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Introduction

Voltage & Current Relations for Different Electric Elements

@
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INDUCTOR
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The resistor, inductor &
capacitor are the three basic
electric elements. Any linear
load can be represented by
any one of them or by a
combination of more than one
of them.

SWc

Figure 1: AC supply feeding Resistor, Inductor & Capacitor
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v(t) = Rxi(t)

i.e. voltage and current are in-phase

>> w
IR V
Unity Power Factor Load

(Pure Resistive Load)
(®=ZERO"®)

Figure 2: Voltage, Current & Power in a pure resistive load
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dt

i.e. current lags voltage by 90°
if the AC supply is sine wave
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v(t) = Lx

=-90°

Figure 3: Voltage, Current & Power in a pure inductive load
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Figure 4: Voltage, Current & Power in a pure capacitive load

Note:

The electric current is established in a conductor when a net charge
"q" passes through it in a certain time "t":

d
i) = q (1)
dt
The capacitance "C" is the accumulated charge "Q" per unit
voltage"V": ¢-2
Vv
0 =CxV

q(t) = Cxv(1)

dc
i = v
dt
d
i(t) = C x v &)
dt
d
li(tydt = | C x v () dt
dt

1
v(t) = —Ji(z)dz
C
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What is Power Factor?

Introduction:

e Most plant loads are Inductive and require a magnetic field to
operate: **Motors **Transformer **Florescent lighting

e The magnetic field is necessary, but produces no useful work

e The utility must supply the reactive power "Q" to produce the
magnetic field and the active power "P" to produce the useful
work. You pay for all of it.

e You pay for "P" in the form of power consumption.

e You pay for "Q" in the form of low power factor penalty.

e These two types of current are the active and reactive
components

Power Factor Definition

The power factor of a load is given by ratio of the active power to
the apparent power of this load .i.e. KW divided by KVA at any
given particular moment.

POWER FACTOR = ACTIVE POWERIKW] COsd
-~ APPARENT POWER[EVA]

Power Triangle

The power triangle shown in figure (5) indicates that the power
factor is the cosine value of the angular displacement between the
KW vector & the KV A vector (the angle ¢). The power factor
ranges from zero to one.

ACTIVE POWER (KW) p_
N O

(VM)
H3IMOd IAILOVIY

s

Figure 5:Power Triangle
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What we will learn:

e Most industrial loads require both real power and reactive
power to produce useful work.

e You pay for BOTH types of power (active power as power
consumption & apparent power as low power factor penalty).
See examples 1 &2.

e (Capacitors can supply the REACTIVE power thus the utility
does not need to supply it.

e (apacitors save your money!
Example 1:

el -h:.?'-'_"‘ “ou pay far Tuel far lhe VERTICGAL

sartion of fight, as well as the fue

'Nr the HORLZONTAL portion af flight
M-

Warking
(Reactivel
Poxer | e

Wnrcing {Active) Poacr

Figure 6:Example 1 for the reacive power role & meaning

Similarly, motors require REACTIVE power to set up the
magnetic field while the ACTIVE power produces the useful work
(shaft horsepower). Total power is the vector sum of the two &

represents what you pay for. See figure (7).
ACTIVE POWER (KW)
Produces useful power

g 2z
(2]
s 3§
S _ Y
x—
523
Q>
223
vz @
o M
Foy A

Figure 7: Example 1 power triangle
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Example 2:
N AT
/t. /—u’ — - oy } _-i’

” - . O ©

—
=- >

Figure 8: Example 2 for the reactive power role & meaning
Consider a canal boat being pulled by a horse as shown in fig.(8).

If the horse could walk on water then the angle (Phi) @ would be
zero and Cosine P=one. This Means that all the horsepower is
being used to pull the load.

However, the relative position of the horse influences the power.
As the horse gets closer to the barge, angle @1 increases and power
is wasted, but as the horse is positioned further away, then angle
(A2 gets closer to zero and less power is wasted as shown in fig.(9).

“ ) . -,{f&
/'g./-lg g Py #%/_g
/ -“ o — ~~
e —— ’
oA S2 S
Q Q Q
3y >\ ®
- . P
: . Ps
PF1=COS®1=P1/S1 \
PF,=COS ®,=P,/S; -~ ————» PF1<PF2<PF3

PF3=COS ®3=P3/S3 J

Figure 9: Equations for the power factors in example 2
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Typical un-improved Power Factor by Industry

Industry Power Factor
Auto Parts 75-80
Brewery 75-80
Cement 80-85
Chemical 65-75
Coal Mine 65-80
Clothing 35-60
Electroplating 65-70
Foundry 75-80
Forging 70-80
Hospital 75-80
Machine Manufacturing 60-65
Metalworking 65-70
Office Building 80-90
Oil Filled Pumping 40-60
Paint Manufacturing 65-70
Plastic 75-80
Stamping 60-70
Steel Works 65-80
Tool, Dies, Jigs Industry 65-75

Typical un-improved Power Factor by Equipment

Equipment Power Factor
Air Compressors & Pumps (External Motors) 75-80
Hermetic Motors 50-80
Arc Welding 35-60
Resistance Welding 40-60
Machining 40-65
Arc Furnaces 75-90

Induction Furnaces (60HZ) 100

Standard Stamping 60-70
High Speed Stamping 45-60
Spraying 60-65
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. Billing Generation
Equipment P.F.
quip for needed
1 60 Watts incandescent lamp 60W 1.0 60VA
2 15 Watts fluorescent lamp electronic ballast normal 15W 0.6 25VA
power factor
3 15 Watts fluorescent Iam?acetlgftromc ballast high power 15W 0.95 15.8VA
4 16 Watts magnetic adaptor unit 16W 0.25 64VA

From the above table, the utility generates certain amount of power
and can refund easily the costs if the load power factor is high (as
near as to the unity (1.0)). For the low power factor loads, the
utility has to introduce certain rules to increase the energy unit

price as a function of power factor.

[ KVAR |
Reactive Powe

[ kw ]

Active Power

. 2

Glass
Capacity
(KW A

Apparent Power

Figure 10: Active , Reactive & Apparent powers Example

It is clear that, the amount of the froth is blocking the usage of the

whole available space for Pepsi.
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Why apply Power Factor Correction?
v’ Saves money

(Line Current Reduction=Conductors Cross Section Reduction)
v" Reduces power bills

(Improving Power Factor= Avoid Low Power Factor Penalty)
v Reduces I°R losses

(Line Current Reduction= Power Losses Reduction)
v" Improves voltage drop

(Line Current Reduction= Voltage Drop Reduction)

Example

Since P = s xcos ¢
Then, for an installation (Load) which requires 800KW (P), the
transformer apparent Power (S) should be:

800KVA for power factor = 100%

1000 KV A for power factor = 80%

1600 KVA for power factor = 50%

P, S1
>
N 0 I_
82\ ]
S 'lp

|83> Sz>S1|

Figure 11: Apparent power increases as the power factor decreases for constant active power



Power Factor Correction Capacitors, Theory & Applications By: Samir Zamzam

Benefits of power factor correction
capacitors

1. Reduction of apparent power demand

A AB=Active power (P), W g

W A
g8 1
= (@) vs]
@ S o
~3 i

Q

£3 3
= e}
<da @
> © o]
PURT @
< o
D oY 3
o A 2
s2| 3
=Y 3
[l Q
S8 g
A Q. e
£= 3
. @ oy
<a =
> 8 <
D2 >
5 Pyl
EC=Reduction in the apparent power v ;

Figure 12:Reactive power compensation triangles

The new KVA demand from the utility side can be calculated from
the following equation:
KVA = (KW)® + (KVAR inductive — KVAR copacitive)®

Where
KW : 1s the load active power,
KVAR inductive :is the load reactive power,
KVAR capacitive : is the added capacitor reactive power.

