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Double Subscript Notation

AC voltages are written using double subscript notation and as complex
numbars in polar form. i

Voltage Exs = voltage at point A with reference ta point B,
Voltage Esas = voltage at point B with reference to point A.

The second mentioned letter ias always the refersncs point.,

Example: Eaxn = 200/0° veolts
Eap = 200/2180"° volta {oppnaita_tu Eaz )
A machine with a single rotating eceil in A4 magnetic field generates one

cycle of sinuseidal emf for sach revolution of the coil. This is called
a gingle phagse emf, ‘o

If thiee colls are spaced equally, 120° apart, around the machine, then
the generated amfs in each coil will pass gero and reach peaks at
different times. The three emfs generated are three single phase amfs.

‘Refer to F16 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 brushes,

H
o

(a]l Three-phsss peneraLion by Cugpui conneceiang af generaror

The coils are labelled A, B and 2, and the emfs will reach peaks in the
order A, B, ¢, if the coll system is rotated anticlockwise,

The cails are electrically separate and the emfs measured across the
ends of each coil are identifieg 48 eaa, epp and ece, in accordance.
With double suhseript nobation,

The theee separate genesats, wiading Veltages, are agual in wagnipude
het displaced €rom g.,-.,d-. other in phase, by £iz20¢ “ "
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FIG 2 below shows ‘the wavaforms of the thres .separate phase voltages in
each coil, eaa, esnp and eco.
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The thres voltages can be expressed in either time domain or complex

form.
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L

sxs = Buazsinwk = EfD° volts
esp = Ewaxein{wt-1207) = B/-120" volts
ece = Ewaxsin(wt-240") = E/+120" volt#d

or Exxxsin{wt+120")

Refer to FIG 3 which shows the phase relationships of £120° and the
segquence A, B and C of the thres 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,
however, standard identification has hean adopted,

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

a) A, B, C or

b) 1, 2, 3 ar

c¢) Red, Yellow, Blues (R, Y, B) old system or

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

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

R-W-B is the more recent standard adopted, howsver, R-Y-B labelled
equipment is still quite commen in industrial installations.

Ehase Sequence (Phase Rotation)

FPhase 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
pPhase rotation is in the order A=-B-3. 2

This is called ™ _

If the ceils on the machine in FIG 1 are rotated clockwise, the rhase
rotation is in the order A-o-B,

This is called "Negmtive Phase Sequence”

Mwwmw

The direction of rotation of a three phase motor, will depend on the
Phase sequence of the supply voltage,

If the phase seguence is reversed, then the machine will rotate in the
Isverse dirsction.

Conpection of Three Phage Gegerators

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

This would require =ix 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 Fhase Notation

The three phasa windings in a generator can be labellaed in any way,
however, standard identification has been adopted,

Phas=es 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 international atandard.

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

R-W-B is the more recent standard adopted, howaver, R-Y-B labelled
egquipment is still guite sommon in industrial installations,

Ehage Sequence {Phame Rotation)

Phase sequence or phase rotation is defined as the order in whiech 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-g. "

This is called " :

If the coils on the machine in FIG 1 are rotated cleckwise, the phaae
rotation is in the order A-o-B,

This is called "Negmtive Phagse Sequence"

Mmmmnmmmum

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

If the phase sequence is Esversed, then the machine will rotats in the
Ieverse dirsction,

wmm,m“

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

This would require six Separate wires to the ends of each of the thres
windings, in which case the connections would be as shown in FIG 4,
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Yolta in a Balanec Conne Generator

Ling voltages (Erine-iine) are measured between any two line termipnals.

There are three line voltages in the circuit of Fig 5., Ean, Ego, Ega.
gﬁgggdﬂﬂ;;§¥¥:{nllgﬁgq,l;r.n] are measured across any winding ar
betwean any lina terminal and the neutral terminal.

There are three phase voltages in the circuit of FIG 5., Ean. Ean, Eox.

The three generator winding voltages (phase voltages), are egual in
magnitude (balanced) but displaced from each other in phase, hy +120°,

Each line veltags is the vector sum of two phase voltages!

Refer to the phasor diagrama in FIG 6. which Qhéw'tﬁrnn phase Enltng-n
and the vector addition of the phase voltages to give the three lines
voltages.

F'i B

gy o=
.'Jr

':IH r’lﬂ

(1) Rebationship of phae viliges [l Line vuiliage K, p s cha phasse

dlffareiae Koy = Fpy
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Line Voltage Eas Eaw + Ema

Line Voltage Esmc Egxy + Enmc

Line Voltage Eca = Ecax + Ema

Notes: QE;ugig;“qggggp; « vectot additions, orie of the phase voltage
must be rivtrlggl '
Line valtages are all equal in magnitude.
Line voltages are [ s the phase w._ral'_ngg_.gf
by 30°.

Line voltages lgad phade voltages

From the circuit diagram in FIG 5 it can be seen that the curresnt

flowing in a line conductor ias the same as the current flowing in a
phasa winding.

