Page - 1 F'n

Double Subscript Notation

AC voltages are written using double subscript notation and as complex
numbers in polar form. |

Voltage Exs = voltage at point A with reference to point B.
Voltage Esax = voltage at point B with reference to paint A.

The second mentioned letter is always the rafersnce point,

! Eam = 200/0° volts
Frample Esa = 200/2180"' voltas {oppnaita_tu Eas )
A machine with a aingle rotating ceil in a magnetic field generates one

cyele of sinuscidal emf for each revolution of the ecoil. This is called
a gingle phase emf, o

If three coils are spaced equally, 120° apart, mround the machine, then
the generated emfs in each coil will pass zerc and reach peaka at
different times. The three emfs Fgenerated are three single phase amfs.

‘Refer to F10 1 which shows thres coils displaced hy 120°' from each

other, rotating between two magnetic poles, and the electrical
connections to the ceils through sliprings and brusheas,

I..l::::'

(1] Three-phese gentriLion (B} Qurpul connee tians af generapor

The coils are labelled A, B and ¢, and the emfs will reach peaks in the
order A, B, ¢, if the coll syatem i= rotated anticlockwise,

The coils are electrically saparate and the emfs measured across the
ends of each coil are identified A8 @as, e and ece, in accordance.
with double syhseript aobation,

The three separate generotays winding Valtages, are aqual in wquirudk_
bt displaced €rom zach other in phase, by t1zo9
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FIG 2 below shows the waveforms of the threse .separate phase voltages
sach coil, =aa., ®Bp and eco.
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Fig 2

The thres voltages can be expressed in aither time domain or complex
form.

eas = Bupzsinwh = EfQ° volts
ezb = Emaxsin(wt-120") = BE/-120" volta

ece = Ewaxsin{wt-240") = Ef#120° volt#
— or Exaxsin{wt+120°})

Refer to FIG 3 which shows the phase ralationships of $120° and the
segquence A, B and C of the three emfs on a phasor diagram
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Thr ha Not

The three phase windings in a generator can be labelled in any way,
hewever, standard identification has been adopted,

Phases in a three phase supply system can be identified as:

a) A, B, C or

b) 1, 2, 3 or

a) Fed, Yellow, Blue (R, ¥, B) old system or

d) Red, White, Blue (R, W, B) new international standard.

The use of colours ta identify equipment and wiring is an industrial
standard.

R-W-B is the more recent standard adopted, however, R-Y-B labellwd
agquipment is still gquite commen in industrial installations,

Ehase Sequence (Phase Rotation)

Fhase sequence or phase rotation is defined as the order in which the
phase voltages reach their peak values.

If the coils on the machine in FIG 1 are rotated anticlockwise, the
phase rotation is in the order A-B-Q.
This is called ™ . i

If the coils on the machine in FIG 1 are rotated clockwise, the phase
rotation is in the order A-c-B,
This is called "Megstive Phase Sequence"

Mmmmuml_m

The direction of rotation of a thres phase motor, will depend on the
phase ssquence of the supply voltage.

If the phase sequence ia Eeversed, then the machine will rotate in the
reversa direction.

Conpection of Three Phase Gegerators

The three windings of the machine could be kept electrically separate,
and supple separate single phase loads.

This would require six Separate wires to the ends of each of the three
windings, in which case the connections would be as shown in FIG 4,
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Three Phase Notation

The three phase windings in a generator can be labelled in any way,
howaver, standard identification has been adoptaed,

Phazes in a three phase Supply system can be identified as:

a) A, B, C or

b) 1. 2, 3 or

) Red, Yellow, Blue (R, ¥. B) old system or

d) Red, White, Blue (R, W, B) new internatiocnal standard.

The use of colours to identify equipment and wiring is an industrial
standard,

R-W-B is the more recent standard adopted, however, R-Y-B labelled
equipment is still quite common in industrial installations,

Ehage Sequence (Phase Rotation)

Fhase sequence or phase rotation is defined as the order in which the
phase voltages reach their peak values.

If the coils on the machine in FIG 1 are rotated anticloockwise, the
phase rotation is in the order A-B-0.
This is called " .

If the colls on the machine in FIg 1 are rotated cleckwise, the Phaase
rotation is in the order A-c-B,
This is called "Negmtive Phase Hequence"

mmuﬂmm_m,_mm

The directien of rotation of a three phase motor, will depend on the
phase sequence of the supply voltage.

If the phase sequence ia Eeversed, then the machine will rotate in the
Eeverse direction,

Conpection of Three Phase Gegerators

The three windings of the machine could be kept electrically separate,
and supple saparate single phase loads.

This would require six Separate wires to the ends of sach of the three
windings, in which case the connections would be as shown in PIG 4,
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Yolta in a Balane Conne Generator
L;g!;xﬂllailii[!Ljnp~nsiq} are measured between any two line terminals.
There are three line voltages in the circuit of FIig 5., Eam, Egc, Eza.

' (Eiine-aentrar)] are measured across any winding or
between any line terminal and the neutral terminal.

There are three phase voltages in the circuit of PIg 5., Eaw, Enx, Eox.

The three generator winding voltagea (phase voltages)}, are sgual in
magnitude (balanced) but displaced from each other in phase, hy +130°.

Each line voltage is the vector sum of two phase voltages se | — ges |

Refer to the phasor diagrams in FIG 6. which Qhéu'thrnn phasa ¥n1tugtn
and the vector addition of the phase voltages to give the three lins
voltages.

T
s

R B

{u) Relatlonship of phase vollges (b} Lins valiagu Ey it the phasor
diffarenae Liyy = Fpy
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Line Voltage Eas Ean + Emaz

Line Voltage Emc Esxw + Enmc

Line Voltage Eca = Eex + Ema

Motes: :5;ﬁ§§g;%qg§;}ﬁh e vector additions, orie of the phase voltage
must be reversed
Line voltages are all equal in magnitude,
Line voltages are [/ s the phase wl‘_npgf
by 307,

Line voltages Ilead phade voltages

From the circuit dimgram in FIO 5 it can be seen that the current
flowing in a line conductor is the same as the current flowing in a
phase winding.

Summagy :

In & atar connescted systam Eiiose = {2%Epnans
Titae = Iphane

Delta Connection of Gemerator Windinas

Refer to FIG 7 which shows three generator windings connected in delta
to provide a three wire supply.

The ends of the windings are connscted together from the gtart of one
winding to the finish of the next winding to form a
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Voltages ip a Halapced Delta Connacted Generator

Lige veltages (Elinea-1ine) are measured between any two line terminals,
There are three line voltages in the circuit of FIG 7., Epxn, Epe, Eca .

{Ebluuaﬂ are measured across any winding and are the asame
a3 the line voltages in the delta elircuit,

There are three phase voltages in the cireuit of FI1@ 7., Bz, Eac, Eca .

Refer te the phasor diagram in PIo 8. which shows the phase voltages and
line voltages in a delta aystem,
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From the circuit diagram in FIG 7 it can be seen that the current
flewing in a line conductor is vector sum of two currents flowing in the
Fhase windings.

Applying Rirchhoff's Current Law at each line terminal:

Line Current I = [ - Iz

Line Current Iz = In - Ix

Line Current Ig Iz - Iy
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Refer to the phaseor diagram in FIG 9. which shows the vector addition of
the phase currents to give the three line currents.

™1
To carry out these vector additions, one of the phase currents
must be reversed, )

Line currents are all equal in magnitude,

Line currsnts are the phase currents.
Line currents lag the phase currents by 30°.

Tn & delta connected system Eiinse ® Ephass
Iline = F3lpnnss

Comparison of Three Phase and Single Phagse Supplies
Power Supplied:

Power deliversd to a load from a single phase supply is in two
pulses par cycle of the supply voltage.

Power delivered to a load by a three phase supply, comes frgn
each phase in turn, which results in a smoother application
power to the load. (3 phase motors run smoother than 1 phase
motors and are physically smaller for the same power rating)

Vaoltages:
A three phasa supply allows flexibility of two different
voltage levels and a choice of 1, 2 or 3 phase supply.
Currents:
As power is supplied from three socurces, tha current necessary
to deliver the same power as a single phase supply, is less.
This means that the conductor size can be smaller.
Smaller current is an advantage for motor starting.
Hupber of Conductorsi

Three separate single phase supplies would require six
conductors joining the supply to the load.

A thres phase supply requires only three or four conducters of
smaller cross sectional area.
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CONNECTION OF BALANCED THREE PHASE LOADS

Three phasc supplies can be either three wire or four wire.
Three phase loads however, can be connecled to the supply in a number of ways.
Three phase loads can be cither Star or Delta conneeted, and may be either balanced or unbalanced,
A balanced three phase load is defined as having ggual impedances in all phases.
An unbalaneed thres phasc load is defined as having unequal impedances in all phases,
Wire § ed Star Ca :

Refer to FIG 1 which shows a star connected load connected to a four wire three phase supply.

FIG 1

Notes: The impedances in the three phases are equal in magnitude and angle.
Line current [ = Phase current lpu'z
All line currents are equal,
Phase voltage B, =E,_ /"3,
The connection of the neutral (fourth wire), ensures that all phase voltages are equal at the
load
Neutral cumrent is equal to the vector sum of the line currents,

|_ ]E'E'In'.i'..\_'l_ i Iﬁ' LR IH + J-{. ={} U-I:"Il' 4 balanced ]Oilvl.ﬂ ]

APHASEHALANCEDLOAD. doz wvall
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Lxample: A balanced three phase star connected load, consists of three 10002 resistors connectad via
a four wire balanced supply svstem, to an alternator, having a line-neutral voltage of 100V
trms,
Assume vollage E 4 05 reference quantity,
Calculate:
a) the ling voltages in polar form,
b the line currents in polar form,
c) the neutral current in polar form
Solution:
Refer to the circuit diagram in FIG 2.

a

Ebe - 173-7 /-G0°

E1G2
a) Since the supply is balanced,
:_: y= {)\ }Q':.JC
B = 10007 volis . 106 -I-_:SDQ‘
E = 100/-120%alts
i " loo @ Lo
| E . = 100/+120%volts
AllLincvoltaged 5  ¥IxE .« 4  ¥3x100 - 173.2V s,
E, . = 173.2430° volis
EH“ = 173.2/-90° volts
E{.* 173, 2/+150%val s
h) Line current IA = B, = 10w = 1/0°%amps rms
Z i 100407
Line current = E:m-z = 100K-120° = 15 12(Pamps rms
ZHH 100/0*

JPHASFRALANCETH DAL, dist uvall
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Papge 3 ol &
Line current B= Em - 100i=120° = 2E120%amps rms
Z TR

All line currents are equal in magnitude and displaced by 120°,
Ty,
1407 + 1{-120° + 1/+120°

(1 +j0) = (-0.5 - j0.866) + (-0.5 + j0.966)
0

Balapced Delta Conneeted Loads

Refer to FIG 3 which shows a balanced delta load connected to a three wire balanced supply.

€) Iﬁi’ijm

30|
3
g
W lg st
i 4 PR R :
FG3
o Notes: All phase currents are equal and symmetrical in phase,

All line currents are gqual and symmetrical in phase.
Line currents are equal to 33 times the phase currents,
The vector sum of the three line currents is zerg,

Phase cumrent I, = ﬂﬁ

Phase current i o = Em
zu{'
Phase current le = _Em
ey

IPHASCRAL ANCEDLOAD des uvall
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Line current = Lasla V3L
H = = I
Line current [, Im IBU 1'3‘!lp|.| ANE

Example:
supply of 400V ms line-line,
Using voltage E, | as reference, calculale:
u) all phase currents in polar form
b all line currents in polar form.
Draw the complete phasor diagram,
Solution:
Refer lo the circuit dingram in F1G 4,
1A A
A lﬂ;&/ A
w -_f J_J-Igg- \'-.
~ s
-J / )
w oL — - - ‘l;.ﬂ
- R
N = LC
0 -
EIG4
i) Phase current R R 400v00°
£, 3007
Phase current [nr: = y ] 1207
ZI:u:‘ Sy0e
Phase current lm. - Ry 4{1tg+ 1200
Z.. 50/0°
h) Line Current ]a = L= If:a
- 8/0° - B/ 207

Fie

A balanced delta load of R = 5000 per phase is connected across a three phase balanced

8407 amps rms

Ri-120° amps ms

84120° amps rms

IPHASEBALANCEDLOAD die wval?



Line Current IH

Line Current I‘.

fm_' The sum of the line currents is:

0, +1,+1)

F [.:r
Page 5 of §
(8 +0) - (4 +j6.9)
12 -j6.9
13.8/-307 umps rms

he-ls

8{-120° - 8/0°

(-4 - j6.9) - (8 + j)
12-j6.9

13.8/-150° amps mus

Iﬂ.;.ﬂ.- Iuc
BiE120° - 8/-1 200

(4 +16.9) - (-4 - j6.3)
D=j13.8

13.8/490° amps rms

(12-j6.9)+ (124 j6.9) + (0 +13.8)
0

GLH.-'

Notes: With a balanced load, we can calculate one line ¢urrent and then displace the other two by +120°
since they are equal and symmetrical,
The sum of the three line currents in o three wire system is always equal to zero, since there is no
path for unbalance current to flow,

Refer to FIG 5 which ls the complete phasor diagram,
RACH = G00(s e 1208 g8
Toang /e

i
F'\,

Tobs 248°

Ia: 13+% f35°

——> \nd 4oov /°

IPHASERALAMCEDLOAD doc wenll
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Star Coonected Impedances
Three impedances are connected in the "Star" or "Wye" connection when they are connected as shown in
FIG 1.