The reduction in the apparent power can be calculated from the
following equations:

P P P(cos 92 —cos @l
AS =851-82 = - = ¢ 4 »1)
cos ¢1 cos @2 cos ¢l xcos @2
S1-S82 P(cos 2 —cos @l) cos @l cos 2 —cos ¢l
D% AS = x 100 = ¢ ? x ? x 100 = 4 ? x 100
S1 cos @l xcos @2 P cos @2

10
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2. Line current reduction

The percentage line current reduction can be approximated from

the following equation:
PF orginal

PF correcied
As the current reduces by installing capacitors, the drawn current is

reduced. Thus the existing conductor cross section can be reduced
or the same conductor can be used to handle more power. The
following diagram shows the decreasing size of the conductor
required to carry the same 100MW at power factors from70%
t0100%.

ﬂf’;&=[ — ]Klﬂ'ﬂ

kvA =141 BVA =125 kA =100
FF = 70% FF = Gl FF = 100%,

Figure 13: Line current reduction due to power factor correction

CONDUCTORCROSS -3ECTION

K] fid 5 (T}

POWER FACTOR

Figure 14: Conductor cross section decreases as the power factor increases

11
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Note:
Pl Pl
PF = Cos ¢, = — . PF , = Cos ¢, = —
Sl S2
S P S P
11:—':—' R 12:—2: !
v, V, x PF v, V, x PF,
P, P Pl 1 1 1 plpPF,-pPF |
-1, = - = - - L
V,x PF, V, x PF, VI{PFI PFZJ VI{PlePFZJ
p [ pPF, - PF |
=1, VILPFIXPFZJ PF, — PF F,
Al % = x 100 = 100 = x100 = [1- x 100
I, P PF L PFZJ
— X
V., PF

3. Voltage rise

The voltage rise realized with the installation of capacitors can be
approximated from the following equation:

KVAR copacitor X %I iransfoermer

AV% =
KV A transformer

Where

% Z transformer : is the percentage impedance of the
transformer,

KVA transformer: is the nominal rating of the transformer.

12
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4. Gaining active power

Assuming keeping the apparent power (S) constant (capacity of the
feeding cables/overhead lines and transformers), an additional
active power can be fed by the system in place of the compensated
reactive power according to the following equation:

(Q1- Q2) = REACTIVE
POWER COMPENSATED
BY THE CAPACITOR

REACTIVE POWER (Q)

o 02

/

P1 T py  ACTIVE POWER (P)
(P2-P1) = GAINED ACTIVE
POWER

Figure 15: Gained active power due to power factor correction

Note: AP = P2 - Pl =5 x(cos ¢2 — cos ¢1)
P2 - Pl S x (cos 92 — cos @1 cos ¢2 — cos ¢l
% AP = —x 100 = ¢ ¢ ¢)><100:( ¢ ¢)><100
P1 S x cos ¢1 cos @1

Systern Capachy v Posear Factor

7
g |
=0 ! ! ! d_...-__";'_‘-:-,;;,‘:_
. J- -
deot | | F__.__...--__‘..--';_;f__.r:..f
= i J-'fr'-'r-. ‘l_.-F".;-"..r.
Eap _,--"':: o E‘-:__"'.-r'{
- & =T =" -~
L) S P --""_'_,.f';-:
;m .f""f ..-""-.:-""__.-*:-f .-:': T
e P Vel o P i

A0 G5 S0 55 00 48 0 T 20 25 B0 L5100
Conucdad Poemar Fadm

Figure 16: Released system capacity increases as power factor increases
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5. Power losses reduction

The losses I’R decrease since capacitor applications reduce the line
current. The reduction in the power losses can be estimated from

the following equation:
¢ PF original 3
{P— X 100

AP losses = |1 —
[ F corrected.

Note:

Reduction in current magnitude and losses is realized only
upstream from the capacitor connection point up to the utility side.
While, Current magnitude & losses remain unchanged between
capacitor connection point & the load.

Note:
2 2
losses 1 II X R , osses 2 = 12 x R
Posses 1~ Proges > 112><R_122><R 112— 22 [ 122‘|
AP, P =— —— —x100 = . x 100 = x100 =|1- | x 100
losses 1 Il X R II |_ I] J
2
[ pr ] [ PF 1
AP, % =|1- —11x100 =|1-| —=| |x100
| PF," )| L PF J

14
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Practical effect of power factor correction capacitors

S/S 8119 GT1 | Before energizing the capacitor

After energizing the capacitor

132 KV current 185 A 170 A
13.8 KV current 1640 A 1580 A
MW reading 38 MW 38 MW
MVAR reading 14.1 MVAR 8.4 MVAR
13.8 KV reading 13.39 KV 13.77 KV
Tap # 11 11

Table 1: different values measured before and after energizing the capacitor for GT1

S/S 8119 GT2 | Before energizing the capacitor

After energizing the capacitor

132 KV current 165 A 155 A
13.8 KV current 1550 A 1470 A
MW reading 38 MW 38 MW
MVAR reading 18.0 MVAR 11.0 MVAR
13.8 KV reading 13.42 KV 13.91 KV
Tap # 10 10

Table 2: different values measured before and after energizing the capacitor for GT2

S/S 8119 GT3

Before energizing the capacitor | After energizing the capacitor

132 KV current 190 A 180 A
13.8 KV current 1820 A 1720 A
MW reading 41 MW 41 MW
MVAR reading 22.5 MVAR 16.0 MVAR
13.8 KV reading 13.25 KV 13.62 KV
Tap # 10 10

15

Table 3: different values measured before and after energizing the capacitor for GT3
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Capacitors in the electric circuits

1. Normal circuit (not compensated)

<LV
TRANSMISSION LINE

VS R X|_ VR

Figure 18: Circuit diagram before improving the power factor

Figure 19: Phasor diagram before improving the power factor

2. Parallel capacitor compensated circuit

- AVT:AVL+AVC
TRANSMISSION LINE

VSA R X|_ A VR

L

|:O:| —_ CAPACITOR
A -
D

<
w
I
1
Il
I
I
1
I
I
I
I
I
I
I
I
I
I
I
I
I |
=
8
AV

Figure 20: Circuit diagram after improving the power factor with a parallel capacitor

17
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Figure 21: Voltage drop across the transmission line decreases as the load power factor increases

Figure 22: Phasor diagram after improving the power factor with a parallel capacitor

It can be noticed from figure (22) that | Vg | > | Vs |
Then, for the same | Vs |, receiving voltage can be higher.
Or For the same | Vk | , Sending voltage can be lower.

3. Series capacitor compensated circuit

The power transfer through a transmission line is given by the

following equation:

P:VSXVRxSin5
X

L

Where O is the angle between the sending end voltage Vg and the
receiving end voltage V. While X is the transmission line series
reactance.

If the transmission line is series compensated by a capacitor, the

power transfer equation will be as follows:
Ve xV,xSiné
B X, -X

L C

18
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Therefore, for a given phase angle difference between the voltages,
the power transfer is greater with a series capacitor.