Summary :

In & atar connected system Eiioe = {3%Epnans
Titone = Iphume

Delta Connection of CGemerator 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 connected together from the gtart of one
winding to the fipnish of the next winding to form a

Ll
nireny

t

I )

g
Line &

Line varliuge
= /ﬂ
Y

+ Iy

——

Line B
L

[ine C




f’?

Page - 7 f”}

Voltages ip a Halapced Delta Connected Ganerator

Line voltages (Elina-1tne) are measured between any two line terminals,
There are three line voltages in the circuit of FIG 7., Exn, Epec, Eca .

{Eb;...g are measured across any Winding and are the aame
43 the line voltages in the dalta eircuit,

There are three phase voeltages in the cirecuit of FIo T.:, Baz, Eac, Eaa.

Refar to the phasor diagram in PIo 8. which shows tha phase voltages and
line voltages in a delta aystem,
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wmmmmmwmﬂ

From the circuit diagram in PIG 7 it can be seen that the current

flowing in a line conductor is vector sum of two currents flowing in the
Phase windings.,

Applying Rirchhoff's Currsnt Law at each line terminal:

Line Current Iy = I, - Iz

Line Current Iz = In - Ia

Line Current Ig Ig: -+ In
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Refer to the phaszor diagram in PIC 9. which =heowz the vector addition of
the phase currents to give tha three line currents.

"y
Ta carry out thess vector additions, one of the phase currents
must be reversedy '

Line currents are all equal in magnitude.

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

in a delta connected system Eiins ® Ephass
Iline = T31pnnse

Comparison of Three Phase and Single Phagse Supplies
Power Supplied:

Valtages:

Currents:

Humber of

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

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

A three phase supply allows flexibility of twe different
voltags levels and a choice of 1, 2 or 3 phase supply.

As powaer is supplied from three sources, the current necessary
to deliver the same power as a single phase supply, is lazs.
This means that the conductor size can be smaller.

Smaller current is an advantage for motor starting.

Conduectors:

Three separate single phase supplies would require six
conducters 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 phase supplics can be either three wire or four wire.
Three phase loads however, can be connected to the supply in a number of ways.
Three phase loads can be cither Star or Delta conneeted, and may be cither balanced or unbalanced.
A balanced three phase load is defined as having gqual impedances in all phases.
An unbalanced three phasc load is defined as having unequal impedances in all phases,
Wire § ed Star Ca .

Refer Lo FIG 1 which shows a star connected Joud 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 b
All line currents are equal.,
Phase voltage BLLB BN,
The connection of the neutral (fourth wire), ensures that all phase voltages arc equal at the

load:
Neutral current is equal to the vector sum of the line currents,
|_ Lmmar =1, 7 I, + 1. = 0(for a balanced load) ]

APHAREHALANCEDLOAD, doc wwnld
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Lxample: A balanced three phase star connected load, consists of three 1000} resistors connected via
a four wire balanced supply system, to an alternator, having a linc-neutral voltage of 100V
tms,
Assume vollage Em as reference quantity,
Calculate:
i) the line 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. i 1"51{111‘-90
20
B Wi A
€ = i
Ebe 21737 [-40°
FIG2
n) Since the supply is balanced,
2= Ry
B = 10007 volis ks _I_‘SD&
E = 10iK-120"volts
5 ool
g E = 1004£120%volts
i
AllLine voltages 5 VIxE . 9 3100 * 1732V s,
E_m = | 73,2430 volis
E..=173.2/-90° volts
E., = 173.2+150%volts
h) Line current IA = Em=- = 10de0= = 1:0%amps rms
- 100/4°
Line current L= E:m-z = 104-120° = 1{-12{Pamps rms
e 10070

JPHASFRALANCETH.OAL, dis uvall
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Line current [_ = By ™ 1o=120°0 = -1 20%amps rms
ZCN TowR?

All line currents arc oqual in magnitude and displaced by 120°.

L

10° + 1/-120° + 1/+120°
(1 +j0) = (-0.5 - j0.866) + (0.5 + j0.866)
0

€) Iﬁi’:‘u‘r_m_.

Balanced Delta Connected Loads

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

28
3
L@
G _h ST
i 4 PR R :
FIG3
m, | Notes: All phase currents are equa and symmetrical in phase,

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

‘Phase cuent 1, = ﬁ
2,

Phase current Inu = EHL!

zIJC

Phase current Iﬂ = E.

zm

Ubetumently = CLf =

IPHASCRAL AMCEDLOAD doc uvall
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. = o |
Line current IH = [BC = I.‘.J] ""37“[';5.&.51:
3 = - ]
Line current lﬂ IC.t IBU Vix IPH i

Example:
supply of 400V rms line-line,
Using voltage B as reference, calculate:
u) all phase currents in polar form
by all line currents in polar form.
Drraw the complete phasor diagram,
Solution:
Refer (o the circuit disgram in FIG 4,
1A A
A g
ifs ) v
q’[ ?.f.- J.dlg‘;_ \xx
= — \
-_ELFJ i e s \'
--- ——— Sole} o l8
" |
N an LG
0 5 |
ElG4
) Phase current I = E, = 400/0° =
iﬂm 50:0°
Phase current [nr: = . ] L1207 =
ZM S0
Phase current Im. ot - 4004+ 1 20°
CA SO0°
h) Line Current [ i = Lo~ If:a
- Bi0® - Bi4+]20°

Fle

A balanced delta load of R = 5002 per phase is connected across a three phaze balaneed

807 amps rms

R/-120° amps ms

8/+120° amps rms

IPHASEBALANCEDLOAD die uval2
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(8 +30) - (-4 + j6.9)
12 - j6.9
13,8307 umps rms

la':; z 1.-1.3

&/-120° - 3/0°

(-4 - j6.9) - (B + )0y
12-j6.9

138 150° amps ms

Line Current IH

IL'A' Inc

BAEI20° - 8/-120°

(-4 +16.9) - (-4 - j6.9) .
0+j13.8 GH
13.8/+90° umps rms

Line Current I‘,

Y The sum of the line currents is:

.P"-

e

(@ +1,+1) C(12-§69) (+12-J6.9) (0 +j13.8)
- 0

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

Refer to FIG 5 which is the complete phisor dingram,
RACH G005 M res 138 fidor
Tk filc

Tays 2P
——> b 4aov /°

In: 135 f30°

IPHASEBALAMNCEDLOAD doc wwal
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Star Conpecied Impedances
Three impedances are connected in the "Star" or "Wye" connection when they are connected as shown in
FIG 1.

A

-1

Ly

& (%S
0 C
FIG 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 Lo be simplified and solved.

Delta Connected Impedances

Three impedances are connected in the "Delta” connection when they are connected as shown in FIG 2,

This connection is used in three phase circuits where the three phase supply is available as a three 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,
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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 Z, Zp and Z-, and also a delta
connecied set of impedances Z, . Zgeand Z-

f A
z.-‘l
R, () ey A
c B Zpe c
FIG3
For the two sets of impedances to be gquivalent, 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: Z, g - 2y Zgo+Zop)
*  Zapldpctlogl = product
Eﬂ = ZBC » zCﬁ_ sum
= ZapZgc A WK :
e W
Equate the star and delta impedances:
Zy+Zpg - ZABEE +Zpcleoa Equation 1,

Zyptipotipy
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CONNECTION OF BALANCED THREE PHASE LOADS

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

Refer Lo FIG 1 which shows a star connected Joud 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 b
All line currents are equal.,
Phase voltage BLLB BN,
The connection of the neutral (fourth wire), ensures that all phase voltages arc equal at the

load:
Neutral current is equal to the vector sum of the line currents,
|_ Lmmar =1, 7 I, + 1. = 0(for a balanced load) ]

APHAREHALANCEDLOAD, doc wwnld
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Lxample: A balanced three phase star connected load, consists of three 1000} resistors connected via
a four wire balanced supply system, to an alternator, having a linc-neutral voltage of 100V
tms,
Assume vollage Em as reference quantity,
Calculate:
i) the line 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. i 1"51{111‘-90
20
B Wi A
€ = i
Ebe 21737 [-40°
FIG2
n) Since the supply is balanced,
2= Ry
B = 10007 volis ks _I_‘SD&
E = 10iK-120"volts
5 ool
g E = 1004£120%volts
i
AllLine voltages 5 VIxE . 9 3100 * 1732V s,
E_m = | 73,2430 volis
E..=173.2/-90° volts
E., = 173.2+150%volts
h) Line current IA = Em=- = 10de0= = 1:0%amps rms
- 100/4°
Line current L= E:m-z = 104-120° = 1{-12{Pamps rms
e 10070

JPHASFRALANCETH.OAL, dis uvall
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Line current [_ = By ™ 1o=120°0 = -1 20%amps rms
ZCN TowR?

All line currents arc oqual in magnitude and displaced by 120°.

L

10° + 1/-120° + 1/+120°
(1 +j0) = (-0.5 - j0.866) + (0.5 + j0.866)
0

€) Iﬁi’:‘u‘r_m_.

Balanced Delta Connected Loads

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

28
3
L@
G _h ST
i 4 PR R :
FIG3
m, | Notes: All phase currents are equa and symmetrical in phase,

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

‘Phase cuent 1, = ﬁ
2,

Phase current Inu = EHL!

zIJC

Phase current Iﬂ = E.

zm

Ubetumently = CLf =

IPHASCRAL AMCEDLOAD doc uvall
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. = o |
Line current IH = [BC = I.‘.J] ""37“[';5.&.51:
3 = - ]
Line current lﬂ IC.t IBU Vix IPH i

Example:
supply of 400V rms line-line,
Using voltage B as reference, calculate:
u) all phase currents in polar form
by all line currents in polar form.
Drraw the complete phasor diagram,
Solution:
Refer (o the circuit disgram in FIG 4,
1A A
A g
ifs ) v
q’[ ?.f.- J.dlg‘;_ \xx
= — \
-_ELFJ i e s \'
--- ——— