Equation 7.5 can be rewritten a5
VD, =1,(2Rcost +2X snf) (7.6)
i substituting Equation 7.3 into Equation 7.6,
VD, =243 %1, (Rcosfl + X sinfl) a7
By dividing Equation 7.7 by Eguation 7.4 side by side.

VD, .
— =13 (7.8
l"F[:'Il



which means that the voltage drop in the single-phase ungrounded lateral is approximately 3.46
times larger than the one in the equivalent three-phase lateral, Since hase voltages for the single-
phase and three-phase laterals are

Vi = \/ix Viiw (79)
and
Viow = Vorn (7.10)
Equation 7.8 can e expressed in per units as
Yuis _y (11)
VD,

which means that the per unit voltage drop in the single.phase ungrounded lateral is two times
larger than the one in the equivalent three-phase lateral. For example, if the per unit voltage drop
in the single-phase lateral 1s 0.10, it would be 0,05 in the equivakent three-phase lateral.

The pawer losses due to the load currents in the conductors of the single-phase lateral and the
equivalent three-phase lateral are

Ry =2"!\:‘R (713
and
Ry =3xI3R (7.13)

respectively. Substituting Equation 7.3 into Equation 7,12,
Pu‘._;. =2(\[3-"]3,)’R (7.14)
and dividing the resultant Equation 7.14 by Equation 7.13 side by side,

M =20 (7.15)
Pies

which means that the power loss due to the load currents in the conductors of the single-phase
lateral is two times larger than the one in the equivalent three-phase lateral.

Therefore, one can conclude that by changing a single-phase lateral to an equivalent three-
phase lateral, both the per it voltage drop and the power losy due to copper losses in the primary
line are approximately halved.



1) SINGLE-PHASE TWO-WIRE UNGROUNDED LATERALS :

In general, this system is presently not used due to the following disadvantages. There is no earth
current in this system. It can be compared to a three-phase four-wire balanced lateral in the following
manner. Since the power input to the lateral is the same as before,

ST Y S —— (7.16)
or
Vsl =3xV, =1, (717
fromm which
I,=3=l, (7.18)

The voleage drop in the three-phase Interal can be expressed as
VDo, =/, (Rcost+ X sinf) (1.19)
und in the single-phase luteral as
VI, =K gReosf + Ky X sind) {7200
where
Ky, = 2.0 when a full-capacity nentral is psed. that is, if the wire size used for neutmal conductor
is the same a5 the size of the phase wire
K, > 2.0 when a redoced-capacity neutral is used
Ky = 20 when overhead line is used
Therefore, If K, =2.0and K, = 2.0, Equation T.20 can be rewritten as
VD, = 2R cosfl + 2X sindd) (721}
or sehstituting Eguation 718 into Eqguation T.21,

VD, =0xl,(Roosl+ X sinll) (7. 22)

Dividing Equaticn 7.22 by Equation 7.19 side by side,

e T 6.0 {7.23a)
iw
o
&=Eﬁ=3.‘m {7.23h)
VDpu (']

which means that the valtage drop in the single-plicse two-wire ungronnded lateral wish full-capae-
ity mewtral is 5ix fmes farger than the one in the eguivalent three-pliase fourowire belanced loferal.

The power losses doe to the load currents in the conductors of the single-phase two-wirne
unigrounded lateral with full-capacity nedatral and the equivalent three-phase four-wire balanced
lateral are

P = 1.2 R) (7.24)



amd

Py =3%ILR (T.25)

respectively, Substituting Equation 7,18 into Equation 7.24,

Fiais =(3%1,V12R) (7.26)

and dividimg Eguation 7.26 by Equation 7.25 side by side,

=60 (127}

Therefore, the power loss due to foad curvenes in the conductors of the single-phiase twa-wire
unigronnded liveral with full-capacitv neatral is siv times farger than the one in the equivalent

three-phase four-wire lateral.
[11') SINGLE-PHASE TWO-WIRE LATERALS WITH MULTIGROUNDED COMMON NEUTRALS :

Fh.lu.'—
L @ conducto A

Meutral wire
with multiple
srowmd

Ground
slectrode

Lurge
I Eguivalent of Coarsons
grounded neutra] condactor

and neutral wire

FIGURE 7.2 A single-phose lateral with muliizrounded commaon neutral.

Figure 7.2 shows a single-phase two-wire lateral with multigrounded common neutral. As shown in
the figure, the neutral wire is connected in parallel (i.e., multigrounded) with the ground wire at

various places through ground electrodes in order to reduce the current in the neutral. “1a” is the

current in the phase conductor, “IW” is the return current in the neutral wire, and Id is the return
current in Carson’s equivalent ground conductor. According to Morrison [1], the return current in

the neutral wire is

1, =G, where 2, =025-0.33 (7.28)

and it is almost independent of the size of the neutral conductor.



In Figure 7.2, the constant K, is less than 2,0 and the constant X, 18 more or less equal to 2.0
because of conflictingly large D (Le.. mutual geometric mean distance or geometric mean radius)
of Carson's equivalent ground (neutral) conductor. Therefore, Morrison’s data [1] (probably empiri-
cal) indicate that

VDW_“ = i;; x VD',"“\. where L_."; =3.8-42 (7.29)
and
Py W= -’;1 x Pu_)‘ where ‘;1 =35-3.75 (7.30)

Therefore, assuming thit the data from Morrison [ 1] are accurate,

K,<20 and K,;<20

the per unit voltage drops and the power losses due to load currents can be approximated as

VD, s =4.0x VD, (731)

and
Plojs =3.6xPs, (732)

for the illustrative problems.

IV ) TWO-PHASE PLUS NEUTRAL (OPEN-WYE) LATERALS :

Figure 7.3 shows an open-wye-connccted laternl with two phase and neutral. The neotral conductor
can be unigrounded or multigrounded, but becapse of disadvamages, the unigrounded neatral is
generally not used. 1f the neutral 15 unigrounded, all neutral current is in the pentral conductor itself.
Theoretically, it con be expressed that

V=171 (7.33)
: L
a0 A .}
. k
|_* ]
R = e
Lo Ay L i
Bl E ¢
_ I
R, .
"0 VO :

FIGURE 7.3 Anopen-wye connected lateral



where

V.=ZT, (7.34)

V,=Z1I, {735}

It is correct for equal load division between the two phases.
Assuming equal load division among phases, the two-phose plus neutral lateral can be compared
to an equivalent three-phase lateral, holding the total kilovoltampere Ioad constant. Therefore,

S:p =5, (736)
or
Wi, = VA1, (737)
from which
= %h, (738)

The voltage-drop analvsis can be performed depending upon whether the neutral is unigrounded
or multigrounded. If the newtral is unigrounded and the neatral conductor impeédance (£) 5 zero,
the voltage drop in cach phase is

VD, =1 KyRcost + K X sinif) (73]
where
Ky=10D
K, =10
Therefore,
VD =1 (Roostl + X sinf) {740

or substituting Equation 73% into Equation T.44,
3 J
YDy, =;F_H:Rmsﬂ+xsm9:| (7.41)

Dividing Equation 7.4 by Equation 7.19; side by side,

= (742)

However, ifthe neutral (s unigrownded and the newtral conductor impedance (Z,) is larger then zevo,

Dy 5.3

2 (743)
VD,, 2

Therefore, in this case, some unbalanced voltages are inherent.



However, if the neutral is multigrounded and Z_> 1), the data from Morrison [1] indicate that the
per unit voltage drop in each phase is

VD26 =202 VD 04 (744)
when a full-capacity neutral is wsed und

VDpzs = 2.1 VD i (7.45)

when a reduced-capacity nestral (e., when the neutral conductor employed is one or two sizes
smaller than the phase conductors) is used.

The power loss analysis alsa depends upon whether the neutral is unigrounded or multugrounded.
If the neurral is unigrounded, the power loss is

Pissy = 1(K4R) (7.46)
where
K, = 3.0 when a full-capacity neutral is used
K, > 3.0 when a reduced-capacity neutral is used
Therefore. if K, = 3.0

Rss 3R

= (747)
Asae 3R
or
Pisa
—=£ =275 (748)
Fis
On the other hand, if the neatral is multigrounded,
Bsze 295 (7.49)
T
Based on the data from Morrison [1), the approximate value of this ratio is
ez oy 6n (7.50)
Fisay

which means that the power loss due to load currents in the conductars of the nwo-phase three-wire
lateral with multigrounded neutral is approximately 1.64 times larger than the one in the equiva-
Lent three-phase lateral.

PROBLEMS:

Example 7.1

Assume that a uniformlby distributed area is served by a three-phase fGurswire multigrounded
B-mile-tong main located in the middle of the service area. There are six laterals on each side
of the main. Each lateral i 1 mile apart with respect to each other, and the first lateral I8 located
an the main 1 mile sway from the substation so that the wial three-phase load on the main (s
BODD KVA. Each lateral ks 10 mi Jong and s made up of #6 AWG copper conductors and serving a



uniformly distributed peak load of 500 kVA, al 7.2/12.47 kV. The K constant of a 26 AWG coppér
conductor is 0.0016/4A-mi, Determine the iollowing:

a. The maximum voliage drop to the end of each lateral, it the lateral is a three-phase lateral
with multigrounded common neurraly
b, The maximum voltage drop (o the end of cach lateral, if the lateral s a two-phase plus full-
capacity multigrounded nedtral lopen-wyel lateral
. The maximum voltage drop to the end of each lateral, if the lateral is a single-phase two-
wire lateral with roultigrounded comman neutrals
Solution

a. Far the thiee-phase four-wire lateral with multigrounded commeon neutrals,
i) | g
q\a‘h"Du = —2" Wl o

=[ M]{ﬂ_ﬂﬂl 6—2VD_Vsookval = 4
3 KVA —mi

b. For the two-phase plus full-capacity multigrounded newtral iopen-swyel lateral, according 1o
the results of Morrison,
%GVD;, = 2% YD, )
= 4%} = B

. For the single-phase twoswire lateral with multigrounded common neuwtrals, according 1o
the results of Morrison,

8% VDyy = 49 VD)
= 4(48) = 16

Example 7.2

A threwe-phase express feeder has an impedance of 6 + 20 ohms per phase AT the load end, the
line-to-line voltage is 13.8 KV, and the total three-phase power is 1200 kW at a lagging power fac-
tor af 0L8: By using the lne-to-nedtral method, determine the following:

a. The line-to-line voliage ar the sending end of the teeder (e, at the substation lowoliage bes)
b, The power factor at the sending end

o, The copper loss (e, the wanemission loss) of the feeder

d. The power at the sending end in kW

Solution
Since In an expres feeder, the line current is the same al the beginning or at the end af the line,

A
Lom by iy = Kl
' W yic0s8

1.200kW

= =275 A
;]H 3.8kVIOB



and

uﬂ#.z‘*fﬂ?:_'
3
13,800V

= —-T--l =7, 9764V,

using this as the refevence valtage, the sending-end voltage is found from
Vi st = Vet i + k21
where
Vi ) =7, 976,940

I: ;_I = E :J‘,{uﬂ.#, "!h".lﬂ;'
=62 AHD.B - j0.6) = 62,83 -16.87° A

Z, =6+/20 = 20.88573.3° 0

a F._u a0 =7, 976,920% (62,832 -36.87720.88.73.7°)
=9,065.953.04.93°Y

and

"-"r:a == 'u’rj"gsn )
= +/319,065.95.£4.93%4+ 307
= 13,684.0034 937V

b &=|i,, |-|or| = 49" -|-36.87]=41.6" and costs =0.745 lagging

c Pl = 3R = H62.831 x6
=71,056.96 W = 71.057 kW

e Py = Pﬁm + Plourtal
=1,200+71.057 =1.271.057 kw

ar

'Pllf‘lﬂ - \Jﬁvw T C-ﬂ‘!-ﬂ],
= \3015,684.091(62.8310.745 = 1,270.07 3kW



Example 7.3

Repeat Example 7.2 by using the single-phase equivalent method.

Solution
Here, the single-phase equivalent current is found from

lwwr = ik
V,m,,)coso

1200 kW

= W3akvios - 0B7A

where

’wman = Jil.ld

h' =’| 55&;:

& 108.7 A -
£

62.BA

a Vsu.u‘vm-u‘f-’;uuil
=13,80020" 4+ (10B.7 £ -36.9")(20.88273.3")
=15,684.7624.93 +30'V

b. th = b

Pl

th =41.8° sothat coséh = 0.745 lagging

c Risivt = l.i,mR
= 108.7" xb6 = 70.89kW

d P,\-u! = Pl ’Hn‘w
=1,200 +70.89 = 1,270,89kW



3. FOUR-WIRE MULTIGROUNDED COMMON NEUTRAL DISTRIBUTION SYSTEM

To phase
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FIGURE 7.4 A four-wire multigrounded cormmon neutral distribution system.

Figure 7.4 shows a typical four-wire multigrounded common neutral distribution system. Because of
the economic and operating advantages, this system is used extensively. The assorted secondaries can
be, for example, either (1) 120/240 V single-phase three wire, (2) 120/240 V three-phase four wire
connected in delta, (3) 120/240 V three-phase four-wire connected in open delta, or (4) 120/208 V
three-phase four wire connected in grounded wye. Where primary and secondary systems are both
existent, the same conductor is used as the common neutral for both systems. The neutral is grounded
at each distribution transformer, at various places where no transformers are connected and to water
pipes or driven ground electrodes at each user’s service entrance. The secondary neutral is also
grounded at the distribution transformer and the service drops (SDs).

Typical values of the resistances of the ground electrodes are 5, 10, or 15 Q. Under no circumstances
should they be larger than 25 Q. Usually, a typical metal water pipe system has a resistance value of
less than 3 Q. A part of the unbalanced, or zero sequence, load current flows in the neutral wire, and
the remaining part flows in the ground and/or the water system. Usually the same conductor size is

used for both phase and neutral conductors.



PROBLEMS:

Example 7.4

Ascume that the circuit shown in Figure 7.5 represents a single-phase circuit it dimensional
variables are used; it represents a balanced three-phase circuit if per unit variables are used.
R + jX represents the total impedance of lines and/or transformers. The power factor of the load is
cos@ = costd, - & ). Find the load power factor for which the valtage drop is maximun

Solution
The line voltage drop is

VD = (R cosfl + X sinf?)
By taking its partial derivative with respect to the ¢ angle and equating the result to zeno,

11}’-60-—’ =R o8 + X sind) = 0
|

AMA R+fx ,.o,m f

1

FIGURE 7.5 A single-phase circuit.

FIGURE 7.6 Impedance triangte

or

therefone

and from the impedance triangle shown in Figure 7.6, the load power Tactor for which the voltage
drop is maximum is
R

PF = €080 = e {7.51)

also

COs O = cos(mn"%) (7.52)

Example 7.5

Consider the three-phase four-wire 416-V secondary system with balanced per-phase loads at A,
8B, and C as shown in Figure 7.7. Determine the following:

a. Calculate the total voltage drop, or as it is sametimes called, valtage regufation, in one
phase of the lateral by using the approximate method.

b. Calculate the real power per phase for each load.

€. Calculate the reactive power per phase for each load.

d. Calculate the 1otal (three-phase) kilovoltampere output and load power factor of the distri-
bution transformer.
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FIGURE 7.7  One-line disgram of 2 theee-phase four-wire secondary system.
Solution
a Using the approximate voltage-drop equation, that is,
VD =R costt = X sinth)
the voltage drop for each load can be calculmed as
VD = 300,03 1.0+ 0.01=0) =1.3Y

VD, = 2(0.15x0.5 + 0.03 2 0.866) = 202V
VD =5000.20%0.9 + 0,08 < 0.436) = 10,744V

Therefore, the motal voltage drop fs

> VD= VD, + VD, + VD,
=154+2.02+ 0.744
=14.264 V
oar

14. 764V

— 0,059 pu Y
Sy onapy

b. The per-phase real power far each load can be calculated from
P=V] coul)
or
P, =240x30x1.0 =7.2kW

Pro= 240 % 20 0.5 = 2.4kW

f =240 50=0,9=10:8kW
Therefore, the total per-phase real power is

EF =P PP

=72+24+1048
=20.4kwW

5004
cos .= 0.9



c. The reactive power per phase for each load can be calculated from
O =Vising
wr

€, = 241 % 30 =0 = Okvar
€ = 240 % 20 0.866 = 4.1 56 kvar
= 2412530 = 0436 = 5.23 2kvar

Therefore, (he total per-phase reactive power is
ZQ = + e +0

=0+ 4156+ 5232

= 9. 389kvar

d. Therefore, the per-phase kilovaltampere output of the distribution transformer is

5 = (Pt I'_Q.:]'l-':
= (20,44 9, 389°
=22 457 kWAdphase
Thus the latal (or thiee-phasel kiloveltampere outpol of the distribution ransformer is
3 % 20457 = 67,37 kVA

Hence, the load power factor of the distribution transfarmer is

2
cosh
=i

_ 204kwW
T 22 A5TRVA

= 0,908 lagging



4 ) PERCENT POWER (OR COPPER) LOSS :

The pereent power (or conductor) loss of a circuit can be expressed as

"J-H:.ﬁ.'=%:lm

IR
=—x100 750
P (7.59)
where
P, . is the power loss of a circuit, KW
=R

P, is the power delivered by the circuit, KW

The conductor £R losses at a load factor of 0.6 can readily be found from Table 7.5 for various
voltage levels.

At imes, in ac circuits, the ratio of percent power., or conduoctor, loss to percent voltage regulation
can be nsed, and ir s given by the following approximate expression:

“I'R cos ¢
%TND  cosfxcosig—£)

(.60

where
& PR is the percemt power loss of o circuit
% VIris the percent voltage drop of the circoi
g is the impedance angle = tan™ (X/R)
i the power-factor angle '

Distribution feeder cost calculation methods

5) METHOD TO ANALYZE DISTRIBUTION COSTS :

Tomake any meaningful feeder-size selection, the distribution engineer should make a cost study
associnted with feeders in nddition to the voltage-drop and power-loss considerations, The cost
annlvsis for ench feeder size should include (1) mvestment cost of the installed feeder. (2) cost
of enerey lost due o PR losses in the feeder conductors, and (3) cost of demand lost, that is, the
cost of useful system capacity lost (including generation, transmission, and distribution svstoms),
in order to maiotain adequate system capacity to supply the & losses in the distribotion {eeder
conductors, Therefore, the totnl annunl feeder cost of a given size feeder can be expressed as

TAC =AIC+ AEC+ ADC 8/mi (7.61)

where
TAC is the total annual equivalent cost of feeder. S/mi
AIC is the annual equivalent of investment cost of installed feeder, $/mi
AEC is the annual equivalent of energy cost due 1o PR losses in feeder conductors. 8/'mi
ADC s the nanual equivalent of demand cost incurred to maintain adeguate System capacity to
supply R losses in feeder conductors, $/mi



5.1 ANNUAL EQUIVALENT OF INVESTMENT COST:
The annual equivalent of investment cost of o given size feeder can be expressed os
AIC =1Cy =iy S/mi (T62)

where
AIC 15 the annual equivalent of investment cost of a given size feeder, $/mi
IC, 15 the cost of installed feeder, $/mi
iy 15 the annual fixed chorge rate applicable to feeder

The general utility practice is to include cost of capital, depreciation, taxes, insurance, and opera-
tion and maintenance (C&eM ) expenses in the anmual fived charge rate or so-called carrving charge
rate, It is given as a decimal,

5.2 ANNUAL EQUIVALENT OF ENERGY COST:

The annual equivalent of energy cost due to PR losses in feeder conductors can be expressed us

AEC = 31*R < ECx F; < Fs, <8760 $/mi (7.63)

where
AEC is the nnmual equivalent of energy cost due to PR losses in feeder conductors, $/mi
EC is the cost of energy. §kWh
F,, is the load-location factor
F 515 the loss factor
F ¢, 15 the loss-allowance factor

The load-Iocation foctor of a feeder with uniformly distributed load can be defined as

K, =-”:~ (7.64)

where
F,, s the load-location factor in decimal
s is the distance of point on feeder where total feeder load can be assumed to be concentrated for
the purpose of caloulating R losses
f is the total feeder length. i

The loss factor can be defined as the ratio of the average annual power loss to the peak annual
power loss and can be found approximately for urban areas from

F o =03F,+07F;, (7.65)
and for rural areas 6],
Fo=016F, +084F;
The loss-allowance factor 15 an allpearion factor thar allows for the addinional losses incurred

in the toral power system due to the transmission af power frem the generating plant o the distri-
inrien subsrarion.



5.3 ANNUAL EQUIVALENT OF DEMAND COST :

The annual equivalent of demand cost mcurred o maintain adeguate system capacity to supply the
PR losses 1n the feeder conductors can be expressed as

ADC=31"Rx F * Fy =

% Feal{Cs % in )+ Cr w i ) H-{Cs = 55 )] 5/ mi (7.66)

where

ADC is the snnunl equivalent of demand cost meorred to maintoin adeguite system capacity Lo
supply 2R losses in feeder conductors, $/md

F, is the load-location factor

Fpy is the peak-responsibility factor

F, 1% the eserve factor

Fi o, s the loss-allowance factor

C,, is the cost of (peaking) gencrtion system S/EVA

C; is the cost of trnnsmission system, S/KVA

C, i the cost of distribution substation, S/EVA

i is the annunl fixed charge rate applicable o generation syslem

iy I the annual fixed charge mte applicable o ansmission system

f is the annual fixed charge mte applicable to distribution substation

The reserve factor is the rotio of total generntion capability to the total load and losses 1o be sup-
plicd. The peak-responsibility factor is d per unit value of the peak feeder losses that are colncident
with the system peak demand.

5.4 ) LEVELIZED ANNUAL COST :

In general, the costs of energy and demand and even O&M expenses vary from year to year during a
given time, as shown in Figure 7.16a; therefore, it becomes necessary to levelize these costs over the
expected economic life of the feeder, as shown in Figure 7.16b

1 2 3 4 5 n
Fl F. FZI
FI
. Y
Fu-l
fa} Fn
(h) A A A A A A A

FIGURE 7.16  Ilustrution of the levelized annual cost concept: (a) unlevelized annual cost flow diagram and
(b levelized cost flow dingram.



Assume that the costs oceur discretely at the end of each year, as shown in Figure 7.16a. The
levelized anneal cose® of equal amounts can be calculated as

A= F.I: ; |' i | ; l —f.|. }E l — [:—] J|F1] (7.67)
ar
=. ; 'f .il 6
4 {;;_! = | ‘; 7). (7.68)
where

A i the levelized anmunl cost. $fyear

F, is the unequal (or actual or unlevelized ) anminl cost, S/vear

n is the cconomie life, vear

i is the interest rate

(P/F), is the present worth (or present eguivalent) of a future som factor fwith § interest rate sod
n years of ¢eonomic life), also known as single-pavment disconnt factor

{ASPY, is the uniform series worth of o present sum factor, also known as capital-recovery factor

The single-payment discount factor and the capitol-recovery factor can be found from the com-
pounded-interest tables or from the following equations, respectively,

(£] - {7.69)
VF)  (+i)

o

(A} _ )" (770
Le)  +a -1 '

5.6 ECONOMIC ANALYSIS OF EQUIPMENT LOSSES :

Today, the substantially escalating plant, equipment, energy, and capital costs make it increasingly
more important to evaluate losses of electric equipment (e.g., power or distribution transformers)
before making any final decision for purchasing new equipment and/or replacing (or retiring) existing
ones. For example, nowadays it is not uncommon to find out that a transformer with lower losses but
higher initial price tag is less expensive than the one with higher losses but lower initial price when
total cost over the life of the transformer is considered. However, in the replacement or retirement
decisions, the associated cost savings in O&M costs in a given life cycle analysis* or life cycle cost study
must be greater than the total purchase price of the more efficient replacement transformer. Based
on the “sunk cost” concept of engineering economy, the carrying charges of the existing equipment
do not affect the retirement decision, regardless of the age of the existing unit. In other words, the
fixed, or carrying, charges of an existing equipment must be amortized (written off) whether the unit
is retired or not

The transformer cost study should include the following factors: 1. Annual cost of copper losses 2.
Annual cost of core losses 3. Annual cost of exciting current 4. Annual cost of regulation 5. Annual cost
of fixed charges on the first cost of the installed equipment These annual costs may be different from
year to year during the economical lifetime of the equipment. Therefore, it may be required to levelize
them, as explained in Section 7.5.4. Read Section 6.7 for further information on the cost study of the



distribution transformers. For the economic replacement study of the power transformers, the
following simplified technique may be sufficient. Dodds [10] summarizes the economic evaluation of
the cost of losses in an old and a new transformer step by step as given in the following text: 1.
Determine the power ratings for the transformers as well as the peak and average system loads. 2.
Obtain the load and no-load losses for the transformers under rated conditions. 3. Determine the
original cost of the old transformer and the purchase price of the new one. 4. Obtain the carrying
charge rate, system capital cost rate, and energy cost rate for your particular utility. 5. Calculate the
transformer carrying charge and the cost of losses for each transformer. The cost of losses is equal to
the system carrying charge plus the energy charge. 6. Compare the total cost per year for each
transformer. The total cost is equal to the sum of the transformer carrying charge and the cost of
losses. 7. Compare the total cost per year of the old and new transformers. If the total cost per year
of the new transformer is less, replacement of the old transformer can be economically justified.

Application of Capacitors to Distribution Systems

BASIC DEFINITIONS:

Capacitor element: An indivisible part of a capacitor consisting of electrodes separated by a dielectric
material

Capacitor unit: An assembly of one or more capacitor elements in a single container with terminals
brought out

Capacitor segment: A single-phase group of capacitor units with protection and control system

Capacitor module: A three-phase group of capacitor segments Capacitor bank: a total assembly of
capacitor modules electrically connected to each other

POWER CAPACITORS :

At a casual look, a capacitor seems to be a very simple and unsophisticated apparatus, that is, two
metal plates separated by a dielectric insulating material. It has no moving parts but instead functions
by being acted upon by electric stress. In reality, however, a power capacitor is a highly technical and
complex device in that very thin dielectric materials and high electric stresses are involved, coupled
with highly sophisticated processing techniques. Figure 8.1 shows a cutaway view of a power factor
correction capacitor. Figure 8.2 shows a typical capacitor utilization in a switched pole-top rack. In the
past, most power capacitors were constructed with two sheets of pure aluminum foil separated by
three or more layers of chemically impregnated kraft paper. Power capacitors have been improved
tremendously over the last 30 years or so, partly due to improvements in the dielectric materials and
their more efficient utilization and partly due to improvements in the processing techniques involved.
Capacitor sizes have increased from the 15-25 kvar range to the 200-300 kvar range (capacitor banks
are usually supplied in sizes ranging from 300 to 1800 kvar). Nowadays, power capacitors are much
more efficient than those of 30 years ago and are available to the electric utilities at a much lower cost
per kilovar. In general, capacitors are getting more attention today than ever before, partly due to a
new dimension added in the analysis: changeout economics. Under certain circumstances, even
replacement of older capacitors can be justified on the basis of lower-loss evaluations of the modern
capacitor design. Capacitor technology has evolved to extremely low-loss designs employing the all-
film concept; as a result, the utilities can make economic loss evaluations in choosing between the
presently existing capacitor technologies.
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FIGURE 8.1 A cutawny view of o power factor correction capacitor. (From MeGraw-Edison Company,
The ABC of Capaciuers, Bulletin R230-90-1, 1968.)

FIGURE 8.2 A typical utilization 1n a switched pole-top rack.