A

-]

2,

- (s
. c
EIG 1

This connection is used in three phase circuits where the three phase supply is available either as a three

or four wire system,

Impedances may also be connected in this configuration in either DC or single phase AC circuits that may

need to be simplified and solved,
Delta Connected Impedances
Three impedances are connected in the "Delta" connection when they are connected as shown in FIG 2,
A
faic) '
8 Zor c
FIG2

This connection is used in three phase circuits where the three phase supply is available as a three wire
systetm,

Impedances may also be connected in this configuration in either DC or single phase AC circuits that may
need to be simplified and solved,
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Delta-Star Transformation

A delta connected set of impedances can be replaced by an equivalent star connected set of impedances
that will appear to be the same impedance between each two line terminals.

Refer to FIG 3 which shows a star connected set of impedances 75, 2y and Z-, and also a delta
connected set of impedances Zy g, Zge and Z 4.

> ¢ ; B 2y b o

FIG 3

For the two sets of impedances to be equivalent, the total impedance between any two line terminals must
be the same. "%

Impedance between line terminals A and B is:

In star connection:  Z, g - Zy+Ip
In delta connection: ZA—B - Z.AH i {ZBC + ZCJ\}
= Zapllpctloal = product
Z AR T 'ZBC T ZC A sum
= Zaplre A WJ}Y -
Za*Zpc o
Equate the star and delta impedances:
ZA + .ZB = ZABZBE_ZBCZCAI Equﬂﬁﬂ'ﬂ. 1.
tZoa
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CONNECTION OF BALANCED THREE PHASE LOADS

Three phasc supplies can be either three wire or four wire.
Three phase loads however, can be connecled to the supply in a number of ways.
Three phase loads can be cither Star or Delta conneeted, and may be either balanced or unbalanced,
A balanced three phase load is defined as having ggual impedances in all phases.
An unbalaneed thres phasc load is defined as having unequal impedances in all phases,
Wire § ed Star Ca :

Refer to FIG 1 which shows a star connected load connected to a four wire three phase supply.

FIG 1

Notes: The impedances in the three phases are equal in magnitude and angle.
Line current [ = Phase current lpu'z
All line currents are equal,
Phase voltage B, =E,_ /"3,
The connection of the neutral (fourth wire), ensures that all phase voltages are equal at the
load
Neutral cumrent is equal to the vector sum of the line currents,

|_ ]E'E'In'.i'..\_'l_ i Iﬁ' LR IH + J-{. ={} U-I:"Il' 4 balanced ]Oilvl.ﬂ ]

APHASEHALANCEDLOAD. doz wvall
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Lxample: A balanced three phase star connected load, consists of three 10002 resistors connectad via
a four wire balanced supply svstem, to an alternator, having a line-neutral voltage of 100V
trms,
Assume vollage E 4 05 reference quantity,
Calculate:
a) the ling voltages in polar form,
b the line currents in polar form,
c) the neutral current in polar form
Solution:
Refer to the circuit diagram in FIG 2.

a

Ebe - 173-7 /-G0°

E1G2
a) Since the supply is balanced,
:_: y= {)\ }Q':.JC
B = 10007 volis . 106 -I-_:SDQ‘
E = 100/-120%alts
i " loo @ Lo
| E . = 100/+120%volts
AllLincvoltaged 5  ¥IxE .« 4  ¥3x100 - 173.2V s,
E, . = 173.2430° volis
EH“ = 173.2/-90° volts
E{.* 173, 2/+150%val s
h) Line current IA = B, = 10w = 1/0°%amps rms
Z i 100407
Line current = E:m-z = 100K-120° = 15 12(Pamps rms
ZHH 100/0*

JPHASFRALANCETH DAL, dist uvall
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Papge 3 ol &
Line current B= Em - 100i=120° = 2E120%amps rms
Z TR

All line currents are equal in magnitude and displaced by 120°,
Ty,
1407 + 1{-120° + 1/+120°

(1 +j0) = (-0.5 - j0.866) + (-0.5 + j0.966)
0

Balapced Delta Conneeted Loads

Refer to FIG 3 which shows a balanced delta load connected to a three wire balanced supply.

€) Iﬁi’ijm

30|
3
g
W lg st
i 4 PR R :
FG3
o Notes: All phase currents are equal and symmetrical in phase,

All line currents are gqual and symmetrical in phase.
Line currents are equal to 33 times the phase currents,
The vector sum of the three line currents is zerg,

Phase cumrent I, = ﬂﬁ

Phase current i o = Em
zu{'
Phase current le = _Em
ey

IPHASCRAL ANCEDLOAD des uvall
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Line current = Lasla V3L
H = = I
Line current [, Im IBU 1'3‘!lp|.| ANE

Example:
supply of 400V ms line-line,
Using voltage E, | as reference, calculale:
u) all phase currents in polar form
b all line currents in polar form.
Draw the complete phasor diagram,
Solution:
Refer lo the circuit dingram in F1G 4,
1A A
A lﬂ;&/ A
w -_f J_J-Igg- \'-.
~ s
-J / )
w oL — - - ‘l;.ﬂ
- R
N = LC
0 -
EIG4
i) Phase current R R 400v00°
£, 3007
Phase current [nr: = y ] 1207
ZI:u:‘ Sy0e
Phase current lm. - Ry 4{1tg+ 1200
Z.. 50/0°
h) Line Current ]a = L= If:a
- 8/0° - B/ 207

Fie

A balanced delta load of R = 5000 per phase is connected across a three phase balanced

8407 amps rms

Ri-120° amps ms

84120° amps rms

IPHASEBALANCEDLOAD die wval?
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Line Current I‘.

fm_' The sum of the line currents is:

0, +1,+1)

F [.:r
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(8 +0) - (4 +j6.9)
12 -j6.9
13.8/-307 umps rms

he-ls

8{-120° - 8/0°

(-4 - j6.9) - (8 + j)
12-j6.9

13.8/-150° amps mus

Iﬂ.;.ﬂ.- Iuc
BiE120° - 8/-1 200

(4 +16.9) - (-4 - j6.3)
D=j13.8

13.8/490° amps rms

(12-j6.9)+ (124 j6.9) + (0 +13.8)
0

GLH.-'

Notes: With a balanced load, we can calculate one line ¢urrent and then displace the other two by +120°
since they are equal and symmetrical,
The sum of the three line currents in o three wire system is always equal to zero, since there is no
path for unbalance current to flow,

Refer to FIG 5 which ls the complete phasor diagram,
RACH = G00(s e 1208 g8
Toang /e

i
F'\,

Tobs 248°

Ia: 13+% f35°

——> \nd 4oov /°

IPHASERALAMCEDLOAD doc wenll
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POWER AND ENERGY IN AC CIRCUITS

Diefattisg of B

Power is the rate of doing work, (Power = work/time)
The STunit of "real or true" power is the "WATT"

Revision of Real P in DC eircn
In a purely resistive de circuit, real power in watts, can be calculated by any of the following

expressions:
P=El P-I2R P=E2R

The power is called "real” power because the energy is consumed by the resistor and converted 1o
another form, such as light, heat or mechanical ener \ and cannot return to the source,

Remember, "real" power in watts can only be consumed by resistors or the resistive part of a circuit.
In de circuit transient analysis, using R-L or R-C circuits, it is revealed that some energy is consumed

by the resistor, and some cnergy is supplied from the source, to establish a magnetic field in an
inductor, or an glectric figld in a capacitor during the "charging" transient time,

This field energy is not consumed and lost, but is stored in the field until released by providing a
"discharge" path for current to flow.,

When the discharge current flows through a discharge resistor, during the "discharge" transient time,
the energy is then consumed by the resistor, converted to heat and lost,

The energy does not become "real” power in watts until consumed by a resistor or the resistive part
of a circuit,

Power in AC Circuits

When a sinusoidal voltage is applied to a cireuit, the current will also be sinusoidal.

There will be a phase relationship between current and voltage depending on the circuit components
(R, L, C or combinations of these),

Purely resistive circuit; E and I in phase

Purely capacitive circuit; I leads E by 90°
Purely induetive circuit; Tlags E by 90°

R-C circuit: [leads E by an angle between 0° and 50°
R-L circuit: 1 lags E by an angle between (0° and 90°
R-L-C circuit; [ may lead or lag E by an angle between 0° and 90°depending on

overall impedance,

Ao
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Summary:  The voltage and currene waveforms are in phase (purely resistive circuit).
The power waveform is twice the frequency of the Supply voltage, indicating thar

supply to the resistor but never back the other way.

The average value of power supplied to the resistor, is the average value of the power
waveform, and is equal to the constant component, !

Average Pover Pave * “Entaxivax = ErpsTras

e I

In a purely inductive ac circuit:

If € o Eminmt
then i = Ingaxcsin(ot - 90%) - ~Imcusm (lagging e by 90°)
then instantaneous power p - Epgaysinat x “Inpasccosat

P ] -EmImsfnmmoswt

Using the trigonometrical identity  2sinotcosat = sin2wt becomes:
sintcosot = Yisin2me

P i -Emrmx{%sin!m t)= -':'iEmeiﬁmt
Power is a double frequency sine wave with maximum value of %ELMJCIMAX'
FIG 2 shows the voltage, current and resulting power waveform for the purely induetive eireuit,

Veliage

atimais
Eerrel
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Summary:  The current waveform lags the voltage waveform by 907 {purely inductive circuit).
The power waveform 15 twice the frequency of the supply voltage, indicating that
there are two pulses of power for every cycle of the supply voltage.

The power waveform has equal positive and negative half cycles, indicating that
power flows from the supply to the inductor and then back the other way.

This energy between the source and the inductor, is used to produce the magnetic
field surrounding the inductor and when the field collapses, the energy is returned to
the source. :

The average value of "real” power supplied to the inductor, is the average value of
the power waveform, and is equal to zerg,

The pure inductor consumes no "real” power in watts since there is no resistive
component in the circuit.

The power that flows back and forth is called "reactive" power or "yolt-amperes
reactive” (YARS), sometimes called "inductive” or "lagging" VARS,

Power in a Purely Capacitive AC Circuit

In a purely capacitive ac circuit:

If e = Ep g4 ysinot
then i = Ingasgsin(ot + 90°) =Ty 1 4 wecoswt (leading e by 90°)

then instantaneous power 4 L] EM_AxﬂiﬂOJl x IMAKCBWl L Emlmsinmcmt
becomes: P - E’MAXIMAX( Yasin2owt) = Ewlmlinlmt
Power is a double frequency sine wave with maximum value of %iEpqawlyiax:

FIG 3 shows the voltage, current and resulting power waveform for the purely capacitive circuit,

—_— e
I | | |
[ [ |
Valtags t -

(=" N

power: g = v
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Summary:  The current waveform leads the voltage waveform by 209 (purely capacitive circuit).
The power waveform is twice the frequency of the supply voltage, indicating that
there are two pulses of power for every cycle of the supply voltage,

The power waveform has equal positive and negative half cycles, indicating that
power flows from the supply to the capacitor and then back the other way.

This energy between the source and the capacitor, is used to produce the electric field
in the capacitor and when the field collapses, the energy is returned to the source.
The average value of "rea]" Ppower supplied 1o the capacitor, is the average value of
the power waveform, and is zero, :
The pure capacitor consumes no "real” pawer in watts since there is no resistive
component in the circui,

The power that flows back and forth is called "regctive” power or "volt-

reactive” (VARS), sometimes called “capacitive” or "leading” VARS,

Inductive and Capacitive VARS

Only inductors and capacitors can generate or cansume IEaclive power in vars and do not consume
real pawer in watts.

When comparing the power waveforms in FIG 2 and FIG 3, it can be seen, that when the inductor
requires energy for its magnetic field, the capacitor is giving back it energy and when the capacitor
requires energy for its electric fi cld, the inductor is giving back its energy,

This means that the inductor satisfies the nceds of the capacitor and vice versa for their rengtive
power requirements, and so inductance tends to cancel the effect of capacitance and vige versa ina
circuit.

 This effect has already been noted in the study of series and parallel R-L-C circuits,

Power Ina Series R-I. AC Cireuit

In a series R-L ac circuit;

If (] - Emsimt
then i = hyaxsin(et - 89 (lagging e by 6°)

then instantaneous power P =ei= Emlmsimtsjn(m -8°)
using trig identity sinAsin = ¥(cos(A-B) - cos(A + B)
becomes; P = ‘/;Emlm[cue:e“ = cos{2at - §°)]
expanding brackets gives:
P = MEMaxinaxeos® - VEMga T4 xccoset - 69)
- EMIRMSW:B° - ERMsIRpgeos(2ot - 6°)
p = constant - double frequency cosine waye shifted by -g°
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FIG 4 shows the voltage, current and resul ling power waveform for the series ReL circuit,

e o s ol
| |
i LB

Current §

|
!
|
|

| -
AR T‘ B C_tﬂflll’

Pawer: p = v

Summary:  The current waveform lags the valtage waveform by 8° {inductive circuit).
The power waveform is twice the frequency of the supply voltage, indicating that
there are two pulses of power for every eycle of the supply voltage,
The power waveform has a larger positive than negative valus, indicating that more
power flows from the supply to the circuit than flows back to the supply.
This energy between the source and the circuit, is used to supply real power to the
resistor and reactive power to produce the magnetic field in the inductor, and when
the field collapses, the reactive power is returned to the source,
The average value of "real” power supplied to the R-L circuit, is the average value of
the power waveform,

Real Power in Watts = ERrmsrpggoose”

where 8° is the angle of lag between the supply voltage and the ¢ircuit current and is
also the impedance angle of the circuit.

The inductor consumes no "real” power in watts,

The negative part of the power waveform, represents the inductive VARS moving
back and forth between the source and the inductor.
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p in & Series R-C AC Cireui
In a series R-C ac circuit
If e = B g xsinot
then i = Ingaysinfot + %) (leading e by 8°)
then instantaneous power  p - ei = Emlmxs inetsin(mt + 8°)
using trig identity sinAsinB = Ya{cos(A-B) - cos(A + B)

becomes; P B VB g sInga x[00s8® - cos(2et + 8%]
expanding brackets gives:
p = YaEp g ¢ In g c0s0° - V'EMAXIMAXQO’(ZD“ + 8%
® Erms'Rimseos® - Epyslpigoosizat + 69)
P = constant - double frequency cosine wave shifted by +@°®

FIG 5 shows the voltage, current and resulting power waveform for the series R-C eireuit,

b2l

Valage v

Current | “\

Poweri g = iv
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Summary:  The current waveform leads the voltage waveform by 6° (capacitive circuit),
The power waveform is fwigs the frequency of the supply voltage, indicating that
there are two pulses of power for every cyele of the supply voltage,
The power waveform has a larger positive than negative value, indicating that mare
power flows from the supply to the circuit than flows back to the supply,
This energy between the source and the circuit, is used to supply real power to the
resistor and reactive power to produce the electric field in the capacitor, and when
the field collapses, the reactive power is returned to the source.
The average value of "real" power supplied to the R-C circuit, is the average value of
the power waveform.

Real Power in Watts = Epy, rolgyqgc0s8°
where 8° is the angle of lead between the supply voliage and the circuit current and is
also the impedance angle of the circuit.
The capacitor consumes no "real" power in watts.
The negative part of the power waveform, represents the capacitive VARS moving
back and forth between the source and the capacitor,
Apparent Power, Beal Power and Beactive Power in AC Circuits
Apparent Power (Symbol 5)

In a de eircuit, the product ExI is equal to real power in watts,

In an ac circuit, the product of By q g 19 called "APPARENT POWER" because the phase
. angle between E and I has not been considered, :

The units of "apparent” power are volt amperes (volts x amps) (VA),
Apparent power is an SI unit and can be written as VA, kVA or MVA, depending on the size, and is
used to measure the rating of electrical equipment such as transformers and generators where it is
likely that reactive loads will be connected.
Apparent power can also be calculated from the expressions;

8= IIR'MSE' voltamperes or  S=V2piieMvolt amperes
Real Power (Symbol P)

In an ac circuit, the power consumed by the resistance of the circuit, is called "REAL POWER" and
can be caleulated from the expression:

Real Power in Watts P = Ep ) yclpy sccos@

where 8° is the angle of lead or lag berween the supply voltage and the eireuit current and is also the
impedance angle of the circuit.

Real power can also be calculated from the expressions:
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P=rp R wats or P =E2; ) o/R watts
where Iparq is the current passing through the resistor and ERpgg is the voltage across the resistor
Real power is an 31 unit and can be written as uW, mW, kW, MW ete depending on the size.
In an ac circuit, the temporary ENETEY requirement of reactive elements such as inductors ar
capacitors is calied "REACTIVE POWER" and can be calculated from the expression:

Reactive Powsr in Vars Q= Ernslrpagsing

where 8° is the angle of lead or lag between the supply voltage and the circuit current and is also the
impedance angle of the circuit,

Reactive power can also be caleulated from the expressions;
Q=rpsX vars o Q=E?pyqg/Xvars

where Ipy g is the current passing through the reactance and ERpgg is the voltage across the
reactance and X can be cither +jXp or -jXc.

These is a convention to identify the types of reactive power,

Inductive (lagging) Vars are consumed by inductors (+ sign).

Capacitive (leading) Vars are generated by capacitors (- sign).

Reactive power is an S unit and can be written as kVar, Mvar etc depending on the size,

N

The Power Triangle shows the relationship between apparent, real and reactive power in an ac
eireuit,

FIG 6 shows the power triangles for capacitive and inductive eircuits,

Rl powes

Apparant power ) Rescrive power
5= ¥ Q = Vluind

Reactlve power
@ = Whing

Apparent gawer
§= T

Rnlgm:
P = Fleos §
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The angle 8° in the triangle, is the angle of lead or lag between the supply voltage and the circuit
current and is also the impedance angle of the circuit.
This means that the shape of the power triangle and the impedance triangle are the same.

The sides of the triangle represent the apparent power 8, the real power P, and the reactive power Q
in the ac circuit.

In a purely resistive circuit, 8 = 0° and so real power P = apparent power 3 and reactive power (3 is
ZEro.

In a purely inductive or purely capacitive cirsuit, 8 = 90° and so reactive power Q = apparent power
S and real power P i5 zero.

Power Factor
The ratio of real power/apparent power in an ac circuit is called "REOWER FACTOR".
Power Factor is the factor used to multiply the apparent power to obtain the real power,
Power Factor (pf) = real power/apparent power
= Epms’RMsos0ERmsTRMS
= casd
Note: Whenlt\?'ritins a value for power factor, it must be specified whether the cireuit is inductive or
capagitive.

This is done by adding the word "leading” for capacitive circuit, or "lagging" for inductive
circuit after the numerical value of power factor,

Examples A circuit consists of a 20 volt rms source connected to a series combination of a 6002
resistor and an inductor with a reactance of 80Q),

Calculate for the circuit:

a) the apparent power oy

b the true power o

¢) the reactive power 1

d) the power factor. l l\ ‘.}1 2

Z1oTAL =R + Xy, = 60 +j80 = 100/£53.1°0)

IR_MS'=ERMSJZTDTAL - 20/0% /100/+53.1° - 0.2/-53.1"amps
a) Apparent Power 3§ = EpmslrMs = 20x0.2= 4VA
b} True Power P = ERMSIRMSC‘EB = 20x0.2%c0s53.1°

=2.4Watts
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OR = ZpysR = 02260 - 2.4Wans
c) Reactive Fower Q= Emlmsinﬁ =l 20%0.2xsins3, 1°
- 3.2Varg
OR = pysXy, = (02%80 = 3.2Vars
d) Power Factor = cosd = cos53.1° = 0.6 ]agging([nductive)

lewlation of Power using Complex Nambers

Voltages and currents are written in complex form (rectangular or polar) to make caleulations easier.
Power can also be written in complex form because it is the product of a voltage and a current,
Apparent Power (S) = Real Power (P} j Reactive Power (Q) volt amperes

5 =P # jQ volt amperes

Note: Reactive power component can have either a positive or negative sign in front of "i" term,
depending on whether the reactive power (vars) are inductive or capacitive,

Convention: Inductive vars have a positive "|" term.
Complex power can be caleulated from the equation:

§= ER.MSIRMS‘ valt amperes
L] | n
where IRN‘S = canjugate of Ipy (s

F1=a+jb=[48% then 1" =a - jb = 167 {opposite sign for 'j")

Example:d  Inan AC cirewit, the supply voltage Epy re = 240/0° volts and the resulting current is
IRngs = 10(210° amps,
&éﬂ]&tc for the circuit:
a) apparent power S in polar form,
b) real power P in warts,
)} reactive power Q in vars (state whether inductive ar capacitive),
d) power factor (state whether leading or lagging).

The first observation that can be made from the given information, is that the eircuit
is inductive, since current lags the applied voltage (by 10°),
a) Complex Power ] - ERMSIRMS‘

= 240/0° x 10/+10° VA



i‘ 6 - 2400(+10°
= 2363+j416.7 VA
=} Real power in watts - P = 2363 watts
c) Reactive power in vars = Q - 416,7 vars (inductive)

d) Power Factor pf’ - cos@ = cos 10°= 0.98 (lagging)

An impedance of Z = 30 + j40 £2 is connected to a 250 volt rms supply.
Caleulate:

a) apparent power in VA

B) real power in WATTS

c) reactive power in VARS (state whether inductive or capacitive)
d) circuit power factor (state whether leading or lagging),

a) Total Circuit Impedance Z = 30 + j40 = 50/33,1° Q (inductive)

Now Current [ppgg = Epps/2

- 250005/50¢53.1°

- 5[-53.1° amps
Apparent Power § = P+jQ VA

= ErvsiRms

- 250/0° x 5/+53.1°
= 1250(+53.1° VA or (1.25kVA)
b) Apparent Power § = 1250/+53.1° VA
- 750 + 1000 VA
Sl 2
So Real Pawer=P = 750 watts or 0. 75kW
c) Reactive Power=() = 1000VARS or 1kVAR (inductive)

d) Power Factor pf = cos@ = cos53.1° - 0.6 lagging
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Example A valtage v = 1508in2000t s applied to a resistance of 16652 in series with 2 2uF
capacitor.
Calculate:

a) apparent power in VA

b) real power in WATTS

<) feactive power in VARS (state whether inductive or capacitive)
d) circuit power factor (state whether leading ar lagging),

el draw the power triangle.

First draw the gircujt diagram.

St .l'!:éﬂ_

Ve 1508 nlocck: J_ __J- Z’“ 1{

Vo€ = 1120000x106) - -j25002
Total Impedance ZTOTAL = R-jxc

Capacitive reactance Xo

= 166.j250
= 30056400

ERus = Epaxx0.707
= 150x0.707
= L06/0° volts

TRums " Ervs?rotaL
= 106/0%300/-56.4°
= 035m864° A

8)  ApparentPowerS =  p +jQ

- Emlm‘
= 1060°X0.35/F6.40 v
= 37450364° VA

= 07@p12Va
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b) Real Power P o 20.7 watts
c) Reactive Power Q= 31.2 Vars (capacitive)
d) Power Factor = cos® = cos56.47 i 0,55 leading

€) Power triangle

Example: A 50Vpygg voltage supplics a series circuit which consists of a 3€2 resistor, a 60
indueti: and a 202 capacitive

Calculate:

a) apparent power in VA

b) real power in WATTS

c) reactive power in VARS (state whether inductive or capacitive)
d) cireuit power factor (state whether leading or lagging).

Draw the circuit diagram,

Total Impedance ZTOTAL - R +j(xL -Xe)

= 3+j6-2)

= 3+j4

= sEQ
Total Current Ipmis = EpmMsZTOTAL

= 50/0%/54+531°
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a) Apparent Power 5 = ERMSIRMS'
= 30/0°%10/+53.1°
- 500/+33.1° va
= 300 + 400 VA

b) Real Power P = 300 watts

c) Reactive Power Q - 400 vars

d) Power Fagtor = cosfl = c0s53.1° - 0.6 lagging

Power in Parallel Circuits

Total power consumed by parallel circuits can be determined by calculating power in each branch
and then adding the power valyes together,

Example; A two branch parallel ¢ircuit is connected to a supply voltage of E = 20/60° 5
The impedance of branch 1 s Zy= 430°0 and impedance of branch 2 is
Z =5(80°0).
Determine;
a) power triangle for Zy
b) power triangle for
] total circuit power triangle
d) overall cireuit power factor.

Draw circuit diagram,
2)  Branch 1:
Curentl; = EiZ,
.= 20/60%/4/30° A
® 530° A
Apparent Power 8 - EMI]RMS‘

¥ 20060°x5(-30° VA
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= 100/30°
= 866+j50VA

Draw power triangle for branch 1.

b) }
Currently = EfZ,
- 20/60°/5/60° A
o 4[0° A
Apparent Power 8, - ERMSI2R1\{S.
- 20{60°x4/0° VA
- BOM60°
- 40 + j69.2 VA
Draw power triangle for branch 2.
c) Total Apparent Power Sp - 81 +8;
= (86.6 + j50) + (40 + j69,2) VA
- 1266 +j119.2 VA

- 173,943 3° VA
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Draw power triangle for total circuit.

d) Overall power factor = cosf = €0s43.3°

0.7 lagging.
Note: Total circuit values could have been determined:

a) by adding the two power triangles together graphically or

b) by calculating the total circuit impedance first and then calculating power for
total circuit,
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POWER IN AC CIRCUIT IMPEDANCE ANGLE 0=
L]

WOLTAGE AND CURRENT

= .
40
18
ao
10
ao
L] 10
-10
-8
-20
=10
=10
-18 =40
=20

POWER

— a=108InWT volts = l=BRN{WTL0" Jamps
— pael — Pave

POWER N AC CIRCUIT IMPEDANCE ANGLE
L]

N

—

i

WOLTAGE AND CURRENT

— 1=53In{witd" Jamps



T Page

P i Pl Tt C Cireui
In a do circuit, Ppc=H {real power in watts)
In an ac circuit, pac=el {instantaneous values)

In a purely resistive ac circuit:

If e= Emsinmt
then i=Ipqaysinat {in phase with )

then instantancous power P = Epya yesinot x Iy gs ysineot
p= Emlmsmzm
Using the trigonometrical identity sin?mt = (% - Ycos2et) to simplify:
P = Epgaxivax(¥ - Ycos2ar)
expanding brackets gives  p= ViEMaxIMAX * HEMAxIMAXSos20t
P = a constant + a double frequency cosine wave

FIG 1 shows the voltage, current and resulting power waveform for the purely resistive circuit,

| — —— ¥,
|
I/:\I
Valtage v f |
I
e~ ——u
I | | |
Carrent | l | ]
7 g |
|

power: p = iy
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WHATTMETER S

ELECTRO AMIC INSTRUMENTS (Dynamometer

The electrodynamic instrument is similar to a PMMC instrument except
that the permanent magnet is replaced by two field coils, If a current
is passed through these coils, it Will produce a magnetiec field.