<AV

Series+capacitor
TRANSMISSION LINE

4/\/\/\,_rww__|
R XL Xc

Vs L TVr
| 5
V =:::::: ______ __ ~—
S \~\\\\_ R2 VR3 z

Figure 23: Circuit diagram after adding a series capacitor

Figure 24: Phasor diagram after adding a series capacitor

19
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4. Effect of Parallel capacitor modified circuit

BTy
L ) A

Figure 25: Active & Reactive power flow without capacitor

S [ PERR g ]
P |

Figure 26: Active & Reacive power flow with a capacitor added

ol

s ey ""::"- LT
u i — e W)
:: "fr- T e
I " i B
Figure 27: Another presentation for the active and reactive power flow before and after addind a
power factor correction capacitor

20
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TRANSFORMER

TRANSFORMER

TRANSFORMER

MOTOR

MOTOR

By: Samir Zamzam

.
—_

CAPACITOR

CAPACITOR

Figure 28: Another motor can be added to the same transformer without overloading it , if the
reacive power is compensated locally

Power
supply

Power
supply

caspbi o«

Ao oot P '

RN [

Figure 29: Practical example for power factor correction

Ao povar Pt

o Reqiy poawe 0

oo phi =
Setras pUAw ©F '-' N e poveer BT
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Swincs O ' Zwengs 4
4
.l
(=3
Fg.
Capacitor E :
For driving  [gut
reactive .
4
power —

-

Figure 30: Saving in the supply and transformer in case of reacive power compensation locally
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Figure 31: Voltage, Current & Power in case of unity power factor load

A

P )
v — P
|

Y

Figure 32: Voltage, Current & Power for pure inductive load

i

Figure 33: Voltage, Current & Power for load of 0.707 power factor (load angle 45°)

22
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|| 4 <'g|_
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¥ ¥

Utility supplies capacitor supplies
reactive power (Q) reactive power (Q)

R4Q

P2Q

—— " capacitor

Figure 34: Active and Reactive power flow before and after capacitor adding

[———————— =
UTILITY SUPPLIES ACTIVE & REACTIVE | | UTILITY SUPPLIES ONLY ACTIVE POWER.
POWER. f‘\J f\_/ | GREATLY REDUCED KVA & KVAR
PAYMENT FOR HIGHER CONSUMED KVA | DEMAND.
& KVAR DEMAND. | POWER FACTOR PENALTY REDUCED OR
POWER FACTOR PENALTY IS PAYED. | ELIMINATED.
e 1
e e E
TRANSF | THE LoAD BECAME 1042 KA.
| 1200 KVA | © (TRANSFORMER NOT OVERLOADED)
TRANSFORMER OVERLOADED DUE | 480V 13% TRANSFORMER CAPACITY
TO 1333 KVA. | AVAILABLE.
R
r- 1T — — — — 717 — — =
SWITCHGEAR, CIRCUIT BREAKERS | SVITCHOEAR, CIRCUIT BREAKERS
AND FEEDERS HANDLE A 1333 KVA 1042 KVA AND FEEDERS HANDLE A CURRENT
CURRENT OF 1604 A | N soen [] of [] 1253A | orizssa
- " PF=0.96 |-  LINE LOSSES IS REDUCED DUE TO
LINE LOSSES IS PROPORTIONAL TO | PF=0.75 N 1 LOWER CURRENT MAGNITUDE

SQUARE OF CURRENT( I’R)

I ]

Capacitor
———— 590 KVAR

| 1333 KVA
1604 A
RO
1333 KVA
1604 A
RO

POWER FACTOR AND CURRENT
MAGNITUDE REMAIN UNCHANGED

Figure 35: Numerical example for the capacitor adding effect on the network
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Calculation of the Required Reactive Power
Compensation

Active power (P), W

-

Qc =O7-02

HVA  (¢D) Jemod
OAlloeal pPoldallo)d

Q; = Ptan @,

-

«—— YVYA ‘ (‘D) Jamod aAnoeal paosliooun —

Q> = Ptan @,
PF; =cos @,
PF,=cos @,

Qc =Ptan ®;-Ptan @,

HVA  (PD) Jemod
9OAIlloBeal e/\moedeo

Qc =P (tan @, -tan @)

Qc =P /[tan (cos ™' PF,)-tan (cos™ PF;)]

Figure 36: Calculation principle of the reactive power compensation

Thus, for a certain load (P&Q);), if it is required to improve the
power factor from the original uncorrected PF; to the desired PF,,

a reactive power Q¢ should be installed according to the equation:
Oc = P [tan (cos”” PF;) - tan (cos”’ PF,)]=K x P

Where K is a constant = fan (005'7 PF;) - tan (005'7 PF;)

The next table is filled up from this equation and it is used always
in the reactive power compensation calculations everywhere.

24
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For example:
1. For aload of 0.65 power factor, a reactive power of 0.685 of
its active power is requires to improve the power factor to be
0.90 as it is indicated on the table below.

2. For a 100 MW load and power factor 0.77, 0.5 of the 100
MW (50 MVAR) is required to improve the power factor to
0.95 as given by the tables below.
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Table 4: Power factor corretion table usage
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Table 5 : Calculation of the reactive power required for improving the power factor.
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To calculate the required capacitive MVAR for improving the power factor of certain
load from old value Cos @; to new value Cos @, follow the next steps:

1. Determine the existing active power P in KW or MW and the existing power
factor.

2. On the above table start from the most left column with the existing power factor
and move horizontally up to the column corresponding to the desired power
factor.

3. The value picked from this location is the factor (multiplier) which should be
multiplied into the existing active power to obtain the required reactive power Q
in KVAR or MVAR.
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The following graph can be used also to determine the factor (multiplier) which
should be multiplied into the existing active power to obtain the required reactive
power Q in KVAR or MVAR.
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Figure 37: The capacitive power needed to improve the power factor from certain value Cos @; to a
better one Cos @,
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Optimal Capacitor bank location

|

y

A
A

Figure 38: Reactive power flow without capacitors

Figure 39: Reactive power flow with an upsteam capacitor installed
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LAy

Figure 40: Reactive power flow with a down stream capacitor installed

Fioure Equipment
& Capacitor Location that reactive power is passing Remarks
Number
through
39 Upstream Bus Bar From upstream bus bar up to load Preferability 2
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Automatic capacitor control system (ACCS)

Automatic capacitor control system (ACCS) operational logic

GT1 GT2 GT3
GT1 GT2 GT3
INCOMER INCOMER INCOMER
SECA —  SECB — SECC
L L
B/S A-B B/S B-C

CAP A

Figure 41: 13.8 KV substation operational single line diagram
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CASE 1: all three incomers are ON & both bus sectionalizers

are OFF:

Capacitor A circuit breaker shall be switched ON if the reactive
power demand of GT1 exceeds 9 MV AR for a time more than 5

minutes.

Capacitor A circuit breaker shall be switched OFF if the reactive
power demand of GT1 comes below 1 MVAR for a time more than

5 minutes.