8.3 EFFECTS OF SERIES AND SHUNT CAPACITORS

As mentioned eadier, the fimdamental function of capacitors, whether they are senies or shunt,
mstalled s a single unit or as a bank, is to regninte the voltage and reactive power flows al the
poimt where they are installed. The shunt capacitor does it by changing the power factor of the load,
whereas the series capacitor does it by directly offsetting the inductive reactance of the cirouit o
which it is applied,

8.3.1  Series Capacitonrs

Serigs capacitors, that is, capacitors connected in series with lines. have been nsed to g very limited
extent on distribotion circults due 1o being a more specialized type of spparotus with o limited range
of application. Also, because of the special problems associated with each application. there is a
requirement for  large amoont of complex engineering imvestigation. Therefore, in general, utilities
are refuctnnt to install senes capacitors: especially of small sizes:

As shown in Figure 8.3, a series capacitor compensates for inductive reactance: In other words,
& series capaciton is o negative (capacitive) reactance in series with the cirouit’s positive (inductive)
reactance wilh the effect of compensating for part or all of it. Therefore, the primary effect of the
SEries capacitor 1S (o minimize, or even suppress. the voltage drop coused by the inductive reactance
in the circuil

Al times. a series capacitor can even be considered as a voltage regulator that provides for a volt-
age boost that is proportional to the magnitude and power factor of the through current. Therefore,
a serics capacitor provides for a voltage rise that increases automatically and instantanecusly as the
load grows.

Also, a series capacitor produces more net voltage rise than a shunt capacitor at lower power fac-
tors, which creates more voltage drop. However, a series capacitor betters the systemn power factor
much less than a shunt capacitor and has little effect on the source current.

Z=R+jX, Z=RajiXi-X)

IR cos i § =
IR cos 8 TN sin @ N —-X sin
(cl fd

FIGURE 8.3 Volwge phasor diagroms for o feeder circeil of lngaing power fuctor (o) and {o) without agd (b)
and {d with series capacitors.



Consider the feeder circuit and its voltage phasor diagram as shown in Figure 8.3a and ¢. The
voltage drop through the feeder can be expressed approximately ns

VD = IRcos@+IX, sind (8.1)

where
R is the resistunce of the feeder circuit
X, is the inductive reactance of the feeder circuit
cos #1s the receiving-end power factor
sin @ is the sine of the receiving-end power factor angle

As can be observed from the phasor dingram. the magnitude of the second term in Equation 8.1
1s much {arger than the first. The difference gets to be much Lirger when the power factor 1s smaller
und the ratio of /X, 1s small.

However. when a series capacitor is applied, as shown in Figure 8.3b and d, the resuliant jower
voltage drop can be caloulated as

VD = IRcostl + (X, — X, }sin€ (8.2)

where X_is the capacitive resctance of the series capacitor.

8.3.1.1 Overcompensation

Usually, the senes-capacitor size is selected for a distribution feeder applicanon in such a way
that the resultant capacitive reactance is smaller than the inductive reactance of the feeder circuit.
However, in certain applications (where the resistance of the feeder cirenit is larger than its indue-
tive reactance), the reverse might be preferred so that the resultant voltage drop is

VD =IRcos - I(X, =X, )sinfl (8.3)

The resultam condition is known as overcompensation. Figure 8.4a shows a voltage phoasor diagram
for overcompensation at normal foad, At times. when the selected level of overcompensation is
strictly based on normal load, the resultant overcompensation of the receiving-end voltage may not
be pleasing at all because the lagging current of a large motor at start can produce an extraordinarily
large voltage rise. as shown in Figure 8.4b, which is especially harmful to lights (shortening their
lives) and causes hght flicker, resulting in consumers’ complaints:

la) (b)

FIGURE 8.4 Overcompensation of the receiving-end voltage: (a) at normal load and (h) at the sturt of o
largs motor.



{n) (b

FIGURE 8.5 Voltape phasor diagram with leading power factor: (4) withoul séries capacitors and (B with
SETICR CAOPACILOnS,

8.3.1.2 Leading Power Faclor

To decrease the voltape drop considerably between the sending and receiving ends by the application
of a series cupacitor, the load current must hove a logeing power foctor. As an example, Figure §.5a
shows a voltage phosor disgram with a leading-load power factor without having series capacitors in
the line. Figure 8.5 shows the resultant voltage phasor disgram with the same leading-load power
factor but this tme with series capacitors in the line. As can be <een from the figure, the receiving-
end volinge is reduced o< o result of having series capacitors.

When cos 8= L0, sin # = 0, and therefore,

HX —X Jsin@ =0

hence, Equation 8.2 becomes
VD=IR 5

Thus, in sach applications, series copacitors practically have oo value,

Because of the aforementioned remsons and others (e.g., ferroresonance in transformers, sub-
synchronous resonance during motor starting, shunting of motors during normal operation, and
difficulty in protection of capacitors from system fault current), series capacitors do not have large
applications in distribution systems.

However, they are employed in subtransmission systems to modify the load diviston between
parallel lines. For example, often a new subtransmission line with larger thermal capability is paral-
lel with an already existing line, [t may be very difficult, if not impossible, to load the subtransmis-
sion line without overloading the old line. Here, senes capacitors con be employed to offset some
of the line reactance with greater thermal capability. They are also emploved in subtransmission
systems to decrease the voltage regulation.

8.3.2 Suunt Capacimors

Shunt capacitors, that is, capacitors comnected in parallef wirh lines, are used extensively in distri-
bution systems. Shunt capacitors supply the type of reactive power or current (o counteract the out-
of-phase component of current reguired by an mductive load. In & sense, shunt capacitors modify
the characteristic of an inductive load by drawing a leading current that counteracts some or all of
the lagzing component of the inductive load current ot the point of installation. Therefore, 4 shunt
capacitor has the same effect as an overexcited synchronous condenser, genemmtor, ar mesor

As shown in Figure 8.6, by the application of shunt eapacitor to a fecder, the magnitude of the
source current can be redoced, the power factor can be improved, and consequently the voltuge
drop between the sending end and the load is also reduced. However, shunt capacitors do not affect
curment or power factor beyond their point of application. Figore S.60 and ¢ shows the single-line
disgram of a line and its voltuge phasor dingram before the addition of the shunt capacitor, and
Figure 8.6b and d shows them after the addition.
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FIGUREB.6 Voltage phasor diagrams for a feeder cirown of lagging power factor (ayend (o) withoutand ()
and ) with shunt capacitons,

Violtage drop in feeders, orin short transmission lines. with lagzing power factor can be approxi-

mated as

where

R is the otal resistance of the feeder cireni, £
X, is the totu] indoetive reactance of the feeder cireuit, £

VD= 1R +1xX;

8.5)

1 is the real power (or in-phase) component of the current, A
4y 1s the reactive (or out-of-phase) component of the current Ingzing the voltage by 90°, A

PROBLEMS:



Example 8.1

Consider the right-angle tiangle shown in Figure 8.7h, Determine the power factor of the foad on
2 460V three-phase system. if the ammeter reads 100 A and the watimetir reads 70 kKW

Tp=lcos 2] Vig P, kN
& ll i

E l Z
- | &£ e &

| R
—

|7,

x

fal i

FIGURE 8.7 (1) Phusor diagram snd (b) power irianghe for o typleal distebition koad,

Solution

. N3t
1000

_ 60 vion A)
1000

= 79.67kVA

Thus,

P
FF=cosf =—
5

_ TORW
" 79.67 kVA

=088 or &84

When a capaciton is installed at the receiving end of the ling, as shown in Figure 8.6b, the resultant
valtage drap can he calculated approximately as

VD = R + b X 1K (8.6
where [, is the reactive (or out-of-phase) component of current leading the voltage by 907, A
The difference between the voltage drops calculated by using Equations 8.5 and 8.6 is the volt-
age rise due 1o the installation of the capacitor and can be expressed as

VR =X, (8.7



POWER FACTOR CORRECTION :

GENERAL:

A typical utility system would have a reactive load at 80% power factor during the summer months.
Therefore, in typical distribution loads, the current lags the voltage, as shown in Figure 8.7a. The cosine
of the angle between current and sending voltage is known as the power factor of the circuit. If the
in-phase and out-of-phase components of the current | are multiplied by the receiving-end voltage VR
, the resultant relationship can be shown on a triangle known as the power triangle, as shown in Figure
8.7b. Figure 8.7b shows the triangular relationship that exists between kilowatts, kilovoltamperes, and
kilovars. Note that, by adding the capacitors, the reactive power component Q of the apparent power
S of the load can be reduced or totally suppressed. Figures 8.8a and 8.9 illustrate how the reactive
power component Q increases with each 10% change of power factor. Figure 8.8a also illustrates how
a portion of lagging reactive power Qold is cancelled by the leading reactive power of capacitor Qc .
Note that, as illustrated in Figure 8.8, even an 80% power factor of the reactive power (kilovar) size is
quite large, causing a 25% increase in the total apparent power (kilovoltamperes) of the line. At this
power factor, 75 kvar of capacitors is needed to cancel out the 75 kvar of the lagging component. As
previously mentioned, the generation of reactive power at a power plant and its supply to a load
located at a far distance is not economically feasible, but it can easily be provided by capacitors (or
overexcited synchronous motors) located at the load centers. Figure 8.10 illustrates the power factor
correction for a given system. As illustrated in the figure, capacitors draw leading reactive

13335
-z £ kv

Czza WzZA ‘zza Czzd Yz

FIGLU/RE 8.8 Miustratihon of a) the vse of a power trinngle for poswer Tuctor cormeciion by cmplioying ciepeuci-
Hwve reactive power andd (B the reqguined increase in the apparent and reactive powers as o function of the loud
powver Tacoor: holding the real power of the load constont

43,59 &6 —
_ = i
1o
_ s 2] bPa EaZ
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200 BV A BN kA BOM kWA LD B (TaT N TN
PFE = 100 PE = 090 PE = OLRD PE =070 PE = (164
FIGLURE 8.9 Mustriation of the change in the real and reactive poswers os o Tuocion ofF the load power factor,
Brcsllimge e npparent posver of the boosd consian.
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I
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1 T Laod
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FIGURE 8.10 [Nustration of power fcior cormeciion,



power from the source: that is, they supply lagging reactive power o the load. Assume that a load 1s
supplied with a real power P, lagging reactive power Q. and apparent power S, at a lagging power
factor of '

cos i ==
5,
or
l‘ﬂ.‘iﬂ ='-~—P~-'!"J:':" !H.EI
(Pr+07)

When o shunt eapacitor of (2, kKVA is installed at the load, the power factor can be improved from
cos i, to cos &, whire

P
cosfh =—
P
TS
(£ +0:)
or
costh, = £ (8.9

[Pl‘l‘li.gi—ﬂ‘]:]”!

TABLE 8.1
Power Factor of Load and Source

Al Lisad Al Cenerator
Load Type P PowerFaclor P € Power Factor®
Imefuction motor Imn Chm Lapzing
Indnciion generstor Ot Ot Lagging
Svochropous motor I In Lagyging Ot Chat Lagyging
(Undereseiied)
Synchromous misdor  In Chst Leading i I Leading
(Overencited)

* Power factor mensured of the load.
¥ Puwer fecior messured ot the generator



ECONOMIC POWER FACTOR :

As can be observed from Figure 8.10b, the apparent power and the reactive power are decreased
from S1 to S2 kVA and from Q1 to Q2 kvar (by providing a reactive power of Q), respectively. The
reduction of reactive current results in a reduced total current, which in turn causes less power losses.

Soiiroe Solirce
§Gen.) et
/| ) o s
. & '
l i ILogging) 1 (Leading] l i (Laggmg)
) L3 B ¥
Q2
a0 o P e
L] A :
v (Log | ] v (L y
l Hi BETE. * [Leading) l ' gl
¥ L H W
Q2
Lisad I Lanoed Lisad
(o, pmuestusr) (Orverexcited (Urnderexciied
synch. motar) synch. maotor)
(Y] k) ch

FIGURE 8.171 Exomples of some of the spurces of leading and lngeing reactive power ol the load.

Thus, the power factor correction produces economic savings in capital expenditures and fuel
expenses through a release of kilovoltamperage capacity and reduction of power losses in all the
apparatus between the point of installation of the capacitors and the power plant source, including
distribution lines, substation transformers, and transmission lines. The economic power factor is the
point at which the economic benefits of adding shunt capacitors just equal the cost of the capacitors.
In the past, this economic power factor was around 95%. Today’s high plant and fuel costs have pushed
the economic power factor toward unity. However, as the corrected power factor moves nearer to
unity, the effectiveness of capacitors in improving the power factor, decreasing the line
kilovoltamperes transmitted, increasing the load capacity, or reducing line copper losses by decreasing
the line current sharply decreases. Therefore, the correction of power factor to unity becomes more
expensive with regard to the marginal cost of capacitors installed.

USE OF A POWER FACTOR CORRECTION TABLE :

Table 8.2 is a power factor correction table to simplify the calculations involved in determining the
capacilor size necessary o improve the power factor of a given load from original to desired value.
It gives a multiplier to determine the kvar requirement. It is based on the following formula:

Q=Fand,,, —tanb.,) (8.1

K [

)=, | —1— ——
“ \ PEL, \ PFn

1 i (8.11)

where
Q is the required compensation in kvar
£ is the real power KW
PF, .. is the original power factor
PF,., is the desired power factor



Example 8.2

Assume that a- substation supplies three different kinds of loads, mainly, incandescent lights,
induction motors, and synchronous molors, as shown in Figure 812, The substation power Tactor
is found from the total reactive and real powers of the various loads that are connected. Based on
the given data in Fgure 8,12, determine the tollowing

a. The apparent, real, and kvars of each |oad

b. The total apparent, real, and reactive powers of the power that should be supplied by the
siibstation

 The mtal power factor af the substation

Substation
Tincandescent Linduction motor ESynchronous motor
lights loads lands
(IN0KVAe 1.0 PF) (300 kVAe 0.85 PF lag) (200kVAe (0.8 lead)
)
h-doew _ Pyt
— £
& 8
3 -
" "
&l i
P;=255kW
(b)
Q=38 kvar

P, =515kW

(<)

FIGURE 8.12 For Example 8.2: (a) connection diagram, (b) phasor diagrams of individual loads, and {¢)
phissor disgram of combined loads,



1. Fora 100 KVA lighting load
Since incandescent fights are basically a unity power factor load, it is assumed that all
the current is kilowatt current. Hence,

51=H
100 VA = 100 kwW

I

For 400 hp of connected induction motor loads
Assume that for the motor loads,

kVA load = 0.75 x (Connected motor horse power)
with-an opening power factor of 85% lagging:

5

( 75 '%]«mo hpl = 300 kVA

Pyo= (D75 = 400) = 0. 85 = 255 kwW

@ = /BOOF — 2557
= /30,000 - 65, 025
= 24,975
= 158 kvar

3. 200 hp motar wath 2 0.8 feading pesses factoe
At il load, assume kWA = motor-hp rating = 200 kWA

P ="[200 KA cos &
= 200 = 0.8’
= 1 G0 KW

(2 = J200 kvAF — 1160 kWi

= JA0,000 — 25, 600
= 14400

=120 kvar
b At thie substation, the total real povwer is

Frosal = B, Fliii i * Fagtacanun.
= 100 + 255 + T 6L0
=515kw

The total reactive power ke

ot = Chigghas TNl e
=0+ 158
=158 kvar

Thus, an overexcited synchronous motor opermating withoot the mechanical load con-
nected 1o its shaft can supply the leading reactive power. Hence, the net lagging reactive
provver that st e supplied by the substation is the difference betwesn the reactive powswers
supplied by the synchronous mater and the reactive power required by the induction
micstor loads:

Induction motor load required = 158 kvar
Synchronous motorsupplied = 120 kvar
Substation mwst supply = 38 kvar

. The kWA of the substation is

LY Li .l .l (B.12)



or

Sunai = 1}51? +']-ﬂ-:
= J266,669

=5T6.4 kWA

The power factor of the substation is

PF = power factor = -E—

_ 515kwW
5164 kVA

= {1,997 lagging

PRACTICAL METHODS USED By THE POWER INDUSTRY FOR POWER FACTOR IMPROVEMENT

CALCULATIONS

It 1s often that the formulas that are vsed by the power industry contains KW, KEVAL or kvar instead
of the symbols of P, 5. (. which zre the correct form and wsed in the academin. However, there ane
certain advantages of using them since one does not hove to think which one is P, 8. or .

From the right-triangle refationship,; severnl simple and vseful mathematical expressions may be
WTILED 35

W

PF =cosfd = (513
kVA
fovar
tané = 14
oW (%14}
sing =V (8.15)
EVA

Since the kKW component normally stays the same (the KVA and kvar components change with
power factor), it 1s convenient to vse Equation 811 involving the kW component. The relationship
can be reexpressed os

kvar = kW = tan# (5:16)

For instance, if it i5 necessary o determine the capacitor rating o improve the load’s power fac-
tor, one would use the following relationships:

kvarat onginal PF = KW = tan £, (8.17)
kvarat improved PF = kW x tan (5.18)

Thus, the capacitor ruting reguired to improve the power factor can be expressed as

ckvar* = kW = (tan &, —tanf, ) (5.1



Avmf = nf, —tmf, (5.2
then

chvar® =kW= A lanf (8.21)
Table 8.2 has o “kW multiplier” for determining the capacitor based on the previowsly mentioned
expression. Also, note that the prefix “¢” in clvar is employed o designate the capacitor kvar in

arder 1o differentiate it from load kvar.
To find irrespective currents of VA, kKW, and kvar, use the following relationships:

f

kVA = JIkW +(kvar)® (823
KW = \(KVA) —(kvary’ (8.23)
kvar = J(KVA) — (kW)* (8.24)

REAL POWER-LIMITED EQUIPMENT :

Certain equipments such as turbogenerator (i.e., turbine generators) and engine generator sets have
a real power (P) limit of the prime mover as well as a kVA limit of the generator. Usually the real power
limit corresponds to the generator S rating, and the set is rated at that P value at unity power factor
operation. Other real power (P) values that correspond to the lesser power factor operations are
determined by the power factor and real power (S) rating at the generator in order that the P and S
ratings of the load do not exceed the S rating of the generator. Any improvement of the power factor
can release both P and S capacities.



Example 8.7

Assume that a 1000 kKW turbine unit (turbogenerator sel) has a turbine capability of 1250 kWD is
operating at a rated foad of 1250 kVA a8 0.85 power facton An additional load of 150 KW at 0.85
power factor is o be added. Determine the value of capacitors needed in order not to overdoad
the turbine nor the generator.

Solution
Chrrginal foad
P = 1000 kw

Q= ,.I' KvAr =il
= JI1 250F - {1 o000

= 750 lwar
Additional load

P = kW = 150 kW
5=kWVA

150 kW
0.85

= 200 kvA

) = Ji2007 - f1oooy

=132. 2 kvar

Tental lexand
Po= kW = 10004150
= 1150 kW
CL, =750+132:29
=832 29 kvar
Thie minimum operating power factor for a load of 1150 KW and not exceeding the KVA rating of
the generalor is

1150 kW
1250 KA

PF=cosfl =

=0.92

The maximum boad kvar for this situation is

£ =150 kWitan™'
= 1150« tan ' (23.073918°
= 4849.9 kvar
where 0,426 i the tangent correspanding to the maximum power lactor of 0,935,
Thus, the capacitors must provide the difference between the total load kvar and the permis-
sible generator kvar, or
ckvar = 882,29 - 489.9

= 392.39 kvar



COMPUTERIZED METHOD TO DETERMINE THE ECONOMIC POWER FACTOR :

As sugpesied by Hopkinson [1], 2 load flow digital computer program can be employved to determine
the kilovoltamperes, Kilovolts, and Kilovars at annual peak level for the whole system (from genera-
tion through the distribution substation buses) as the power factor is varied.

As g start, shont capacitors gre applied o cach sobstation bus for correcting o an initial power
fuctor, for example, 20%. Then, a load Aow run is performed to determine the total system Kilovoltam-
peres, and kilowatt losses (from generator o load) af this level snd capacitor kilovars are noted. Later,
additional capacitors are applicd 1o cach substation bus (o increase the power factor by 1%, and another
load flow run is made. This process of iteration is repeated uniil the power factor becomes unity.

As a final step, the benefits and costs are calculated ot each power fuctor. The cconomic power
fwetor 1s determined as the value at which benehits and costs are equal. Aftér determining the gco-
nomic power factor, the additional capacitor size required can be caleulated as

AQ. = Py (tan ¢ —tan 3} (8.28)
where
A is the required capacitor size, kvar
P, is the system demand st annual peak, kKW

tun ¢ is the tangent of original power fuctor angle
tun @ is the tangent of economic power (actor dngle

PROBLEMS:



Example 8.9

Assume that a three-phase 500 hp 60 Hz 4160 V wye-connected induction motor has a full-
load efficiency () of B8% and a lagging power actor of 0.75 and Is connected o a feeder. 1001 1s
desired to comect the power factor of the load to a lagging pewer factor of 0.9 by connecting throe
capacitors at the load, determine the following:

&, The rating of the capaciior bank, in kilovars
b. The capacitance of each unit if the capacitors are connected in delta, in microfarads
¢. The capacitance of cach unit if the capacitars are connected in wyie, In microfarads

A
1 2 3 i
p— - — — = = T
TLT e T
Copacitor . .
segment 2 % bl kY
I1T17 Ti
Capacitor v
segment m “'
S P i 5
hr

1|I—4|-

FIGURE 8.15 Couanection of copacitor units for one phase of o three-phoge wye-conpected bank.



Solution
a. The input power of the induction motor can be found as
5. (HP)O.7457 kWihp)
l

_ 1500 hp)(.7457 kKWihp)
0.88

= 423,69 kW
The reactive power of the motor at the uncorrected power factor is
2, = Ptan @,
= 423.69 tanicas ' 0.75)
=423.69 x 0.8819
= 373.7 kvar

The reactive power of the motor at the carrected power factor is
(2, =FPtand,
=423.69 tan icos' 0,90
=423.69 x 04843
=205.2 kvar
Therefore, the reactive power provided by the capacitor bank is
Q=0 -Q;
=373.7 - 205.2
= 1685 kvar

Hence, assuming the lpsses in the capacitors are negligible, the rating of the capacitor bank
is 168.5 kvar

b. If the capacitors are connected in delta as <hown in Figure 8.17a, the line current is

Ji= 22
V3xV
168.5
33 *4.16
=23.39A
a “«
b > ’ b -
i -2 I c k \
e ke i
§
A. :
—ik
[ o—
{a) 1 (bl

FIGURE 8.17 Capacitor contected (a) in deltaand (b) in wye



and therefore,

2339
T

=135 A

Thus, the reactance of each capacitor is

X = E—:—
i

_ 4160

© 138
=108.110

and hence, the capacitance of each unit,* if the capacitors are connected in delta, is

C o= —pf
Ehrly
aar

i
c=10
et
N 0
T Zax60x 30811

= B.61pF
. If the capacitors are connected in wye as shown in Figure 8170,
L=l =23.39A

and therefore,

X :%

4160
T ix3as

= |02.70L2

Thus, the capacitance of each unit, if the capacitors are connected in wye, is

1

C
X,

10"
IJr=b0x102.70)

= 15.52!.[!:



Example 8.10

Assumie that a 2.4 kV single-phase circuit feeds a load of 360 kW (measured by a wattmeter) at
a lagging load factor and the load current is 200 AL I it is desired to improve the power factor,

determine the following:

a. The uncorrected powet factor and reactive load.

b. The new comected power factor after installing a shunt capacitor unit with a rating of 300

kvar,
c. Also write the necessary codes (o solve the problem in MATLAB™.

Solution
a. Betore the power factor correction,
S5 =Vx!
=24%200
=480 kVA

therefore, the uncarrected power factor can be found as

cosf), = !-’-
5

L 360 kW
460 KVA

=075

and the reactive load is

Q, =5 xsin{cos @)
=480 x 0.661
= 317.5 kvar
b, After the installation of the 300 kvar capacitors,

Q=0 - Q,
= 3175 - 300
= 175 kvar

and therefore, the new power factor can be found from Equation 8.9 as

P
1P 1 -

_ 360
8607 417,57

=0,9989 or 99.89%

cosll; =

Example 8.1

Assume thal the Riverside Substation of the NLENP Company has a bank of three 2000 kKVA
transtarmers that supplies a peak load of 7800 kVA at a lagging power factor of 0.89. All
three rransformers have a thermal capability of 120% of the nameplate rating, It has already
been planned to install 1000 kyvar of shunt capacitors on the feeder 1o Improve the voltage
regufation,



Determine the followlng:

2. Whether or not to install additional capacitors on the feeder to decrease the load to the
thermal capability of the ransiormer
b. The rating of the additional capaciiors

Solution
a. Betore the installation of the 1000 kvar capacitors,
P=5 = cosf@
= 7800 = D89
= (942 kW
anc
Oy=5 xsind
= 7BO0 = 0.456
= 355648 kvar
Therefore, after the installation of the 1000 kvar capacitors,
=0 -0
= 3556.6 - 1000

= 35568 kvar

anil using Equation 8.5,

Wl ___
“7..' ‘{qr = Q Fl_'lll

) 6342
(69427 4+ 1556.8°)"

COSE, =

=0938 or 93.8%

and the corrected apparent power &

5=

cosdl,

6942
T (.938

=7397.9 kvA

O the other hand, the transformer capability i

5, = 6000 = 1.20
=7200 k"u"h

Therefore, the capacitors installed to improve the voltage regulation are not adequate; addi-
tional capacitor installation is required.



b. The new or cormected power factor required can be found as

P
PEiiww =Combl i, = 5_

¥

6942
© 7200
=09642 or 96429

and thus the new required reactive power Can be found as

Q) e = Fix a0
= P x tan (cos! PF,,.0)
= 6942 = (L2752
= 1910 kvar

Therefone, the rating of the additional capacitors required i

) ppg =05 = Qm
= 23564 = 1910
= h46.7 Kvar

Example 8.12
i a power system has 10,000 kVA capacity and is operating at a power factor of 0.7 and the cost

of a synchronous capacitor (e, synchronous condenser) to comect the power factor is $T0 per
kVA, find the trvestment required to correct the power factor 1o

a. (.85 lagging power fackor
b. Unity power factor

Solution
At atiginal cost

Bua=c05" PF=cos™' 0.7 = 45,577
P = Seosfly = (10,000 kYAID,T = 7,000 kw
i = Ssinf; = 110,000 KVA)sin45.57° = 7,141.43 kvar
i, Far PF= 0L.85 lagging
P =Fy=7000kwW (ashefons)

B FO00 ke
- =A235.29 kva
i cos ., h 0.85

e = B Sinloos™ PF) = (§235.29 kVAlsinicos ' 0,85 = 4338.21 kvar

(2 = Qs = (g = Qe = 714143433821 = 280322 kvar correction needed



Hence, the theoretical cost of the synchronous capacitor is

COStypuinn =1(2,803.22 kwu(i'ﬂ] =$28,032.20
kVA .
Note that it is customary 1o give the cost of capacitors in dollars per kVA rather than in dol-
lars per kvar,
b. for PF= 1.0

Q= Queguinet = Qont = Qe = 7141.43-0.0 = 714143 kvar
Thus, the thearetical cost of the synchronous capacitor is

. $10 ‘
Costiynme =(7,141.43 kVA)(W—AJ =5§71.414.30

Note that P = 7000 kW is the same as before,



CAPACITOR INSTALLATION TyPES :

In general, capacitors installed on feeders are pole-top banks with necessary group fusing. The fusing
applications restrict the size of the bank that can be used. Therefore, the maximum sizes used are
about 1800 kvar at 15 kV and 3600 kvar at higher voltage levels. Usually, utilities do not install more
than four capacitor banks (of equal sizes) on each feeder

(a) :EE

\ Maximum allowsble voltage limi

Minimum allowable voltage [imir

3 } Without l
2 capacitor l
; E 3 l l
s l |

l l

0 Feeder length Iy LO pu
{h)
With capacitor

Maximum allowable voltage limit

Rated voltage
7] I ]

Minimuun allowable voltige limit

v

5 | without |
= | expacitor |
£ 1 | |
| |
= | |

| | .
0 Feédder length Iy 1.0 pu

)

FIGURE 8.18 The effects of a fixed capacitor on the voltage profile of (o) feeder with uniformly distributed
lond (b) ar heavy Joad and (c) af light load.