FIG 1 shows the basiec censtruetion of & dynamometer instrument.

Scale

Spiral speiing
Blaving il

In a PMMQ meter, the deflection is Proportional to current in the meving
coil and the field strength.

quggﬂzﬁtﬁﬂﬁgili instrument, the deflection is proportional to thes
current in the moving coil and the current in the field coils,
Deflection is proportional to Iexsts % Iwovims cogy

When the instrument is connected in a DC' cireuit as shown in FIG 2, it
Will measure circuit current voltage and deflect Proportional te

power (ExI).in watts, consumed by the load.

The instrument is now called a W tear;

Ficld cuils

Muwing f-l
cuil
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Notes: The moving coil is measuring voltage, and the Fesister R
connected in series with the coil 1= g multiplier resistor,
similar to that used with voltmeters to extend their range.
There are polarity markings on both coils to ensure that
correct readings are obtaipned.

The dynamometer instrument can also he used to measure voltage alone or
current alone by cennection of field coils and moving coil in geries
(voltmeter), or field coils and moving eoil in parallel {ammeter),

Advantages of Dynamometer Instruments

o Can be used to measure both AC and Do gquantities,

2. Measure true RMS of an AC gquantity.

Disadvantage of Dynamometer Instruments

s Regquire more energy to drive the movemant, and are therefore laesr
sensitive than PMMC meters.

&
Wmmmﬂmwmm

The deflection of a dynamometer instrument is caused by the repulsion of
two magnetic polms which must be instantaneocusly the same. These two
poles are produced by the field coils and the moving eadil.

Refer to FIO 3,

If wa apply alternating quantities tg the #oils, and the coils are in
saries (for a voltmeter or ammeter), then the magnetic poles will all
change polarity when the measured quantity reverses, thus maintaining an
upscale deflaction.

Heule

o ’
L %
0

Muving

enil

Field coils

{u] Currene Miwing from Jole Lo righy
pracluces positive dellecijon

(b Current Nuwing From righe 1 jeli
pronlsives positive de Mecgion
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i} momet = nstrument Aguring AC Power

When the dynamometer instrument is connectad as g wattmeter, the
deflection ias cauzed by the voltage gnd e ¢ oge of current
because these compenents will preducs instantanecus like poles,
anlaﬁtiuu is proportienal ta ExIcos8 = Trye BoOWer in WATTS

However, the connections are important, because the reversal of one soil
is equivalent tp g rhase reversal of current or voltage and will cause
the meter to read in errop,

Fig 4 shows the connection of a wattmeter and correet polarity markings

to ensura accurate reading, s
coily \* &f'r!gﬁ{'
5 i :

Po{ﬂrf.%j

Moy
il

i
£
Aultiplier I

resls e

When wattmaterd are measuring p HeE at low power tactors, the currant
and vzléhiﬁi applied to tha mﬁﬁ%‘iﬁa’-tﬂ gi-‘-hinh-,

Unlike a voltmeter or ammeter, where an overscals reading ia obvious,
the wattmeter may he reading a small deflection on scale but have

wrt-n%in the current coil, or m:vu!tt“ on the
=4 3 : H

voltagae céil’ which will .b_u:‘_n__m the meter,

1.  MNever exceed current or voltage Eatings of goilasy
2, _connect an ammeter in ‘-ﬁ’-ﬁ-ﬂ. with the current coll, tg
; the ocurrent applied to the wattmeter,

A eonnect an voltmeter ip hg:allgl With the voltage coil, to,
m the voltage applied to the wattmeter,

4. Always observe eorrect pa_lnritr.mu:l;ims and use correct voltage
and current ranges i ' '

Ozi h valt

Where the Gubrents and oltages to bs measured p A wattmeter sx¥geefl the
M@;ﬂﬁ*ﬂ ngsiof the ﬁmm@?@wwm the q%a’n‘%“iti'asf must be%ﬁ

0 a safe valuye before being applied to the wattmater,

The 'T””:'vﬁ'_;s done through instrument fram OLMeIs. A current
transformer [ steps down current. A voltage transformer (VPP steps

down voltage,
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Refer to FIG 5 which shows a wattmeter connected to a circuit through a
0T with ratio 100/1 amps and a VT with a ratio 3300/110 volts.

T T e |
{ o) L Y
g Yo '_ |H'I'~1h (Ao
. III N J |
m ‘-ﬂl \11'—-" I. i(x_}il [
| | i
T FAE E}'l
'| f_ﬁ " satkneder
3):0,’ I F1G6 5 @®

E

Standard CT secondary currents are 1 amp and 5 amps.
standard VT smcondary veltage is 110V or 110 and 63.5V for
thres phase YTa,

To snaure accurats readings and measurements when using wattmetera, the
following points should be cbserved:

correct p:rill.‘f.t]l_ connections|

wht')g;lr lgli ‘range is selected,

w:ﬁ,nl;_ current range irg.g selecte

:pnml; factor (pf) yttmeter (see note below),

CT ratio if used/

Ve huq, i ?unq,

total number of divi:inu on scaley _

the :-mﬂ‘w 1“@

Thare are high and low power factor wattmeters available.
The low pf meter is more accurate when used to measure in low
pf circuits vhich are highly inductive or capacitive,

flacti of Hattmeter

The power reguired for full scale deflection on a wattmeter can be
detearmined from:

Full Scale peflection :5_,1_ ﬁnt_t&--—r. Vrange x Irange X Meter power Factor’
Wattmeter Constant

Meter Comstant = CT ratio x VT ratio
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Example: A unity pewer factor {pf = 1) wattmeter is scaled 0-100 ang
; reads 65 on scale.

The meter is used to measure power in a high veltage cireuit,
by connecting it via g oT Wwith ratio of 150/1 amp and a VT
with ratio 680/110 volts,
The 13 current range and the 110V voltage range are used op
the meter.
Caleulate the true pawer consumed by the circuit under test.

Solutian:

Full Scale Deflection in Watts = Vrange Irange x Meter power Factor
110 = 1 x 1

= 110 watts
Reading on scale = 65 divisiona :
65 Pocling ecqle
Wattmeter reading = 110 = (65/100) F A
= 71.5 watts 5 folal seeae

Actual power in cireult = Meter constant x Wattmeter reading
= CTratio x VTratio % 71.5 watts

= (150/1) x (660/110) x 71.5

= B64.35kW

El1RH1l1i2n_n1u!ﬂ!l:_IlI1ﬂI_IIEmh!lIim!i!:i!ﬂlim!t!:.!!ldinﬂl

If a wattmeter, veltmeter and ammeter are measuring gquantities in an AC
eircuit, the readings can be used to determine the circuit pewer factar,

True Powar P = EnnnInnocosd

Paower Factor cose = PACEL) :
= wattmeter/(voltmeter x ammeter)
G

i A wattmeter measurss AC Power in a load as 100 watts, an
ammeter measures circuit current 88 1.5h and a valtmeter measures
cireuit voltage as 100V,

Caloculate:
a) powar factor of the leoad
L) rhase angle between circuit current and voltage.

§91u;iun:

a) Power P
Power factor cose

ERMEIRMBcosh

B/(ExI)

100/(100 & 1.5)

0.667 (leading or lagging 77)

b) phase angle B = gpog-1 Jo.687
= 48.2° (leading or lagging 77)
Mote: From the information given, we do not knaow whether the circuit

iz industive or capacitive,
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THREE PHASE POWER

The total power consumed by a three phase load 1s;

Prorar Sum of individual phase powers.

- Pouiniess + Pogtss + Poplidie

Single phase power = ExIxcosd
whers E 1 applied rms voltage (load voltage)
I = rms load current
B = angle of phase difference between E and L

The power consumed by individual phases of a three phase load are;

[.plmm F'ph'lnx iphuuxwtla
Total Power in Balanced Three Phase Loads
The power in each phase of o balanced load will be the same.
ProvaL - Ix(Power in one phase)
- SKEﬂHHEL'Ihﬂle-S‘E
but in a three phase system:

Balanced Star connected load: Bohnge ™ Bime and  Tppase™ i
V3

Replacing the phase values with line values in the equation ahove;

Yroral = 43 E il iimecost) Wit

Balanced Delta connected load: Eppuse = Ejine  80d Ly = [
V3

IPFYTI'-M- = "JIJ EH.,IE-UENR-E] wu.ttsl

This iz the same equation for both balanced sigr and delta connected loads,

IPHASFWR, docuvol2
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Apparent and Reactive Power in Balanced Loads

Equations for apparcnt and reactive power, are derived from the single phase syuations.

Ptk

Power = V3 T

Frirce phase Reactive Power = V3E jpolinesind Vars|

Calculate the uppamnt power, real pawer and reactive power consumed by a
a connected load with an impedance of 10 + j0L2 in each
phase and supplied by a 200%rms line-line source.

f"ilfl'ﬂtt.. ent in each phase M

=

1

=

| P 20A

Ling currenf

VIR B (in a balanced load)
Y3x20

Bpe ™= 34.6A

Apparent Power® = V3Ejadid VA
: Y3x200x34.6
= 12000 VA (12kVA)
Real Powen = V3 Bjineliineconl Watts |
Y3x200x34. 6 cosl®
= 12000 W (12ZkW)

Since load is purely resistive there will be no vars generated or consumed in the load.

Reactive Power 4 = a Varst

IPHASPWR docuvol2

=i
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Power in IInbalanced Three Phase Loads

Total power in an unbalanced three phase load can be determined by calewlaling cach individual
phase power, and adding the three phase powers to obtain total three phase power.

An unbalanced three phase star connected load has impedances of Z, -« 10 + j0€,
fg=3+ _j-4[1 ﬂﬂd?.c=ﬂ-j5ﬂ.
The lowd is supplied by a three phase, four wire source with line-line voltages of

3146V ms.
Calculate the total apparent power, real power and reactive power consumed by the
load,
Solution:
Ephase - = Eilnéd - e - 200%mms
3 V3
Assume Fay is reference quantity  (Eay = 20000°V)
P"hase A’
E"‘g Line Current I, - Esww Arms
i T
200/0°
L0/
- 2000F  Arms
Complex Apparent Power S, = ExI* VA
! 200/0°x20/0° VA
= 4000/0° VA
- 4000 + j0 VA
¢ Real power ' 4000 W
Reactive power = 1] Vars
Phase B
Line Current lg = Epy  Arms
Zy
= 200/-120°
3/33,1°
= 400/-173.1° Arms
Complex Apparent Power 35 = ExI* VA
= 200-120%x40/+173.1° Va

IPHASPWER. docuvol2
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Real power
Heactive power

Phase €
Line Current I

Complex Apparent Powert

eal power
Reactive power

Total Three Phase Apparent Power

Totul Three Phase Real Power

Total Three Phase Reactive Power

IPHASPWR. docuvol2
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= 8000/£53.1° VA
o 4500 + jodn VA
e 4200 W

6400 Vars (inductive)
E¢y  Amms
c

20054+120°
D07

4042 10° Arms
e ExI* VA

= 20004 | 20°Px40/-210" VA
1
i

= 8000/-90° VA
= 0-j8000 VA
0w

= BOOD  Vars  (cupacitive)
= Qs FS8p+ 5z VA

(4000 + ji)y + (4800 + j6400) + (0 - j8000)

= 8800-j1600 VA
= 8044/-103° VA (8.94kVA)
Py + Py + Pc Watts ¢
= 4000 + 4800 + 0
= BROOW (8.8KW)

gl Qat+Qe+Qc Vars
= 0+ 6400 - j8000

= 1600Vars {capacitive)  (1.6kVar)
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Measurcment of Three Phase Power using Wattmeters

Using One Wattmeter
Power in balanced three phase loads can be measured using only one wattmeter.

Refer to FIC 1 which shows one wattmeter connected to measure power in a balaneed three phase
star connected load,

A

TR

ElGi 1

Notes: The wattmeter current coil is o measuring line current, and the voltage coil is
measuring a line-neutral voltage,

The wattmeter reads Elpuccos8 which is the real power in one phase only,
Total three phase power is 3o Wattmeter rending)

Refer to FIG 2 which shows one wattmeter connected to measure power in a balanced three phase
delia u.onn_a_q}:q._i losiaed,

—-- I-I_.'-I'.!' -_H_i_;-_ -

.'.-.Iif' 'II l. rlll: 1l I|
Shor {I}ﬂ el

=
[op]
b

IPHASPWE docuvaol2
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The three resistors produce an artificial neutral point.

The watlmeter current coil is measuring a line current, and the voltage coil is
measuring a line-neutral voltage.

The wattmeter reads E g ljjpec058 which is equivalent to 3 times the real power in
one phase only,

Total three phase power is ¥3x(Wattmeter reading)

r Method of Measuri Phase Power

Refer to FIG 3 which shows the standard arrangement of two wattmeters connected in a three

phase circuit,

Clathmeder 1

LIAE m&j

.l'r'I'I, : -
— S i g - - IF[J'
; Falont
S
¢ P - Hvee | ®
A '| Eﬂ‘ﬂﬁ? ’
. | [oocl
| |— I
— ] It T ——

BOCIRIS

Refer to the phasor disgram of FIG 4 which shows the condilions in o bulanced three
phase load, having an impedance angle of 30° lagging,

=
]
=i

k]
o Eond .
II;IEL"‘M.H S_{] _Il_L »-5(3 o ﬁ\.b
N\ -
N P
MH.H"‘-:_::\_ #.f_f'-'
/ g —b Ebry
Tk
w&/ L
Ebr
.-L'Ur,.T_- E)c
FIG 4
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Motes:
Wattmoter 1 Measures Eanlacosg
where @y = (30 +8)*  and 0 = angle of lag of [, wrl Ean.

Wattmeter 2 Measures Ecplocosgs
where @z = (30 -0°  and B = angle of lag of I wrt Ecw,

In this example, 8 =30° and ¢ = 60° and g2 = 0°,

Reading on W, - Eiinehinecos(30 + )
= Einclise{coa3teosh - sin30sind)
Reading on W5 EliselineC08(30 = 0)
= Ejielin c0830cos0 + sin30sint)
D wirw, © Tialine(c0830¢086 - 5in3081n0) -+ Eygpelyine(cos30cos0 + sind0sing)

= Eieliel 2eos3coall)

but cos30" = 4/3/2

'l:|l|:1urefnra the gum of the two waltmeter readings is equal to the (otal three phase power.
' s As the phase angle of the line currents changes, the readings on the two wattmeters
T will also change,
If the load power factor angle is grealer than 60° lag, then the reading on W, will
become negative, since the angle between Eqp and 1 is =907,
If the load power factor angle is greater than 60° lead, then the reading on W will
- become negative, sinee the anple between Ecp and [ is =907,
(i If the load power factor angle is equal to 60° lag, then the reading on W, = 0,
If the load power factor ungle is equal to 607 lead, then the reading on W, = 0,
11 the lond power fuctor angle is equal to 0° (purely resistive load), then W, = W,

[t can be shown that the sum of the two wattmeter readings will be equal to the total three phase
power consumed by either star or delta connected three phase loads whether they are balanced or

unbalanced,

APHASPWR docrval2
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Difference of Two Wattmeter Readings in 4 Balanced Load (W - Y))

Wi - W) = Bjineliing{ c0530c0s8 + sin30sin8) - Ejineliine(t0s3Ucost) - sindisind)
= 2Fsineliin5in30sind
= Brpelpin.sin8
If W3 - W, is multiplied by 43:
VI Wa - W = VIEeljinesind {Three phase reactive power)
“aleulat ower Facto Wattmeter Readin

MNotg: Method only valid for balanced loads.

Since Watts =W, +W;

and Vard =y3(W;z- W)

Then Tanf = Vars
Watts
V(W - W)
(W1 + Wa)

Power Factor ~ eosfl,

Note: The solution to this caleulation does not indicate whether the load power factor is leading or
lagging.
Inspection of the sign and relative values of W, und W1 may show whether the load is
lewling or lagging,

If the phase sequence of the supply voltages is reversed, then the two wattmeter readings W and
W will change, but the total apparent power, real power and reactive power in the load will not
change.

L !'I..l :

Refer to FIG 5 which shows an unbalanced delta connected load supplied by a three
phase 200Vrms line-line set of voltages, with phase sequence A-B-C.

Caleulate:

u) all line currents in pelar form,

3} the readings on two wattmeters connected in standard
way (W, reads [, and Eap, W reads 1 and Eqg),

ch total real power consumed by the load using the
wattmeter readings,

d) check the anawer in ¢) using another method,

€) total reactive power in the load.

IPHASFWR. docuvel?
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: Ecp ;
Solution: b y:
u) Use voltage Eap o8 reference o

Phase current [apn = Esn

. Zan 2
@ ot 7
70.7/45" =
= 2.83/-45" Arms
= 2-j2 Arms
Phase current Ly = E: (attmeder = | E"-":'thh |th. (as |4 T

2000-120°
KR
= 65.67/=120" Arms
& . -3,34 - j5.78 Arms

Phase current Tca = Fc.t
Log

200/+120°
14.14/-45"

= 14.14/165° Arms
= -13.66 + j3.66 Arms
LineCurrentld =  Lu-les
(2-72)-{-13.06 + j3.66)

= 15.66 - j5.66 Arms
IPHASPWH docuvol2
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©)

d)

)
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C o

Line Current Ic

Wattmeter 1 reads =

Wattmeter 2 reuds =

Total Real Power =

Total Reactive Power =

16.65/-19.9° Arms

Isc = lan?

(-3.34 - j5.78) - (2-§2)

-5.34-j3.78

6.54/-144.7° Arms

Tea~Toe -

(-13.66 + j3.66) - (-3,34 - j5.78)

-10.32 + j9.44

14/137,6" Arms

Eapxlaxcosp,
200/0"x16.65/-19,9"xc0s19.9"
+3131 Watts

Ecnxlexcose;

200/60°x14/137.6 xc0s77.6"

=601 Watts

W, +W;

3131 +601

3732 Watts

Tas R+ R + Ten'Red
2.83°x50 + 6.67°x30 + 14.14°x10

400 + 1335 + 2000

3735 Watts  check OK
Tan"Xas + Inc'Xac + lea’Xca

2.83%j50 + 6.67°x0 + 14.14%x-10

400 + 0 - 2000

-1600 Vars  (capacitive)
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POWER FACTOR CORRECTION

Most industrial loads consist of indouctive loads (motors, induction heating @), which result in
lagging supply currents and lagging power factors,

The supply current must transmil both real power (WATTS) and reactive power (VARS) for the
inductive load.

However, electrical energy is sold as kilowatt-hours (real power component).

To muke the power supply aystem more efficient, we would like to supply only the real power in
watts,

il
Refer to the phasor diagram in FIG 1, showing the phase relationship between voltage and current

in an inductive load,
P Eﬁuﬁa Ll.

Ypawer (actor

L]
ICLaga'™
Gl
A lagging inductive load will require current | to transmit the WATTS and the VARS (o the load,

Howewver, only the in-phase uumpunm required to transmit the WATTS component, and
leosf is less than the value of L

If we could aveid having to supply the VARS [tom the source, then the total load curvent would
e less.

)
Power loases ocour in the power supply lines and equipment caused by [ B,

The power ayvstem losses would be lower if we reduced the level of current flowing theough the
supply system and this would incrense the efficiency of power Iransmission,

Power faclor is cosine of the angle O berween V and [, 50410 could be reduced to 0, then the
power factor would be cos0® = 1 (UNITY), which is the maximum value.

Power factor correction is the connection of a suitable resctance in parallel with a resctive load,
50 that the reactive power {(VARS) requirement of the load will be satisfied locally and a
minimum of reactive power (W ARS) will have to be supplied by the source,

PFIRCORE docuvol?
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Normally power factor correction is carried out on inductive loads by connecting suitable

capacitors in parallel with inductive loads.

However, it is possible to correct power factor of a highly capacitive loud by connecting in
parullel, a suitable inductor.

Beside static cupacitors, synchronous motors are very useful for power factor correction, as their
excitation can be varied so that they can be made to look cither inductive or capacitive.

The power factor cotrection is best applied at the location of the load.

Indlustrial consumers are encouraged to correct the power factor of their installation themselves or
else pay a penalty with their power charges.

Penaliies for having Lew (Pesr) Pewer Facter

Power supply authorities charge industrial consumers two rates for power consumption.

|
In addition to encrgy consumed in kilowatt-hours, an extra charge is made for maximum demand
in kVA (apparent power).

This means that it the installation has highly inductive loads which draw excessive reactive powet
then the total apparent power value will be high and an extra charge will be made.

However, if the consumer corrects the power factor, then the total apparent power taken from the
supply will be less and the power bill will be less.

FIG 2 shows how a power factor correcting component is connected in parallel with the load.

v Indockve (
@ o

=

?mer ﬂad« t.arrec,’wg

mpﬂm dof .

FIG2
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Motes: When the power lactor correcting component is added w0 the circuit, the real power
(WATTS) supplied by the source will remain the same, but the reactive power
(VARS) supplied by the source will be reduced to the required value for the new
value of power [ugtor,

Power factor is not always corrected exactly to unity, as this will only satisfy one

value of load impedance and usually louds are varying continually as plant and

equipment is switched on and off, so power factor is usually corrected to just
lightly lagging, (0,95-1

slightly lagging, ( )

Example: A dond of SkVA at 0.6 power factor lagging, is connected (o a 250V rmy 50Hz

supply.
Caleulate the value of the additional component that must be connected in parallel
with the load, to increase the total power factor to unity.

Solution:

Firstly draw a circuil dingram as shown in FIG 3.

1 5RvA e
im\a"' Eﬁb @ P ij Elsing
ﬁHL L ﬂ.p ﬁ:‘g‘rﬁ 53 \?
T 3w

E Lienb

FIG 3
As the load is inductive, a capacitor must be used as a power factor correction component,

We must first solve the power triangle for the load,

Apparent power Exl SkVA.
Power factor cost = 0.6
LE} = ms-lt}.-ﬁ = 53.1° lagging
Real powerwats =  Elcosd = sI0x06 = 3w
Hc Reactive Pawer : Elsinf = 5x10°%0.8 = 4kVAR (inductive)

PFTROORE. docuvol?
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Ta correct the power factor to unily (B = 07), we must connect capacitor in parallel with the load
4o that it will supply 4kV AR of capacitive reactive power.

- - - 2 i
Reactive power from Capacitor Q-;_ : E X(.
i
______--—— g P Ay N 2
¢so Capacitive Reactimice X, = E Q.
—_ +
= (250x2500/(4x10 )
= 15.6302
is _—
Capuavilance {Q - (X}
- = 1(2mxS0x15.63)
= 203 6pF

@
Example:  The current taken by a load connected to a 220 rma 100Hz supply, is measured as
44 rms with a power fuctor of 0.69 lagging,
Culeulate the parallel capucitance required to correet the total power luctor to 0.97
lagging,
Draw the new power triungle for the circuit if the power factor is corrected o 0,97
lagging.

Firstly, draw a cireuit diagram as shown in F1G 4.

Ak lood

0.4 Io& Lﬁ

4

Real Power P e EHM slmscnaﬂ walls

= 220 4x0.69

= 67.2 watts

IFTRCORR docuvolZ
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[, VA

Apparent Power § E s il

= 2204

- BR800V

Reactive Power () Ekmlmui.nﬂ VARS

= 220x4x0.72
. 630.9 VARS

Draw power triangle as shown in FIG 5,

&

S
govp 6569 VAR
fa
©07.2

FIGS
When the power factor is corrected, the real power in WATTS will remain the same (607.2 witts)
but the reactive power (VARS) will be reduced,

IFthe pawer factor is corrected to 0,97 lagging then;

0 = cos 097
14,17 lagging
Tan B £ VARS/'WATTS
VARS = WATTS x Tanl4.1°
607.2 x 0.25)
S 152.5 VARS

The old requirement for vars was 636.9 VARS and the new requirement for VARS is 152.5
VARS,
PFTRCORR. docuwval2
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The parallel connected capacitor must produce:

Qe - §36.9- 1525 VARS
- 484.4 VARS
- 2 i
% i Eons Me
— Jz 1]
Xc - Epns Qe
- 22 220/484.4
= 10082
Capacitance © o lmX,.
= 42 1 (0 1000
15.92uF
Apparent Power 5 = B o

e
Also Apparent Power S - WP +Q)
- NE072 +1525)

626.1/14,1° VA

Overall power triangle is as shown in FIG 6.

PFTROORR. Jocuvel2
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HIGH VOLTAGE TRANSMISSION LINE LOSSES
IF the electrical parameters (Tesistance, induclance, capacitance) of a transmission ling are known, then
the performance ot the line under vanous operating conditions can be determinel,

To determine such things as receiving end voltage under load or no load, voltage drop along the line or
line charging current, a Transmission Line Equivalent Cireuil must be drawn.

Short Line Equivalent Cirenit
Any line less than 80-100kM in length, is usually described as a "Short" line,
The capacitive effect of the short line can be neplected except when the line is unloaded.

Refer to FIG 1 which shows the single phase equivalent circuit of a short line with a source voltage and
load impedance connectad. 2
g ]

.2 /8
T ¥ ;it'rmu

SupPH E%"““ e e

— e

The eyuivalent circuit is a single phase representation, and all ealeulations use phige values.

Refer to FIG 2 which shows the phasor diagram lor the equivalent cireutt ol FIG 1L

Tlinloaa udrivevalT
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Quantities shown in the phasor diapeam are:

I = load current

EH load or receiving end vollage

ES = supply or sending end voltage

IR voltage drop across line resistance [

X voltage drop across line inductive reactance X,
£ = voltage drop across line impedance

f = load power factor angle

P = line impedance angle

i) = "lowad” angle (phase shift along the ling)

Depending on the magnitude of the voltage drop along, the line, there will be a difference between B,
and E_ in both magnitude and angle, '

Example: A transmission line is | 00kM long and has the following parameters,

Resislunse/kM [ - 0.250 oy
A .r.l
Inductive reactance/kM A = +j0.BL2
Capacitive susceptance/kM B = 710" Siemen
*.
4 ;h::rﬂd. recpriced of reoctonce
exgwmp 1. Receiving End Voltage B, = GokY (line-ling)
Culeulate the sending end voltage, current and power factor when the line is
delivering 15MW at a power factor of 0.8pf lagging.
Solution: Perform calculations on a per phase basis, and neglect the effect of line capacitance,
Load Voltape E, “ 6 kV
V3
= IR 1PKV (reference phase voltape) r;‘f

- JR100 + j0 volts

Line Current [L : 2 phase power

|
ﬂxElm__xmsB

= 15x10
3
wInhGn 10 x0.8

164/-36.8°A

Thnloss' udrvevelT
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LRk = F UL ki
Line Tmpedance z LOO0.25 + 0.8}
25 + jR0G

- HB3.8/72.6°00

Diraw single phase equivalent circuit as shown in FIG 3.

(1500 (04¢1) /.
- B Iy _k'r:w: g0 %ﬁ

E.Ea_ul.ré. 2 tons ‘51‘““@
F 08 p-4 lagirg

Vislluge Drop along the line ] ILxEL

= 164/536,8 x B3.8/72.6" volts
= 13743/35.8° volts
= 11146 +{8039 volts
Sending End Voltage E, - BB
(38100 +§0) + (1 1146 + j8039)

45426 + jROID

A9R9R/0.3° valis
Sending Fnd power factor ] cof (36.87 +9,37)
cos 46,17 lug
= 0,69 laguing
Nates: There is a phase shift of %.3° between E_ and E| along the line.
The sending end power factor is worse than the load power factor dug Lo the line

impedance.

Tlinless udrivevol?
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Locus Diagram nuf]i.=1 for the Short Line

A locus diagram shows how a phasor quantity of voltage or current will vary when other conditions in
the circuit are changed,

On a high voltage power system transmission line, the variable conditions are usually load current and
load power factor,

The load voltage must be kept within strict limits, so that any voltage drop along the line must be
cornpensated for by increasing the sending end voltage.

Sending end conditions will also vary, if power factor correcting components arve installed at the load
end of the line.

Refer to FIG 4 which shows the locus of sending end voltage I:.'}g with constant load voltage E'rt’ comstant
load current and vardable load power Factor.

@

Nole: As load power factor changes, sending end voltage FS will change, and so oo will the
load angle &.
Long Line Equivalent Circul

For long line analysis, the copacitance ol the line must be included in caleulations,

The line capacitance is connected across the line.

“Tinloss'udrivevol7
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There are several ways that the cquivalent circuit may be drawn.
a) Nominal 7 Method half of the total line capacitance al each ¢nd of the line, with

tivtal line impedance between,
k) Nominal T Method half of the total line impedance at cach end with all the line

capacitance in between.

c) Lumped Capacitance Method lump the total line capacilance st the load end of the
line,
Nominal © Method

Refer o FIG 5 which shows the equivalent circuit where line capacitance is divided between the load
andl the supply end of the ling,

v 3%

€

FIG §
Note: The total capacitive susceptance Y, is split into two components (Y /2), one

connected at each end ol the line,

%ﬂ:-mlnulmiﬂg the previous example using the Nominal = Method.

{;ﬁ Drraw the Nominal ® equivalent eirenit as shown in FIG 6.

Lz 164/-%6 5°

FIG 6

Tlinloasd udrvevol 7



Load Voltagze ER

Load Current Iw.-*.n

Capacitor Current [':_1

Line Current Iur-u:

Voltage Drop along line V,

Sending End Voltage Es

Tlinlossfudnveval 7

612

Fao

G kv
3
38.1/0¢°kY (reference phase vaoltage)

IRI00 + j0 volts
3 phase power
'\'31Em5xmsﬂ

&

J
YIxhB 10 %08

164-360.8°A
E xY/2

38.1x 10700 x 350x10 1902 )
13.33/90°A

l l

Loap e
164/-36.8° + 13.33/90°
(1313 -198.2) + (0 + j13.33)
1313 - j84.9

156,3/-32,9°A

Z

a2

156,3/-22.9° x 83,8/72.6° 1"*7':;
1 3098,/39,7°V )
10078 + {8367 V

E]l ¥ Vl.[h'E

(38100 + j0) + (10078 + jRI6T)

48178 +jB367
48900v9.8°V
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Capacitor Current [, ExY/2

= 48900/9.8° x 350x10"/90°
= - 17.12/99. 8%

= 29+]1687A

Sending End Current I = vk e
= (-2.9 4+ j16.87) +{131.3 - {84.9)
128.4 - jo8
= 1453/-27,9°A
Sending End Power Factor = cos (27,9 +9.8)
= cos 17,7°
- 0.791 lagging
Naotes: These reaults are more accurale than the first method use, where line capacitance
was not considered.

The sending end current is less than the load eurrent due o the small power factor
correction effect of the line capacitance,

Nominal T Methed

Refer to FIG 7 which shaws the equivalent circuit where line impedance is divided between the load and

the supply end of the line, und the line capacitance is lumped between the two Impedances,

&ah't

f_r,m HTobe |
e 7

KTokal
B

K(_, Telal
ZTotal
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MNote: The total line impedance 2 sy 18 5pliL into two components {Z.T.fE], ane

connected at each end of the line,
In a similar way to the Nominal 7 method, ling current and sending end voltage can be caloulated.
Lumped Capacitance Method

Refer to F1(i 8 which shows the equivalent circuit where the line capacitance is lumped at the receiving
end of the line.

In a similar way Lo the Nominal © methed and the Nominal T methad, line current and sending end
voltage can be caleulated.

Effect of Power Factor Correction on Line Conditions

If a power factor correction capacitor is connected across the load, the load VARS will be supplied
locally and will not need 1o be transmitted along the line from the source,

Example: A transmission line is delivering | SMW al a power factor of 0.8pf lagging and line
voltage of GokV,
The line impedance is 25 + j80L} and the effect of line capacitance |s neglected,
Power factor correcting capacitors are connected across the load so that the overall
power factor is corrected to unity, D
Caleulate the value of the power factor correcling capacitor, the resulting sending end
voltage and current.

Tlinloss/udriveval 7
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Solution:

Draw simplified single phase cquivalent circuit as shown in FIG 9.

254180 —=5Ii- 164 (867

Load Voltage E, = 66 kv

v3
- I8 10KV (reference phase voltage)
= 38100 + j0 volts

Line Impedance Z, - 25 +)8002

83.8/72.6°Q
Load Current | - - 3 phase power

\'JxﬁmecouO
&
- 15x10 :
V3x66x10 x0.8

- 164/-36.8°A
- 131.3 - j98.2A

To correct the power factor of the load to unity, the power factor correeting capacitor must
supply (0 + j98.2A) of capacitive current

Line Current boa 1313 - jOA

(after correction)

131.3/0°A

Tlinloss/udrivevol7



Reactance of Capacitor

Capacitance C

Voltage Drop along the line

Sending End Vollage

Sending Fnd power factor

factor correction,

X

[#

B

Jo =12

. -

e

[T

E/1.

zg.lxlo’
98.2

38802
l.’wX“

D |
27x50x388

8.2uF per phase
I xZ

LYy
131.3/0° x 83.8/72,6° volts
1 1003/72,6° volts
3290 + j10500 volts
e Bl
(38100 = jO) + (3290 + j10500)
41390 = 110500
42701/14.2° volts
cos (0° + 14.2°)
cos 14.2° lag

0.97 lagging

.
There is a phase shift of 14.2° between E_and E_ along the line.
The sending end power factor is better than the load power factor due to the power

The line current has been decreased by power factor correction.

Hinless/udrivevol T
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Yolta ise Alon nloaded Transmission Line

An energised but unloaded transmission line draws capacitive "charging™ current through its line
capacitance, and a long line may draw several hundred amps of charging current.

The leading capacitive currents passing through the series inductive reactance of the line, may cause a
voltage rise along the line, so that the receiving end voltage is larger than the sending end voltage,

This "negative voltage regulation” is known as the "Liﬁﬂuﬂﬂ"- and in some cases the receiving end
voltage may exceed the sending end voltage by as much as 50%,

The overvoltuge is undesirable, as it places excessive stress on the insulation of HV equipment.

The Ferranti Elfect is also seen on lightly loaded transmission lines sand cables, whose capacitance iy
even greater than that of overhead lines.

The overvoltage eflect is minimised by connecting in circuit, shunt reactors, which consume some of the
excessive capacitive VARS generated by the line or cable.

Example: A 132kV 50Hz three phase transmission line, iy encrgised at the sending end but is
not loaded, has phase impedance of 10 + j120€2 und the line charging current is 90A,
Calculate the receiving end voltage if the sending end voltage is fixed at 132kV.

Solution:
Use the simplified single phase equivalent circuit where the capacitance is lumped at
the receiving end of the line.
Neglect the line resistance because it is less than 0.1 of the value of X,

Draw the equivalent circuit as shown in FIG 10,
M20.4/85°
‘-:.\ 2
lo #:) \20 20 Zg.o

N Ls 7_'—

de(ge -

A charges pg 7
%) FIG 10
132RV 3

Tlinloss/udnvevol 7
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Linc Voltage Drop = IxX,
= {0+ 900 + j120)
v = 10800/ 1 80°V
Receiving End Voltage B, J B " Yion

o T6100/0° - 10800/180°
F6T70040°V

[hus there has been a voltage rise along the unloaded line, so that the receiving end voltuge is = 14%
higher than the sending end voltage.

Thinlossiudovesol7
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SYMMETRICAL COMPONENTS '
Balanged Three Phase Svstem
Yoltages: All voltages (line and phase) are equal and are displaced by 120~
Currents: All line currents are equal and displaced by 1207,

(¥, a{ﬁmﬁh ml . "

I el A T

Unbalance can occur due to:

i) unbalanced loading of phases,

ort ¢ w‘t ault) con iti + L)
.} ’j ¥ ‘s‘lk:w{,u-} 1nm" m @ W‘ ahen ﬂU“q {-15' oL H‘.j #‘ I £

a open circuit phuse or windings,

FIG 1 shows exumples of unbalanced three phase voltages,

Tc T¢
\T)Lm OQ \ )
Im
T

- DiPlevnbnt Mn\jﬂHﬂe
<rp buk A Phﬂ‘h_.‘@,.
FIG1
Veotor Operators
The "j" Operator

The "j" operator is a vector operator which rotates a vector (phasor) by 90 anti-clockwise, and is equal to 1/00°
(-1).

It is used to represent complex numbers and each successive multiplication by "j" will rotate the vector by 90°
anti-clockwise,

j=100°  P2=1a80° P=12700 4 =13600 = 100

Symmeompl, wpsuvoll
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The "a" Operalor
The "a” opetator is a vector operator which rotates a vector (phasor) by 1207 anti-clockwise, and is equal to

121207,
It is used specifically for manipulating three phase vectors.

FIG 2 shows 1, a and o asa symmetrical balanced set of veetors

o » 22
Cla =1
C'?'.'. bk &_j‘;_ﬁ,ﬁ
FIG21 )
If the three vectors are added together:
| +a+a?  =1/00+ 141200 + 1442400
s (1 +j0) + (0.5 + j0,.B66) + (-0.5 - j0.866)
=
Thetefore the sum of a symmetrical balanced set of vectors is zero,
If Eap™ 200/+30° volts
then aEyp = 1/120° X 2000302
= 200/150° volts
[
then a2E 5 g = 1(240° x 200/30° i

= 2002307
DR = 200/-90° volts

Thus voltages or current phasors can be manipulated by "a” or "a™".
The Theorem of Symmetrical Components

In a three phase system, any set of unbalanced phasors (voltage or current) can be represented by the sum of two
or three sets of halanced phasors (Superposition Theorem) called Symmetrical Components,

The three possible sets of balanced or symmerical components are known as:
a) the positive sequence sel (subscript 1) .
b the pegative sequence set  (subseript2)

c) the Zero sequence set {subscript 0).