Similarly, capacitors B & C shall follow the same sequence &
settings as capacitor A.

e

o

GT1 GT2 GT3
INCOMER INCOMER INCOMER
SECA o SECB o SECC
|| ||
B/S A-B B/S B-C

[ ] Qc1 [ ]Qc2 [ ]Qcs

OTHER OTHER OTHER

LOADS LOADS LOADS
—— CAPA —_— CAPB — CAPC
T T T

Figure 42: Case 1 operational single line diagram
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CASE 2: all three incomers are ON, bus sectionalizer A-B is
OFF & the bus sectionalizer B-C is ON:

Capacitor A circuit breaker shall be switched ON if the reactive
power demand of GT1 exceeds 9 MVAR for a time more than 5
minutes.

Capacitor A circuit breaker shall be switched OFF if the reactive
power demand of GT1 comes below 1 MVAR for a time more than
5 minutes.

Capacitor B circuit breaker shall be switched ON if the total
reactive power demand of GT2 +GT3 exceeds 10 MVAR for a
time more than 5 minutes.

Capacitor B circuit breaker shall be switched OFF if the total
reactive power demand of GT2+GT3 comes below 2 MVAR for a
time more than 5 minutes.

Capacitor C circuit breaker shall be switched ON if the total
reactive power demand of GT2 +GT3 exceeds 11 MVAR for a
time more than 10 minutes.

Capacitor C circuit breaker shall be switched OFF if the total
reactive power demand of GT2+GT3 comes below 3 MV AR for a
time more than 5 minutes.

@ GT1 @ GT2 @ GT3

GT1 GT2 GT3
INCOMER INCOMER INCOMER
SECA SEC B SECC
[ ] []
B/S A-B B/S B-C

[ ] Qc1 [ ] Qc2 [ ] Qcs

OTHER OTHER OTHER

LOADS LOADS LOADS
j— —_— CAPB —_— CAPC
I CAP A T T

Figure 43: Case 2 operational single line diagram
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CASE 3: all three incomers are ON, bus sectionalizer A-B is
ON & the bus sectionalizer B-C is OFF:

Capacitor C circuit breaker shall be switched ON if the reactive
power demand of GT3 exceeds 9 MV AR for a time more than 5
minutes.

Capacitor C circuit breaker shall be switched OFF if the reactive
power demand of GT3 comes below 1 MVAR for a time more than
5 minutes.

Capacitor A circuit breaker shall be switched ON if the total
reactive power demand of GT1 +GT2 exceeds 10 MV AR for a
time more than 5 minutes.

Capacitor A circuit breaker shall be switched OFF if the total
reactive power demand of GT1+GT2 comes below 2 MVAR for a
time more than 5 minutes.

Capacitor B circuit breaker shall be switched ON if the total
reactive power demand of GT1 +GT2 exceeds 11 MVAR for a
time more than 10 minutes.

Capacitor B circuit breaker shall be switched OFF if the total
reactive power demand of GT1+GT2 comes below 3 MVAR for a
time more than 5 minutes.

@ GT1 @ GT2 @ GT3

GT1 GT2 GT3
INCOMER INCOMER INCOMER
SECA . SECB = SECC
||
B/S A-B B/S B-C

[ ] Qc1 [ ] Qc2 [ ]Qc3

OTHER OTHER OTHER

LOADS LOADS LOADS
_ —_— CAPB —_— CAPC
T CAP A T T

Figure 44: Case 3 operational single line diagram
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CASE 4: two incomers only are ON& both bus sectionalizers
are ON:

The capacitor C.B. of the incomer which is in OFF position shall
not come into service until its incomer becomes ON.

The other two capacitors C.B.s shall come into service according
to the sequence ABC in the following conditions:

Capacitor A circuit breaker shall be switched ON if the total
reactive power demand of GT1 +GT2 exceeds 10 MVAR for a
time more than 5 minutes.

Capacitor A circuit breaker shall be switched OFF if the total
reactive power demand of GT1+GT2 comes below 2 MVAR for a
time more than 5 minutes.

Capacitor B circuit breaker shall be switched ON if the total
reactive power demand of GT1 +GT2 exceeds 11 MVAR for a
time more than 10 minutes.

Capacitor B circuit breaker shall be switched OFF if the total
reactive power demand of GT1+GT2 comes below 3 MVAR for a
time more than 5 minutes.

Similarly, the other two conditions shall follow the same sequence
& settings.

GT1 GT2 GT3
GT1 GT2 GT3
INCOMER INCOMER INCOMER
SEC A . SECB . SECC
B/S A-B B/S B-C
[ ] Qc1 [ ]Qc2 [ ]Qcs
OTHER OTHER OTHER
LOADS LOADS LOADS
1 —— CAPB —— CAPC
T CAP A T T

Figure 45: Case 4 operational single line diagram with GT3 in hot standby mode
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@ GT1 @ GT2 @ GT3

GT1 [ GT2 GT3
INCOMER INCOMER INCOMER
SEC A . SECB . SECC
B/S A-B B/S B-C
[ ]Qct [ ]Qc2 [ ]aQcs
OTHER OTHER OTHER
LOADS LOADS LOADS
— —__ CAPB —_— CAPC
I CAP A T T

Figure 46: Case 4 operational single line diagram with GT2 in hot standby mode

GT1 GT2 GT3
GT1 GT2 GT3
INCOMER INCOMER INCOMER
SECA . SECB . SECC
B/S A-B B/S B-C
[ ] Qct [ ]Qc2 [ ]Qcs3
OTHER OTHER OTHER
LOADS LOADS LOADS
— —__ CAPB __— CAPC
T CAP A T

Figure 47: Case 4 operational single line diagram with GT1 in hot standby mode
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Case 5: over voltage condition:

The circuit breaker of a certain capacitor shall be switched OFF
(regardless of the load MV AR demand) if the respective bus bar
voltage becomes more than 14.6 KV(106% of Uy,.) for 120
seconds.

Case 6: under voltage condition:

The circuit breaker of a certain capacitor shall be switched ON
(regardless of the load MV AR demand) if the respective bus bar
voltage becomes less than 12.14 KV (88% of Uy, )for 5 seconds.
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Automatic capacitor control system (ACCS) inputs & outputs

Controller inputs

Analogue inputs
1. The incomers’ currents on the three phases.
2. The 13.8 KV bus bar voltages.

Digital inputs
1. The status of the incomers & bus sections circuit breakers.

Controller outputs
1. ON & OFF Commands to the capacitors circuit breakers.
2. Back indications to the HMI unit, to the mimic panel & to
ECC.
3. Readings to the HMI unit, to the mimic panel & to ECC.
4. Alarms to local control panel & to ECC.
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ACCS

GT1 GT2 @ GT3
GT1 GT2 GT3
INCOMER INCOMER INCOMER

SECA T I_I SECB T o T SECC
=1 =
B/S A-B B/S B-C
L] act [] ac2 []acs
OTHER OTHER OTHER
LOADS LOADS LOADS
CAP A —__ CAPB — CAPC

s
Figure 48: ACCS analogue inputs

ACCS
| | |
| | |
| GT1 | | G2 | | GT3
| o o
| o o
| GT1 | | GT2 | | GT3
— INCOMER | — INCOMER | — INCOMER
SEC A % lLl SECB % |L| % SECC
[SS [SS
B/S A-B B/S B-C
L[] Qct [ ] ac2 [] acs
OTHER OTHER OTHER
LOADS LOADS LOADS
_I: CAP A I CAPB T ©APC

Figure 49: ACCS digital inputs
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GT1 GT2 GT3
GT1 GT2 GT3
INCOMER INCOMER INCOMER
e Jo Jo
SECA T o SECB T L T SECC
| ||
B/S A-B B/S B-C
—{] QcC1 —»[ ] QC2 —»] ] QC3
| OTHER OTHER OTHER
| LOADS | LOADS LOADS |
| == capa | == carB | = capc
T
| = | = | =
| |
ACCS
Figure 50: ACCS digital outputs
PMK . — o (e 7o GO
Close i[ ACCS READY TO || On C.B. CLOSE COMMAND
SCADA o ‘ CLOSE Pl Test
+VE |~ _Open | ! ol ° °
L %‘ | } I
LOCAL ! i
Close I Il
MANUAL ! Ll off
Open [[ACCSREADYTO |1 ' “5p C.B. OPEN COMMAND
| OPEN | Test
1: Incomer’s Currents AUTO ‘L !
2: 13.8 KV Bus voltages B A A A h
3: Capacitor E/SW OFF el

4: 86 C1 & 86C2 lock out relays reset
5: Capacitor C.B.’s are Service & Remote

6: Incomers, BIS’s & Capacitors C.B.’s ON or OFF
Figure 51: ACCS control circuit of ABB capacitor project
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Capacitor bank protection

1. Over current & earth fault (50/51/51N)

The over current element shall be peak detectors including the
harmonics but supervised by the positive sequence directional
sensor. The purpose of the directional feature is to keep the
capacitor supplying the MV AR to the network while clearing
the faults on any of the adjacent feeders.

Over current (51) settings = 135% of the rated capacitor current
with short time inverse (STI) characteristics TMS=0.28.
(Tripping time =0.5 seconds @ 2 times the current settings)
The earth fault element shall be peak detectors supervised by
directional ground. The purpose of the directional feature is to
keep the capacitor supplying the MV AR to the network while
clearing the faults on any of the adjacent feeders.

Earth fault (51N) settings = 40% of the rated capacitor current
with short time inverse (STI) characteristics TMS=0.28.

(Tripping time =0.5 seconds @ 2 times the current settings)
0.05

(STI) equation is: : = ms x —

1 -1
Where t is the tripping time, TMS is the time multiplier setting
& I= Iiy/1 setting
The high set instantaneous (50) settings = 3 to 4 times (or
lower) of the rated current with time delay of 100 milliseconds.

Figure 53: Over current relays connection for the capacitor bank
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2. Thermal overload (49)

120% of the rated capacitor current will be considered as over
load & tripping time = 10 seconds.

3. Neutral unbalance (46UB)

With all capacitor elements fuses intact (no fault), no current
flows between the two star points. Current will be detected by
the neutral CT in case of any loss of capacitance in any section
(one capacitor open or short circuited).

The relay is able to detect (identify) the short circuiting of one
percent of the capacitor bank.

Alarm stage: 1.49 Amperes & time = 1 second.

Trip stage: 2.32 Amperes & time = 0.5 seconds.

3-CAPACITOR GROUP 2-CAPACITOR GROUP
COMBINATION COMBINATION

R phase - - = - - - - - =
| | 4
| 1 | | |
| | | |
| | NEUTRAL CT | |
| | | |
| | | |
| | |7F K|

Y phase ®

B phase ®

Y
CURRENT UNBALANCE
DETECTION RELAY

Figure 54: Neutral unbalance detection relay connections
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4. Directional negative sequence(46 —VE)
The directional negative sequence sensor is applied to detect
(identify) only the inter phase faults within the capacitor bank
while it shall block upon the fault condition on the parallel
feeders.

5. Over voltage (59)
The voltage is sensed as a fundamental frequency signal.
Alarm stage: 112% Uy, & time = 120 seconds.
Trip stage: 115% Uy, & time = 5 seconds.

6. Under voltage (27)
The voltage is sensed as a fundamental frequency signal.
Alarm stage: 90% Uy, & time = 5 seconds.
Trip stage: 70% Uy, & time = 10 seconds.

7. Under current (37)
Tripping stage (for identifying the open circuit of the capacitor
string) at 50% of the rated current with time delay of 2 seconds.
This function will be blocked if the current comes below 20% of
the rated current for a time delay period of 2 seconds.

8. Fuse failure (98)
The settings are applied to confirm the fuse failure conditions as
a function of both zero sequence current & voltage with certain
magnitudes and angles.
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Figure 49: Neutral current / voltage unbalance detection principles

3-CAPACITOR GROUP

2-CAPACITOR GROUP
COMBINATION

COMBINATION
R phase . — . [
1 | 1
| imm | |
Y |
|
| | TIELTR&VH
| | |
'AI : : |
yE RSP
______ g R
Y phase ®
B phase

y

VOLTAGE UNBALANCE
DETECTION RELAY

Figure 50: Connection of the Voltage unbalance detection relay to the neutral point of the capacitors
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CIRCUIT HARMONICS FILTER
R B BREAKER 3 PHASES CT REACTORS 3-CAPACITOR GROUP 2-CAPACITOR GROUP
r— = Tivder __ _COMBINATION__ __ _COMBINATION__ _
e | — 1 & |
o | | 0 |
| ‘ \ \
‘ | | ‘ \ \ | NEUTRALCT ‘ |
|
| | | | | |
b | | |
b R 7 0| UHE_ T N
\ } | ‘ ‘
\ | | ‘ ‘
\ | | ‘ ‘
\ | | ‘ ‘
\ | ‘
| / | i ‘ *
\ } | ‘ }
\ | | ‘ ‘
\ | ‘ ‘
o i
L 4
A
3 PHASES VT Y CURRENT UNBALANCE
F— == DETECTION RELAY
‘ T‘/ «  3PHASE 0/C&E/F PROTECTION
«  OVERLOAD
‘ A «  UNDERCURRENT PROTECTION
W «  UNPROTECTION
« OV PROTECTION
o | e FUSE FAILURE
‘ W/—V e -VEPH. SEQ. DIR. PROTECTION
At «  DIRECTIONAL O/C PROTECTION

Figure 51: Connections of the Multifunction relay and the current unbalance detection relay

CIRCUIT HARMONICS FILTER
BREAKER REACTORS 3-CAPACITOR GROUP 2-CAPACITOR GROUP
R B P = | 3‘ PHASES CT COMBINATION COMBINATION
— I
[ | [ ‘ ‘
\ | \ | ‘
\ | \ | ‘
\ | \ | ‘
\ | \ | ‘
\ | \ | ‘
\ \ |
|| |
| \
|| |
| \
|| |
| \
|| |
N |
\
A T
|| \ | |
|| \ | |
|| \ | |
DS SR
L N
A J
3 PHASES VT v VOLTAGE UNBALANCE
P DETECTION RELAY
‘ ﬁ/ «  3PHASE O/C & E/F PROTECTION
«  OVERLOAD
‘ A «  UNDERCURRENT PROTECTION
FF/ '—l—> e UNPROTECTION
« OV PROTECTION
oo | «  FUSE FAILURE
\ m/‘—> «  -VE PH. SEQ. DIR. PROTECTION
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Figure 52: Connection of the multifunction relay and the voltage unbalance detection relay
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SEC Specifications for capacitor protection & control

It is recommended to have two independent sets of protection for the
33 & 13.8 KV capacitors. Each set should be fed by:

1. Independent current transformer

2. Independent voltage signal form the voltage transformer

3. Independent DC supply.
The first set (called also group 1) has the following functions:

A e AR ol

. Directional O/C protection (67)
. Under current protection (37)

Negative phase sequence directional protection (46)
Non-directional over current protection (50/51).
Non-directional earth fault protection (5S1N)
Overload protection (260L)

Under voltage protection (27)

Over voltage protection (59)

Fuse failure protection (98)

The second set (called also group 2) has the following functions:
1.