Figure 818 illustrates the effects of a fixed capoacitor on the voltage profiles of o feeder with
uniformly distributed load at heavy load ond light load. If only fixed-type capacitors are instolled,
as can be observed in Figure B.18c. the utility will experience an excessive leading power factor and
voltage rise at that feeder. Therefore. as shown in Figure 819, some of the capacitors are installed as
swireled capacitor Banks so they can be switched off during ligfe-Toad conditians.

Thus, the fived capaciters are sieed for light load and connected permanently. As shown in the
figure, the switchied capacitors can be switched as a block or in several conséoutive steps as the reac-
tive load becomes greater from light-load level to peak load and sieed accordingly.

However. 1n practice, the number of steps or blocks is sclected to be much less than the ones
shown in the fizure due to the additional expenses invodved io the installation of the regoired switch-
gear amnd comtrol egoipment.

A svstem survey is requined in choosing the tvpe of capacitor installution. As @ resull of load
flow program runs or manual load stodics on feeders or distribution substations; the system’s



Reactive power, lyar

FIGURE B.19  Sizing of the fixed and switched capacitons to meet the daily reactive power demands.

lagging reactive loads (Le.. power demands) can be determined and the results can be plotted on
a curve as shown in Figure 8.19, This curve is called the reactive load-duration cirve and is the
cumulative sum of the reactive loads (e.g., luorescent lights, household appliances, and motors) of
consumers and the reactive power requitements of the system (e.g.. transformers and reguolators),
Once the daily reactive load-duration curve is obtained, then by visual inspection of the curve,
the size of the fixed capacitors can be determined to meet the mininum reactive load. For exam-
ple, from Figure 819 one can determine that the size of the fixed capacitors required is 600 kvar,

The remaining kilovar demands of the loads are met by the generator or preferably by the
switched capacitors. However, since meeting the kilovar demands of the system from the genera-
far is too expensive and may create problems in the system stability, capacitors are used. Capacitor
sizes are selected to mateh the remaining load chameteristics from hour to hour.



Many utilities apply the following rule of thumb to determine the size of the switched capacitors:
Adgdd switched capacitors until

kvur from switched + fixed capacitors
kvar of peak reactive feeder load

=070 (829

From the woltage regulation point of view, the kilovars needed to mise the voltage at the end of
the feeder to the maximum allowahle voltage level at minimom load (25% of peak load) are the size
of the fixed capacitors that should be used. On the other hand. if more than one capacitor bank is
mstalled, the size of each capaeitor bank at cach location should have the same proportion, that is,

kvar of lead center . VA of load center
kvar of total feeder kYA of total feeder

(8.30)

However, the resuliant voltage rise must not exceed the light-load voltage drop. The sapproximate
value of the pereent voltage rise can be caleulated from

VR < Qs xxx! {831)
10XV,

where
56V 15 the percent voltoge rise
(), 4, 15 the three-phase reactive power due w fixed capacitors applied, kvar
x is the line reactance, £4min
{15 the length of feeder from sending end of feeder to fixed capacitor location, min
¥, . is the line-to-line volinge, kY

The percent yoltage rise can also be found from

_ fomaxd

5 B32)
10x Vi .
where
- Q.
; Il
=¢urrent drawn by fixed-capacitor bank (8.33)

IF the fixed capacitors are applied to the end of the feeder and if the percent voltage rise is already
determined. the maximum valoe of the fixed capacitors can be determined from

VRV, —

Max () o, = e

(8.34)

Equations 8 31 amud 832 can also be used 1o caleulate the percent vollaze rise due 1o the switched
capacilors. Therefore, once the percent voltage rises due to both fixed and switched capacitors, the
total percent voltage rise can be calenlued as

Z%\m = VR + VR u (8.35)



where
Z%\I"R is the total percemt voltage rise

VR 15 the percent voltage rise due to fixed {or nonswitched) capacitors
WV Ry is the percent voltage rise due to switched capacitors

Some utilities use the fallowing nule of thumb; The fotal amount of fived and switched capaci-
tors for a feeder i3 the amount necessary o raise the recefving-end feeder voltage to maximum at
5% of the peak feeder load.

Once the kilovars of capacitors necessary for the system are determined, there remains only
the gquestion of proper Incation. The ride of thiwm for locaring the ficed capacitors on feeders with
wniformly distribated loads s to locate them approximarely ar two-thivds of the distance from the
substation to the end of the feeder,

For the uniformly decreasing loads, fixed capacitors are located approximately halfway out on
the feeder. On the other hand, the location of the switched capacitors is basically determyined by the
voltage regulation requirements, and it usually turns out 1o be the last one-third of the feeder away
from the source,



8.5.2 Tvres oF ConTROLS FOR SWITCHED SHUNT CaPaCTTORS

The switching process of capacitors can be done by manual control or by automatic control sing
some type of control intelligence. Manua] control (st the location o1 os remote control) coan be
employed at distribution substations: The intelligence tvpes that can be used in automatic control
include time-switch. voltage, current, voltage~time, voltage—current, and temperature.

The most popular types are the nime-switch control, voltage control, and voliage——current
control, The time-switch control is the least-expensive ane. Some combinations of these controls
are also used to follow the reactive load-duration curve more closely. as illustrated in Figure 8.20),
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FIGURE 8.20 Meeting the reactive power reguirements with fixed, voltage-controlled, and time-controfled
COPUCTIOTS,



8.5.3 Tvees ofF Turee-Prase Caracmor-Bank ConnecTions

A three-phase capacitor bank on a distribution feeder can be connected 1n (1) delea, (23 grounded
wye, or {3) ungrounded wye. The type of connection vsed depends upon the following:

L. System type, that 15, whether it 15 a grounded or an ungrounded system
2. Fusing reguirements

3. Capacitor-bank location

4. Telephome imerference considerations

A respnance condition may ocowr in delta and ungrounded-wye (floating peutral) banks when
there is a one- or two-ling open-type fault that occurs on the source side of the capacitor bank due
to the maintained voltage on the open phase that backieeds any transformers located on the load
side of the open conductor through the series capacitor, As a result of this condition, the single-
phase distribution tmansformers on four-wire systems may be damaged. Therefore, ingrounded-wye
capacitor banks are not recommended under the following condirions:

. On feeders with light load where the minimum load per phase beyond the capacitor bank
does not exceed [50% of the per phase rating of the capacitor bank

2. On feeders with single-phase breaker operation at the sending end

3. On fixed capacitor banks

4. On feeder sections beyond a sectionalizing-Fuse or single-phase recloser

5. On feeders with emergency load transfers

However, the unmgrounded-wye capacitor banks are recommended §f one or more of the following
condittons exist:

1. Exgessive harmonic corrents in the substation negtral can be precluded,

2, Telephone interferences can be minimized.

3. Capacitor-bank installation can be made with two single-phase switches mther than with
three single-pole switches,

Usunlly, grognded-wye capacitor banks are used only on four-wire three-phase primary systems.
Otherwise, if a grounded-wye capacitor bank is used on o three-phase three-wire ongrounded-wye
or deltn system, it furnishes a ground current source that may disturb sensitive ground relays.



8.6 ECONOMIC JUSTIFICATION FOR CAPACITORS

Loads on electric utility systems include two components; active power imeasured in kilowatis) and
reaciive power {measured in kilovars). Active power has to be genernted at power plonts, whereas
reactive power can be provided by either power plants or capacitors. It is a well-known fact that
shunt power capacitors are the most ceonomical source to meet the reactive power requirements of
inductive loads and transmission lines operating al a lngzing power faclor.

When reactive power is provided only by power plants, each system component (ic.. generators,
transtormers, transmission and distibution lines, switchgear, and protective equipment) has o be
increased in size accordingly. Capacitors can mitigate these conditions by decreasing the reactive
power demand all the way back to the generators. Line currents are reduced from capacitor loca-
tions oll the woy back 1o generation equipment. As a resull, losses and losdings ane reduced in dis-
tribution lines, substation transformers, and transmission lines.

Depending upon the uncorrected power factor of the system, the instullation of capacitors can
imcrense generator and substation capability for additional load at least 30% and can increase indi-
vidual cireuit capability, from the voltage regulation point of view, approximately 30% —100%.

Farthermore. the current reduction in transformer and distribution equipment and lines reduces
the load on these kilovoltampere-limited apparatus and consequently delays the new facility instal-
lations. In general. the conomic benefits force copacitor banks to be installed on the primary dis-
tribution system rather than on the secondary.

Ivis a well-known rele of thumb thar the oprimisn amount of capacitor kilovars o employ ix
always the amount ai which the econemic benefits obiained from the addition af the last kilovar
exactly eguel the installed cost af the Eilovars of capacitors,

The methods vsed by the utilifies to determine the economic benefits derived from the installa-
tion of capacitors vary from company to company, but the determination of the total installed cost
of o kilovar of copacitors 1s easy nnd straightforward,

In general, the ecancmic benefits that can be derived from capaciter instaflation can be sum-
marized as follows:

|. Released generation capacity

2. Released transmission capacity

3. Released distribution substation capacity

4. Additional advantages in distribution system

Reduced energy (copper) losses

Reduced voliage drop and consequently improved voltage regulation

Released capacity of feeder and associated apparatus

Postponement or elimination of capital expenditure due to system improvements and/
OT expansions

e. Revenue increase due to voltage improvements

poTe

8.6.1 Benerts pue 1o Reteasen Generanion Capacimy

The released generation capacity doe to the installation of capacitors can be caleulated approxi-
muately {rom

1 = uz z
[I_Q, e E'] +Q, ,-tsmﬂ_

- | E; when () 0.108,
5 5; } B2y

AS, = l (8.36)

€ =sint when (), = (L1058,



where
A8 is the released generstion capacity beyvond maximum generation capacity ot original power
fnotor, KVA
& is the penerntion capacity, KVA
0, is the reactive power due to corrective capacitors applied. kvar
cos # is the original for uncorrected or old) power factor before application of capacitors

Therefore. the annual benefits doe to the released generation capocity can be expresseid as
AS,; =AS; =xC, xig (8.37)

where
A% is the annual benefits doe to released generation capacity, $/year
A8, is the released generation capacity beyond maximum generation capacity at original power
factor. KEVA
€, 1s the cost of (peaking) genemtion, $/kW
i;; 15 the annual fixed charge rate® applicable to generation

8.6.2 Beneats oue 70 Reteasep Transsussion CApactTy

The released transmission capacity doe to the mstallation of capacitors can be ealeulated approxi-
mately as

12 :
[1— : ] 288l wheng, >0.108;
ASy = S Sy (8.38)

O, »sin# when Q. <0.105;

where
AN, is the released trinsmission copacity’ beyvond maximum transmission capacity ol original
power factor, kVA
5, is the trnsmission capacity. KVA

Thus, the annual benefits doe to the released transmission copacity can be found as
M; = _*Iu.qr xf} X iy (8349)

where
A%y is the annual benefits due 1o released transmission capacity, $/year
ANy s the released transmission capacity beyond maximum transmission cepacity ot ornginal
power factor, kYA
'y is the cost of ransmission line and associnted npparatus, S/kVA
i is the annual fixed charge mte applicable to tansmission



8.6.3 BenerTs puE 10 Reteassn Distrisution Susstation CApAciTy

The released distribution substation capacity due to the installation of capacitors can be found
approxinuitely from

( 5 44012 s
I:[l'Q‘ * CON 9) ‘Q xsinfl -lJS“ when@, >0.108,

Sy (8.40)

Q. xsind when ), <0.108}

where
AL, is the released distribution substation capacity beyond muximum substation capacity at orig-
inal power factor, kVA
8¢ is the distribution substation capacity, kVA

Hence. the annual benefits due to the released substation capacity can be calculated as
AS, = A8y x Cy %1, (841

where
AS$, is the unnual benefits due to the released substation capucity, $/vear
AS, is the released substation capacity, kVA
€, is the cost of substation and associated apparatus, $/kKVA
iy 18 the annual fixed charge rate applicuble to substation

8.6.4 Benersits pue 1o Repucep EnerGy Losses

The annual energy losses are reduced as a result of decreasing copper losses due to the installation
of capacitors. The conserved energy can be expressed as

Q‘J‘R(zsl..l‘ Sin 9 ‘-‘QL‘J‘ )8760

- (8.42)
1000% V7,

AACE=

where
AACE is the annual conserved energy, kWh/year
U, s, is the three-phase reactive power due to corrective capacitors applied, kvar
R is the total line resistance to load center,
¢, 1 15 the onginal, that is, uncorrected, three-phase load. kVA
sin # is the sine of onginal (uncorrected) power factor angle
V, . is the line-to-line voltage, kV

Therefore, the annual benefits due to the conserved energy can be calculated as
AS,& = AACEXEC (8.43)

where
AACE is the annual benefits due to conserved energy, $/vear
EC is the cost of energy. YkWh



8.6.5 Bewverms pue 10 Repucen Voitace Drors

The following advantages can be obtained by the installation of capacitors inko o circuit:

|, The effective line current is reduced, and consequently, both /R and /X, veltage drops are
decreased, which resulis in improved voltage regulation,
2, The power factor improvement further decreases the effect of reactive line voltage drop,

The percent volinge drop that ocours in o given circuit can be expressed as

Lf

AVD = 8¢ splrcosf -+ xsind )

3 (Bd4)
10=Vi,

where
SNV s the percent voltage drop
5, 4, s the three-phase load, KVA
ris the line resistance. (fmin
X 1s the line reactance. fmin
['is the length of conductors. min
Vi is thit line-to-line voltage, KV

The voltuge drop that can be calculated from Eqgootion 8.44 ix the basis for the application of
the capaciors. After the application of the capacitors, the system yields a voltage rise due to the
improved power factor and the reduced effective line current. Therefore; the voltage drops due to
IR and I'X, are minimized, The approximate value of the percent voltage rise along the Tine can be
calcuiated ns

R = Qo x3xl (8.45)
0= Vi,

Furthermore, on additional voltage-rise phenomenon through every transformer from the gener-
ating source 1o the capacitors occars doe to the application of caopacitors. It 15 independent of load
and power factor of the line and can be expressed as

%VR, =[ f-‘* }x; (RA46)

(AT

where
50V R is the percent voltage rise throngh the transformer
514415 the total three-phase trunsformer rating, kVA
Xy 15 the percemt transformer reactance (approximately equal o the transformer’s nameplate
impedance),

8.6.6 Beverms pue 1o Reteasen Feeper Caracmy

In geneml, feeder capacity is restricted by allowable voltage drop rather than by thermal limitations
{as seen in Chapter 4), Therefore, the installation of capacitors decreases the voltnge drop and con-
sequently increases the feeder capacity.



Without including the released regulator or substation capacity, this additional feeder capacity
can be calenlated as

AS; = {0 3 02

=—F  _kVA (3.47)
xsinél +rcosfl

Therefore, the annual benefits due to the released feeder capacity can be calculated as
.|':'|.$J:' - .f:'l.':l‘;.' #* C_r h?f,r I‘S-‘-‘HF

where
A¥ - is the annual hénefits due (o released feeder capacity, $fvear
ASK s the released feeder capacity, kKVA
) is the cost of mstalled feeder, S/&VA
{; i the annual fixed charge rote applicable to the feeder

8.6.7 Fivanciar Benerims puUE 70 VOLTAGE IMPROVEMENT

The revenues to the utility are increased as a result of increased kilowatthour enerzy consumption
due o the vollage nise produced on a system by the addition of the corrective capacitor banks. This
is especially true for residentinl feeders.

The incressed energy consumpbon depends on the nature of the spparmtus wsed. For exam-
ple, energy consumption tor lighting increases us the square of the voltnge used. As an example,
Table 8.3 gives the additional Kilowatthour energy increase (in percent) as a function of the ratio
of the overage voltage after the addition of capacitors to the average voltage before the addition of
capacitors (based on a typical load diversity)

Thus, the increase im revenuves due to the mncreased kilowatthour energy consumption can be
calenlated as

Ay = ABEC= BEC=EC (849

where
A e 18 the addinonal annual reverme due 1o increased kWh energy consumption, %/yvear
ABEC 15 the additional KWh energy consumption increase
BEC is the onginal (or base) annual EWh energy consumption, §Whiyear

TABLE B.3

Additional kWh Energy Increase
After Capacitor Addition

--r-—--—-v""h AKWh Increase, %
Vi i

1.0 0

LS £

Lo 1t

Lis 23

120 £ 1)

125 43

130 52




8.6.8 Torar Finvanoial Benerts pue 10 CaraciToR INSTALLATIONS

Therefore, the total bemefils due to the installation of capacitor banks can be summarized as

ZM = {Demand reductiom ) + ( Energy reduction) + { Bevenue increase )

={AS, +AS +AS HASH I+ AS e+ AS e (%.50)

The total benefits obtained from Equation 850 should be compared against the anmual equiva-
lent of the ol cost of the installed capacitor banks, The total cost of the instolled capacitor banks
can be found from

AEIC, = AQ. =1C, =i, (8.51)

where
AEIC is the anmual equivalent of the total cost of mstilled capacitor banks, Sivear
AQ. is the required amount of capacitor-bank additions, kvar
IC, 1s the cost of installed capacitor banks, $fkvar
i is the annuoal fixed charge rate applicable (o capacitors

In summary, capacitors can prowvide the otility indusiry with a very effective cost reduction
instrument. With plant costs and fuel costs continually increasing, electric utilities benefit whenever
new plant invesiment can be deferred or eliminated and energy requirements reduced.

Thus, capacilors aid in minimizing operating expenses and allow the wilities to serve new
loads snd customers with a minimum system imvestment. Today, utifities in the United States have
approximately | kvar of power capacitors installed for every 2 kW ol installéd generstion capacity
in order 1o lake advantage of the economic benefits involved [4].



8.7 PRACTICAL PROCEDURE TO DETERMINE
THE BEST CAPACITOR LOCATION

In general, the best Incation for capacitors can be found by optimizing power loss and voltuge regu-
lation. A feeder voltage profile study 15 performed to warrant the most effective location for capaci-
tors and the determimation of a voliage that is within recommended fimits,

Usually. a2V orise on circits used in orban areas and a 3 V rise on cireuils used in rural areas are
approximately the maximom valtage changes thal are allowed when o switched capacitor bank is
placed mnto operation, The general iteration process involved is summarized in the following steps:

1. Collect the following circuit and load inlormation:

a Any two of the following for each load: kilovoltnmperes, kilovirs, kilowntts, and load
power factor

b, Desired corrected power of circuit

c.  PFeeder-circuit vollage

d A feeder-circuil map that shows locations of loads and presently existing capacitor banks

2. Determine the kilowatt load of the feeder and the power fictor,

3. From Table 8.2, determine the kilovars per kilowatts of load (ie.. the correction factor)
necessary W correct the feeder-circuit power factor from the original to the desired power
foctor. To determine the kilovars of capacitors required, multiply this correction factor by
the total kilowatts of the feeder eircuit.

4. Determine the individual Eilovollamperes and power factor for éach load or group of loads.

5. To determine the kilovars on the line, multiply individual load or groups of loads by their
rsspective reactive factors that can be found froum Table 8.2.

ti. Develop a nomograph to determine the line loss in WA000 ft due to the inductive loads
tabulated in steps 4 and 5. Multiply these line losses by their respective line lengths in
thousands of feet. Repeat this'process for all loads and line sections and add them to find
the tetal inductive line loss.

7. In the case of hoving presently existing capacitors on the feeder. perform the same calcula-
tions as in step 6. but this time subtract the capacitive line loss from the total inductive line
loss. Use the capacitor kilovirs determined in step 3 and the nomograph developed for step
6 and find the line loss ineach line section due o capacitors.

&. To find the distance to capacitor location. divide the total inductive line loss by capacitive
line loss per thousand feetl. If this quotient is greater than the line section length
a. Divide the remaining inductive line loss by the capacitive line loss in the next line sec-

tion 1o find the location
b. [If this quotient is still greater than the line section length, repeat step 8a

9. Prepare a voltage profile by hand calculutions or by using a computer program for voltage
profile and load analysis to determine the circuil voltages, If the profile shows that the volt-
ages are inside the recommended limits: then the capacitors are installed at the location of
minimum loss, [f not, then use engineering judgment to locate them for the most effective
voltage contrel application



8.8 MATHEMATICAL PROCEDURE TO DETERMINE THE
OPTIMUM CAPACITOR ALLOCATION

The optimum application of shunt capacitors on distribution feeders to reduce losses has been
studied in numerous papers such as those by Neagle and Samson [5], Schmidt [T], Masxwell [8.9],
Cook [100, Schmill [11]. Chang [12-14], Bae [15], Gonen and Djavashi [17)], and Groinger et al,
[19.21-23]. Figure B.21 shows a realistc representation of a feeder that contains a number of line
segments with o combination of concemtrated {or lumped-sum) and uniformiy distributed loads. as
suggested by Chang [13). Each line scgment represents o part of the feeder between sectionalizing
devices, vollage regulotors, and other pomnts of significance. For the sake of convenience, the load
or line current and the resulting R loss can be assumed o hove two components, namely, (1) those
due to the in-phase or active component of current and (2) those due to the out-of-phose or reactive

Iy i
R Primary feeder -
Uniformly distributed load Lumipred-sum load
‘E 1= Lo pu length
- el
x
E’ o l 1.6 pu
= B
= : dx
E :
¥ / &
8 o
Current prafile
i= k4l ~ Ty
i

FIGURE 8.21 Prmary feeder with lomiped-sum (of concentiated) dnd uniformily distabited loads amnd reac-
tive current profile before adding the capeeitor.



component of current. Since losses doe to the in-phase or active component of line corrent are not
significamly affected by the applicanon of shumt capaciiors, they are not considered. This can be
verified as follows.

Assume thet the FR losses are cansed by a lagging line current f Aowing through the circun
resistpnce A, Therefore, it can be shown that

PR=(lcosdy B+ (Ising)' R (830

After adding a0 shunt capaeitor with current £, the resoltants are a new line current [, and 2 new
power loss /] R Hence,

HR=(lcosg)y R+(Ising—1, ) R (8.53)
Theretore, the loss reduction as a result of the capacitor addition can be found as
AP =I"R-I'R {8.54)

or by substtotng Equations §.56 and 8.57 into Equanon 838,

AP =2(Isin g)L.R — I'R (8.55)

Thus, only the out-of-phase or reactive component of line current, that is. [ sin 8, should be taken
into socount for /2R loss reduction as atesoll of a capacior addition,

Assume that the lengih of a feeder scgment is 10} pu length, as shown in Figure 8. 21. The current
profile of the line current at any given point on the feeder is & function of the distance of that point
from the beginning of the feeder. Therefore, the differential 2K loss of o 4y differential segment
located at adistance v can be expressed as

dPis=3E—{1 —1)xF Rdx (8.56)

Therefore; the total #K loss of the feeder can be found as

Ri= J.JH_;

(]
=3 f[.l',—{fl— 1)} R
=il

=(F+ 1+ )R (8.57)

where
P is the tota] R loss of the feeder before adding the capacitor
1, is the reactive current ol the beginning of the feeder sepment
1, iz the reactive current at the end of the feeder segmem
R is the 1otal resistance of the feeder segment
x i the per unit distance from the beginning of the feeder seoment



8.8.1 Loss RepuctioN DUE TO CAPACITOR ALLOCATION

8.8.1.1 Case 1: One Capacitor Bank

The insertion of one capucitor bank on the primury feeder causes a break in the continuity of the
reactive load profile, modifies the resctive curremt profile, and consequently reduces the loss. as
shown in Figure 8.23.

Therefore, the loss equation after adding one capacitor bank can be found as before:

n 4
P=3 Ill.-(l.-/,)x—l. FRdx+3 Iu.-u.-mxfkdx (8.58)
=)

=1

Bs=(1F + bl + )R +3x [ (0 =200 —xidul, + 17 R (R59)
Thus, the per unit power loss reduction as a result of adding one capacitor bank can be found from

ap = HsHis (8.60)
Ay

e
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FIGURE 8.22 Loss reduction with ane capacitor bank.



or substituting Equations 8.57 and 8.58 into Equation 8.60,

-3z, [(.r, 01— x b1, +1,=]R
AR = (861
(£ +0:+ 15 )R :

or rearranging Equation 8.6 by dividing its numerator and denominator by /] so that

- I, [,_ [l_] (’_](’_J_[’_) 8.62
ARs 1+ugu.ml,u,f[(' ) A,”’ L AL A G2

If ¢ is defined ns the ratio of the capacitive kilovoltamperes (ckVAS) of the capacitor bank to the total
reactive load, that s,

e ckVA of capacitor installed

(8.63)
Total reactive load
then
/, ;
c= 1 (8:64)

and if 4 15 defined as the mtio of the reactive current ut the end of the line segment to the reactive
current at the beginning of the line segment. that 1s;

s Reactive current at the end of line segment 8.65)
Reactive current at the beginning of line segment
then
= (8.66)
1

Therefore, substituting Equations 8.64 and 8.66 into Equation 8.62, the per unit power loss
reduction can be found as

3 <
ARy =:;1—}-;[(2—.n )+ xie—e ) (8.67)
or
s =m-%?l(2—x,)+x,1—c] (8.68)

where x, is the per unit distance of the capacitor-bank Jocation from the beginning of the feeder
segment (between () und 1.0 pu).
1 ¢ is defned os the reciprocal of 1 + 4 + 47, that 1s,

V+A+A°



then Equation 8.68 can also be expressed as
AR . =3mex {2 —x )+ A —r] (8.7

Figures 8.23 through 827 give the loss reduction that can be accomplished by chonging the loca-
tion of 4 single capucitor bank with uny given size for different capacitor compensation ratios along
the feeder for different representative load patterns, for example, uniformly distributed loads (4= 0),
concentruted or lumped-sum loads (4 = 1), or o combination of concentrated and uniformly distrib-
uted loads (0< 4= 1) To use these nomographs for @ given cose, the following factors must be know:

L. riginal losses due to the reactive current
2. Capacitor compensation ratio
3. The location of the copacitor bank

Ax an example, nssume that the load on the ling segment is uniformly distributed and the desired
compensation ratio is 0.5, From Figure 8.23, it can be found that the maximum loss reduction can
be obtained if the capacitor bank is located at 0.75 pu length from the source. The associated loss
reduction is 0.85 pu or 85%. If the bank is located anywhere else on the feeder, however. the loss
reduction would be less than the 85%.

In other words, there is only one location for any given-size capacitor bank to achieve the maxi-
mum loss reduction. Table 8.5 gives the optimum location and percent loss reduction for o given-
size capacitor bank located on a feeder with uniformly distributed load (4 = 0). From the table it can
be abserved that the maximum loss redoction can be achieved by locating the single capacitor bank
at the two-thirds length of the feeder awny from the source. Figure 828 gives the loss reduction
for = given capacitor bank of any size and located st the optimum location on a feeder with vanious
combinations of load types based on Equation 870, Figure 8.29 gives the foss reduction doe to an
optimum=sized capacitor bank located on a feeder with various combinations of looad types:
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TABLE 8.5
Oplimum Location and Optimum Loss Reduction

Capacitor-Bank Rating, pu Opfimum Locaticn, pu Cplimum Loss Reduction, %

.t 1.0 ]
il .95 il
nz .54 49
i3 .45 65
04 0.5 T7
0.3 0,75 B
00,6 0,77 i
07 01,63 Hi
bR 061 A
] 155 &
L 1.5 75
Ly A=1 3
3
L
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1
1
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Caparitor location, pu

FIGURE 8.28 Loss reduction dee 1o & capaciior bank Tocated af the optimum JTocation on o line section with
varieus combinations of concentrated and uniformly distribated loads,

#.8,1.2 Case 2; Two Capacitor Banks
Axsume that two capacitor banks of equal size are inserted on the feeder, as shown in Figure 8.30),

The same procedire can be followed as before, ond the new Joss eguation becomes

LT} I I
F.=3 Iu. —(h—1)e—21L  Rdx+3 J'u. —(hlx— L Rdx+3 I

A=3)

]
[4 =1 = L) R dy

(8.71)
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FIGLIRE 8.29 Loss redoction due o an optimum-siees] copaciior bank located ona line segment with varz-
s combinitions of concentratied and uniformly distributed loads.

Therefore, substituting Equations .57 and 8.71 imto Equation 5,60, the new per unit loss reduction
equation can be found as

AP o= 3o (22— ¥4 Ay, —3e]+ 3een (2 —x, ) A —v] 872)

AR =Foeln[(2— x )+ An —Je] H (2 —x )4 A —2]] (B73)

#.8.1.3 Case 3: Three Capacitor Banks
Assume that three capacitor banks of equal size are inserted on the feeder. as shown in Figure 8.31.
The relevant per unit loss reduction equation can be found as

AR =daciy[(2—5)+ A Sl a2 —n )+ A =3l +x 2 —x+ A, —c]] (874

8.8.1.4 Case 4: Four Capacitor Banks
Assume thal four capacitor banks of équal size are inserted on the feeder. as shown in Figure 832,
The relevant per unit loss reduction equation can be found as

AR o =3eelp[(2—x ) +Ax —Te]+ 02— a0+ Ay, —Se]

+l{2—x )+ Axy — 3]+ 1, [(2— x5, )+ dx, —¢]) (8.75)
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FIGURE 8.30 Loss redoction with two capecitor banks,

8.8.1.5 Case 5: n Capacitor Banks

As the aforementioned results indicate, the per unit loss reduction equations follow a definite pattern
as the number of capacitor banks increases. Therefore, the general equation for per unit loss reduc-
ton, for an # capacitor-bank feeder, can be expressed us

i

By= 3uc’Z x (2= x )+ A% —{(2i -] (8.76)

b=l
where
« 15 the capacilor compensation ralio ol each location (determined from Equation £.63)

x; i% the per umil disionoe of the ith capacitor-bank location from the source
n s the total mnmber of capacitor banks

8.8.2 Ornmum Location oF A Caracitor Bank

The aptimum location for the ith capacitor bank can be found by taking the first-order partial deriv-
ative of Equation .76 with respect to x, and setting the resulting expression equal 1o zero. Therefore,

I (2i-1

Xiogn =
-4 201-2)
where x, ., is the optimum location for the sth capacitor bank in per umt length,

(877
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FIGURE 8.31 Loss reduction with three capacitor banks.

By substituting Eqguation 881 into Equation 8,50, the optimum loss reduction can be found as

i 7. 3B h] 3
P o =3arz I ik PRI e : (8.78)
=4 (I-4) 1-4 #HI-4) 1-4 ]

Equation 8.78 is an infinite series of algebraic form that can be simplified by using the following
relations:

z:zf—n=n: (8.79)

Z:‘ = -""‘T*” (8.80)

=l
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The capacitor compensation ratio at each location can be found by differentinting Equation 8,58
with respect to ¢ and setting it equal to zero as

2

T an+l

(8.85)

Fal

Equation 8.86 can be called the 2/(2n + 1) rule. For example, for n = 1, the capacitor rating is
two-thirds of the total reactive load that is located m

2

86
1-2) (5:56)

| =

of the distanee from the source (o the end of the feeder, and the peak lpss reduction is

-

ARz =—— (8.87)
A=)

For o feeder with-a uniformly distributed load, the reactive current at the end of the line s zero
(i.e., I, =0} therefore,

A=0 mnd a=1

Thus, for the optimum [oss reduction of

Al = E pu (B.55)
the optimum value of x, is
2
f=7pu (8.89)
and the optimum value of ¢ is
a
~=—pi1 (R0
[ 3 P )

Figure 833 gives a maximum loss reduction comparison for capacitor banks. with various total
reactive compensation kevels and located optimally on a line segment that has uniformly distributed
lovad (4 = 0), based on Equsition 8.84. The given curves are for one, two, three, and infinite number
of capacitor banks,

For example, from the curve given for one capacitor bank, 1t can be observed thot a capacitor
bank rated two-thinds of the wial reactive load and located at two-thirds of the distance out on the
feeder from the source provides for o loss reduction of B9%. In the case of two capacitor banks,
with four-fifths of the total reactive commpensation. located ot four-fifths of the distance out on the
feeder, the maximum loss redoction 1s 96%. Figure 8.34 gives similar curves for o combination of
concentrated and uniformly distributed loads (4 = 14),



8.8.3 Exercy Loss Repuction pue 1o CAPACITORS

The per unil energy loss reduetion in o three-phase line segment with 4 combination of concentrated
and uniformly distributed loads due to the allocation of fixed shunt capacitors is

.{'.EL=3::L~Z.t.[(2—.q. VElp + XA Fly — (26— 1| T (8.91)

where
£ 18 the reactive load fuctor = /8
T is thee total time period during which fixed-shunt-capacitor banks are connected
AEL is the energy loss eduction, pu

The optimum locations for the fixed shunt capacitors for the maximum energy loss reduction
can be found by differentiating Equation 8 91 with respect to x; and setting the result cijual to zero.
Therefore,

AL 3ac[2Rp(A— 1)y +2Hy —(2i-T)e] (8.92)
i,
% ABL) _ 2 (-)<0 (8.93)
i

The optimum capacilor Iocation for the maximom energy loss reduction can be found by setling
Egustion 8,92 1o zero, so that

o4 O
oo = : == L 1,( 15.94]
=& 2(1—AWin
Similarly. the optimuom total capacitor rating can be found as
et
= e (8.95)
Zn+1

From Equation 895, it can be observed that if the total number of capacitor banks approaches
infinity. then the optimum total capucitor rating becomes equal to the reactive load factor.

If only one capacitor bank 1s used, the optimum capacitor rating to provide for the maximuom
energy loss reduction is

2
C; =i i (8.96)

Ths equation gives the well-known two-thirds rule for fived shune capaciters. Figure 8.35 shows
the relationship between the total capacitor compensation ratio and the reactive load factor, in order
to achieve maximum energy loss redoction, for a line segment with uniformly distobuted Toad
where 4 =0 and @ = L



09 -

07 -

05 =

04

Total capaditor compensation ratio

0 0.1 02 Q3 04 05 06 07 08 09 Lo
Reoctive load factor

FIGURE 8.35 Relutionship between the total capacitor compensation rutio and the reactive lowd factor for
uniformly disteibuted load (A =0 and e = 1)1

By substituting Equation 8.94 into Equation 8.95. the optimum energy loss reduction can be
found us

Jac s Endnt-1)
AELm =E{”Fw—”l +—1-2FT—]T

3uen cndn =1y

= -+ ————1T
) [E“ N BnEy }
3al; Ciidn’ -1)

= Foy—Cp+——= T (8.97)
[ [ T 2n' Ry }

where €, is the total reactive compensation fevel = o,

Based on Equation 8,97, the optimum energy loss reductions with any size capacitor bank located
at the optimum location for varions reactive load factors have been calculated, and the results have
been plotted in Figures 8.36 through 8.40. It is important to note the fact that. for all values of 4.
when reactive load foctors are 0.2 or 0.4. the use of o fixed capacitor bank with corrective ratios of
0.4 and 0.8, respectively, gives a zero energy loss reduction.

Figures 841 through 8.45 show the effects of various reactive lond fuctors on the maximum
energy loss reductions for a feeder with different load patterns.
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8.8.4 Reanve Ranncs oF Muiniree Fixen Capacimors

The total savings due 1o having two fixed-shunt-capacitor banks located on a feeder with uniformly
distributed load can be found as

; € [
zs '_"-H'I.[l_fl "!'—_;-'}K: S "

= 3
S ‘?] K: +3¢-,[ A -—]K,T

4K,
P
+3¢s T M (8.98)
t-(-’{u £ 1 [N
o1
38 = 3(e, + ek + KT Fiphl - (e + 3 JiKa + K.T)
+1{':.j +L11[H- +—] angqj
i
where

K, is the 4 constant to convert energy loss savings to dollars, 5/kWh
K, 15 the a constant to convert power foss savings to dollars, 5/kWh

Since the total capacitor-bank miting is eguoaol 1o the sum of the mtings of the capacitor banks,

Cr=0+c: i#.100)

[ &) =Er —iL's ‘E.]D]l

By substitisting Equation 8.10] into Equation 8.99,
D s- 3{ 2Ky + KoT Bl )—( CF 4263 = 2646, J(KiT 4 Ks)

+£{r:_} —3c:5$+3c§f,][xwﬂ } (8.102)

Lo

The optimum rating of the second fixed capucitor bank as a funetion of the wial capacitor-bank
rating ¢an be found by differentiating Equation 8106 with respect to ¢,. so that

A%

= 3 -20, Ky + K ro—{—r,+ﬁc r:;][x_,
]

EJ (8.103)
Fn

and setting the resultant equation equal 1o zero,

e, =0 (B.104)



and since
Cyr=c +cs (8.105)
then
O = (8.106)

The result shows that if multiple fixed-shunt-capacitor binks are to be employed on a feeder with
uniformly distributed loads, in order to receive the maximum savings, all capacitor banks should
have the same rating.

8.8.5 General Savings EquanioN For ANy Numser ofF Fixen Capacitors

From Equations 876 and 8.92, the total savings equation in o three-phase primary feeder with a
combination of concentrated and uniformly distributed loads can be found as

Zs= 3.&',01'2:;[(2—3‘, \Rb ARG =@i=1eIT
=l
+3x2a=-2 w2 —x)+ %A —Q2i—c]- KsCr (8.107)

where
K, is the constant to convert energy loss savings 1o dollars, $/kWh
K. is the constant to convert power Joss savings to dollars, S/kWh
K is the constant to convert total fixed capacitor ratings to dollars, $/kvar
X, is the ith capucitor location, pu length
n is the totul number of capacitor banks
Fy, 15 the reactive load factor
C; is the total reactive compensation level
¢ is the capacitor compensation ratio at cach location
4 is the ratio of reactive current at the end of the line segment to the reactive load current at the
beginning of the line segment
a=1/1+1+4"

T is the total time period during which fixed-shunt-capacitor banks are connected

By taking the first- and second-order partial derivatives of Equation 8,107 with respect to x,

a>’'s
—(Z-—)=3av[2x,(K;+K,Tl"{n)tl—l)"'?-(lf:"'KnTFﬂu)‘(a’i‘l)dK:"'KlT’l (8.108)
ax

and

@=Mdl-l)(ﬁ:+K.TF@)<0 (8.109)

i



Setting Equation 8108 equal to zero, the optimum location for any fxed capacitor bank with any
rating can be found us

L Qi-le K:+KT

8.1
-4 1-4 K,+ATF, B0

X =

where [} < & < LOpu length. Setting the capacitor bank amywhere else on the feeder would decrease
rather than increase the sovings from loss reduction.

Some of the cardinal rules thal can be derived for the application of capacitor banks include the
following:

L. The location of fixed shunt capacitors should be based on the average reactive load.

2. There is only one location for ench size of capacitor bank thot produces maximum loss
reduction,

3. One large capacitor bank can provide aimost ns moch savings as iwo or more capacilor
banks of equal size.

4. When multiple locations are used for fixed-shunt-capacitor banks, the banks should have
the same rmating 1o be economical.

5. Fora feeder with o uniformly distributed load, a fixed capacitor bank mted ol two-thirds of
the total reactive load and loeated at two-thirds of the distanee out on the feeder from the
source gives an B9% loss redwetion,

. The resolt of the two-thirds rule is particulardy pseful when the resctive load factor is high
It con be applied only when Axed shent capacitors are used.

7. In general, particularky at low reactive load factors; some combination of fixed and switched
capacitors gives the greatest energy loss reduction.

B. In gctual situations, it may be difficult, if not impossible, o locate o capacitor bank at the
optimum location: m such cases the permanent location of the capacitor bank ends up
being suboptimum.

& Powares Faciown
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Inm ar oo cirewit. there is ponerally a phase
difference ¢ between voltmees snad cumrent.  The
torme cos & ois called the power factor of the cor-
cuit. I the circwit is dnductive, the carrene Inss
bohind thie o ltzage and the power factor is roformed



1o as lngging. However, in a capacitive eircuit, curment leads the volt-

age und power factor is said (o be leading. o ! “ﬂi_ha—,.v
Consider an mductive circuit taking a lagging current f from sup- o |
ply voltage #75 the angle of lag bring ¢, The phasor disgram of the L Igi 6
wirowt 15 shown in Fig, 6.1, The circuit current { can be resolved mto I :
two perpendicular components, mamely ; |
(a) 43 ¢inphase with o
(B) 4 siny y 90° ot of pliase withs s
The component f cos ¢ is known as sctive or wattful component, Fig; 6.1

whereas component / sin é is called the reactive orwaltless component. The reactive component is o
measure of the power factor. I the reactive component is small, the phose angle ¢ is small and henee
power factor cos & will be high, Therefore, o cireuit having small reactive current (fe.. [ sin ) will
have high pover fiattor and vice-versa. [t may be noted that value of power factor can never be more
than unity.

{f) It a vsual practice to attach the word *lagging” or * leading” with the nomerical value of
power factor to signify whether the current lags or leads the voltage. Thus if the circuit has
ap.f. of 0-5and the current lags the voltage, we generally write p.£ as (15 lagging.

(i) Sometimes power factor is expressed as a percentage. Thus (-8 lagging power factor may
be expressed ds 80% lapping.
e i s s

6.3 Dbkadvantages of Low Power Factor

The power factor plays an imporiance role In a.c. cireuits since power corsumed depends upon this
factor.

F = F’J.j,_mslp (For smgle phase supply)
= [
L7 Ticos® -
P = ﬁl}_ I cosd (For 3 phase supply})
P "
L =i
£ J“TIL cosf) i

It 15 clear from above that for fixed power and voltage. the toad current 1s mversely proportional
to the power factor. Lower the power factor, higher is the load current and vice-versa. A power factor
lessthan unity results in the following disadvaninges :

(1) Large KVA rating of equipment. The electrical machinery (e g., alternators, ransformers.

switchgear) is always rated in *kVA.
Now, VA = S
cos O

It 15 clear that kVA rating of the equipment 15 inversely proportional to power factor. The smaller
the power factor, the larger 1s the kKVA mting. Theretore, at low power factor, the kVA mting of the
equipment has to be mode more, making the equipment larger and expensive.

(i) Greater conductor size. To transmit or distribute a fixed amount of power at constant

voliage. the conductor will have lo carry more current at low power factor. This necessitates



(N

fiv)

L]

large conductor size. For example, take the case of a single phase a.c. motor having an imput
of 10 kW on full load, the termunal voltage being 250 V. At anity p.f, the mput full load
current would be 10,0000250 =40 A. At 08 p.f; the kVA inpat would be 1{/0-8 = 12-5 and
the current input 1 2.300/250 = 5{) A If the motor 1s worked at o Jow power factor of (1 8. the
cross-scctional area of the supply cables and motor conductors would have to be based upon
n-current of 30 A mstead of 40 A which would be required at umty power factor.

Large copper losses. The large current at low power (actor causes more PR losscs in all the
elements of the supply system. This results in poor efficiency.

Poor voltage regulation, The larpe current at low lngging power factor causes greater
voltage drops in alternators, transformers, trunsmission lines and distributors. This resalts
in the deereased voltage avmlable at the supply end, thus impairing the performance of
utilization deviees. In order 1o keep the receving end voltage within permussible s,
extrn equipment (f.e., voltage regulators) is required.

Redoced handling capacity of system. The lagging power factor reduces the handling
capacity of all the elements of the system. [t 1s becouse the resctive component of current
prevents the full unilisation of mstalled capacity:

The above discussion leads to the conclosion that low power factor is an objectionable [eature in
the supply system
6.4 Causes of Low Power Factor

Low power [zetor is undesiroble [rom economic point of view. Normally, the power fnctor of the
whole load on the supply svstem in lower than 0-8. The following are the causes of low power factor:

(7

(i)

(i)

Moxt of the a.¢. motors are of mduetion type { 1 and 3¢ induction motors) which have low
lagmng power factor. These motors work at a power factor which is extremely small on
light load (0-2 to 0-3) and rises to 0-8 or 0°9 at full load,

Arc lamps, electric dischorge lnmps and industrin] heating furnaces operate at low lagging
power factor.

The load on the power system s varying : being high during morning and evening and low at
other times. During low load period, supply voltage is increased which incredses the
magretisation current. This results in the decreased power foctor.

6.5 Power Factor Improvement

The low power foctor is maimnly due to the fact that most of the power loads are inductive and, there-
fore, tuke lsgging currents. In order to improve the power factor, some device tking leading power
should be connected in parallel with the load. One of such dévices can be o capacitor. The capacitor
draws 4 leading current and partly or completely neutrulises the lagging reactive compoaent of load

current. This mises the power factor of the load.
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Mustration. Toillustrate the power factor unprovement by u capacitor, consider s single *phase
load taking laggmg current [ ata power factor cos ¢ as shown i Fig. 63
The capacitor ( 1s connected in parallel with the load. The capacitor draws carrent f, which
leads the supply voltage by 90", The resulting line current [ is the phasor sum of fand [, -and its angle
of lag 15 ¢, as shown in the phasor dingram of Fig, 6.3. (a7). 1t1s clear that ¢, 1s less than ; so that
cos 0, is greater than cos §,. Hence, the power factor of the load isimproved. The following pamts
are worth noting ;
{f) The cirouit current £ ¥ after pf. correction 18 less than the original cirouwit current £
(if) The active orwattful component remains the same before and sfter p.£. correction becanse
unl}' the lagging reactive mmpomm.t 15 reduced by the capaeitorn '
& feos @y = I cos [N
(iif) The lagging reactive component is reduced after p. £ improvement and is equal to the differ-
ence between lagging reactive component of load (f sin ¢ ) and capacitor current (1) Le..
1 ang, = Fsmd,—1I.

() As feosdy = y i cns y
EX Weosy, = 1T cosy [Multiplying by 1]
Therefore, active powurtkw:i remains unchanged due to power factor improvement.
(v} r’ sn, = fsind—F
& I'F” sin b, = s — Vi [Multiplying by 1]
Le., NetkVAR affer p.f. comection = Laggmg kVAR before pi. correction — leading kVAR of
equipment

6.6 Power Faclor Improvement Equipment

Normally. the power factor of the whole load on a large generating station 15 m the region of 08 1o
-9. However, sometimes it 15 lower ond 10 such coses it 1s gencrally desirable to tnke special stepsto
mprove the power factor. This can be achieved by the following equipment :

1. Static capacitors. 2. Synchronous condenser. 3, Phase advancers.
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Fig. 6.4

1. Stalic cupacitor, The power [actor can be improved by connecting ¢apacitors in parallel
with the equipment operating at lagging power fector. The capacitor {generully known as static®*



capacitor) draws u lending current and partly or completely neutralises the lagging reactive compa-
nent of load curment.. This mises the power factor of the load. For three-phase loads, the capacitors
can be connected i delta or staras shown m Fig. 6.4, Static capacitors are imariably used for power
factor improvement in faclones.
Advantages
{f) They have low losses.
(#f) They require little maintenance as there are no mtating parts.
(#if) They can be easily mstalled os they are light and require no foundation.
{iv) They can work under ordmary atmospheric condinons.
Disadvantages
{f) They have short service life ranging from 8 to 10 years:
{ff) Theyare casily domaged if the voltage exceeds the rated value.
(##) Once the capaciiors are damaged. their repair is uneconomical.

1. Synchronous condenser. A synchronous motor takes a leading current when over-excited

and, therefore, behaves as a capacitor. An over-excited synchronous motar nmnmg on no load 1s
known as gywehronons condenser. When such a maching is connected in porallel with the supply, it
takes a leadmg current which partly neutmlises the lagging reactive component of the load. Thus the
power factor 1s improved.
Fig 6.5 shows the power factor improvement by synchronous condenser method. The 3d load mkes
current 4, at low lagging power factor cos ¢, The synchronous condenser takes o current £ which
leads the voltage by an angle ¢_*. The resultmnt current {15 the phasor sum of f and /, and lags
behind the voltage by an ongle ¢ 1t is clear that f s less than & so that cos ¢ i$ greater than cos 4,
Thus the power factor is mercased from cos &, to cos . Synchronous condensers are generally used
at major bulk supply substations for power facior improvement.

1 1
I‘- 34 Load

Fig. 6.5
Advantages
() By varying the field excitation, the magnitude of corrent drewn by the motor con be changed
by any amount. This helps m achieving stepless 1 control of powaer factor,



(#/) The motor windings have high thermal stubility to short cirouit currents,
(i) The faults can be removed easily.
Disndvantages
(f) There are considernble losses in the motor.
(#i) The maintenance cost 1s high.
(iif) Tt produces noise.
(fv) Except in sizes above 500 kVA, the cost is greater than that of static capacitors of the sume
rating,
{v) Asasynchronous moter has no self-starting torque. therefore, an auxiliary cquipment has to
be provided for this purpose.
Note. The reactive power taken by o synchronous motor depends upon rwo factors, the d.c. field excitation
and the mechamcal load delivered by the moter. Maximum leading power 18 taken by a synchrenous matar with
maXimum excitntion and zero load.

Synchronous Condenser

3. Phasendvancers. Phase advancers are used to
improve the power factor of induction motors. The low
power factor of an induction motor is due to the fact that
its stntor winding draws exciting current which Ings be-
hind the supply voltage by 90°, If the exciting umpere
turns can be provided from some other a.e. source. then
the stator winding will be relieved of exciting current snd
the power tactor of the motor can be improved. This job
1s accomphished by the phase ndvancer which 1s simply an a.c. excrter. The phase advancer i mounted
on the same shaft os the maim motor and is connected in the rotor circuit of the motor. It provides
exciting ampere tums to the rotor cirouit at slip frequency, By providing more ampere tums than
required, the induction motor can be made to operate on leading power factor like an over-excited
synchronous motor.

Static Capacitor

Phase advancers have two principal advantages. Firstly, as the exciing ampere turns are sup-
plicd at slip frequency, therefore. lagging kKVAR drawn by the motor are considernbly reduced. Scc-
ondly, phase advancer can be conveniently used where the use of synchronous motors is unadmissibie,
However, the mujor disadvantage of phase advancers is that they are not cconomical for motors
below 200 H.P.



6.7 Calculations of Power Factor Comection

Consider an inductive load tnking a Isgging current f ot a power foctor cos ¢, In order lo improve the
power fhctor of this circuit, the remedy is to connect such an equipment in pamllel with the load
which takes o leading resctive component ond partly cancels the lagegmg resctive component of the
load. Fig. 6.6 (/) shows a capacitor connected across the load. The capacitor takes a current £, which
lends the supply voltsge V by 90°. The current J,. partly cancels the lagging reactive component of
the load current as shown in the phasor disgram in Fig, 6.6 {#). The resultant cireuit current becomes
¥ onid 15 angle of log is &, 1t is clear that . is less than ;50 that mew p.£ cos ¢, is more than the
previous publ cos .

(i (i
Fig. 6.6
From the phasor dingram, it 1s clear that after p.{. correction, the lagging reactive component of
the load 15 reduced to Fsin gy,

Obviously, Fand, = fsindy, -1,
or 1 = Fsind,— I sind,
Capacitance of capacitor to improve p.f from cos ¢, to cos g,
E e o
. A R
ol [ S A mf]

Power triangle. The power factor correction can also be illustrated from power trisngle. Thus
referring to Fig. 6.7, the power triangle (48 is for the power fuctor cos 6. whereas power trinngle
(AT 1sfor the improved power factor cos .. It may be scen that
active power (04 ) does not change with power factor improve- 0
ment. However, the lapmng kWAR of the load is reduced by the
p.f. correction egquipment, thus mmproving the p.L to cos ..

Leading ¥WAR supplied by p.{. correction equipment

= BC=AB—AC

= KVAR,—kVAR,

= OA {tan §, — tan &,)
= kW (tan ¢, —tan ,)

Knowing the leading KVAR supplied by the p.L correction equipment. the desired results can be
obtained.

Fig. 6.7



Example 6.5 A 3-phase, 50 Hz 400 1 motor develops 100 H.P. (746 kW), the power factor
heing 075 lagging and efficiency 93%. A bank of capucitors is conniected in delta across the supphy
terminaly and povwer factor raised to 0-95 lagging. Each of the copacitance units is built of 4 similar
100V capacitors. Determing the capacitance of each capacitor:

Solution :

Original p.f., cos fy, = 0-75lag ; Final pf, cos ¢, = (1-93 lag
Motor input, P = output/ny= T4-6/0193 =80 kW
b, = cos™ (0-75) =41 4T
tan ), = tan 41-41°=0-8819
0, = cos  (0:95) =181
tand, = tan 1819 =()-3288
Leadmg kVAR taken by the condenser bank
= Ptan ¢; — tan ¢}
= 80 {0-8819— [1-3288) = 44-25 KVAR
Leadmg kKVAR taken by each of three sets
= 44:25/3=14-75 kVAR 2

Fig. 6.11 shows the deltn® connected condenser bank. Lel O farad be the capacitance of 4

capacitors in each phase.

Phase current of capacitor is _+
lop = VfXo=28fCH,, “T“" L 1 3-0
= 2w 50« x 400 6
= 125,600 C amperes Lo
TR I
KVAR/phase = —S4-CC ):2"'3. ﬂ"&_‘:‘"
400 % 125,600 € ST 1
- 1000 1an
= 50240 C o (i) Fig. 6.11

Equating exps. (f) and (i), we gel,

50240 ¢ = 14-75
o C 14-75/50,2490 = 2934 x 107" F= 293-4uF
Sinee it is the combined copacitance of four cgun| capacitors joined m senes,
< Capacitance of each capacitor =4 x 283-4 = 1173-6 pF



2 MARKS QUESTIONS AND ANSWERS

1. What are the differences between fixed and switched capacitors?

(June 2017-SUPPLE(R13)
Ans: A fixed capacitor is constructed in such manner that it possesses a fixed value of
capacitance which cannot be adjusted. A fixed capacitor is classified according to the type
of material used as its dielectric, such as paper, oil, mica, or electrolyte.
A switched capacitor is an electronic circuit element used for discrete-time signal
processing. It works by moving charges into and out of capacitors when switches are
opened and closed. Usually, non-overlapping signals are used to control the switches, so
that not all switches are closed simultaneously.

2. Write short notes on power factor correction (November/December 2016-REG(R13))

Ans: Methods of Power Factor Improvement

Capacitors: Improving power factor means reducing the phase difference between
voltage and current.

Synchronous Condenser: The 3 phase synchronous motor with no load

attached to its shatft.

Phase Advancer: This is an ac exciter mainly used to improve pf of induction motor.

3. Draw the phasor diagram of shunt compensation
(November/December 2016-REG(R13))

Ans:
E I X% 1
=HAN 1 Ve
T M1 f:f‘!
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Figure: Single line diagram of a shunt compensated transmission line and its phasor

diagram

4. Write the two-third rule for locating the shunt capacitors in distribution systems.
Ans:
2n

Cr = ——
T on+1

FLDl

It can be observed that if the total number of capacitor banks approaches infinity,
then the optimum total capacitor rating becomes equal to the reactive load factor.
If only one capacitor bank is used ,the optimum capacitor rating to provide for the
maximum energy loss reduction is

C._2 Fp

2
T=%

3
This equation gives the two-third rule for locating the fixed shunt capacitors in distribution
systems.



5. What are the causes of low power factor?
Ans:1. Most of the a.c. motors are of induction type (1¢ and 3¢ induction motors) which
have
low lagging power factor. These motors work at a power factor which is extremely
small on Light load (0-2 to 0-3) and rises to 0-8 or 0-9 at full load.
2. Arc lamps, electric discharge lamps and industrial heating furnaces operate at low
lagging power factor.
3. The load on the power system is varying ; being high during morning and evening
and
low at other times. During low load period, supply voltage is increased which
increases the magnetisation current. This results in the decreased power factor.

6. What are the disadvantages of low power factor?
Ans:1. Large copper losses. 2. Poor voltage regulation. 3. Greater conductor size.
4. Large kVA rating of equipment.

7. What is a synchronous condenser?
Ans: An over-excited synchronous motor running on no load is known as synchronous

condenser.

8. What is most economical power factor?
Ans: The value to which the power factor should be improved so as to have maximum net
saving is known as the most economical power factor.

9. How will you meet the Increased kW Demand on Power Stations
Ans:1. By increasing the kVA capacity of the power station at the same power factor
(say cos @1). Obviously, extra cost will be incurred to increase the kVA capacity of the
station.
2. By improving the power factor of the station from cos ¢l to cos ¢2 without
increasing the kVA capacity of the station. This will also involve extra cost on account of
powerfactor correction equipment.

10. What are series capacitors and shunt capacitors?

Ans: Series capacitors, that is, capacitors connected in series with lines, have been used to
a very limited extent on distribution circuits due to being a more specialized type of
apparatus with a limited range of application.

Shunt capacitors, that is, capacitors connected in parallel with lines, are used
extensively in distribution systems.

11. What is series compensation?

Ans: Series compensation is the method of improving the system voltage by connecting a
capacitor in series with the transmission line. In other words, in series compensation,
reactive power is inserted in series with the transmission line for improving the
impedance of the system. It improves the power transfer capability of the line. It is mostly
used in extra and ultra high voltage line.



12. What are the advantages of series compensation

Ans: Series compensation has several advantages like it increases transmission capacity, improve
system stability, control voltage regulation and ensure proper load division among parallel feeders.

13. What is shunt compensation?

Ans: At buses where reactive power demand increases, bus voltage can be controlled
by connecting capacitor banks in parallel to a lagging load.

Capacitor banks supply part of or full reactive power of load, thus reducing
magnitude of the source current necessary to supply load. Consequently the voltage
drop between the sending end and the load gets reduced, power factor will be
improved and increased active power output will be available from the source.

14. What is the power loss due to load currents in the conductors of the single phase two-
wire uni-grounded lateral with full capacity neutral?

Ans: The power loss due to load currents in the conductors of the single phase two-wire
uni-grounded lateral with full capacity neutral is six times larger than the one in the
equivalent three phase four-wire lateral.

PLS,1¢ = 6 PLS,3¢

15. What is the voltage drop in the single phase two-wire uni-grounded lateral with full
capacity neutral?

Ans: The voltage drop in the single phase two-wire uni-grounded lateral with full capacity

neutral is six times larger than the one in the equivalent three phase four-wire lateral

16. What is the power loss due to load currents in the conductors of the single phase lateral
?

Ans: The power loss due to load currents in the conductors of the single phase lateral is
two times larger than the one in the equivalent three phase lateral.

17. What is the voltage drop in the single phase ungrounded lateral ?
Ans: The voltage drop in the single phase ungrounded lateral is approximately 3.46 times
larger than the one in the equivalent three phase lateral.

18. What is a capacitor bank?
Ans: A total assembly of capacitor modules electrically connected to each other.

19. What are the connections of a Three-Phase capacitor Bank connections?
Ans: A three phase capacitor bank on a distribution feeder can be connected in(1)delta,
(2)grounded-wye, or (3)ungrounded-wye.

20. What are the economic benefits that can be derived from capacitor installation?
Ans: 1.Released generation capacity.

2. Released transmission capacity.

3. Released distribution substation capacity.

4.Reduced energy(copper)losses

5.Reduced voltage drop and consequently improved voltage regulation.



10 MARKS QUESTIONS

1.(A) Explain the manual method of solution for radial distribution system(
November/December 2016-REG(R-13)

(B) Derive the equation for load power factor for which the voltage drop is maximum

2. A 3 Phase, 500 H.P, 50 Hz, 11 kV star connected induction motor has a full load efficiency
of 85% at a lagging p.f. of 0.75 and connected to a feeder. If it is desired to correct it to a p.f.
of 0.9 lagging load. Determine the following: (i) The size of the capacitor bank. (ii) The
capacitance of each unit if the capacitors are connected in star as well as delta.

( November/December 2016-REG(R-13)

3. (A) Explain the procedure employed to determine the best capacitor location. ( June 2017-
SUPPLE(R-13))

(B)A 40 kW induction motor has power factor 0.95 and efficiency 0.85 at fullload, power
factor 0.7 and efficiency 0.65 at half-load. At no-load, the current is 20% of the full-load
current and power factor 0.2. Capacitors are supplied to make the line power factor 0.9 at
half-load. With these capacitors in circuit, find the line power factor at: (i) Full load. (ii) No-
load.

4.(A) Explain the role of shunt and series capacitors in power factor correction. Compare their
performance in power factor correction. ( June 2017-SUPPLE(R-13))

(B)Discuss the need of power factor improvement in distribution system.

5.(A) Explain the effect of shunt compensation on distribution system. ( June 2017-SUPPLE(R-
09))

(B) A synchronous motor improves the power factor of a load of 300 kW from 0.8 lagging to
0.9 lagging. Simultaneously the motor carries a load of 150 kW. Determine: (i) The leading
kVAR taken by the motor. (ii) kVA rating of the motor. (iii) Power factor at which the motor
operates.



6. Show that power loss due to load currents of the two phase, 3 wire lateral with full capacity
neutral is exactly equal to 2.25 times larger than the one in which equivalent three phase
lateral is used. Also prove that VD pu, 2 =2.1xVDpu, 3 for the above system. ( November 2012-
REG-(R09))

A B G
":b = (ﬂ 05+ 0.01 }ﬂl (0.1 +j0.02)0 l(u.ns +j0,05)0 l
30 A UPF 20 A S0 A
p.f.=0.5 lagging p.f.=0.9 lagging

7. Consider a three phase, 3 wire, 440 V secondary system with balanced loads at A, B and C
shown in figure. Determine: (December/January 2013/14-REG(R09))

(i) Total voltage drop.
(ii) Real power / phase for each load.
(iii) Reactive power / phase for each load.

(iv) The kVA output and load p.f. of the distribution transformer

8.(A) Explain the disadvantages of low power factor.

(B) A single-phase motor connected to a 240V, 50 Hz supply takes 20 A at p.f. of 0.75 lag. A
capacitor is shunted across the motor terminals to improve the p.f to 0.9 lag. Determine the
capacitance of the capacitor to be used.



EDSA

UNIT 5

DISTRIBUTION AUTOMATION

Distribution automation, distribution management systems, distribution automation system
functions, Basic SCADA system, outage management, decision support applications, substation
automation, control feeder automation, database structures and interfaces.

Distribution automation:

WHY DISTRIBUTION AUTOMATION? :

Distribution companies implementing distribution automation (DA) are receiving benefits from many
areas such as providing a fast method of improving reliability, making the whole operating function
more efficient, or simply extending asset life. Acceptance of distribution automation across the
distribution industry is varied and not universal, due to the limited benefit-to-cost ratios of the past.
The legacy of past management perceptions that more efficient control of distribution networks was
neither required nor a worthwhile investment and is changing as a result of deregulation and the
industry’s experience with new, cost-effective control systems. Automation is first implemented at
the top of the control hierarchy where integration of multifunctions gains efficiencies across the
entire business. Implementation of downstream automation systems requires more difficult
justification and it is usually site specific, being targeted to areas where improved performance
produces measurable benefits. The benefits demonstrated through automating substations are now
being extended outside the substation to devices along the feeders and even down to the meter.
The utilities implementing DA have produced business cases* supported by a number of real
benefits selected to be appropriate to their operating environment. The key areas of benefits down
the control hierarchyt are summarized in Table 1.1.

TABLE 1.1
Key Automation Benefit Classifications by Control Hierarchy Layer
Better
Control Capacity New Info for
Hierarchy Reduce Project Improved  Customer  Power Engr. &
Layer O&M Deferrals  Reliability =~ Services  Quality  Planning
1. Utility - - -
2. Network d L I L L
3. Substation d L I L L
4. Distribution d L I L L
5. Customer d L I d L L



Reduced Operation and Maintenance (O&M) Costs:

Automation reduces operating costs across the entire utility, whether from improved management
of information at the utility layer or from the automatic development of switching plans with a
distribution management system (DMS) at the network layer. At the substation and distribution
layers, fast fault location substantially reduces crew travel times, because crews can be dispatched
directly to the faulted area of the network. Time-consuming traditional fault location practices using
line patrols in combination with field operation of manual switches and the feeder circuit breaker in
the primary substation are eliminated. Automation can be used to reduce losses, if the load
characteristics justify the benefit, by regularly remotely changing the normally open points (NOPs)
and dynamically controlling voltage. Condition monitoring of network elements through real-time
data access in combination with an asset management system allows advanced condition and
reliability-based maintenance practices to be implemented. Outages for maintenance can be
optimally planned to reduce their impact on customers.

1.5 WHAT IS DISTRIBUTION AUTOMATION?

The utility business worldwide has many perceptions of what is distribution
automation. ranging from its use as an umbrella term covering the entire control
process of the distribution enterprise to the deployment of simple remote control
and communication facilities retrofitted to existing devices. Thus. for clarity. the
umbrella term will be treated as the DA concept under which the other generally
used terms of distribution management systems and distribution automation sys-
tems will be treated.

1.5.1 DA ConNcerr

The DA concept simply applies the generic word of automation to the entire
distribution system operation and covers the complete range of functions from
protection to SCADA and associated information technology applications. This

concept melds together the ability to mix local automation. remote control of
switching devices, and central decision making into a cohesive, flexible, and cost-
effective operating architecture for power distribution systems. This is shown
pictorially in Figure 1.6.



Network control (NCS

FIGURE 1.6 Distribution concept as an umbrella term. (Courtesy of ABB.)

In practice. within the DA concept there are two specific terms that are
commonly used in the industry.

Distribution Management System. The DMS has a control room focus,
where it provides the operator with the best “as operated™ view of the network.
It coordinates all the downstream real-time functions within the distribution
network with the nonreal-time (manually operated devices) information needed
to properly control and manage the network on a regular basis. The key to a DMS
is the organization of the distribution network model database. access to all
supporting IT infrastructure. and applications necessary to populate the model
and support the other daily operating tasks. A common HMI* and process opti-
mized command structure is vital in providing operators with a facility that allows
intuitive and efficient performance of their tasks.

Distribution Automation System. The DA system fits below the DMS and
includes all the remote-controlled devices at the substation and feeder levels (e.g..
circuit breakers. reclosers. autosectionalizers), the local automation distributed at
these devices. and the communications infrastructure. It is a subsystem of the
DMS essentially covering all real-time aspects of the downstream network control
process. This book concentrates on this aspect of distribution control and auto-
mation: thus, a more detailed discussion of automation at this level is appropriate.



1.6 DISTRIBUTION AUTOMATION SYSTEM

Distribution automation covers a wide range of implementations. from simple
retrofitted remote control, or the application of highly integrated intelligent
devices. to the installation of complete systems. The term aufomation itself
suggests that the process is self-controlling. The electrical power industry has
adopted the following definition:

A set of technologies that enable an electric utility to remotely monitor, coordinate
and operate distribution components in a real-time mode from remote locations.*

Interestingly. this definition does not mention an automatic function. This has
to be inferred in the word coordinate. All protective devices must be coordinated
to automatically perform the protection function satisfactorily by correct discrim-
inatory isolation of the fault. Isolating the fault is only a portion of the possible
functions of DA. because operation of the network would be improved if. having
isolated the fault, as much of the healthy network as possible was re-energized.
Further. the term real-time suggests that the automation system will operate in
the 2-second response time frame typical in large SCADA control. This is overly
ambitious for some parts of the distribution network where communication delays
are significant. It is also not necessary or cost-effective for all DA functions where
response times can be on a demand or demand interval basis. The terms of either
real-time or demand-time provide flexibility to implement response times appro-
priate to achieving the operating goals for the network in a cost-effective manner.
The one statement in the definition that differentiates DA from traditional pro-
tection-based operation (automatic) is that the relevant distribution components
can be controlled from a remote location. This then necessitates integration of a
communication infrastructure within the DA architecture. This is the key critical
facility that offers increased information and control to the decision making
required for smarter operation of the distribution network. Implementation and
cost-effective integration of communications within the controlled distribution
device and central control must be carefully planned.

DA. as stated earlier. also supports the central control room applications that
facilitate the operations decision-making process for the entire distribution network
of remotely controlled and manually operated devices — applications that are incum-
bent within the distribution management system. The number of the distribution
assets not under remote control is in the majority for any distribution network. The
proper management of these assets is vital to the business and requires the added
facility offered within a DMS. These applications require support from corporate
process systems such as the customer information system (CIS) and the geographical
information system (GIS). which reside at the top layer of the control hierarchy.

Irrespective of which of the two control layers DA is applied to, there are
three different ways to look at automation:



I. Local automation — swilch operation by protection or local logic-

based decision-making operation

SCADA (telecontrol) — manually initiated switch operation by remote

control with remote monitoring of status, indications. alarms, and

measurements

3. Centralized automation — automatic switch operation by remote con-
trol from central decision making for fault isolation. network recon-
figuration, and service restoration

-2

Any DA implementation will include at least two of these functions because
communications must be a part of the implementation. There are, though. utilities
that will claim to have operational distribution automation due to their early
implementation of reclosers without or in combination with self-sectionalizing
switches. The absence of communication to these devices does not fulfill the
accepted definition of DA. Many utilities with such implementation do admit the
need to have communication to these switching devices in order to know whether
or not the device has operated.

Automation Decision Tree. The selection of the ways to automate a switching
device can be illustrated through the decision tree in Figure 1.7. Once the primary
device has been selected based on its required power delivery and protection duty
in the distribution network. the degree of automation can be determined.

The implementation of automation to any manual switch can be described as
a number of steps and alternative paths that lead to the degree and type of the
control architecture. Some of the paths are optional but many are obligatory if
automation is to be implemented.

Step 1: This is the basic step to provide a switch with a mechanical actuator,
without which nonmanual operation would not be possible. Historically, switches
have always been operated manually. but stored energy devices or powered
actuators have been added to ensure that switch operation is independent of the
level of manual effort and to provide consistency in operating speed. Safety is
increased because the operator tends to be further away from the switch.

Step 2: Although the installation of an actuator will allow local manual
operation, which is mandatory, simply by using pushbuttons, the main purpose
is to facilitate the operation by local automation or by remote control.

Step 3: Once an electronic control unit has been installed for the actuator, one
of the two main automation functions can now be selected. In the most simple choice
at this step. the local automation can be interfaced to a communications system to
allow control remotely. Alternatively, local intelligence can be implemented, allow-
ing the device to operate automatically under some preset arrangement. A typical
example of this alternative at step 3 would be a recloser without communications.

Step 4: This step builds on the two choices made at the previous step.
Basically. remote control is added to local automation so that the operator will
be informed of any operation of the device under local automation and can either
suppress this local action or make the decision remotely. Local manual operation
to override the intelligence is a mandatory feature. In the alternative path in step
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Decision treg showing the logical steps to the implementation of local or

central avlomation of a primary swilch.

3. where remote control was selected, two forms of decision making are possible,
either a remotely located central process that incorporates a systemwide perspec-

tive or

Step 5: The final step applies the same options from step 4. remote control
to the loeal automation. Although the ability to add central decision making to
local automation offers the most advanced automation strategy, It is not commonly

practiced because it is found sufficient and simpler to use remote control of

manually mitiated remote control (human decision making),

intelligent devices.

The results of this decision tree in terms of meeting the basic definition of

distribution automation are as follows:

Switches must have remote-control operation capability.

Decision making 18 implemented, either located locully in intelligent
secondary devices (IHDs) centrally in a DA server, in combination with
hoth local and central decision making or through human intervention
remotely.

Local operation must be possible either mechanically or by pushbution.
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FIGURE 1.8 Stages of distribution automation for extended control,

Stages of Automation. The selection of automation level illustrated through
the decision tree in the previous section can be viewed from a different perspec-
tive, taking into account the burden on the communication media. The more
sophisticated the remote monitoring and automation requirements, the higher the
burden and complexity of the messaging, This consideration has given nise to
two different approaches to distribution automation (Figure | .8), particularly for
extended control down the feeder. where communications are predominantly
radio based.

Stage 1: This is designated as meeting the basic requirements of distribution
automation providing remote status and control functions. Remote status indi-
cation and control of switches has been the most justifiable stage of implemen-
tation of distribution automation outside the substation. This can be achieved
by transmission of digital signals only. Other binary information such as alarms,
FPI contact closing, and values above or below a threshold can be communi-
cated digitally. Communication of digital values sigmificantly lessens the com-
plexity of the communication by reducing the data package length. Low-power
radio systems have been developed and deployed to meet the needs of basic
remote control.

Stage 2: This stage adds the transmission of analog measurements to status
and control commands. This additional information moves the functionality of
extended control close to that employed at the substation level; however, the
burden on communications 1% increased and the capability of protocols used by



full SCADA systems is required. To reduce this burden, high-level protocols must
have both unsolicited reporting by exception* and dial-upt capability.

Local antomation can be applied under both stages and is only dependent on
the sophistication of the power sensors and the IED. The restriction of only
reporting status does not interfere with an analog/protection-based local decision
process.

The degree of central decision making will depend on not only the amount
and detail of the mformation passed to the server but the data transmission speed
capabilities of the communication infrastructure.

There 1s nol necessarily a natural upgrade path from one stage to another,
because there could be a limnation in the protocol and communication infrastruc-
ture as a result of optimization for stage |. The selection of the infrastructure for
the first stage must consider whether an upgrade to stage 2 will be required within
the payback period of the implementation.

Automation Intensity Level (AIL). AIL is a term employed to define the
penetration of automation along the feeder system outside the substation. Two
measures are commonly used: either the percentage of the number of manual
switches placed under remote control, typically 5-10%., or the number of swiiches
automated per feeder. Typically, the latter is designated as 1.0, 1.5, 2.0, 2.5, etc.,
where the half switch represents the normally open point shared by two feeders.
One and a half switches per fesder denotes astomating the open point and a
midfeeder switch — an AlL that produces maximum improvement for the mvest-
ment, because increasing AL produces reducing marginal improvements to sys-
tem performance. This is illustrated in Figure 1.9 for a set of actual feeders, the
AlL being shown in both types of measure described above. A definite breakpoint
occurs around an AlL of 1.5,



Distribution Automation in Brief:

It is an integrated system concept for the digital automation of
distribution sub-station, feeder and user functions. It includes control,
monitoring and protection of the distribution system, load management
and remote metering of consumer loads.

The distribution automation contains:

Computer Hardware
Computer Software

Remote Terminal Units (RTU's)
Communication Systems
Consumer Metering Devices.
The benefits of DA are:

Improved quality of supply
Improved continuity of supply
Voltage level stability
Reduced system losses
Reduced investment

The distribution automation system provides automatic reclosing of
relays, automatic feeder switching and provides remote monitoring and
controlling of distribution equipment (transformers, capacitors,
breakers, sectionalizers, communication nodes etc.) from sub-siation up
to and including the consumer interface. It affords the utility in
minimizing outage time and ultimately, better consumer service and
lowering of the total delivered cost of electricity. It allows operation of
the system with less capacity margin. The technical aspects of
distribution automation are complex and need a thorough examination

for their planning.
The various functions DA can be:

e Electrical network analysis
e Work management
e Trouble call analysis
e Consumer load monitoring

e Intelligent remote metering e.g. automatic meter reading etc.

e Automated capacitor control

Sub-station automation

Intelligent electric devices

Advanced remote terminal units

Computerized power distribution relays

Power quality monitoring

Automated Mapping (AM)/Facilities Management (FM)/Geog-
raphical Information System (GIS).

Energy Management



1.7 BASIC ARCHITECTURES AND
IMPLEMENTATION STRATEGIES FOR DA

1.7.1 ARCHITECTURE

The basic architecture for distnibution aatomation comprnises three main components:
the device to be operated (usually an intelligent switch). a communication system,
and a gateway often referred (o as the DA gateway — Figures 1.10a and 1.10b.
This configuration cun be applied 1o both substation and feeder automation.
In primary substation applications, the gateway is the substation computer cap-
turing and managing all the data from protective devices and actualors in the
switchgear bays. [t replaces the RTU as the interface to the communication
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system, which receives and sends information to the central control. Similarly,
in feeder automation applications, the gateway manages the communicalion to
multiple intelligent switches, acting as regards central control as a data concen-
trator. Thas, in effect, creates virtual locations for each switch and relieves central
control of the need to establish every switch as a control point. The latter con-
figuration 18, of course, possible and used for automation where a few swilches
are remolely controlled, hybrid configurations where the substation computer or,
in cases where there is no substation automation, the substation RTU acts as the
gateway for all switches located on feeders emanating from the substation. The
gateway can also be used to establish local areas of control where a more optimum
communication infrastructure for extended control can be established separately
from the SCADA system. The gateway becomes the conversion point from one
infrastructure (protocol and communication system) to another. The gateway can
also be extended from a simple data concentrator to one with limited graphical

Master
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(a} Generalized architecture (b) Typical distribution automation components

FIGURE 1.10 (a) Generalized architecture and (h) major compenents off a DA syslem.
iCourtesy of ABB.)

user interface to allow local control or even communicating selected information
to multiple masters.



1.8 DEFINITIONS OF AUTOMATED DEVICE
PREPAREDNESS

The implementation of DA is not only a function of the architecture and the level
of automation required by the business case, but it 1s also infiuenced by the
procurement practices al the distnibution level. Distribution equipment has always
been considered a volume product or component business rather than a system
business. This has driven the procurement of DA to the component level in the
majority. of cases. particularly at the feeder level. Utilities tender for separate
components such as IEDs to be installed in control cabinets, switches with actu-
ators and a specified TED, communications (low-power radio, GSM, etc.). Each
device must comply with an inferred system specification such as communication
protocol and satisfactory operation over a particular communication medium. In
addition. it may be reguired thit the devices operate satisfactorly with the installed
(legacy) SCADA system that will provide the control interface. Correctly config-
ured and prepared devices allow the utility to implement independently the whole
DA project. Application of this concept 1n an industry where standards are limited
and where extension 1o the standards has been allowed resulted in many interop-
erability errors between components from different suppliers, which have to be
resolved in the hield. In system supply contracts such as a large SCADA system,
a significant part of any system 15 configured in the factory and undergoes FAT*
before shipping to the field for mstallation and SAT.§ This procedure is not
possible 1f a component procurement procedure 15 used. because the utility has
taken the system responsibility. To avoud interoperability problems, pilot or proof-
of-concept projects are used to ron oul any incompatibilities. This allows the
wtility to select a number of devices that have been venfied within the selected
DA infrastructore for volume component procurement.

Interoperability errors can be reduced if a more precise definition of the
preparedness of a device 1s made. The following levels of preparedness are

proposed.

*  Automation infeasible device (AID) — This describes a primary device
for which it is either techmically or economically infeasible to install
an actuator for remote control. It applies to older switching devices



that mechanically could not support nonmanual operation. Most typical
of these are old nng main units.

Automation prepared device (APD) — This describes a primary switch-
mg device that has been designed specifically to be antomated, thus it
has provision for an actuator to be easily attached as part of the onginal
design. It can be supplied without the actuator for later retrofitting,
The device may also be designed to have an integral control Facility
{(internal box or external cabinet). This coniral may or may not be
populated with an intellicent electronic device. power supply, and
provision for the communications transceiver. This control facility
maybe be populated by a thard party or supplied later as a retrohit.
Automation ready device (ARD) — This refers to an automation pre-
pared device that has been fully populated with all the necessary control
equipment o allow 1t o operate in a DA scheme as specified by the
customer (correct protocols for the communications media specified).
It will also be protection prepared if required to operate independently
within the network (i.e.. recloser).

Automation applied device (AAD) — This is an ARD that has the
communications receiver installed and configured to work in the DA
system of which it 1s part. Local automation logic 1s included where
appropriate.

Automated distribution system (ADS) — This describes the complete
DA system, including all mtelligent switching devices, communica-
tions infrastructure. gateways, integration with central control systems
{(SCADA), and the implementation of automation logic.
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2.4 EVOLUTION OF DISTRIBUTION MANAGEMENT
SYSTEMS

Distribution companies had. before the advent of mtegrated DMSs. managed
their networks through four key functions reflected by the oroanization of work
within the company. These functions (Table 2.1 ) implemented independent appli-
cations to serve their own needs, thus creating the classic islands of control or
work process.

Current disiribution management systems are extensions of segments of these
different applications specifically packaged for wse n the control room and
accommodating the unmique charactenstics of distribution networks, Although
present DMSs are now converging on a common functionality, the evolution to
this point has taken different paths. The starting point of the path is dependent
on the dominant driver within the utility. Typical evolutionary paths séen in the
industry are illustrated in Figure 2.2, The important element of the creation of
the DMS structure is the ability to share data models and interface different data
sources to form an integrated system that serves the needs of the operator. To
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achieve this, the system must be intuitive, imitating the traditional control room
process with speed and simplicity of command structure.

The paths in Figure 2.2 merely demonstrate that DMS configurations and
implementation strategies will vary depending on the “champion™ within the
organization. Trouble call management systems (TCMSs). for example, were
driven by the need for the customer facing part of the utility to improve customer
satisfaction. This was achieved by inferring, from a buildup of customer calls,
where the fault was and then being able to respond to subsequent calls with
information aboul the actions the utility was doing to restore power. TCMSs were
not strictly real-time systems and could operate without SCADA. They were a
pure I'T solution to outage management (OM) and could be classified as customer-
oriented DMSs. In contrast SCADA systems are real-time systems, but without
the addition of a distribution graphical connectivity model of the whole network,
they cannot be classified as DMSs due to the restnctive real-time cover of the
network. The inclusion of a graphical model of the manually operated portion of
the network allowed full operational management in terms of electrical load. This
approach, lacking any customer representation, could be termed noncustomer
oriented. Clearly, the bringing together of all the functions into an integrated
system would achieve a system that was both customer oriented while allowing
optimum utilization of the network assets. Common to all DMS configurations
is the need for a detailed model of the network in terms of connectivity and
operating diagrams. The latter, in the majority, take the form of geographic or
geo-schematic continuous diagrams imitating existing wall maps or diagrams;
however. there are still implementations that reflect existing operating practices
using pages for each feeder loop and source substation. Thus. a fundamental
regquirement of -all moderm DMSs 1% that of a continuous world map with last
navigation and sizing. This full graphical system forms the vital pan of the control
room operations management (CROM) function used by operators to successfully
perform their tasks. A sampling of key functions implemented (Figure 2.2) in
early distnbution management systems shows the importance of this function.

A full DMS is the focus of new management systems. It resides at the
intersection of vertical integration (real power delivery process) and honzontal
integration (corporate 1T systems) of utility enterpnise svstems. Vertical mtegra-
tion is the domain of the operation’s orzanization ol the utility, and extended
control of the network beyvond traditional SCADA 1s within their responsibility,
The horizontal integration element provides the source of corporate asset data
(material and personnel) needed to support a full DMS implementation. A DMS
requires mterfaces with many different enterprise activities within the utility
{(Figure 2.4).

Implementation of a full DMS touches so many of the activities of the
enterprise that justification can be lengthy. The more legacy systems within the
enterprise to be interfaced or discarded, the more onerous the decision process.
Justification is difficult, and a phased approach is usually adopted. It requires that
a DMS must be modular, flexible, and open with a final solution as a seamlessly
{to the user) integrated application to operate remote-controlled switching devices.
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2.5 BASIC DISTRIBUTION MANAGEMENT SYSTEM
FUNCTIONS

A modular DMS for network control and automation is described by four main
functions, each with the ability to be fully integrated with the other yet to have
the possibility to operate independently (Figure 2.5). The DMS is supported by
other separate applications within the corporate infformation technology strategy.