Symmeompl.wpsuvoll
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Note: A zoro sequence set of phasors has no sequence and all three phasors are equal and in phase,

FIG 3 shows a zeto sequence set of phasors,
———y 1A=

‘———-.-——-—\—; IBI
e ey & 7

FIG3

Representing the unbalanced phasors as a sum of Symmetrical Componcnts
Each phasor in the original unbalanced set ¢an be represented as follows:

- Ia=la1 +iaz+1ap

Ig=lgy +Igy + gy

o =lq) + 1 + T

Depending on the type of unbalance, not all of the components will exist.

Possible Combinations of Components

The possible combinations of symmetrical components that represent an unbalanced set of phasors are:

a) positive and negative sequence only, which exist when sum of the original three phasors is equal to zero.

Is*+lp+ic=0)
b} positive, negative und zero sequence, which exist when sum of the original three phasors is not equal to
(oo (Iy +Tg +1g not = 0)

Rules for Separating Components

The unhalanced phasors must be manipulated in the following way to determine the value of each of the
symmetrical components.

e :
The positive sequence component of A phase is:
Iy = 1/3(1, +alp +a2lc)

The balanced positive sequence set of components can now be drawn by positioning [ 41 and drawing I and
Iy 8t £120° from L | in positive sequence. ;

Symmeomp|.wpsuvel |
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FIG 4 shows a positive sequence set of components.

) i,
—rﬁ s
2
12977
ke
FlG4
Megative Sequence Components

The negative scquence component of A phase is:
Tog = 11314 + a2lg + alg)

The balanced negative sequence st of components can now be drawn by positioning 145 und drawing Igs J
leg at £120° from Iy 5 in negative sequence.

FIG 5 shows a negative sequence set of components.
)

= Ly

T, i

Zern Sequenye Components
The zero sequence component of' A phase is:
l'&u = I.l'!lﬂﬁ"’ IB + ic)

The balanced zero sequence set of components can now be drawn by positioning 15 and drawing Igp and I
in phase with 4. )

FIGS

?._sg

FIG 6 shows a 7ero sequence set of components,

FIG 6

Symmeompl.wpsuvoll
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Wotes: The neutral current in a four wire unbalanced three phase system
COMpOnents.

Earth fault currents consist of zero sequence components.

is equal to the sum of the zeto sequen

Resolve the following unbalanced currents into their symmetrical components,

Ig = 100/180° amps

- Mﬁmmy 100/180° + 0)
= 1/3((100 + j0) + (~100 + j0))
=0

\ w‘[hare if No ZeTo sequence component,
Positive sequence Components
= 1431 +alle)
= l!i?l!]ﬂ(_g' I uuzu_xmnum_} F{1{240%%0))
= 1100+ 0 + 100/300° + 0)
= 13100+ jO) + (50 - j86.6))
= 1/3(150 - |86.6)
- I.-':{ITJ:EIEEE}
= 57.7{30° umps
IB]. = 57.7/-150° amps
leq = 57,7902 amps

L;FIG 7 shows the phasor diagram of the positive sequence cumponents,

Ic, - 571 (hao”

‘H—JJ— o a
[&]ggﬁiﬂﬁq I8, 571 3e

Symmeomp 1. wpsuvoll
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Tay = L3, +a?lg +
"= 1/3(100/0% + (1/240°x 100(180°) + (11120°x0))
= 1/3(100 + jO + 100/420° + 1)
= 1/3((100 + ji3y + (50 + j86.6])
= 1/3(150 + j86.6)
= 1/3(173.2430%)
= §7.7/30° amps

Ip = 57.7(+150° amps
ICZ = §7.7.-90° amps

FIG 8 shows the phasor diagram of the negative sequence components.

o LAz
Ipb'l..:* 5-.]'-'- Aﬁn 51.‘} 3{}.

Teg=577 &“’Em_a

Check sum of components,

Ipa=l4q+Llas+l

i ‘f-‘lsmﬁ%ﬂ:f‘??.?,ﬂuaw
= (50 - j28.8) + (50 + j28.8)
= 100 + j0 _‘1’
= 1 00/0° amps OK.

lg =gy * B2 " Ipo
= §7.7(-150° + 57.7/6150° + 0
= (-50) - j28.8) + (-30 + j28.8)
=100 + 0
= | 00LB0° ampsa OK

Ie=Igy tlea Tl
='§7,70400° + 37.7/-90° + 0
=(0+j57.7) % (0-i57.7)
= () amps oK

Notes: These unbalanced currents have only pasitivdand negative sequence components.
They are the currents that would represeit a phase-phase fault'on a three phase system,

The current in the third unfaulted phase is zero or negligibly smalk
There are no zerp sequence components as the fault does not involve earth,

Symumcompl.wpsiuvol |
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Fag
FIG 9 is a phasor diagram showing the positive and negative sequence components added to give the original
currents. i
JTERY '5'1*1&&1:!
- Wher
l-ﬁ'l.'-Fﬂ i Iaz=671 @G’
e " )
,
To=\oo (180 ‘IE —)_
\ Tla-100/e?

' 1a. 2571/ %
£8,5571 [y50° v j
E IL‘iii}T.é:qﬂ‘ L]
FIG9
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DISTRIBUTION OF FAULT CURRENTS THROUGH POWER
SYSTEMS

Fault currents can be calculated at points in the power system other than at the fault.

The impedance diagrams must be used to determine the distribution of current through each branch
of the network,

Example:

Refer to Tutorial 5.

Depending on the type of fault, there may exist the following components of fault
current;

Transmission line:

positive, negative and zero sequence,

Transformer secondary windings (132kV earthed star):

positive, negative and zero sequence.

Transformer primary windings (33kV unearthed star):

positive and negative sequence only.

Transformer tertiary windings (11kV delta):

zero sequence only,

Generator windings (33kV unearthed star):

positive and negative sequence only,

Consider the distribution of current through the transformer for the single phase to
earth fault on A phase,

Refer to FIG | which shows the phuse sequence components that exist in each set of
windings for the single phase to carth fault, ¥

=L.12  3ey

USAVOLT'FAULTDISTSHORT . doc
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The ampere turns of MMF in the transformer core must balance,

Use the previously calculated fault currents on the 132kV transmission line which will be the same in
the 132kV windings of the transformer.

"On 132KV side of transformer: I, =777/ amps
lB -0
I.=0.

= 259/0° amps

ats will be balanced by currents flowing in the 33kV.
The zero sequence components will be balanced by currents flowing around the 11kV delta tertiary
windings.

Thefifiggof transformation between primary and secondary is MA’?‘

Positive sequence components in 33kV windings are:

W - e - RN

&)

B, - 1036120 smpsy
Negative sequence components in 33kV windings are:
s - 259x132/0° = 1036/0° smps
33 ‘.%
l'u = 1036&_12&& amps

1 ' 1036/-120° amps

¢l

Line currents on 33kV side of transformer are:

. S i = 1036/0° + 1036/0°

Y p al

= 2072/0° amps

by o by * Ibz - 1036/-120° + 1036/+120° m\)sall
Conuer s
= 1036/+180° amps .~ 4o ((:(m,v-ﬁu VO
o = 1036+120° + 1036/-120°

1 1036/+180° amps S

UAVOLTFAULTDISTSITORT.doc
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Ratio of transformation between secondary and tertiary windings (132/ V3)11,
Zero sequence currents flowing around the | [KV delta winding arc:

TR SRR e S

a0 b0 oD [ X132 x1/0°

V3x 11

= 250 x 132 x 1 /0°
Vix 1l

) 1795/0° amps.
Refer to FIG 2 which shows the calculated current values flowing in the transformer windings.

= InsM e
=D [a:2012/0'A

= eagth
L)-‘«bto %ul\'
] L C=0
:chOSG(E.
T= l"lQSLo-A.

FIG2

Nﬂ!l There are no positive or negative phase sequence components in the delta windings because
‘ the winding has no external connections,

USAVOLTFAULTDISTSHORT.doc
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Fault Current Disiribution through Star Delta Transformers

Refer to FIG 3 which shows a Delta/Star transformer with turns ratio 1:1 and a single phase to earth
fault on the star connected side,

Ly o

1\ padio “%
FIG 3

The single phase fault of 300 amps on A phase on the secondary side of the transformer produces the
following symmetrical compunents,

= m 3
1y =1y =1, 1000° amps,

Caleulate the balaneing components of current in the delis winding,

The current components in cach phase of the delta winding are as shown in FIG 4.
l:,"..'.'.l + L1 GMH) /

=5 TA =3oov

1A= 3o0f

1,1 L \G!"E"'I:l
' o/c 4

lﬁ-a

b
__“_-L_::‘
11 :111 I'ﬂ =0
Tez2o0R &
(L 17 GML.";)

Notes: The zero sequence components are trapped in the delta winding and circulate in the

windings.
The positive and negative sequence components exist in the delta windings and add
vectorially to give positive and negative components in the line conductors.

UAAVOLTFAULTDISTSHORT doc
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P 5 OTENCE TMP DIAGRAM OR P S o

There are two classes of faults on power systems:
al Balanced three phase short eircuit

b} Unbalanced one phase to earth
phase to phase
phase to phase to earth.

Balanced Faults

A short circuit across three phases produces symmetrical and balanced
three phase currents and voltages in tha fault.

The currents and voltages are positive sequence components only.
No negative or zero segquence components exist.

Unbalanced Faults

Unbalanced faults involving earth will produce positive, negative and
Iaro sSaglueanocs cnmpnnintl. .
Unbalanced faults pot invelving earth will produce oply pesitive and
negative sequence components,

To calculate the effects of faults, the impedance of the faulted
ayatem must ha known.

Impedance of System Components

All high voltage equipment such as Generators, Transfermers and
Transmission Lines will have an impedance value for every phase
segquence component.

Bl m kD) aaguence impedance

I, = pasitive sequence component

Ii-!:npﬂiti?#“#nqu-nqw.auﬁﬁunqnl

These values may he different or the same, depending on the type of
equipment and how it is connected,

HWe must draw an impedance diagram for each compenent hefore salving
for fault currents.

ce of Stati

Static devices are such things as Transformers, Overhead lines, Cables
and Reactors but not rotating machines such as Generators,
Generally Zi = Z» for static devices?

However, 2y will depend on whether there is a path for zeroc sequence
currents and is determined by how the device i= connected {marthed or
not).
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Two Hindin sforme uiva Lt Circuit

FIG 1 shows the equivalent circuit of a two winding transfarmer.

b 2 s
Wx@“ E&M ,&.:_:flr ﬁ;tm

Zero bus Bor

Fig ]
211 and 233 are self impedances of the tweo windings.
Zi12 is the mutual impedance between the twe windings.

L

The eguivalent eircuit in FIQ 1 can be re-drawn as shown in FIG 2.

2\ =Zu*212 Taz=L2l-L12

2o Boshur
Fig 2

Z, and I3 are leakage impedances.

[ or
2y is the mutual impedance (very large compared to 2 and Zz ) and can
be ignored,

P ive - lan irou 4 W in rm

&&j Refer to FIG 3 which is the simplified circuit of FIO 2 and reprasents
the Positive Sequence Eguivalent Circuit.

f”fﬁ_> Links remoued when
o Hansfvoned 'S disconnede

EqTole |
=ero
FIG 3
B uabor
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il o uence valent Cj i wo Wind er

Bince I, = I; in statiec devices, then FIG 3 also reprezents the
Negative Sequence Eguivalent circuit of the two winding transformer.

T a Wind Transformer uiy ircuit

Refer to FIG 4 which shows the equivalent circuit of a three winding

transformer.
(i = E—ﬁ .__.ﬂﬁec’
oec
i o
g Tex <1

Ry
O Zero bt
Tmpeconce c&é&;’w

EIG 4

ghf1t°t.1 impedance between each pair of terminals {s determinad as
=] =1 F B

Zre Iy + g
Zar = Ig + Zv
Zpy = Zp + I

Similarly, the individual impedances of the windings can be
represented by:

Ey = ¥(Zpa + Zpr = Zea)
Zs

d(Zps *+ 22z - Zpe)

Zr (Zpr + Zpg - Zpp )
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Positive Sequence Egquiwv i it of indin Em

Refer to FIG 5 which is the circuit of FIG 4 re-drawn and ineludas
links in each cireuit which will be closed if the particular winding

iz connected. g
Pf:ﬁm,ﬁ Link (hesl it
- . ]

,"}'rl-& painclendy "
conmnecied:

ElQ &

S8ince Z; = I3 in static devices, then FIO 5 also represents the
Negative Sequence Equivalent circuit of the three winding transformer,

Generator Equivalent Circuits

In rotating machinery, Positive sequence impedance T, is not equal to
Negative sequence impedance 23, due to the effects of Negative
Sequence components on the rotor of the machine.

Refer to FIGC 6 which 18 the equivalent circuit ?é a g-ncr.tur; (iﬁ
Py e Lk L{nu% aeénerater in

i
vite.
0—r _t——o0 o—°

= )

Zero Busbor

FIG &

The ¢ircuit is the same for both positive and negative sSagquence,
except that the impedance value will ba different.
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Z uival en E Transf 3

Rafer to FIG 7 which shows the egquivalent zero sequenca circuits for
wvarious transformer connectinmns.