0
1

Directional O/C protection (67)

. Under current protection (37)
. Negative phase sequence directional protection (46)
. Neutral unbalance current protection (46UB)

2
3
4
5. Non-directional over current protection (50/51).
6.
7
8
9
1
1

Non-directional earth fault protection (51N)

. Overload protection (260L)
. Under voltage protection (27)

Over voltage protection (59)
Breaker failure protection (S0BF)

: Fuse failure protection (98)

Each set is operating the following relays:
1. One trip relay (94) from the functions that have nothing to do

with the capacitor itself like U/V, O/V, O/L.

2. One lock out relay (86) from the functions that have some

real capacitor fault to initiate it.
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Capacitor Fusing

The consequences of capacitor failures due to dielectric faults
are limited with the help of different fusing technologies. There
are three methods of capacitor fusing. All technologies are good
and safe. The application, the voltage and the power rating will
decide the optimal one.

1. Internal fusing:
= Have one fuse on every element inside the capacitor unit.
= [t 1s current limiting fuse and will effectively disconnect the
element in the event of the failure. Thus, only a small part
of the total capacity is lost and the rest of the capacitor
remains in service which increases the capacitor
availability.
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Figure 59: Internal fusing for the capacitors
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2. External fusing:
= Have one fuse for the complete capacitor unit.
= [t is applicable for high voltage and low power rating cases.
* The fuse will also operate during external flashover.
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Figure 60: External fusing for the capacitor

3. Fuseless:
= Have no fuse at all for the complete capacitor unit.
= The capacitor bank is connected in strings of series units.
= In the event of a puncture, the group is still connected and
the resulting over voltage is divided among the remaining
healthy elements in the string.
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Figure 61: Fuseless capacitors
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Capacitor Unbalance Protection Schemes

The purpose of an unbalance protection is to trip a capacitor
bank in the event of its fuse operation. This will prevent
damaging over voltages across the remaining capacitor units in
the group where the operation occurs, thereby protecting against
the situation that can be immediately harmful to the capacitor
units or associated equipment. In case of fuse failure, the
voltages across the upper/ lower branches become two
thirds/one third of the full voltage respectively. It is very clear
that the voltage was one half of the full voltage before fuse
blowing. Such a voltage increase is unacceptable, it should be
detected and the unit must be isolated before significant damage
occurs.

T o BLOWN | p
]§ 0l é < FUSE — P 0l é N
w
= T . c _l_J— p— .
11 a Y
c c ¢B C_|_ _|_ c ¢w
HEALTHY FUSE CASE BLOWN FUSE CASE

Figure 62: Voltage distribution along the capacitor units for both healthy and blown fuse cases
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Scheme 1: Neutral Current Sensing Using a Current Transformer

R phase

Y phase /

B phase

] O\

NEUTRAL CURRENT
DETECTION RELAY

Figure 63: Scheme 1

The advantages of scheme 1 are:

1. The bank contains twice parallel units per series group
compared to the double wye bank for a given KVAR which
reduces the over voltage seen by the remaining units in a
group in the event of a fuse operation.

2. Less substation area compared to the double wye banks.

3. Relatively inexpensive.

The disadvantages of scheme 1 are:

1. Sensitive to system unbalance.

2. Sensitive to triple harmonics and it needs filter circuit.
3. It will not operate if there is similar failure in all the phases.
4. It is not possible to identify the failed-capacitor phase.
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Scheme 2: Summation of Intermediate Tap-Point Voltage in a
grounded Y capacitor bank

R phase

Y phase

B phase

| Voltage unbalance relay |

Figure 64: Scheme 2

The operation of this scheme depends on the fact that: any
unbalance in the capacitor units will cause unbalance in the
voltages at the tap points. The resultant voltage in the open delta
provides an indication of the unbalance. it is sensitive to system
unbalance.
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Scheme 3: unbalance detection in a grounded split-Y capacitor
bank using two current transformers.

e e

or K; o1

Y phaée NEUTRAL CURRENT
SENSING RELAY

B phase

Figure 65: Scheme 3

The advantages of scheme 3 are:
1. It is insensitive to any system unbalance.
2. Harmonic currents do not affect this scheme.
3. For very large banks with more than one series group the
amount of energy will decrease. This will lower the fuse
interruption duty and may reduce the fuses cost.

The disadvantages of scheme 3 are:

1. Splitting the Y into two sections leads to less parallel units
per series group, thereby increasing the over voltage on the
remaining units in the series group in case of fuse failure.

2. It needs more substation area and connections.

3. It will not operate if there is similar failure in all the phases.
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Scheme 4: Voltage Difference for a Grounded Y Capacitor Bank

R phase

Y phase

B _phase

1R
1Y
1B

Voltage
differential
relay

2Y
2B

N

Figure 66: Scheme 4

Two three-phase VT outputs are compared in a differential relay
Advantages of scheme 4:

1. The bank contains twice parallel units per series group
compared to the double wye bank for a given KVAR which
reduces the over voltage seen by the remaining units in a
group in the event of a fuse operation.

2. Less substation area is needed.

3. Less sensitive to system unbalance.

4. It 1s sensitive to failure detection in the series capacitors.

Disadvantages of scheme 4:
1. The number of needed VT's are six (big number compared
to other schemes).
2. Extensive connections are also required.
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Scheme 5: Neutral Voltage Unbalance Protection for Ungrounded
Y-Connected Capacitor Bank Using a PT

R phase

- N

NEUTRAL VOLTAGE
UNBALANCE RELAY

B phase

Figure 67: Scheme 5

The used relay is a time-delayed voltage relay with third
harmonic filter connected across the secondary of the VT.
Advantages of scheme 5:

1. The bank contains twice parallel units per series group
compared to the double wye bank for a given KVAR
which reduces the over voltage seen by the remaining
units in a group in the event of a fuse operation.

2. Less substation area is needed.

3. Less sensitive to system unbalance.
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Scheme 6: Neutral Voltage Unbalance Protection for Ungrounded
Y-Connected Capacitor Bank Using a capacitor voltage divider

R phase

NG

—_

NEUTRAL VOLTAGE
UNBALANCE RELAY

B phase

Figure 68: Scheme 6

The used relay is a conventional inverse time voltage relay
connected across the grounding Y-capacitor. The grounding
capacitor is a low voltage unit (2400 volts or less) sized to
provide the desired unbalance voltage to the relay. This scheme
has the same advantages of scheme 5.
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Scheme 7: Neutral Voltage Unbalance Protection for Ungrounded
Y-Connected Capacitor Bank Using three PT's

R phase

VT

Capacitor
|
|

/o)
%t

«of
S
OQQ?)
Y phase VT

B phase

[
Voltage unbalance relay
Figure 69: Scheme 7

This scheme has the same advantages of scheme 5.
The disadvantages of this scheme are:

e [t is sensitive to third harmonic.

e [tis expensive.
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Scheme 8: Neutral Voltage Unbalance Protection for Ungrounded
split Y-Connected Capacitor Bank Using neutral CT

R phase
= = C
C
CT
Y phase
B phase
NEUTRAL CURRENT

SENSING RELAY

Figure 70: Scheme 8

The advantages of scheme 8 are:
1. It is not sensitive to system unbalances.
2. It 1s sensitive to capacitor units failures.
3. It is not affected by harmonics.

The disadvantages of scheme 8 are:
1. The increase in the overvoltage per unit is high because there
is fewer parallel units per series group.
2. It needs more substation area compared to the Y-connected
capacitor banks.
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Scheme 9: Neutral Voltage Unbalance Protection for Ungrounded
split Y-Connected Capacitor Bank Using a PT

R phase
= = C
C
\AANS
c ~ VT
/C\ /\ /C\ C

Y phase
B phase

VOLTAGE UNBALANCE
SENSING RELAY

Figure 71: Scheme 9
It is stmilar to scheme 8.

Scheme 10: Neutral Voltage Unbalance Protection for Ungrounded
split Y-Connected Capacitor Bank Using neutral PT

R phase
= = C
C
VT
Y phase
B phase

VOLTAGE UNBALANCE
SENSING RELAY

Figure 72: Scheme 10

It is similar to schemes 8 & 9.
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Case study: capacitor wrong tripping analysis

451-2 — CAPACITOR BANK PROTECTION APPLICATION
TRIP ANALYSIS (POST FAULT)
Prepared by: Rajkumar, SEL, Bahrain, dated25052009

Date of trip incident: 23/05/2009
Substation: 8119, Riyadh, Saudi Arabia

Background:

The 451-2 has been employed as Group-1 protection with 51, 51G, 67Q (definite time,
directional), 37, 27, 59, and 51-OL (Overload) protection functions for 13.8Kv capacitor
bank along with REC670 as duplicated Group-2 (with additional 46N- neutral current
unbalance) protection.

The system data:

Capacitor bank: 7000KVAR, 13.8KV, YY ungrounded

451-2 CT input: Feeder CT 800/5A A, B, C

451-2 VT input: Bus/ Incomer VT: 13.8KV/1.732:120/1.732 V

In S/S 8119 13.8KV bus has three sections (A, B & C) and each section has one incomer
from 132KV/13.8KVtransformer (YNyn0d11, buried delta, 13.8KV neutral grounded
through NER=10ohms). Each section has number of outgoing radial cable feeders and
one of the outgoing feeders is feeding 7000KVAR, YY capacitor bank. During tripping
incidence, the three incomers were on and two bus sections (AB, BC) were off.

Trip Incidence:

Both Group -1 and Group-2 relays tripped with 67Q (definite time delayed directional
negative sequence over current) in capacitor that connected on Section C (H46 panel),
when another outgoing feeder (H38 panel), connected on same Section “c” bus had
fault. The faulted feeder’s fault current information not available as it is a static relay
and indication has been reset by operator with recording them.

Analysis:

The schematic connection diagram and on load test are showing the CT /VT polarity
connections the 451-2 relays are okay. The Event report has been down loaded from
relay and analyzed as below.
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Setting related to 67Q (directional 50Q):

50Q1P = 0.57A (312 threshold, 10% of full load bank current)

67Q1D = 25cyc (415ms)

Directional Element:

E32=Y

Z1Ang = 70deg, ZOANG= 70deg

Z2F=-0.1 ohm, Z2R= +0.1ohm, 50FP= 0.25A, 50RP=0.25A, a2 =0.1, K2 =0.2, ORDER=Q

Note: In fig.2, fist phasor diagram shows phase components, second phasor diagram
shows sequence components and the table shows all the quantities magnitude in
primary (A, KV) and angle referred to positive sequence voltage. Note that in fig.2
sequence components are referred to phase ‘A’.
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Note that in fig.3 sequence components are referred to phase ‘B’.
Note that in fig.4 sequence components are referred to phase ‘C’.
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Observation:

From the above Event report the following shall be noted.

1. Bus voltages VB, VC voltages (1.5KV, 0.5KV) are collapsed. There is zero sequence
voltage measured at bus, at the same time there is no zero sequence current in
the capacitor feeder (YY ungrounded bank).So the zero sequence voltage is due
to zero sequence current in the faulted feeder. From the observation the feeder
could had a fault B-C-G.

2. Phase B, C capacitor bank current is not contribution to fault current, they are
the return current of the capacitor load current on unfaulted phase ‘A’.

3. The measured z2 by the relay is following from fig.2.

V2 =3.1<9.4 KV (primary) = 26.95<9.4 V (secondary)
12 =113.8<99.6 A (primary) = 0.71<99.6 A (secondary)
Z1ANG setting = 70deg

Relay measured z2 = (V2/12)* cos (<V1 - <12 - <Z1ANG) ---------------—--- eq (A)
=(26.95/0.71)* cos (9.4 —99.6 — 70)
=~-35.66 ohms

The forward threshold calculated by the relay at given V2, 12,

22FTH = 0.75*22F — 0.25 *(V2/I2)

= 0.75* (-0.1) -0.25%(26.95/0.71)

=-0.9560hms

When z2 is less than Z2FTH =-0.9560hm, the relay declares forward fault.

68



Power Factor Correction Capacitors, Theory & Applications

By: Samir Zamzam

] .
1
o
iy B L LY st Ty LAirE | i
s R 1 I—lIJ
o — =z o e Y el — s bidd
— - I
— [ 10T ded & L el & bl [ i L
A .
-
1
=5 1 — RN R T
v 'F_'_j ——
]
i ey
I LiH e | I—_.-. T | -.-..| bl e e
— . |
I - E - ar ol Sn s o iy
-
| N Y
N A i- Is i
E = ] 15}
e H oo
L
i
|_.)-|-"—|'\:—:"' - :_:i a1 ol | it i ool
I—.-_:—-— wokr SR R T L
¥ = = [
| —
b 57
Lelimk
Ood PN Pl e, e el pw v ) i e e o e e ke

rt i a-bk
i MO TTY e
o TRE
AR HURT S TR
=] e bl
o

"l L R
TRTE W

Fa=di as = e o |

vl e Ll et apdwaw o

oW 0 A el g
7 hails =l i 7 iy
o b w ST S I N

'

Fla &

p e e i e,

g wnl e w e et ol Ry e

ool e iy

rimed whdu- ol =la;

L

Fig.5 shows the sequence network of 13.8KV with B-C-G fault on one of the outgoing
feeder and unfaulted capacitor bank feeder. The V1, V2 and VO are positive, negative
and zero seq voltages measured by the relay from the connected Incomer VT.

To understand the relay’s behavior, at first we should analyse the negative sequence
guantities available at various fault conditions. Let us focus on negative sequence

network at various fault conditions.
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In general, the negative sequence quantities are injected to negative sequence network from
the fault point. This quantity is available only during unbalance faults (P-P, P-G, and P-P-G).

1. PHASE FAULT (REVERSE):

In fig.6, we consider a phase to phase fault on adjacent feeder to capacitor bank feeder. There is
negative sequence current 12-1 flows on capacitor feeder (actually injected by faulted feeder, it
is part of 12-2), which is measured by 451-

2. At the same time the relay measured negative sequence voltage V2 related 12-1 is the voltage
drop across ZL2-1 and

Zload2-1.

So, V2 = 12-1 x (ZL2-1 + Zload2-1)

ZL2-1 is much smaller than Zload2-1. And Zload2-1 is capacitor reactance, which is —jXc ( note
that the —ve sign because of capacitive reactance).

As conclusion, when there is a reverse phase fault 451- 2 directional
element would see negative sequence impedance of capacitor bank in front
of it, which is equal to —jXc.

2. PHASE FAULT (FORWARD):

In fig.7, we consider a phase to phase fault on capacitor bank feeder. There is negative sequence
current 12-1 flows on capacitor feeder towards bus, which is measured by 451-2. Here the
negative sequence current injected from capacitor bank feeder, out of this current 12-1, small
part is flowing through adjacent unfaulted feeder (s), which is negligible compare to current
flowing through source impedance. At this time the relay measured negative sequence voltage
V2 related I12-1 is the voltage drop across ZS2 and ZT2.

So, V2 =-(12-1) x (ZS2 + ZT2) * note: -ve sign because of reverse current flow.

ZS2 and ZT2, all together, it is negative sequence source impedance behind the 13.8KV bus,
would be called as Z2source. This is an inductive reactance.
z2 measured by relay = V2/-(12-1) = - Z2source = - (jXLs) = -jXLs--------- eq2
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As conclusion, when there is a forward phase fault 451-2 directional
element would see negative value of negative sequence impedance of
source behind the bus, which is equal to —jXLs.

Note: The Phase-phase-ground also provide same quantities in addition to zero
sequence. So, there is no need of discussion on that.
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3. GROUND FAULT (REVERSE):

In fig.8, we consider a phase to ground fault on adjacent feeder to capacitor bank feeder. There
is negative sequence current 12-1 flows on capacitor feeder (actually injected by faulted feeder,
it is part of 12-2), which is measured by 451-

2. At the same time the relay measured negative sequence voltage V2 related 12-1 is the voltage
drop across ZL2-1 and

Zload2-1.

So, V2 =12-1 x (ZL2-1 + Zload2-1)

ZL2-1 is much smaller than Zload2-1. And Zload2-1 is capacitor reactance, which is —jXc ( note
that the —ve sign because of capacitive reactance).

z2 measured by relay = V2/12-1 = + Zload2-1 = + (-jXc) = -jX¢ --------—- eq3

As conclusion, when there is a reverse ground fault 451- 2 directional
element would see negative sequence impedance of capacitor bank in front
of it, which is equal to —jXc. This is similar to case1.
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4. GROUND FAULT (FORWARD):

In fig.9, we consider a phase to ground fault on capacitor bank feeder. There is negative
sequence current 12-1 flows on capacitor feeder outwards from bus, which is measured by
451-2. Here the negative sequence current injected from capacitor bank feeder, out of the
current flowing through source impedance, small part is flowing through adjacent unfaulted
feeder (s), which is negligible compare to current flowing through capacitor bank feeder 12-1. At
this time the relay measured negative sequence voltage -V2 related 12-1 is the voltage drop
across ZS2 and ZT2.

So, -V2 = 12-1 x (ZS2 + ZT2) > note: -ve sign of voltage is due to that the current flows from zero
bus through source impedance, but the voltage drop V2 is being measured across source
impedance by keeping zero bus is lower polarity.

ZS2 and ZT2, all together, it is negative sequence source impedance behind the 13.8KV bus,
would be called as Z2source. This is an inductive reactance.

z2 measured by relay = (-V2)/12-1 = - Z2source = - (jXLs) = -jXLs--------- eqd

As conclusion, when there is a forward phase fault 451- 2 directional
element would see negative value of negative sequence impedance of
source behind the bus, which is equal to —jXLs. This is similar to case2.
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Ground Forward fault
Now we put all above explanations into our system available data.

System details:

By considering 21KA maximum, 10KA minimum fault current at 13.8KV bus.
Minimum source impedance Z2source= 8000/21000 = 0.38 ohms @ 13.8KV
Maximum source impedance Z2source = 8000/10000 = 0.8 ohms @ 13.8KV

Capacitor details:

Rating: 7000KVAR, 13.8KV, 292A

CTR: 800/5A =160, VTR =13800/120V = 115
CTR/VTR = 160/115 =1.39
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Impedance calculation:

Source impedance in secondary value =0.8 x 1.39 = 1.1 ohms

Capacitor bank impedance Xc=V/Ic = 13800/1.732 x 292 = 27.28 ohms
Capacitor bank impedance in secondary value = 27.28 x 1.39 = 37.92 ohms
Impedance in complex form:

Source impedance = j1.1 ohms

Capacitor bank impedance =-j37.92 ohms

By considering Z1ANG setting in the relay is equal to 90 deg, Apply the same sequence
quantities available at the actual fault incidence in our case with Eq (A).

V2 =3.1<9.4 KV (primary) = 26.95<9.4 V (secondary)

12 =113.8<99.6 A (primary) = 0.71<99.6 A (secondary)

Z1ANG setting = 70deg

Relay measured z2 = (V2/12)* cos (<V1 - <12 - <Z1ANG) ------------------- eq (A)
=(26.95/0.71)* cos (9.4 — 99.6 — 90)

=~-37.96 ohms (which is not thing but capacitor bank impedance)

Conclusion:

Since the directional element is applied on Capacitor bank feeder, there is a real
challenge for the directional element to determine the fault direction. We should
understand that the angle between negative sequence voltage V2 and current |12 seen
by the relay would be same (<V2 -<I2 = around -90 deg) during reverse or

forward fault. But the type of fault could only be identified by negative sequence
impedance seen by the relay.
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With the present setting, and with available sequence quantities at relay during reverse
fault, the relay would see capacitor bank impedance projected to Z1IANG =70deg, as
negative value, which lesser than z2F =

-0.1ohm and declares forward fault (which actually negative sequence current of
capacitor load). So, The directional setting shall be recommended to change as below.
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SEL SOLUTION:

451-2 DIRECTIONAL ELEMENT REVISED SETTING:
Z1ANG=90deg

Negative sequence directional Reverse reach z2R = -10.0o0hms
Negative sequence directional Forward reach z2F = -10.50hms
The relay directional characteristic shown as below in fig.11
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Fig il
As per the negative sequence directional element characteristics, relay declares
FORWARD (Relay word bit 32QF) When measured z2 lesser than z2F setting
(-10.50hms). And the relay declares REVERSE (Relay word bit 32QR) when measured
z2 greater than Z2R setting (-10o0hms).
This is an important note that with this setting, relay declares FORWARD (Relay word
bit 32QF) during all the unbalanced faults on the system (adjacent feeders) and relay
declares REVERSE (Relay word bit 32QR) during all the unbalanced faults on the
capacitor feeder. So, we need employ a reverse looking negative sequence over current
to protect capacitor bank. We need to use 50Q3 instead of 50Q1 and 67Q3 instead of
67Q1.

In 451-2, when directional element is enabled, the directional output of Negative

sequence over current set as below.
67Q1 (associated non directional 50Q1) - Forward fixed (enabled by 32QF)
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67Q2 (associated non directional 50Q2) - Forward fixed (enabled by 32QF)

67Q3 (associated non directional 50Q3) ->Forward/ reverse by setting (enabled by
32QF/32QR)

67Q4 (associated non directional 50Q4) ->Forward/ reverse by setting (enabled by
32QF/32QR)

The relay’s directional neg seq o/c setting snapshots are below

Line Configuration
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Megative-Sequence Instantaneous Overcurrent
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All the relevant output contacts shall be programmed for 67Q3T, instead of 67Q1T.
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Case by Case directional element setting:
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