(1) Control room operations management (CROM»* — CROM is the user
environment vital to a DMS and is an ombrella function covering the facilities
provided to the operator in the control room through the operator’s console
(HMI).+ The following are typical CRM functions:

* Control room graphics system (CRGS) for network diagram display

= Interface to SCADA (in fully integrated systems, traditional SCADA
is expanded to provide the CROM function)

*  Switching job management



*  Access to advanced applications (ADVAPPS) including trouble call
(TCMS) or outage management

* [nterface to the data engineering application for DMS data modifica-
tions and input from enterprise IT systems (EIT)

The foundation of the DMS 1s the MV/LV network connectivity database,
which 15 assumed to be pan of the CROM becapse it has very little real-time
element. This is a pictorial and data representation displayed through the control
room graphics svstem forming the human-machine interface for the system in
the form of a universal operator’'s console. Full graphics, windowing, and multi-
function platforms suppont access to all functions under the control of operators
with different authority levels within the DMS. It has the editing capability to
allow maintenance of the control room diagram and MV network connsetivity
database. The current “as operated” stale and also the facility to effect incremental
update to the normal “as built” state are prerequisites. Full tagzing, topology
analysis, and safety checks must be supported through dynamic coloring and
tracing. Having stated that CROM includes the distribution network model, the
actual connectivity model may reside in any one of the other three key functions
depending on how the DMS is configured. The types of graphic displays imple-
mented within the CROM function vary to meet individual customer’s require-
ments, Often, the physical displays used in the control room prior to implementing
a DMS are repaated. For example, utilities using vast wall diagrams representing
their entire network in geo-schematic form require world maps with excellent
navigation features (pan, zoom, and locate), whereas those using multiple feeder
maps reproduce them as a set of pages. The trend. however, is to use 4 combination
of representations in a continuous world map form (pure gecgraphic, geo-sche-
matic. orthogonal schematic operating diagrams. or a combination of any) and
individual pages for substations.

(2) Supervisory contral and data acquisition — This provides the monitoring
and control of the distribution system in real-ime. Traditional SCADA extends
down to the HV/MV distnbution substation (primary substation) MV feeder
circuit breaker with control room displays limited to substation single schematics.
Under the concept of a DMS, traditional SCADA is being extended to include
representation of the entire MV network 1n the form of a connectivity mode] and
control of feeder devices outside substations {FA). The foundation of a SCADA
system is the data acquisition system for gathering data from remote locations
and the central real-time database that is the repository of this data to be processed
and displayed for the operator’s use.

(3) Advanced applications — Analytical applications that rely on the MV
connectivity database provide the operator with a means to evaluate in real-ime
and study the loading and voltage conditions (load flow) of the system in advance
of a switching sequence. The consequences of any network configuration on fault
levels (short circuit) can also be determined with basic applications familiar to
planning engineers. The potential for applying advanced applications to other
problems is considerable, such as the use of expen systems to determine preferred



restorution sequences. Fast optimization and search techniques hold the key to
developing the best system reconfiguration for minimum losses and supply res-
toration. As privatization emphasizes the business 1ssues. applications that con-
centrate on meeting the contract constrainis of the network busmess within the
enzineering limits will be required. The network model is again fundamental (o
these applications, and if the model i1s not held within ADVAPPS, it relies on a
synchronized copy from either the SCADA or outage management (OM) func-
tions. These applications are considered decision support tools.

(4) Outage management — Outage management spans a number of fune-
tions and can encompass the entire process from taking a customer’s call,
diagnosing the fault location, assigning and dispatching the crew to confirm
and repair the fault (job management), preparing and executing switching
operations to restore operations. and closing the outage by completing all
required reports and statistics on the incident. Duning this process. additional
trouble calls from customers should be coordinated with the declared fauli if
appropriate or another incident 1s initiated. When the call-taking function 1s
included. the term trouble call management is often used. TCM systems have
been implemented as stand-alone applications without interfaces 1o SCADA
when the CROM has been implemented in advance, becanse 1t relies on the
CRGS and the MV petwork model database. A DMS with full TCMS imple-
mentation implies the idea of a consumer-oriented DMS. Some of the OM
functions can be regarded as included in the ADVAPPS area, because it relies
on fast network topology and network analysis.

The box marked “Data engineenng” in Figure 2.5 represents a vital com-
ponent of any DMS., This activity populates the required data into the DMS, It
must have either stand-alone functionality to populate data for the real-time and
advanced applications together with supporting data requirements for the
graphic displays or an interface to accept as-built data from a GIS. Data from
the latter source have to be augmented with additional data required by the real-
time system (SCADA).

This defintion of DMS functionality mto mimmum stand-alone modules
allows assembly of different DMS configurations that have been implemented by
the industry, esch having varying capability, zach expandable in stages to a full
implementation. The key to all functions is that a connectivity model must be
resident in the first module to be implemented and that the model must be capable
of supporting the performance requirements of successive functions.

Typical combinations of these key functions that can be found today in the
industry are shown in Figure 2.6.

As an example, utilities with recently upgraded traditional SCADA systems
are implementing new control room management systems to improve the effi-
ciency of operations of the MV network. Those under pressure to improve their
image to customers are adding the trouble call management function, often as a
stund-alone system loosely interfaced to existing SCADA. The combinations are
many and varied, being purely dependent on the functionis) for which the utility
1s able to develop an acceplable business case.
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It can be seen that the real-time requirements and those of manual operation
must be carefully accommodated to allow seamless navigation between the func-
tions by the operator. The ADVAPPS should be able to straddle both environments
on demand and use both real-time and demand-time (trouble calls) data to max-
imize the quality of decisions.

It 15 evident that as the full DMS functionality is implemented. overlaps
between applications within the functions will occur: thus, the architecture of the
ultimate DMS must achieve a near seamless integration of the following:

»  Operation of the real-time and manual controlled portions of the net-
woark considering
« SCADA
* Crew and job management
+ Swilching scheduling and planning
* Operating disgram maintenance and dressing (notes and tageing)
» Economic deplovment of network resources
» Temporary and permanent changes 1o the network
* Introduction of new asset and plant on the network

= Timely synchronization of as-operated. and as-built network facility
databases

=  Data sowurces outside the control room swuch as GIS. personnel. work
management, trouble call mmking, and personpel (crew) mamnmgement
sy stems
Assel management systems
Common data engineering for all portions and components of the
network within the DMS
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2.6 BASIS OF A REAL-TIME CONTROL SYSTEM
(SCADA)

The basis of any real-time control is the SCADA system, which acquires data
from different sources, preprocesses, it and stores it a database accessible to
different users and applications. Modern SCADA systems are ¢onfigured around
the following standard base functions:

»  Data acquisition

* Monitening and event processing

» Control

* Data storage archiving and analysis
»  Application-specific decision suppon
*  Reporting

2.6.1 Darta Acguisition

Basic information describing the operating state of the power network 1s passed
to the SCADA system. This is collected automatically by equipment in various
substations and devices, manually input by the operator to reflect the state of
any manual operation of nonautomated devices by held crews, or calculated. In
all cases, the information is treéated 1n the same wayv. This information 15 cate-
gorized as

»  Status mdications
»  Measured values

+ Energy values

The statos of switching devices and alarm signals are represented by status
mdications. These indications are contact closings connected to digial imput
boards of the remote communication device® and are normally either single or

Status indications

il ;N Tro A Status
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FIGURE 2.7 Examples of acguired data types. (Courtesy of ABB.)



double indications (Figure 2.7), Simple alarms are represented by single status
mndications, whereas all switches and two-state devices have double indication.
One bit represents the close contact, and the other bit the open contact. This
permits the detection of false and intermediate values (00 or 11 state), which
would be reflected by a stuck or incomplete switch operation. resulting in a mal-
operation alarm. Also, errors in the monitoring circuits will be detected.

Measured values reflect different time varying guantities, such as vollage,
current. temperature, and tap changer positions. which are collected from the
power system. They fall into two basic types, analog and digital. All analog
signals are transformed via an A/D converter to binary format; because they are
treated as momentary values, they have to be normalized before storing in the
SCADA database. The scanning (polling) of metered values is done cyclically or
by anly sending changed values respecting deadbands (report by exception) and
recorded on a change-of-value philosophy, Digitally coded values are typical of
different settings such as tap changer positions and health checks from IEDs.*

Energy wvalues are usually obtained from pulse counters or IEDs. RTUs
associated with pulse meters are instructed to send the pulse information at
predefined demand intervals or, if required, intermediate points. At the prespec-
thed time interval, the contents of the continuous counter lor the time penod is
passed on and the process repeated for the next interval.



2.6.2 MonNmornG AND EvenT PROCESSING

The collection and storage of data by nself yields litle information; thus, an
important function established within all SCADA svstems 1s the ability to monitor
all data presented agamnst normal values and limits, The purpose of data moni-
toring vares for the different types of data collected and the requirements of
individual data points in the system. Particularly if it is a status indication change
or limit violation, it will require an event o be processed.

Status monitoring reguires that each indication be compared with the previous
value stored in the database. Any change generates an event that notifies the
operator. To expand the information content, status indications are assigned a
normal condition. thus tnggenng a different alarm with an out of normal condition
message. Status indication changes can be delayed to allow for the operating
times of primary devices to avoid unnecessary alarm messaging.

Limit valve monitoring apphes to each measured valoe, When the status
changes, an event 15 generated, but for this to happen, the change must exceed
some limit value. Different limit values with asseciated deadbands (Figure 2.8)
can be set above and below the normal, each limit being used to sigmify different
levels of seventy producing a corresponding alarm category. Deadbands associ-
ated with the measuring device around each limit prevent small Ructuations
activating un event. Also, they reduce the transmission traffic under report-by-
exception because the RTU signal is blocked unless the parameter variation is
greater than the deadband from the previous measurement. Deadbands can be
specified at individual collection points (RTLY) for each measured value. A delay
function sumilar to that used in status monitoring 15 also implemented. A good
practical exampie for the use of limit deadbands is to avoid extensive alarming
caused by waves 1n a hydro reservoir when the water level 15 on the himit value.

In order for complex power svstem disturbances to be correctly analyzed, a
very accurate ime-stamping of events is necessary. Some RTUs have the avail-
ability to time-stamp events down to mullisecond level and send information with
this ime-stamp to the SCADA master. In this case, it 1s a necessity that all RTU
clocks are svachronized with the SCADA master, which 1n turn must be syn-
chronized with a standard tme clock. This type of data forms the sequence of
events (SOE) hst.

Trend monitoring is another monitoring method vsed in SCADA systems. It
is used to rigger an alarm if some guantity is changing in magnitude either too
guickly or in the wrong direction for satisfactory operation of the device or
network (e.g., a rise in vollage by, say, 7% in a minute may indicate an out-of-
control tap changer).

The need to continually provide the operator with information among a
multitade of collected data has resulted in the idea of applying quality attributes
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to data, which in turn invokes a method of flagging the data either in a particular
color or symbal in the operator's display console. The following are typicl
attributes:

=  Nonupdated/updated — data acquisition/manual/calculated
=  Manual

* Calculated

= Blocked for updating

= Blocked for event processing

* Blocked for remote control

=  Normal/non-normal state

o Out-of-limit, reasonablefalarm/warning/zero

»  Alarm state

*  Unacknowledged

Event processing 15 reqguired for all events generated by the moenitoring
function or cavsed by operator actions, This processing classifies and groups
events so that the appropriate information can be sent to the various HMI functions
to represent the crticality of the alarm to the operator. Event processing is a
crucial function within the control system and significantly influences the real-
time performance, particularly dunng alarm bursts. The result of event processing
15 event and alarm lists in chronological order. In order to assist the operator,
events are classified into a number of categories, the most significant being alarms,
which generate an alarm list. The following categories are the most usual:

¢  Unacknowledged and persistent alarm categories determing a particular
alert on the display such as flashing of the color presentation, and in
some cases an audible signal 1s generated. The unacknowledged alarm
remains uniil operator acknowledgment 1s made. The persistent alarm
category remains until the state disappears (usually through operator
action) or 1s inhibited.

» An event associated with a particular device type in which an attribute
i% assigned for each data point such as a bus voltage or relay protection
operation.

* Reason for the event occurring by assignment to the monitoring func-
tion (e.g., spontaneous tnpping of a circuit breéaker or recloser, a manual
or control command).

* A prionty assigned for ranking all events into different priority groups
often determined by combining the device type and the reason for
the event.

The whole purpose of these classifications is to filter important events from less-
important events, so in times of multiple activities, the operator 1s assisted n
resolyving the most important issues first.



2.6.3 Contror FUNCTIONS

Control functions are mitiated by the operators or avtomatically from software
applications and directly affect power svstem operation. They can be grouped
into four subclasses.

Individual device control, which represents the direct open/close commund
to an individual device.

Control messages 1o regulaiing equipment that requires the operation, once
initiated by the control room. to automatically be conducted by local logic at the
device to ensure operation remains within predetermined limits. Raising or low-
ering tap changer taps 1s a typical example or sending of new set points to power
senemiors. '

Sequential control covers the avtomatic completion of a linked set of control
actions once the sequence start command has been mmitiated. A set of sequential
switching steps to restore power through a predefined backup configuration typ-
ifies sequential control.

Automatic control is triggered by an event or specific time that invokes the
control action. Auwtomatic comtrol of voltage through on load tap changing
responding automatically to the voltage set point vielation is & common example.
Time switched capacitor banks are another.

The first three control categones above are initiated manually except when
sequential control is initiated automatically. Manually mitiated control actions can
be either always on a select-confirm-before-operate basis or immediate command.

2.6.4 DATA STORAGE, ARCHIVING, AND ANALYSIS

As stated earlier, data collected from the process are stored in the real-time
database within the SCADA application server o create an up-to-date image of
the supervised process. The data from RTUs are stored at the time received, and
any data update overwnites old values with new ones.

Performance statistics captured by SCADA systems are extremely imponant
in supplying customers and the regulator with actual fgures on power guality of
segments of the network as well as the network as a whole. The stored sequence
of events (SOE) list provides the basis for developing these statistics.

This time tagged data (TTD) 1s stored in the historical database at cyclic
intervals, e.g., scan rates, every 1) seconds or every hour. Normally, only changed
data are stored to save disk space. Data can be extracted at a later date for many
forms of analysis such as planning, numencal calculations, system loading and
performance audits and report production.

Post-mortem review (PMR ) is another important area and is usually performed
soon after an interruption or at a later date using the historical database. To facilitate
PMR, the data are collected by making cyclic recording of either selected sets of
vatlues within the PMR group or by recording all data. This segregation of data
allows each PMR group to be assigned the appropriate collection cycle time and



associate it with the interruption cause event, making it possible to “freeze” the
associated data before and after the interruption event for later analysis.

This requirement for data mining 1s driving more sophisticuted data archiving
functions with adaptable wavs to select data and events to be stored. These
historians, uwtility data warehouses, or information storage and retrieval (ISR)
systems with full redunduncy and Hexible retneval facilities are now an mtegral
part of any DMS. They are normally based on commercial relational databases
like Oracle.

2.6.5 HARDWARE SYSTEM CONFIGURATIONS

SCADA systems are implemented on hardware compnsed of a multichanneled
communications front end that manages the data acquisition process from the
RTUs. This traditionally has been achieved by repeated polling of RTUs at short
intervals (typically, every 2 seconds). The data received are then passed to the
SCADA server, over a local area network.* for storage and access by operators
and other applications. Control is invoked through operator consoles supporting
the HMI command structure and graphic displays. The mission criticality of
SCADA systems demands that redundancy is incorporated, thus hot standby front
ends and application servers based on dual LAN configurations are standard. The
egeneral configuration of a typical SCADA system is shown in Figure 2.0,

The front ends support efficient communications arrangements over a wide
area network T to the RTUs, for the collection of process data and the transmission
of control commands that can be opumized for both secunty and cost. Commu-
nication front ends support a variety of configurations. The most popular in use
today are as follows:

*  Multidrop is a radial configuration where RTUs are polled in sequence
over one communications channel. This results in a cheaper solution
at the expense of response ime.

+  Point-to-point dedicates one communication channel to one RTU. Tt is
commonly used for either major substations or data concentrators having
RTUs with large /'O requirements. This configuration gives high response
levels with the added expense of many communication channels. In
applications requiring very high reliability, an additional communication
path 15 added to form a redundant line point-to-point scheme.

» Loop operales in an open loop configuration supplied from two com-
munication front ends, each channel being of the multidrop type. The
advantage 1s one of reliability. because the loss of any communication
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FIGURE 2.9 Configuration of a typical SCADA system. (Courtesy of ABB.)

seament path can be overcome by switching the normally open point
(NOP).

= Star configuration 1s a combination of pomi-to-point to data concen-
trator RTU. which controls data access to slave RTUs configured as
poimnt-to-point or multidrop. Such configurations are used in distribu-
tion automation where a mixed response time can be economically
engineered.

The central system comprising of everything above the communications front
end is called the “master station.” In the industry, there exist many communica-
tions protocols and their vanants in use between the master station and the RTUs.
Most protocols® are based on centralized polling of the RTUSs.

SCADA in BRIEF:




The application areas of SCADA can essentially be categorized into

the following groups:

e Small SCADA systems with a selected number of functions, e.g.
for distribution networks and for electrical networks of industrial
complexes.

e Medium-size SCADA and EMS with the full spectrum of functions
for distribution and subtransmission networks, and selected func-
tions for generation.

e Large-scale SCADA and EMS with an extensive and sophisticated
range of functions for transmission networks and generation.

The various components of SCADA are shown in Fig. 5.12.

When interfacing and RTU to existing equipment, the following

aspects may be considered.

e Availability of potential free contacts and motor drives or
actuators.

e Wiring and marshalling.

e Interposing relays may eventually be required.

e Measurement transducers.

e Buffered power supply.

When building a new sub-station, the integration of the RTU
functions into a microprocessor based station control system is desirable,
since multiple cabling between the signal sources and the different
systems for protection, local control and remote control can be avoided.

Hardware and Software
A typical SCADA system comprises the hardware and the software.

Hardware

The hardware may consist of:
User-friendly man-machine interface
Work-station

Servers having a particular function
Communication sub-system
Peripherals

RTUs.



All the above components communicate with each other via a Local
Area Network (LAN) with internationally standardised protocols.

A flexible redundancy is provided, assigning hot stand-by servers to
any server fulfilling time critical functions.

Software

A thorough understanding of available packages, operating systems,
database access standards, user interface standards and systems integ-
ration techniques is essential to provide solutions to meet specific
requirements. Also vital are high calibre staff and established policies,
procedures and techniques for software engineering, project manage-
ment and quality assurance.

Generally, experienced inhouse groups or external services are
capable of maintaining and enhancing application programmes for
distribution automation such as for SCADA, AM/FM/GIS, CIS etc.
Procurement of new programmes and major upgrades are often assisted
by specialized consultants. There are national and international
suppliers’ markets for a broad range of softwares. An international
standard, SPICE, enables the purchaser to assess the relative capabilities
of software suppliers and the risk involved in selecting them. Artificial
Intelligence (AI) methodology is different from usual programming and
normally, special skills are needed for applying Al tools or shells and
setting-up and maintaining the knowledge base. This situation will be
improved once the application of Al techniques becomes common and
the skills of the maintenace teams are developed.



2.6.6 SCADA System PrINCIPLES

[t must be understood that performance has been ut the heart of all SCADA
systems due to the historical limitation of communication speeds. The slow speed
affects the data acquisition function, which has formed the foundation of system
architecture of all traditional SCADA systems for distnbuted processes. Becanse
of this traditionally very limited bandwidth of data transmission, the whole design
of two asynchronous and independent cycles of dala processing in SCADA has
been formed. It would be impossible for the SCADA applications to receive the
information from metered values and indications with reasonable response times
directly in the substation when only 30 baud (bits per second) was available for
communication. Therefore, the data acquisition cycle collects data as fast as the
communication allows and mirrors the state of the process into a real-time
database. Presentation of process state to the operators 1s made from this database
as described in-an earlier section. All applications work on this mirrored 1mage
of the process, thus being tolally independent of the data acquisition function.

A particularity of the slow baud mtes and high security demands is that RTU
protocols were designed with very special features. At very low speed, every single
bhit counts, and therefore bit-synchronous protocols were the norm in the beginning
of remote control, Some of these aold protocols still survive and have 10 be inter-
faced in new systems today. The disadvantage of bit-synchronous protocols is that
they require special hardware and special interpretation routines. In modern svs-
tems and mn new protocol standards, byte-onented protocols are used. These
protocols have more overhead (more frame bits per “true” information bits), but
they can be handled with pormal (and muoch cheaper) line cards and modems.

The same basic desion that formed SCADA from the beginning holds true
today, even if much higher bandwidths based on modern PLC and fiberoptic
cables are available. The only difference today is that the mirrored image of the
process is much “closer™ (in ime) to the real process. It is now unusual to find
point-to-point communication to the substations with lower than 2400 baud, and
an increasing use of wide area network communication with much higher com-
munication speeds has taken place.

In contrast, an industrial control system has the completely opposite design
compared to that for network control, because of the limited geographical distri-
bution of mdustrial processes. In this case. it is usually no problem to obtain
high-bandwidth communication all the way down 1o the controllers and measure-
menl points in the process. The central database 15 only a complication for the
presentation functions and the higherlevel applications because they access the
process data directly from the measurement points — from the process itsell.

Based on the above discussion and for historical reasons, it is easy o under-
stand that specifications have concentrated on the calculation of data acquisition
response times and bandwidth requirements. Such assessment will demonstrate
how accurately the system is able to mirror the process and how precise the result
of the higher-level applications will be, taking into account the configuration of



the data scquisition® system. The data acquisition can be configured in a number
of ways, which will be described in the following sections.

2.6.7 POLUNG PrINCIPLES

Two main types of polling of RTUs are found in network control systems: cvelic
and reporl-by-exception.

Cwelic. The measurands and indications are allocated to different polling
cycles (scan rate), typically on a number of seconds level, e.g., every 24 seconds
for mgh-priority data and each 10 seconds for less-important points. The front
end will request information from the RTUs in these cycles, und the RTUs will
answer with all data allocated to this level The central SCADA system will check
if the data are changed from the last evele and, if so, update the real-time database
and start other dependent applications. The communication channel is idle
between polling cycles.

Commands and set points are sent from the SCADA servers when requested
by the operators. If command requests are given high priority; they will interrupt
any sending of telemetered data from the RTUs. otherwise, the sending of com-
mands will have to wait until the line is free.

Cyclic polling will, of course, give very consistent response times that are
independent of how much the process really changes; 1.e., the data acqusition
response times are always, even during big disturbances, the same as under normal
conditions. The SCADA servers will be more heavily loaded during disturbances
because change detection and all event activation takes place in SCADA for cvelic
polling schemes.

Report-by-Exception (RBE). In the report-by-exception principle. the RTU
only sends information when a telemetered value has changed (for measurands
over 4 deadband), The front end polls the RTUs continuowsly, and the RTU will
answer either with an empty acknowledgment when no data are available or with
data if a data point has changed. Because not all data points are sent, m each
telegram. data points under repori-hy-exception schemes require identifiers.

In report-hy-exception schemes, the line i1s immediately polled again after
the RTU has answered. This means that the communication line 1s alwavs 100%
loaded. With higher communication speeds, the lines are still 100% loaded, but
the response times are improved.

Commands and set points will be sent on request from the SCADA system as
soon as a new poll is initiated; i.e., the command replaces the next poll. This means
that commands and set points are senl more consistently in a report-hy-exception
system because the waiting time for ongoing mward information is shorter.

Prionity schemes can also be applied by report-by-exception. Objects can be
allocated different priorities depending on theirimportance. Normally, indications
and very important telemetered values, e.g., frequency measurements for auto-
matic gencration control (AGC) and protection operation. are allocated to priority



|, normal telemetered values like active and reactive power flows to prionty 2,
and sequence of events data to prionity 3. The polling scheme 1s designed to first
request highest priority information on all RTUs before prionty 2 is requested
and so on. This is important in multidrop configurations in order to achieve good
response times for important information, e.g., status for breakers, from all RTUs
on the same line.

Report-by-exception polling gives much faster response times for telemetered
information in almost all crrcumstances. During high-disturbance situations, the
report-by-exception will be marginally slower than cyclic polling because more
overhead in the telegrams is reguired to identify the data.

Unbalanced polling is when the polling request. i.e.. the initiative for com-
munication, always comes from the Front-End computers — the master. With
balanced protocol, the RTU can send a request to the front end to poll when
something has changed in the RTU, Balanced protocols are typically used in
networks with low change rates, many small RTUs, and low requrement on
response Limes, e.g., in distnbution medium-voltage networks, for Feeder Auto-
mation, and with dial-up connections,

Some protocols allow the downloading of settings to RTUs, thus avoiding the
need to visit the site to conduct such modifications. Downline loading 15 normally
handled m the file transfer part of the protocol. The format of the downloaded
file is vendor specific and no standardization is proposed for these parts.

Use of Wide Area Networks for Data Acquisition. There is now a clear
trend in SCADA implementations for the use of wide area network (WAN) and
TCP/IP commumcation for data acqguisiion from RTUs, The communication
principle applied on the WAN is packetl switched communication. Standard RTU
protocels based on TCP/IP have been defined, e.g.. IEC 60870-3-104 for these
types of networks, The reason for this trend 15 that the customers are installing
much more communication capacity all the way to the substations, e.g.. by
installing fiber optics in the power line towers and direct laid with new cahle
networks. Packet-switched technologies use this additional communication
capacity more efficiently, and the spare capacity can be used for many other
purposes by the utilities, e.g., selling telecommunication services.

In a packet-switched network. the communication routes are not fixed. The
individual packets of data search for the best possible communication path, This
means that different packagey can take different routes even if they belong to the
same logical telegram, and the complete information is only assembled at the
recerving end of the commumication. Precise response tumes 1n such networks are
not possible to define. However, with stable communication and enocugh spare
capacity on the WAN, the response times will be sufficient {or all practical purposes.

One result of packet-switched communication is that time svnchronization
of RTUs over the commumication lines will not be accurate because of the
unpredictability of transmussion tmes. Time synchromization of RTUs in these
types of networks is normally done locally, usually with GPS.

Sending of set points for closed loop control applications might also be a
problem in packet-switched networks, The closed loop regulation characteristics



will be influenced when the delay times vary. In these applications. special
consideration has to be taken to keep data sending and receiving times constant,
e.g., by defining a certain number of predefined and fixed spare routes in the
neiwork that the communication can be switched between if communication
problems oceur on the normal route, e.g.. through the breakdown of a commu-
nication node.

WAN communication does not require front ends and uses a standard com-
mercial router directly connected to the (redundant) LAN of the control center.
The router will put the data together based on the received packages and send
the RTU telegrams to the SCADA servers. The same principles for polling apply
to WAN as for point-to-point connections.

2.7 OUTAGE MANAGEMENT

Outage management 15 one of the most crucial processes in the operation of the
distribution network. having the goal to return the network from the emerzency
state back to normal, This process involves three discrete phases:

1. Dutage nlert
2. Fault location
3. Fault isolation and supply restoration

Vanous methods have been developed to assist the operator and depend on
the type of data available to drive this process (Figure 2.10).

Utilities with very limited penetration of real-time control (low AIL) but good
customer and network records use a trouble call approach. whereas those with
good real-time systems and extended control are able o use direct measurements
from automated devices. The former solution is prevalent in the United States for
primary networks (medium voltage) where distribution primary substations are
smaller. Except for large downtown networks, the low-voltage (secondary) feeder
system is limited with, on the average, between 6 and 10 customers being supplied
from one distribution transformer. This system structure makes it easier to establish
the customer-network link, a pecessity for trouble call management systems if
outage management is to yield any realistic results. In contrast, European systems
with very extensive secondary systems (up to 400 consumers per distribution
transformer) concentrate on implementing SCADA control: thus, any MV fault
woild be cleared and knowledge of the affected feeder known before any customer
calls could be correlated, In this environment, to be truly effective, a trouble call
approach would have to operate from the LV system. where establishing the
customer network link 1s more challenging, In these cases, trouble call response
wias mimed at mamntaining customer relations as a prionty over fault location, which
is achieved faster through a combination of system monitoring applications

{(SCADA, FA, and FPIs*) and advanced applications.
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DMSs are now combining the best of these approaches to achieve real-time
solutions on the network with customer-oriented leedback. Tt 1s. though. worth-
while to describe the principles of the varmous methods to understand how their
combination can improve the overall solution. The fault location and restoration
function of outage management can be both a local solution (reclosers and auto

sectionalizers) or a centrally based process. The latter will be described here,
with the local approach being covered in later chapters on feeder antomation.