Connsclinem and 1ers phans L §uii sl she [ TE PO P p—"

——

— > W T
e e
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fero sequence components of current can Flow inte and out of a
transformer, when the transfarmer forms part of a closed leap to the
unidirectional currents.

Zero sequence components can flow in a star connected winding whiech
has an eacrthed star point and is connected to an earthed source,

Zeroc sequence can circulate around a delta conpected winding but
cannot flow into or out of the delta,

In the equivalent circuits shewn in FIg T, link "a™ is closed only
when the winding is connected ts an extearnal circuit and the zeres

sequence components can flow {(earthed star).

In the equivalent circuits shown in FIG 7, link "BL" is clesed only
when the zero seguence components ecan girculate in the winding witheout
flowing into or out of the winding (delta).

If these conditions are not met, then the links are left in the open
Fosition and that part of the transformer is an open olrcuit to zera
aequence components of currant. lﬂﬂ

Drawing Impedance Diagrams for Power Systems

Example: Refer to FIO 8 which is a single line diagram of a power
system having four generators, each with a step up
tranaformer, connectad to busbars, and interconnected by twa
132kV transmission lines, Une of the transmission lines
has an earth fault in the location shown which divides the
line inte two parts represented by Line 2 and Line 3,

Draw the squivalent Positive, Hegative and Zero Ssquence
Networks represented by single impedance values between the
source and the point of fault,

Impedance Details of Flectrical Plant

Gensrators A and B 2 = 32.5% on baas S0MVA
23 = 45% on base S50MVA
Zo = 60% on base 50MVA @
Transformers A and B Zy = 23 = 2o = 10% on base S0MVA
Cenerators C and D £, = 20% on base 40MVA
Z: = 12% on base 40MVA
Zo = 10% on base 40MVE
Transformers € and D Zy = 22 = 12% on base 40MVA
Zo = 6% on base 40Mva
Transmission Line 1 I = 22 = 38.39

Zs = 1340
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Transmission Line 2 21 = Z3 = 10.54
Za = 36.68

Transmission Line 3 21 = Z3 = 27.89
Za = 97.440

ElG &

Convert all impedance values to a common base (say 100MVA).

For the Generators and Transformers use the equation:

L% (new MVA base] = Z% ( on old MVA base) z new hase MVA
old basze MVA
Generators A and B Z, = 32.5 x 100
50

= 65% on base 100MVA
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Similarly all other Z% wvalues can ba converted.

Iz = 30% on base 100MVA
Zo = 120% on base 100MVA
Tranaformers A and B 21 = Ez = Zp = 20% on base 100MVA
Generators ¢ and D Z1 = 50% on base 100MVA
Z: = 30% on base 100MVA
Zoa = 25% on base 100MVA
Transformers € and D I1 = I3 = 30% on base 100MVA
2o = 15% on base 100MVA

For the Transmission Line# use the sguation:

s (22 x MUaas X 100) (@
v ’| S
Transmission Line 1 21 = 23 =
il32tl

= 22%

Zo =W

= 76.9% say 77%

Similarly for the other transmisasien lines:

Tranamission Line 2 Zy = Zg s BB
Zo = 21%
Transmission Line 3 Z, = 23 = 16§

Zo = 56%, fﬂ?
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Hegative Seguence Impedance Diagram

Draw the Negative Sequence Diagram for the System as shown in FIG 13,

el

e

3

S0

(&

£lg 13

Note that the diagram does not include a voltage sourca.

t*ﬁ The network shown in FIG 13 can be simplified by combining series and
4 parallel impedances as shewn in FIG 14.

FIGC 14
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To further simplify the network, a star-delta transformation must he
carried out on the delta connected impedances of 22%, 6% and 16% im
FIG 14.

This transformation is the =ame as previcusly calculated for the
positive seguence diagram because the Z% values are the same.

Redraw FIG 14 with the star connected impedances replacing the delta
connected impedances and reduce to a zingle impedance as shown in Fig

e gl]z:.ﬂ P
?

2.7 Z1 lofak -
21

22

Bolt o faut

F1G 15

The total Negative sequence impedance Z: is 25.1%.
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Positive Sequence Impedance DHagram

Draw the Positive Sequence Diagram for the System as shown in FIG 9,

nh

FAueT | 0 E1G9

Note that the diagram includes a positive seguence voltage source
which ia the system voltage supply.

The network shown in FIG 9 can be simplified by combining series and
parallel impedances as shown in FIG 10.

Cgﬂ.

.5 4o
22
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To further simplify the network, a star-delta transformation must be
carried out on the delta connected impedances of 22%, 6% and 16% in
FICG 1l0.

Star-Delta Transformatiag

Refer to FIG 11 where the delta connected impedances are X, Y and Z

and the corresponding star connected impedances are A, B and C.
i

I

A
T
A/ \ 2% N\
2
1 3
3 24&2
FIG 11

Uaing the aquations:
2x = Iz X3y Zn = Iy X Zg Ze = I3 % I3
. Zx + Zy + I3 Zx + 2y + Ig : Zx + 2y + I

The equivalent values of Za, Zy and Zc are caleulated.

Za = 22x6 W
22+ 6 + 16

Zn = A%
e = 2.2%

Redraw FIG 10 with the star cennected impedances replacing the delta
connected impedances and reduce to a 8ingle impedance as shown in FId

®

23.3 2\ Tetul
4o : 255y

% 72 =D
pauil- ﬂmﬁ.
2.2

'\G'-“’” PIC 12

The total Fositive sequence impedance 2, iz 25,5%,
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Zero Seguence Impedance Diagram

Draw the Zere Seguence Diagram for the System as shown in PIG 16.

cen) TT120 wﬁ%nm c 1125 D]é{iﬁ

g &

£
o S A :

=
o

ot

Note that the diagram does not include voltage source.

{} The network shewn in FIG 16 can be simplified by combining seriea and
parallel impedances as shown in FIG 17.
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To further gimplify the network, a star-delta transformation must he
carried out on the delta coanected impedances of 77%, 21% and 5&6% 4ig
FIG 17,

Btar-Delta Transformatian

The equivalent values of Za, Za and Z: are calculataed,
Za - 10.5%

Zn L 28%

Le = 7.6%

Redraw FIO 17 with the star connected impedances replacing the delta
connected impedances and reduce ta a single impedance as shown in PIg

Gxt Ne - Nﬂ
201 (5
=, 2o B&L <15

76 f}‘?}’

faw ! bolk

Fic 18

The total Zerc segquenca impedance Z, is 28.7%.

The equivalent impedance values for Z;, Zs and Zo ¢an now be used te
calculate positive, negative and 28ro sequence cemponents of thas fault
gurrent.
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FHASE SEQUENCE DETE CTORS

Detection of Zerg Sequence g,:urrenl'.uﬂfnltaggg

Zero sequence currents flow in the neutral wire when unbalanced loads are connected
b a four wire system.

Zero sequence currents also flow in a three wire system under earth fault conditions,
The conditions are:

a) a system connection to earth at (wa Or more points,
[4)] a potential difforence between the points resulting in a current flow,
urre t

Refer to FIG 1 which shows three current transtormers connected in star, supplying an
ammeter or relay,

s A
% Y,
o1 4 6 LindE
23 C
Y
omponesds 2o, Seq vemce
oy Dewn'ce

FlG 1

The ammeter or relay measures the veetor sum of the three line currents, which is
proportional to the zero sequence current since:

Li= lfﬂ[]h +]ﬂ +l|:']'

Residual Voltage Detectivn

Refer to FIG 2 which shows a three phase voltage (ransformer with the secondary
winding connected in open delta and supplying a volimerer or relay,

The voltmeter or relay measures the vector sum of the secondary vollages which is
proportional to the zerg sequence component,

Ba=E,+ Ep +Ex

LA Watkinsom A VoL \PH A SEQUENCE DETECTORS.doe
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H. V.
LINE

I Pr imary Vo loge ensfbmer

Open T Hlnd.nﬂ

Zelo SEauents )
DetecTok

Detection of Negative Sequence Components

Negative scquence components exist when unbalanced loads or fault conditions occur.
They can be measured or detected using a phase shifting circuit as shown in FIG 3.
The circuit is supplied from a delta connected set of CTs which eliminate the zero

sequence components from the circuit, s

l
Pan ) -
|

A v
wp

LA

W\
W

UNAWaikinsomMAVOL2\PHASE SEQUENCE DETECTORS.doc
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FAULT CALCULATIONS ON POWER SYSTEMS

There are two classes of faults on power syslems;

a) Balanced three phase short cireuit
b Unbalanced one phase to earth
phase to phasc
phase to phase to earth,

Each of these fault conditions can be described by voltage and current equations,
Single Phasc to Earth Faul

Consider a single phase to carth fault ?“n AN phase as 1]’111".\-‘1"! in FIG 1.
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FIG 1
50 q: a) All load currents are zero.
9] Fault is through zero impedance,

Current Equations for the circuit are:
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Voltage Equations for the circuit are:

¥ =0  (short circuit to earth)
VB = Normal voltage
¥ = Normal voltage.

The phasor diagram for the system line currents is shown in FIG 2,
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FIG 2

A single phase to carth fault current will contain positive, negative and zero sequence
coImponents.

Lsing symmetrical component analysis, the unbalanced current phasor shown in FIG 2 can be
replaced by the positive, negative and zero sequence components shown in FIG 3.
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FIG3

{all components are in phasc),

L =L th+l=3,
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Connection of Phase Sequence Impedance Diagrams l H‘

The single phase to carth fault contains positive, negative and zero sequence components of
current.

This means that to determine the total fault impedance between the source and the tault, the

positive, negative and zero sequence impedance diagrams for the system must all be connected
together ag shown in FIG 4.
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FIG 4

Note: As all sequence components are equal and in phase, the sequence impedances ZI. ZJ and
2”, arc connected [n geries.

The voltage equation for this cireuit is:

v - 12, +LZ +12
LZ +Z,+Z) LxZ .
where ¥ is the phase 1w newiral value.
saleulation of Fault O ng Sequence 1 n BEra

[, =1, <1, = 100 x Current at Base MVA
£
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Example:

0

A 132KV power system has a positive sequence impedance Z, of 6%, a ncgative

sequence impedance Z, of 7% and a zero sequence impedance Z, of 104, all

caleulated on a base of TOUMV AL

Caleulate the current flowing into a single phase o earth fault at 132kY on "A"

phase,

L%

TOTAL

Fault Current | A

UAAVOLMFAULTCLEL doe

2,42 42,

6+7+10

23% om base of 100MVA,

100 puofcurrentat 10OMYA
23 o

LUM&HME
[}
2xNIxV —

100 X 100 % 10" ;
23 x¥3x 132x 10

1902 amps

IM+IH+IM

ExIM

5706 ampa



Phase to Phase Fault '5‘:?3 t 'I 1 EF'

Consider a phase (o phase fault on “A to B™ phases ag shown in FIG 5,

= 1A

FIG S
Assumpilong: a) All load currents are zerg,
b} Fault is through zero impedance,

Current Equations for the circuit are:
Gt
1 o™ 0

Voltage Equation for the cirenit is:
g (short circuit between A and B)

The phasor diagram for the aystem line currents is shown in FIG 6,
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A phase to phase fault current will contain only positive and negative sequence components.
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Lising symmetrical component analysis, the unbalanced vurrent phasor shown in FIG 6 can be
replaced by the positive and negative sequence components shown in FIG 7.
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Connection of Phase Sequence Impedance Dingrams
The phase to phase fault contains only positive and negative sequence components of current.

This means that to determine the total fault impedance between the source wnd the fault, the
positive and negative sequence impedunce dingrams for the system must be connected together us
ghown in FIG 8,
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The voltage cquation for this circuit is:
AVOLIFAULTCLE L doe
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V : II(Z‘ + Zz) or

Em iy

z 2, +2)

where V is the phase to neutral value.

Example:
A power system has a positive sequence impedance Z, of 10% and a negative
sequence impedance 7, ol 12% calculated on a base of 100MVA.
Calculate the current flowing into a phase to phase fault (A to B) atﬁi_ky.
L% zomat Z,+Z,
- 10+12
= 22% on base of 100MVA.
» I, =l - 100 pu of Current ut LOOMVA
: Z% 1AL
- 100X VA, ASH
22 x Al x Vm 8
0
- 100x100x 10

A 3
22xV3x066x 10
- 3976 amps

Fault Current \‘SII = V3 x 3976

6886 amps

'\3 . AR 6886 amps
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Phase to Phase to Ear aul

Consider a phase to phase to earth fault on (A to B Lo B} as shown in FIG Y.
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Assumptions: a) Al load currents are 2era,
b} Fuult is through zero impedance,
Current Equation [or the circuit is:

[~ 0

Voltuge Equations for the eircuit are:
V. = 0
‘u’H = (} (shott civeuit between A and B)

All symmetrical companents exist singe earth fault conditions are present.

L, =L =1, =13, 1+ 1)
e =l Tl ti,=0
e =, ":Ir.'z - [l.'u}

From voltage equalions.

2
‘..-’c] =13V, +aV, +a 1."'5]
= 1.“3["\«": +0+0)
= l.f3"+’¢
Similarly "-.-’C?_ = I.G‘u’c
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