2.7.1 Trousit CaLl-Basep OuTAGE MANAGEMENT

Trouble call-based outage management was the first approach tor including cus-
tomer mformation in network operations. Through an [T approach, it improved
operations where SCADA was limited to large substations and was effectively
non-existent in the distribution network. Limited SCADA provided the operator
with little information of the actual network failure. unless seen by the substation
protection, untll a customer called the customer information department com-
plaining of loss of supply. Loss of supply, whether as a result of a known SCADA
operation or the operation of a self-protected non-remotely controlled device such
as a fose or recloser, frequently resulted in a cascade of calls, all of which had
to be managed for high customer satisfaction. Trouble call manasement systems
are designed by extracting maximum information from the call itself, to determine
the lault location:; o providing the caller with wp to date information on the
outage; (o monitoring the progress of the restoration process and finally to main-
tain statistics per customer of quality of supply ensuring correct assessment of
penalties. The whole process is shown in Figure 2.11.

Trouble call svstems muopst be designed to have [ast response during storms
when call bursts result as the first storm effects are felt by customers. As the
number of circuits affected rises. the tendency 1s for the calls to peak and then
fall off, even though the number of affected circuits has not peaked, because
customers start to realize that the storm has had its maximum effect and will
pass. However, sustained outage duration will result in delayed bursts as costom-
ers start to lose patience. The call history versus affected circuits profile of a
typical storm is shown in Figure 2.12.

Fault Alert, The first trouble call signifies that there is potentially 4 network
failure; however, in some cases it may be an isolated fault within the customer’s
premises. This is quickly confirmed once additional calls are recerved. A eall
entry screen of a typical TCM, in Figure 2.13 shows the data captured and the
customer relation activities, such as a callback request that are now being accom-
modated in modern systems.

Fault Location. The determination of fault location proceeds through two
steps, inference and verification, to reflect the two possible states of an outage.
The core of the process is often called the outage engine. It automatically
maintains the statos of different outages and the costomers (loads) associated
with each omage state by processing line device status and trouble groups. The
methed relies on a radial connectivity model of the network, which includes a
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FIGURE 2.11 Trouble call management sequence of events from first call entry o
restoration. (Courtesy of ABRB,)

customer-network link pointing every customer in the CIS to a location on the
network. As mentioned previously, in U.S -type distribution systems, associating
customers with a distribution transformer is less complex than in European
systems, where the secondary (LV) networks are more complex and the number
of customers per transformer greater. Various hybrid assignment methods (such
as postal code) in addition to GIS* methods have been used to check early mains
records. An outage 1s defined as the location of an operated protection device or
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FIGURE 2.12 Duration profiles of the number of outage trouble calls and affected circuits
for a typical storm.

open conductor and the extent of the network de-energized as a result of the
operation including the affected consumers,

Probable Omtages. Most outage engines analyze trouble calls that are not
associated with a known or verified outage, and group them into probable outages.
During each pass, all new trouble calls and all trouble calls previously grouped
into probable outages (which are not yet assigned to venfied outages) are noted.
This new set of trouble calls i1s used to trace the network to infer a new set of
probable locations of outages. New probable owtages are dentified. previously
probable outages moved, and previously probable outages deleted, so that there
is a probable outage at each location m the new set of probable locations. A
location is a protective device that could have operated.

Typical aleorithms predicting outages use a “depth first” algonthm with post-
order traversal of the feeder network graph. Empirical rules are developed to cater
for branching of the radial network, and the branch may include protective
devices. For example at each node of the network. the ratio of trouble calls to
the number of customers is calculated then compared to the accumulated ratio
for all nodes in the subgraph below that node. Lists of trouble calls and probable
outages below the outage at this location are caloulated. After visiting a node. a
decision 1s made whether or not to create a probable outage at the node or to
defer the decision until concluding examination of an upstream node. The fol-
lowing rules are typical for deterministic inference:

* Each trouble call must be assigned to some probable outage.

* Before an outage is created. at least two loads must have trouble reports
{customer calls).

* An ouotage should be placed at the lowest protection device or load in
the network. above the point where the ratio of repons to customers
is below a defined threshold.

» Determunation of logical “AND" together or “OR" together results of
affected load counts and percent of customer calls.
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The trouble call approach 1s used predominantly in networks where SCADA
deployment is very limited, with the consequence that the system is not observed.
Methods using fuzzy logic are now being investigated to extend outage determi-
nation accuracy. Traditional methods predominately rely on calls and network
topology to find a common apstream device. The proposed [uzzy logic method
extends the inputl information to include protection selectivity. A fuzzy logic-
based decision process screens this information [6]. The process combines fuzzy
sets that reflect equivalent logical operations. For example, a feeder with two
hranches will have a fuzzy set *A" for branch “a” reflecting the devices that could
operate for a call at the end of the branch.

A, = {Ixg Palx)Wxgs).

where upstream devices (f = x,, with set membership values p(x,.) = 1/,

A second set is formulated reflecting branch “b" and each set if combined
using the Hamacher principal to account for the common devices in each set
upstream of the branch peint to form one fuzzy logic-based decision algorithm
for the feeder. Comparison of the fuzzy logic-based extension to the traditional
approach outage detection (OD) using Monte Carlo simulation suggests dramatic
improvements on the prediction of outage location for multiple faults.

Fuzzy OD Traditional OD
("= Accuracy) (% Accuracy)

Casze A {single fuult) Q8.6 99.1
Case B {imultiple fsolt) 837 3.1
Case C (multiple fanlt) a4 18

Fast and accurate prediction of the location of a probable outage 15 vital
because it is used to direct the field crews to confirm the fault location and points
of solation. The faster the crew réaches and confirms the extent of the damage,
the more efficient the restoration process.

Verilied Outages. An outage 15 venfied by confirmation by the field crew of
the operation of u manually controlled switch or open circunt or the notification
of a SCADA operation. Once the outage is venfied. the outage engine repeatedly
analyzes switching events and other connectivity changes (phased restoration) to
update customers associated with the outage. Different events in this category
are typically processed as follows:

* For “open” operations at a probable outage. the outage is verified.

* For“epen” operations where there 1% no probable cutage, a new verified
outage 15 created.

* For “open” operations to a de-energized device, no outages are created

or modified.

*  For “close™ operations at a verified outage, the outage is removed.



« For "close” operations that energize de-energized loads. the outage 1s
partially or totally removed.
» For“close” operations of a de-energized device, no outages are modified.

A “close” operation from SCADA is only accepted after a certain time delay
to allow for closing onto a fault resulting in a new trp.

Supply Restoration. Emergency switching plans and field crew actions are
iteratively undertaken to isolate and then restore supply. Supply restoration is
often partial where normally vpen points or alternate feeds are used o back feed
to the healthy parts of the system isolated from the primary supply by the faalt.
As the manual actions are completed, the operator, having received confirmation
from the hield, enters the connectivity changes into the DMS (TCM) OMS network
model. The cutage engine automatically keeps track of the changes and the event.
Thus at all times the utihities call taker 15 aware of the customers still without
supply and the prognosis of the situation.

2.8 DECISION SUPPORT APPLICATIONS

Included in advanced applications, in addition to the FLIR function, are other
decision support applications that ¢an be emploved independently or as support
within the FLIR function. Althoogh these are designed to work in real-time
environments, their most frequent mode 15 as operational planning tools in which



the operator plans for contingencies, changes in normal switching configurations,
and planned switching actions. When used in the real-time environment. they are
usually triggered in one of three optional ways:

*  Manually — on operator demand

* (Cyclically — in the backeround at a predefined cvcle (say, every 15
minutes)

» Event driven — on a change to the network configuration as the result
of a switch operation or significant load change

In order to reduce the computation load in a vast distnbution network, the
topology engine is set to wdentify only the parts of the network that have changed
since the last calculation. The calculations are then restricted to the changed areas
of the network.

2.8.1 OpreratOR LOAD FLOW

This function provides the steady-state solution of the power network for a
specific set of network conditions. Network condition covers both circuit config-
uration and load levels. The latter is estimated for the particular instance through
a load calibration process that adjusts static network parameters (as built) with
as much real-time data as possible available from SCADA. The calibration meth-
ods typically operate in a number of discrete steps. The first step is a static load
calibration. Input for this calculation is the static information, like load profiles,
number of supplied customers, and season. The resulls are static values for the
active and reactive power consumption. The second step is a topological load
calibration. This function vses the static results of the power consumption, the
latest measurement values, and the current topology of the network to determine
dynamic values For the active and reactive power consumption. The topology
engine determines. for meshed network, islands of unmetered load points supplied
from metered points, whereas for radial systems, the analysis 1s a fairly trivial
tree search for the upstream metered point. These values are used as pseudo
measurements together with the real measurements as input for & state estimation
that compnises the third step. This final step adjusts the nonmeasured values and
any missing values to represent the state of network loading with losses included.

Fundamental to the load calibration process is the load model employed.
[hfferent power utilization devices (lighting, air conditioners, heating load, etc.)
exhibit particular load characteristics. These characteristics are represented by
one of three types, constant power, constant umpedance (lighting), and constant
current, each exhibiting a different voltage dependency (Table 2.2).

At any distribution load point such as an MV/LV substation, there is a high
probability that different types of load will be connected. These load types may
be mmherent in the load classification or customer class (commercial, residential,
industrial). Thus, all loads can be described as a combination of the three char-

acteristics by assigning a percentage factor to cach characteristic.



TABLE 2.2
Typical Nonlinear Load Types Showing Vollage Dependencies

Factor
Behavior Mame Voliage Dependency
Constant power (SCP) Fui Nuone
Constanl impedance (8CH F, Cuudratic
Constanl current (SCC) For Exponential with exponent P, ) whene

N=P =2

Posi= Pop + Poy + Poc = P % Fop + P % Fey + Py % Fee

Quai= Plowa % ({J1 = (cosp)” )/ cos

= Qep + 0 +0cc = OQuat % Frp + Qg X Fry + O %< Fry

The default values are often assigned to these models for both the per-
centage contribution and the exponential components of the constant current
exponent.

In addition to voltage dependency, loads at the distribution level [2] vary over
time and are described by daily load profiles. Loads peak at different times, and
when combining loads, the difference between the addition of all the individual
peaks compared to the peak of the sum of the load profiles is called load diversity.
Diversity exists betwean loads of the same class (intraclass diversity) and between
different classes (interclass diversity). The higher up the system that the loads
are accumulated, the less the diversity. Thus, to model loads accurately for
analysis at different times of the day. the application of load profiles 15 recom-
mended. Load profiles for typical load classes are developed through load research
at an acsgrecation level of at least 10 loads per load point. Thos, loads can be
represented by one class or a combination of classes. Load classes also vary from
season Lo season and from weekday to holidays to weekends.

The load models for aperator load Aows must be able to represent loads with
limited or more expansive information. Three different ways of modeling the
active and reactive power vilues P and (Q follow:

Single Point Value Based. Typical load based on mnstalled KVA or other
predefined magnitude, say. peak value. A fixed typical load S, and a power factor
cos @ (each defined per individual load) i1s used to determine the active and the
reactive power consumption.

Pl = Sep #cos@ and Qg =5,_;,,x1|'1—|:‘053q:|



A single point load description does not reflect the me-dependent consump-
uon patterns of loads at the distnbution level nor load diversity.

Profile Customer Class Based.® The 24-hour normalized load profiles for
different seasons are avalable for the load point when used in conjunction with
the single load value; this allows some representation of diversity and a4 more
accurate value for calibration al times different from that of single load value,
thus incorporating time dependency into the load model.

Pt = Spp % Ly (s5eason. day rvpe, hour) and
Qs = Sap % Lo (season, day rype. hour)

This can be extended for the values of the active and the reactive power for each
type of voltage dependency (P Pey, Pao. Qep Q. and Qg ), which are caloulated
individually first. Additionally, the customer classes (CC) are distinguished:

P = 2 Scc(season) = Fyx oc X noe % Lp ool season, ..)
[ o

Ow = 2 Scclseason) < Fyy oo % nee % Ly e (season, ...)
o

XX e |CP.CI,CC).

Billed Energy Based. The metered (hilled) energy Eyy and the number of

supplied customers n for one transformer 15 osed:
P =XE s LFWDE, for all customers | to n,

where LF, = load class load factor and DF. = load class diversity factor. In a
second step, the value of S, 1s used as typical load in the formulas of method 1.

There is a general prionty list, which defines the preferred caleulation methed.
For each load, which input data are avalable is checked. If input data for more
than one calculation method are available, the method with the highest priority
18 used. The output of the static load calibration is used as input for the topological
calibration.

2.8.2 Fauwt CALCULATION

There are two categories of fault type — balanced or symmetrical — three phase
faults and asymmetric faults when only two phases or ground 15 involved.
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FIGURE 2.15 Three-phase balanced fault. (Courtesy of ABR.)

The symmetrical short circuit analysis function i1s defined by [EC 909 in
which initial values of node/bus voltages provided by the load How calculation
{LFC) are neglected.

The fault caleulation function for a three-phase balanced fault (L1-1.2-1.3-E)
remote from a generator simulates a fault on every bus in the electrical power
system (Figure 2.15). For each fault case. the mitial symmetncal short circuit
current at the bus and the currents in the connected branches are calculated. Based
on Thevenin's theorem, the current is determined by

- ot
l, =———*,
t ‘j3 ‘gj

with the nominal voltage U/, the voltage factor c. and the shor-circuit impedance
of a three-phase system Z;. The factor ¢ depends on the voltage level. In addition,
the initial symmetrical short ¢ircuit apparent power and the fault voltages at the
neighboring buses are determined.

Asymmetrical Short Circuit Analysis. The following types of unbalanced
(asymmetrical) short circuits are typically calculated by the asymmetrical short
circult analysis functions:

* Line-to-line short circuit without earth connection (Figure 2.16a)
* Line-to-line short circuit with earth connection (Figure 2.16b)
* Line-to-earth short circuit (Figure 2.16¢)

The calculation of the current values resulting from unbalanced short circuits
in three-phase systems is simplified by the use of the method of symmetrical
components, which requires the calculation of three independent system compo-
nents, avoiding any coupling of mutual impedances.,

Using this method, the currents in each line are found by superposing the
currents of three symmetrical components:
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HIGURE 2.16 Three-phase unbalanced [aulls. (Courtesy of ABB.)

» Positive-sequence current [,
* Negative-sequence current /,,
» Zero-sequence current Ly

Taking a line L] as a reference, the currents [}, /,,, and [, are given by:

L=ty + Lty

L, =a I, +als+1,,

L_} =] ELH =+ E_Lju +L‘u'|

k- o 2 b ol
E:_E_FIE\IE‘ ia :_?_JEJHI

d=

where a = 120" operator.

Each of the three symmetrical components systems has its own impedance
that reflects the type, connection, and grounding (transformers) of the network

equipment and must be entered into the distribution model database.

The method of symmetrical components postulates that the system 1mped-
ances are balanced, as represented by balanced line geometry and transposed
lines, although the absence of the latter gives insufficient error in distribution

networks.

Breaker Rating Limit Check. The main use of the fault calculation in a
DMS is to determine whether a circuit breaker will be operated above its rating,
and thus an alarm can be created to notify the operator if an operating state would

be a violation.



2.8.3 Loss MINIMIZATION

The loss minimization apphcation provides a comprehensive method for inves-
tigation of the reduction of radial distribution network real losses through network
reconfisuration within specified operating constraints. The loss minimizution
application has the following features:

* The ahlity to dentify switching changes for reduction of distribution
losses.

* The ability to calculate the necessary reallocation of load among feed-
ers to reduce distribution losses.

* The capability to verify that the proposed optimized system condition
is within the allowable operating limits (capacity and voltage),

* The capability to run cycheally or to run at a specified time each day
and o execute on operator request. Sunilar to the load flow, computa-
tions will only be run on the portion of the network aftected by changes
{switching, incremental load adjustments, etc.).

* The capability to restrict the optimization to use remotely controllable
switches only.

The function always starts from a feasible system base case. In the event that
the as-operated base case 1s infeasible (constraints violated), the loss minimization
function will first determine (advise) a feasible state. Starting with this state, a
list of switching actions and the associated reduction in losses will be listed. Each
successive switching action will provide increased loss reduction. The sequence
of switching actions, which may involve multiple switching of the same switch,
is specihcally prepared to ensure that at no time during the sequence will any
equipment be overloaded or voltage limit exceeded.

2.8.4 VAR ConNrtrROL

The VAR control function is designed for the control of MV capacitor banks
located at HY/MV substations and on MV feeders. The function determines radiul
systems capacitor configurations that reduce reactive power flows into the MV
system, while maintaining the system within user-defined voltage and power
factor operating limil conditions, The resulling capacitor configuration reduces
MV feeder voltage drops and losses under varying system load conditions.

VAR control functions uspally produce MV network local capacitor control
strategies on an individual HV/MV substation service area basis. A typical cal-
culation sequence is as follows:

Step 1. Determine the service area operating state regarding VAR compen-
sation, Three scenarios are possible;

» The service area 1s 1in a normal state. This is determined by companing
the actual total service area power factor (as measured by SCADA)



with the tarzet power factor and by the nonexisience in the MV feeders
of highflow voltage and power factor limit violations (as calculated by
state estumation).

* The service area needs VAR compensation. This is determined by com-
panng actual total system power factor with the target and by the exist-
ence in the MV feeders of low voltage and power factor limit violations.

*  The service area is in an over- VAR compensated state. This is deter-
mined by comparing actual total system power factor with the target
and by the existence in the MV feeders of high voltage and power
factor himit violations,

Step 2. The target total system power factor is user defined.

User-defined deadbands and threshold values are used in the determination of
the service area operating state to reduce the number of VAR control application runs.

Operating states 2 and 3 represent candidates for VAR control. The availubility
of controllable capacitor banks m these service areas also determines whether the
VAR control application is executed or not on the particular service area.

Certain assomptions are made to simplify the calculation yet achieving resulls
within the system operating tolerances. Typical assumptions include that all MV-
level VAR adjustments will not be reflected in the higher voltage networks and
that all tap changing equipment (iransformers and line regulators) will be held
constant. Further, that common practice of employing a limited number of capac-
itor banks on feeders will be adopted.

2.8.5 Voir ConTROL

The volt control function is designed for the control of op-ling 1ap changers
{OLTCs) associated with substation transformers and line voltage regulators with
the objective to reduce overall system load. Typically. this function 1s used at
times when demand exceeds supply or low of power 15 restricted due to abnormal
conditions. The function calculates voltage set points or equivalent tap settings
at the OLTCs to reduce the total system served load.

The calculation method supports two load reduction control strategies:

Target Voltage Reduction. The first method reduces the svstem load in such a
way that a lowest permissible voltage level 1s not violated. The maximum load
reduction is, therefore, a function of the user-defined lowest permissible voltage level.

Target Load Reduction. The second method determines the system voltage
level required to schieve a user-defined load reduction target.

Calculation Method. Calculation methods follow a similar approach to VAR
control. An area 15 first selected where load reduction 15 required. For example,
consider Figure 2.17, where a sample system of three radial feeders is described.
Each of the three feeders has different lengths (hence impedance), total load, load
distribution, and number of line regulators.

The first step 15 to determine which HV/MV substation service areas are
candidates for OLTC valt control. The criteria used reflects
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HGURE 2.17 Example network showing line voltage regulators. (Courtesy of ABB.)

* The availability of OLTCs for control as determined by SCADA
» User-defined active power limits

Each candidate substation service area 1s-analyzed one at a time using one
of two possible calculation methods.

Asmain, corresponding assumptions similar 1o the VAR control function allow
realistic performance of the calculation for control room use.

2.8.6 Data DEPENDENCY

The validity of results from all advanced applications are entirely dependent on
data availability and s quality. The first level of data is that of the network
topology. The connectivity of the network incorporating the status of switches
must be correct, because fundamental operating decisions and maintenance of
safety use this as the basis, Maintenance of remotely controlled switch status is
automatic within the SCADA system but all manually operated switch statuses
have to be manually input by the operator from information communicated from
the hield. The normal state of network conhguration musi be stored during tem-
porary switching to enable restoration to the normal state as defined by NOPs.
As extensions are made to the network, all changes added to the DMS have to
be synchronized with the actoal feld state. The data modeling becomes more
complex for North Amencan networks where each phase needs to be represented
due to the mux of three- and single-phase supply and where switching devices
can open one phase independently. Ouwtage management and basic switching plan
generators within the advanced applications portfolio depend entirely on correct
topology (connectivity) for valid results.



Advanced applications that perform calculations on the network such as
power flow, faull level, loss munimization, and optimization reguire another level
of data describing network parameters such as circult impedances, capacity
limits, and loads. The latter are the most difficult to determine not only because
the time vanation of consumption differs from customer class to customer class,
but also there 1s voltage/current dependency. Few real-time measurements of
individual customer loads or composite customer load groups exist except at
the substation feaeder sources. The most commonly available value at customer
substations is an annual peak load value that 1 manuvally collected after the
system peak has occurred and is seldom time-stamped. The implementation of
automatic meter reading, even though not widespread, 1s improving load behav-
tor information. However. the automatic readings are normally not real-time
valugs but historical energy consumption values, Devices within the natwork
with local control such as line voltage regulators and capacitor controllers
require additional data of their control behavior such as set point. and deadbands
to describe their operation.

The issoe of data acouracy and sustainability must be considered when setting
the expectations and benefits denved from the advanced applications performing
network analysis calculations. It 1s not just the mitial creation of the DMS datubase
that requires considerable effort, but also the cost of maintaining its accuracy in
an ever-changing environment.

It can be concluded that DMS advanced applications should be divided into
two categories: those that operate satisfactonly with topology only and those that
m addition to topology require network parameter data as shown mm Table 2.3,
The former will give results that are unconstrained by metwork capacity limitation
and must rely on the operator's knowledge, whereas the latter consider the
constraints of the network capacity and voltage regulation.

In utilities with good planning practices where a detailed network model of
the MV system has been created and venfied. this model provided of sufficient
granularity m terms of switch and feeder representation, and can be used as the
foundation of the DMS connectivity model.

The concept of value versus data complexity is illustrated in a subjective
manner in Figure 218, where a data complexity and sustamability factor 1s
assigned a value between | and 10. Similarly, the value to the operator of the
results from a constrained advanced application can also be assigned between
| and 10. The ratio of the two values. the Value to Complexity Ratio (VCR)
illustrates subjectively the potential benefits and distinguishes between uncon-
strained and constrained applications,

2.9 SUBSYSTEMS
2.9.1 SUBSTATION AUTOMATION

Traditional SCADA systems acquire the majority of data on the power system
from substations. This has been achieved by installing RTUs, hardwired into the



TABLE 2.3
Categorization of Advanced Applications

Topelogy-Based  Parameler-Based

Application (Unconstrained) iConsirained)

Network coloring o

Switch planner T P
FLIR - i
Operntor joad Aow -
Faull current analysis -
Vol VAR control B
Loss minfoptimal reconfizuration i

Nete: Some Tunetinns will operate withoot the need lor the power flow (o0 give
meamngiul reselis sueh as the case of o switch planeer and FLIR that eould be
implemented initially as unconstrained applications, thus reducing the need o
collect and verify additional complex dota.

* Applications opemtng under construinis require the foad Bow s an integral
pari the application.

protection relay and switch auxiliary contacts, as the communications interface
to the central control s¥stem. This approach was costly and restrictive, not using
the full capability of modern communicating relays. Substation automation (SA)
describes the concept that takes advantage of the configurable communication
IED technology in implementing a local multilayer control hierarchy within a
substation. Logically there are two levels. the lower or bay (feeder)-and the higher
or station level. Suppliers have adopted different architectures for SA. These
architectures use either a two or three information bus configuration — the
difference being where the protection intelligence i1s located. The three-bus
approach retains the segregation of the protection logic and device at each bay.
whereas the two-bus architecture uses o common central processor for all pro-
tection. The former approach has been favored because it reflects traditional
protection philesophy.

The main varieties of SA platforms being marketed that attempt to integrate
the distributed processing capabilities of the many TEDs are as follows:

I. RTU-Based Designs. These systems evolved from conventional
SCADA where RTUs were modified to provide the communications
interface with, and utilize the distributed processing capability of,
modern [EDs. Some KTUs have added limited PLC functonality and
de facto standard sub-LAN protocols such as Echelon LONWorks or
Harris DNP 3.0. The main disadvantage of this approach is the inability
to pass through instructions to the IEDs in a one-to-one basis because
they effectively appear as virtual devices to the central control room.



HGURE 2.18 Subjective benefils versus data creation effort for different data calegories
and associated DMS advanced applications where DNC = dynamic network colonng. LM
= load model with simple being a8 one-value model based on installed distribution trans-
former capacity, medium is represented by an estimated load value and estimate of voltage
dependence, and complex requires in addition (o the first two model types load profiles
of typical days. Unsymmetrical analysis refers (0 applications requiring unbalanced loads
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and sequence impedances,

2

. Proprietary Designs. These are fully functional, modular, distributed

systems provided by one supplier using proprietary architectures and
protocols. The systems are not open because the full protocols are not
published and the HMI 15 vendor specific to their IEDs and architecture.
Any extension of the substation is confined to the original SA supplier's
equipment.

UNIX/PLC Designs. These systems use RISC workstations operating
under UNIX integrated with PLCs to give very high-speed multi-
tasking solutions. The resultant cost is higher than other platforms.
PC/PLC Designs. The design of these systems 1s based around a sub-
LAN with the PC providing the HMI and integrated substation data-
base. The PLC supports customized ladder logic programs designed
to replace conventional annunciators, lockout relays, and timers.
Because the sub-LAN communication protocol is usually dictated by
the selection of PLC, the PC protection IEDs require special gateways



TABLE 2.4
Summary Comparisons of the Main Features of the SA Alternatives

Feature RTL Based Proprietary UMNIX/PLC PC/PLC Black Box
SA Design Type
HMI Windows. Proprietary LINIX Winidows Windows
opernling Das
-System
HMI software  Limited Proprictary HP. SL US Many Proprictury
Dhatn

Sub-LAN LONWorks, Propriclary PLC huased PLC baged WME bas
privieecl DNP

[ED support Protocal Propoetary Protocol Protocol Selfcontained
CONVErRion COOVErsion conversion
Comparative  Medium Lirmted to High High Medium
lunctionality products from
a single
vender
Cost Middle Hizth Midadle 1o high  Middle Lo
Major Homs, SNW,  ABRE, HF, 51 Tosnet, GEK RIS
suppliers ACS Schneider, SETIES,
GE AREYA Muodioon,
Allen-
Bradley

and interface modules. The resulting integration 1ssues are not trivial
if devices from different vendors are used but the approach has a degree
of openness.

5. Black Box Designs, These systems are designad to integrate, within
4 single PC framework. seleclted SA [unctions. All functions such as
programmable protection. ladder logic. input/output (KO), and front
panel annunciation are achieved within one common PC server. The
main disadvantage is that protection is centralized, which deviates from
the conventional protection philosophy of individual circuits having
independent protection.

Companson of the different SA types descrnibed is summanzed in Table 2.4, The
benefits in Aexability with primary and secondary configurations can be substantial.

2.9.2 SussTATION LOCAL AUTOMATION

The most common architecture in use today, whether proprietary or not, is that
where each bay has independent protective devices. thus it is worth expanding
on more of the details of this design. The protection and control units act



independently in cases of a disturbance. cutting off the faulty portion of the
network. The same protection relay and control units have a communications
bus and thus act as data transfer units o local svstems or telecontrol systems,
replacing the conventional RTUs, Communicating annunciators can also be
connected to the overall system. All data acquisition devices are connected
through a common communications bus that 15 used to transfer the data to the
local or telecontrol system through a data communications unit, if needed. The
protection relays, control umits, and alarm centers provide the operating systems
with the following:

*  Time-stamped event data

*  Measured electrical quantities (directly messured and derived)

* Position data for switching devices (circuit breakers and disconnectors)
»  Alurm data

+  Digital mput values

«  ODperation counters

* Data recorded on disturbances

* Device setting and parameter data

The local or telecontrol (SCADA) system can send the following to the units:

*  Control commands
»  Device setting and parameter data
* Time synchronization messages

Using the communications bus provides several techmical and economic
advantages compared with conventional signal cabling. The need for cabling is
considerably less when much of the necessary information can be transferred
through one bus, Intermediate relays are not needed, either. On the other hand,
the feeder-specific current transducers and circuits can be discarded, because the
measurement data are obtained through the protection circuits. As less cabling
and a smaller npumber of intermediate relays are needed, the fault Frequency of
the substation is reduced. Protection relays can be used for condition monitoring
of secondary circuits, such as tripping circuits. The actual transter of messages
is also monitored, and communication interruptions and favlts can be mstantly
located. Systems are easier to extend, because new units can be easily added
thanks to this communications principle.

Each device provides a time-stamped message on events (starting, tripping.
activation, etc.) through the bus, These events are sorted by time and transmitted
1o the event printers or to the monitoring system. Data covered include maximum
fault current data, the reason for starting or tnpping, and fault counters. Device
setting and parameter data can also be conveved by control units, and ¢commands
from the control system can also be transmitted to the swilching devices in the
same way. Microprocessor-based relays and control units store a lot of data on
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FIGURE 2.19 Typical substation local automation design. {Courtesy of ABB.)

faults occurnng in various registers. Also, the devices can provide current and
voltage measurements. The devices may also have calcolation routines providing
the power, energy, and power factor denved from the measured current and
voltage values. These data can be used locally or by the telecontrol system.

Each device in the system has its own internal clock, which must be syn-
chronized with the other clocks in the system. Events and other important mes-
sages are time-stamped in the secondary device. The messages can be sorted by
time on the basis of this time-stamp, To keép the clocks synchronmized, a syn-
chronization message aligning the clocks to millisecond accuracy 1s sent out at
regular intervals.

The substation level has supervision or control systems to perform centralized
automation functions at the substation level. These local control systems (Figure
2.19) are based on the same concept and technology as the SCADA system.
However, they are more basic in terms of eguipment and software than the
SCADA system, and are scaled for use at the substation level. Functions typically
performed at substations include the following:

*  Schematic mapping of substation and switch position indication
*  Presentation of measured electrical guantities

* Controls

= Event reporting



»  Alarms

*  Synchromization

= Relay settings

* Disturbance record collection and evaluation

*  Processing of measured data, trends, power quality data, and so on

* Recorded data on faults and fault values

=  Network primary device condition monmtorng

« Substation level and feeder level mterlocking

*  Agtomatic load disconnection and reconnection

= Various regulations (voltage regulation, compensation, earthing coil
regulation)

» Connection sequences on bay and substation levels (e.g., busbar or
transformer change sequences)

Technically, 1t 1s possible to integrate similar functions in a single device.
One protection package can contain all the protection functions needed for the
feeder in question. A protection relay can also incorporate control, measurement,
recording, and calculation functions. Protection relays can provide disturbance
records, event-related register values, supply guality and consumption measure-
ments, and counter and monitoring data. The number of inputs and outputs
available in the protection packages are increasing. and thus all the data related
to a feeder can be obtained centrally through the relay package. The more data
there are to be processed, the more economical it 1s to link the data through one
sufficiently intelligent device. Also, communications devices are becoming
smiller and smaller. Linking of occasional data (door switches. temperature, etc.)
to the system via small /O devices will become economically feasible. Thus,
this type of data will also be available centrally in local systems and at the master
station SCADA systems.

Control Units. Necessary protection and control [unctions have been te-
grated into the feeder protection packages. A feeder-specific control unit provides
position data on the switching devices of the feeder, and the unit can be wsed for
controlling the motor-operated switching devices of the switchgear locally. Con-
trol units can also be used o perform bay-specific interlocking. Position data and
measurement, calculation, and register data of the control unit can also be trans-
ferred 1o the local or telecontrel systems through the communications bus, and
the local or telecontrol system can control the motor-operated switching devices
ol the feeder through the control unit.

Annunciator Units. The annunciator collates contact alarm signals from all
over Lhe substation or distribution process. The data, obtained as analog messages,
are sent o the analog annunciator, which generates alarms according to prepro-
grammed conditions. The purpose of the annunciators is to facilitate management
of disturbances. Typically, an annunciator broadcasts first-in alarms showing the
origin of the disturbance. The annunciators can be programmed with alarm delay
times, alarm limits, alwrm blinking sequences, or alarm duration, for instance.
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FIGURE 2.20 Typical alarm system, (Courtesy of ABB.)

The contact functions of the annunciators can be opening or closing. In addition,
alarms can be programmed to be locked to each other in order to avoid unnec-
essary alarms caused by the same fault. For remote supervision, the annunciators
have two or several programmable group alarm outputs, which can indicate
whether an alarm demands immediate action or is merely given for information.
These groups can be programmed as desired. The annunciators can also be linked
to the substation communications bus; thus providing information for local or
telecontrol systems. In small substations, a control data communicator integrated
into the annunciator can be used to collect data from the entire substation. For
evenl reporting, an event report printer can be directly connected to such an
annunciator (Figure 2.20).

Disturbance Recorders. Disturbance recorders have become more popular
in fault diagnosis and post-fault analysis. Disturbance recorder functions are.
nowadays, mtegrated mto protection devices. Disturbance recorders provide
curves of analog values such as currents and voltages before and after a fault
and digital data such as auntoreclose event sequences before and after a fault. The
channel number, sampling rate, and signals monitored can be programmed sep-
arately for each purpose. A disturbance recorder can be tnigzered on set conditions
in the signal monitored, or by a triggering message received ever the communi-
cations bus. Disturbance recordings can be downloaded through the communica-
tions bus and analyzed in a separate computer program. Data from the disturbance
recorders can also be fed mto standard programs such as spreadsheet and calcu-
lation programs for further analysis.



2.10 EXTENDED CONTROL FEEDER AUTOMATION

Extended control as discussed earlier is a general term for all remote control and
automation of devices outside the substation and includes all devices along
distribution feeders such as switches, voltage line regulator controls, feeder capac-
itor controls, and devices ut the utility customer interface such as remotely read
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imelligent meters, All line devices fall under the feeder automation umbrella,
which 1s the major topic of this book and thus 1s treated in more detail n
subsequent chapters once the foundation of distribution system tvpe and protec-
tion has been covered. Feeder line devices are controlled either directly from the
DMS master station or via the normal supplying primary substation RTU or SA
server. Much depends upon the communications infrastructure established and
whether the architecture is based on distributed data concentrators such that the
feader device IEDs become virtual devices when viewed from the DMS muster
through the concentrator. Whatever the confizuration. all devices will eventually
be controlled from a central locaiion,

2.12 DATABASE STRUCTURES AND INTERFACES

One of the challenging issues within a DMS is the resolution of different data
strugtures that potentially exist between the various applications, both intemnally
within the SCADA, the advanced applications. and outage management function
and externally with the enterprise I'T functions such as GIS, work management
(CMMS, ERPL* and costomer information management (CIS/CRS).

2.12.1 Nerwork DATA MoDEL REPRESENTATIONS

Data models for representing the electrical network with varving degrees ol detail
have developed in the industry as approprate 1o the application using the data.
These are described pictonally in Figure 2.23.

All the models have a node branch relation mode] because this most effi-
ciently diescribes connectivity. The most detailed representation is required for
the operations model where all devices and operational constraints have to be
represented as unigue entities not only for network analysis but also to fit into
the SCADA data model for the control and monitoring task. Even this complexity
of model is simplified compared (o the asset model usually held in GISs or in
CMMSs where every asset and its details are required for wventory and main-
tenunce purposes. In particular, within a GIS every cable size and jomnt for
underground networks is recorded, and similarly for overhead systems, points
where conductor sizes and pole geometry changes are identified. This level of
detail is not required for the real-time DMS network model: hence. if data are
to be provided from a GIS system, some form of model reduction must be
available to extract a composite branch representation. This concept permeates
throughout the asset database depending on the particular granulanty of the GIS
data model implemented.
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FIGURE 2.23 Three levels of network model. the operations planning model being the
most complex with highes! device resolotion.

2.12.2 SCADA Data Mobpes

Traditionally, SCADA systems applied to power systems employ a hierarchical
structure of the power system consisting of station, substation, bay, and terminal.
Thas 1s needed to explicitly model all the components that atfect network oper-
ation, A simple switch within a substation must be part of a bay, and a line is a
lerminal interconnect between bavs in different substations. Topology for network
models must be interpreted from this structure. In contrast, network application
functions (advanced applications) only require a simplified equivalence of the
structure, In fact, to be effective this equivalence must be specifically based on
a branch-node structure, where the branches connecting the nodes represent
nonzero impedance elements such as lines and transformers. Methods are now
coordiating these two reguirements by generalizing the two levels of network
topology nodes and branches into vertices and edges.

A vertex or terminal 1s defined as a fixed point in the network that is described
by the SCADA hicrarchy — each single layver not being allowed to overlap. An
edge is an arbitrary connecting element that can mclude an impedance-beanng
element such as a line or a zero impedance element such as a switch or busbar,
This method permits. in the simplest form. rapid analysis of the structure’s
connectivity because only the statos of the edge needs to be considered. The
analysis can be extended in complexity by considerng the type of edge: for
example, treating a transformer as an open edse breaks a multiveltage level
network to its discrete networks of the same voltage level. This architecture allows
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FIGURE 2.24 Thaoram showing development of veriex/edee model from traditional
SCADA data struciure. (Courtesy of ABRR.)

very fast real-time assessment of the connectivity state and de-enermzation, which
is also wsed for dynamic network coloring.

The SCADA system real-time database 15 descnibed in terms of point and
data acquisition data (RTU and ICCP#*), where every point must be defined at
input in a very flat structure. This flat strocture with no inherent relationships has
to be built into & process model as discussed previously in the SCADA section.

The SCADA data model concept in simplified torm is shown in Figure 2.25.
Point data comprises either a8 measurement or an indication. These data have no
practical meaning unless linked to a picture. so in the most simplest form of pure
SCADA, these two categories of point data have to be linked to a position in a
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FIGURE 2.25 Simplified structure of SCADA real-ume data model.

SCADA picture (dotted line in Figure 2.23), Practical SCADA systems, though.
have applications that run in the real-time database. so an additional mapping to
the network model 1s reguired before linking to the picture.

Schematic diagrams available i GISs are generally not satisfactory for use
in a control room for monitoring and controlling the distribution network. There-
fore, SCADA systems require additional picture data to describe their graphical
displays. These data describe all picture objects interms of text value (measured
value and its location to be displayed). and symbol or drawing primitive. Picture
data and object data must be linked to the same SCADA device or element
associated with the point data

In addition, the data acquisition svstem connection through point addressing
to the RTU also has to be described at imput.

All this data input is coordinated and venfied for consistency as part of the

data engineering process.

2.12.3 DMS DATA NEEDS, SOURCES, AND INTERFACES

SCADA/DMS data are imput via the data engineering process, which is composed
of creating pictures and linking the corresponding point data with the picture
data. Imtegrated graphical tools that ensure data consistency are employed in
modern systems, with a checklist to guide the user in completing all required
data elements before populating the real-time database, Many data (Table 2.8)
are resident in other enterprise [T applications, and it is natural to assume data
can be transferred through standard interfaces between applications.

Few standard interfaces exist at present in the mdustry, and even il emerging
standards are applied, any differences between the data models used by the




TABLE 2.8
Typical Data Maintained in Enterprise IT Systems

Enterprise IT
Application Data
CIS/CRM (costomer Consumer dota
information/cusionser Account number
relationshipmanzgement  Telephone mumber
systim) Customer class/rte class
Consumption (KWH)
Customer-network link locator/ID (peeded for trouble cal /OMS), el
GIS (geographical Power:system element dota
information system) MNetwork parameters
Load values
Conneclivity

Geopraphic maps (electrical network/backorobnd streel maps)
Single-line disgrams (nol alwave maintained), ele,

CMMS WMS (computer Assel muntenanee and performance records

maintenance Manufacturer. type. serial number
manaeemint Date of commissioning
svstemiwork Belonging w hicrarchical strocture
fmanagement Systen) Reference w produet documentation

Muintenunee requirements modeling
Dependeney of network on device for REM¢
Muintenonce history

Planned maintenance

Wiark onder and job scheduling

Costing

Maintenmnee manogement. ¢,

PMS {personne| Persormel records nnd detoils {needed for crew manogement )
management aystem) Field workforce skills/authoneation levels
Contact detoils

Vacation schedules:
Overtime limits, sle

* REM — risk-based minintenance.

respective application must be resolve in implementing the interface. The data
transaction frequency and performance requirements will differ between the
applications. For example. the provision of consumer changes to a trouble
call/OMS system from the CIS are such that a batch update once in 24 hours is
sufficient, whereas the maintenance of correct topology wathin the same applica-
tion is crucial and will require real-time datla transfer from the SCADA system



for all netwark cennectivity changes. These will become excessive during storm
conditions and for systems with a high AlL.

The most complex interface 15 that between the SCADA/DMS and GIS
systems, because not only do data mode!l inconsistencies have to be resolved but
the level of interface has to be decided in not only the design of the DMS but,
more importantly, the degree of data modeling and extent of data population
within the GIS. The previous remark applies to the connectivity and parameter
model for electric network applications, In addition to the network data. are the
two other data categories covenng the following:

* Picture data (symbology, coloring, text placement, measurement dis-
play, etc.)
» SCADA data (point data, data scquisition system addressing, etc.)

The data maintenance responsibility within the utility organization has to
be defined in terms of not only the master database for the as-built and as-
operated network but also the data change process for updating each of the
views. Such a decision is crucial to the master direction of data flow of the
interface, plus the frequency and type of data to be transferred. Different levels
of interface have been established within the industry often dictated by a
legacy implementation, particularly for GISs where the database had been
populated for asset management application only and sometimes expanded to
include supporting engineering applications. The level of interface possible
is dictated by the exact implementation of the various IT systems due to the
data availability within the implemented data model. Differences predominate
even if the applications are implemented at the same time but by different
autonomous departments without completion of an enterprise wide data archi-
tecture design study. At present, without standards and guidelines within the
industry across all the issues above, every GIS/SCADA/DMS interface has to
be customized using common IT data transport mechanisms (CSE. ASCIL
XML). Seldom is any detailed specification made prior to customization,
setting interface levels. data availability and requirements of interfacing appli-
cations, and (of vital importance) the naming conventions and element defi-
nitions being employed.

Typical levels of interface are given in Table 2.9 as examples on which
detailed designs can be based.

As the GIS delivers less and less data, the missing data have to be added by
the data engineering application of the SCADA/DMS. In cases where load and
customer data are not stored in the GIS database as network attribute data this
has to be imported or obtained from a different source such as CIS using a batch
transaction base mterface.* The above discussion is highly simplified but serves
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TABLE 2.10
Respansibilities of Each 1EC Working Group

IECTC 57 EPRI EPRI
Working Group Topic UCAZ  CCAPI
WG 3 10,01.12 Substatinng o
WG T Conirol centers -

WG9 Distnbution feeders -
WG 13 Encrpy manngemenl systems It
WG 14 Distribution manzpemenl sysiems -

to illustrate that not only must the roles of each application in terms of data
mamtenance responsibility by type of data be made available, but the duta model
must also be defined at the outset of implementation of the two functions if
complex or native interfaces are to be avoided.

2.12.4 Data MobeL STANDARDS (CIM)
The industry is. through [EC Technical Committee (TC) 57, developing standard

data models and business structures. starting with transmission systems that will
be extended to cover distribution networks. IEC 61970-301 in Working Groups
(WG) 13 (EMS) and 14 (DMS) are developing the common information model
(CIM).* The principal task of the overall standard is to develop a set of guidelines,
or specifications, to enable the creation of plug-in applications i the control
cenler environment, thus avoiding the need to custormize every interface betweean
different apphications from different suppliers. There are a number of WGs that
are either directly or indirectly associated with the development of this standard
and EPRIF is also contributing through two major projects (Table 2.10).
Althongh at present, this part of the standard, [EC 61070-301, defines a CIM
that provides a comprehensive logical view of energy management system (EMS)
information, the standard is a basic object-oriented model extendable for distri-
bution networks. The CIM is an abstract model that represents all the major
objects in an electric utility enterprise typically contained in an EMS information
model. This model includes public classes and attributes for these objects, as
well as the relationships between them. The CIM is part of the overall EMS-
API: framework. The purpose of the EMS-API standard is to facilitate the
integration of EMS applications developed independently, between entire EMS
systems developed by different vendors, or between an EMS system and other
systems concerned with different aspects of power system operations, such as
generation or distribution management. This 15 accomplished by defining stan-
dard application program interfaces to enable these applications or systems to



access public data and exchange information independent of how such mforma-
tion 1s represented mnternally. The CIM specifies the semantics for this APL. Other
parts of this standard specifv the syntax for the APL

The objects represented in the CIM are abstract in nature and may be osed
in 1 wide vanety of applications. As stated earlier and of importance to the content
of this book. the use of the CIM goes far beyond its apphication 1in an EMS. This
standard should be understood as a tool to enable integration in any domain where
a common power system model 15 needed to facilitate interoperability and plug
compatibility between applications and systems independent of any particular
implementation. It provides the opportunity of common language between dif-
ferent data structures of different applications, wherein each data structure has
been optimized for the performance of that application.

CIM Model Structure. The CIM is defined using object-onented modeling
technigues. Specifically, the CIM specification vses the Unified Modeling Lan-
woage (UMLY* notation, which defines the CIM as a group ol packages. Each
package in the CIM contains one or more class diagrams showing graphically all
the classes 1n that package and their relationships. Each class is then defined in
text in terms of its attributes and relationships to other classes.

The CIM is partitioned into a set of packages. A package is just a general-
purpose grouping mechanism for organizing the model. Tuken as a whole. these
packages comprise the entire CIM.

The CIM is partitioned into the following packages for convenience:

Wires. This package provides models that represent physical equipment and
the definition of how they are connected to each other. It includes information for
transmission, subtransmission, substation, and distribution feeder equipment. This
information is used by network status, state estimation, power flow, contingency
analysis, and optimal power flow applications. It is also used lor protective relaying.

SCADA. This package provides models used by supervisory control and data
acquisition applications. Supervisory control supports operator control of equip-
ment. such as opening or closing a breaker. Data acquisition gathers telemetered
data from vanous sources, This package also supports alarm presentation.

Load Model. This package provides models for the energy consumers and
the system load as curves and associated curve data. Special circumstances that
may affect the load, such as seasons and data types, are also included here. This
information is used by load forecasting and load management packages.

Energzy Scheduling. This package provides models for schedules and
accounting transactions dealing with the exchange of electric power between
companies, It ncludes megawatts that are generated, consumed, lost, passed
through, sold. and purchased. It includes information for transaction scheduling
for energy. generation capacity, transmission, and ancillary services: It-also pro-
vides mformation needed for OASIST transactions,



FIGURE 2.26 CIM packoze relationships diagram.

This information is vsed by accounting and billing for energy, generation
cupacity, transmission, and ancillary services applications.

Ceeneration. The generation package 1s divided into two subpackages: pro-
duction and operator training simulator (OTS).

Financial. This package provides models for settlement and billing. These
classes represent the legal entities who participate i formal or informal agree-
ments.

Domain. This package provides the definitions of primitive datatypes, includ-
ing umits of measure and permissible values, wsed by all CIM packages and
classes. Each datatype contains a value atiribute and an optional unit of measure,
which 1s specified as a static variable initalized to the textval descniption of the
unit of measure. Permissible values for enumerations are listed in the documen-
tation for the attnbute.

Figure 2.26 shows the packages defined above for the CIM and their depen-
dency relationships. A dashed line indicates a dependency relationship, with the
arrowhend pointing from the dependent package 1o the package on which it has
a dependency.

CIA Classes and Relationships. Within each CIM package are classes and
objects and their relationships. These relationships are shown in CIM class dia-
grams. Where relationships exist between classes in other packages. those classes
are also shown identifving the ownership package.

A class 15 a descrniption of an object found in the real world, such as a
transformer, switch, or load that needs to be represented as part of the overall
power system model. Classes have attributes. each attnibute having a type (integer.
Hoating point, boolean, ete.). which describes the characteristics of the objects.
Each class in the CIM contains the attmbutes that describe and identify a specific
instance of the class. CIM classes are related in a vanety of ways given below,
which describe the structure and tvpe of relationship.



Generalization. A generalization is a relationship between a general and a
more spectfic class, The more specihe class can contain only additional informa-
tion. For example, a transformer is a specific type of power system resource.
Generalization provides for the specific class to inhent attributes and relationships
from all the more general classes above 1L In the schemas, the relationship is
depicted as an armow peinting from the subclass to the general class.

Simple Association. An association s a connection between classes that can
be assigned a role. For example, there is a Has A association between a trans-
former and a transformer winding. In the schemas, this is shown as an open
diamond pointing to the higher class.

Aggregation. Agoregation 1s a special case of asspciation. Aggregution ind)-
cates that the relationship between the classes is some sont of whole-pant rela-
tionship, where the whole class “consists of ™ or “contains” the part class, and the
part class is “part of” the whole class. The part class does not inherit from the
whole class as in generalization. Two types of aggregation exist. composite and
shared. The Consists Of, Pant Of labels are used in the schemas.

Composite Aggregation: Composite aggregation is used to model whole-
part relationships where the multiplicity of the compaosite is | (Le, a part belongs
to one and only one whole), A composite agerecation owns ils parts (g.g., a
topological node could be a member of a topological island).

Shared Aggregation: Shared agoregation is used to model whole-part rela-
tionships where the multiplicity of the composite was greater than | (Le., a part
may be a part in many wholes). A shared aggregation is one in which the parts
may be shared with several aggregations, such as a telemetry class may be a
member of any of a number of alarm groups. The Member OF label is used in
the schemas.

In the schemas showing the association and aggregation relationships. the
possible extent of the relationship is given as one of the following;

= (0.*) from none to many
« (0.1} zero or one

« (l..1) only one

* (|..*) one or more

These rules are shown diagrammatically in Figure 2.27, illustrating some of
the relationships in the wires and SCADA packages.

CIM Specification. Each CIM class is specified in detail by attributes, types.
and relationships. Building on the nomenclature in the above section, an example
is given introducing not only the connectivity atirbute but also the cross package
relationship that a wires package class would have with the SCADA class.
Connectivity 1s modeled by defining a terminal class that provides zero ar more
{0..#) external connections for conducting equipment. Each terminal 15 attached
to zero or one connectivity nodes, which mn turn may be a member of atopological
node (bus). Substations that are considered subclasses of a power system resource
must have one or more connectivity nodes. The Connected To association
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uniquely identifies the equipment objects at each end of the connection. The
relationship to the SCADA puckage v established through the lerminal associa-
tion with a measurement that can be zero or many. The complete schema of this
subset within the wires package 15 shown in Figure 2.28.

Each object in the CIM model is lully defined by a standard set of atiributes
and relationships either unique (native) to the class or derved from the whole or
superior ¢lass. An example 15 shown for a breaker class as follows:

Breaker attributes
*  Native attributes
* Fault rating (amps)
« Breaker type (0il. SF6, vacuum, atc.)
« Transit ime (sec) from open to close
* [nhented attnbutes from:
= Conducting equipment class
*  Nuomber of terminals
* Power system resource
*  Name of power system resource
*  Descriptive information
*  Manufacturer
« Senal number
= Location: X.Y coordinate or grid reference
*  Specification number if applicable

* Switch
»  Modeling flag designation of real or virtual device for mod-
eling purposes

*  State open or closed
*  Switch on count number of operations since last counter reset
Breaker associations
Native roles

(0..#) Operated by (0..*) IED breakers can be operated by protective
relays. RTUs etc.

(1..1) Has a (0..*) reclose sequence

Roles inherited from:
Conducting equipment
(0..1) External connection for (0..#) terminal
(0..%) Protected by (0..#) protection relay
{1..1) Has a (0..*) clearance tag
Power system resource
(0..1) Measured by (0..%) measurement
(1..1) Has a (0..1) cutage schedule
(0..*) Member of role A (()..#) power system resource
(0..%) Member of role B (0. #*) power system resource
(0..#} Member of company (0..*) company PSR may be part of

One Of More Companies
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(()..*) Operated by {0..1) company PSR may be operated by one
company at a time

Switch

(0..*) Has a (0..*) switching schedule A swiich may have a
switching schedule

A typical CIM maodel structure for the majority of wire package classes is
shown diagrammatically in Appendix 2A at the end of this chapter. This sample
1s for llustration purposes only and should not be taken as a comprehensive CIM
model for distribution. The reader interested in the details of the entire standard
is recommended o study the technical committee and working group publica-
tions. because any further detail i1s outside the ohjectives of this book.

2.12.5 DATA INTERFACE STANDARDS

Development of standards to achieve both vertical and honzontal integration in
a plug-snd-play manner for DMSs 15 another of the goals of WG 14, The WG
has defined the business activity functions within a distribution utility for which
enterprise application integration (EAI) is required. These business segments or
departments, though, are supported by more than one IT application as mapped
in Table 2.11 below, The interface architecture will form the part of the eventual
IEC standard that will rely on the definition of an interface reference model (IRM)
and messaging muddleware accommodating this business segmentation, where
wrappers or common interfaces attach each application to the message bus.

The IEC work has defined the above business activity segments in more detail
in its publications and reports.
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1. What is meant by Distribution SCADA?

SCADA generally refers to an industrial computer system that monitors and controls a
process. In the case of the transmission and distribution elements of electrical
utilities. SCADA will monitor substations. transformers and other electrical assets.

[5)

What are the general requirements for selecting an automation system while designing
a new substation.

e The system should be adaptable to any vendor’s hardware.
It should incorporate distributed architecture to minimize wiring.
Ir should be flexible and easily set up by the user.
The substation unit should include a computer to store data and pre-process
information.

Write the functions of SCADA
Data acquisition

Supervisory control

Tagging

Alarms

Logging (recording)

Load shading

Trending

[95)

4. What are the requirements of distribution system automation?
Real-time trending and phasor plots of electrical parameters such as current and voltage were
expected to be part of the basic offering of the DA application package. It was also felt necessary
for the application software to archive the acquired data (such as switch-operation data) in a format
that other applications, such as geographical information system (GIS), would be able to use for
study and analysis (e.g., trouble call analysis function). Data archiving and historical reporting
features were important considerations in choosing a vendor. From a system configuration
perspective, the intention was to implement intelligent processing at the distribution pole level.
An overburdened SCADA system is an evidence for erratic front-end processor (FEP) operations,
maximum CPU utilization, and the field I/O capabilities being stretched to their limits. The
intelligent controllers to be used for distributed processing were expected to relieve the SCADA
host processor of the extra burden of DA monitoring and control. It was also specified at the very
beginning that the monitoring and control equipment installed in a substation local area network
(LAN) environment and communicating with the SCADA host processor, would have to adhere to
industry-standard communication protocols. The hardware interface and the communication
protocol must be able to interface with other vendors’ intelligent electronic programmable controllers
(IEPCs) and intelligent electronic devices (IEDs), such as logic controllers, smart meters, relays, etc.

What are the advantages of distribufion automation?

Benefits of Implementing SCADA systems for Electrical Distribution:

* Increases reliability through automation * Elimminates the need for manual data
collection * Alarms and system-wide moniforing enable operators to quickly spot and
address problems ¢ Automation protects workers by enabling problem areas to be
detected and addressed automatically * Operators can use powerful trending
capabilifies to detect future problems. provide better routine maintenance of equipment
and spot areas for improvement * Historians provides the ability to view data in various
ways to improve efficiency.
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‘What are the components of SCADA.

Supervisory computers

Remote terminal units
Programmable logic controllers
Communication infrastructure
Human-machine interface

10 MARKS QUESTIONS

Explain Distribution Automation and advantages & disadvantages with neat
diagram

Explain Distribution management systems with neat diagram

Explain Distribution Automation system functions

Explain SCADA system with neat diagrams & and List the advantages &
disadvantages ?

Explain Outage Management with neat diagrams

Explain decision support applications

Explain Substation Automation with neat diagram

Explain Controller Feeder Automation with neat diagram

Explain database Structures and interfaces with neat diagrams
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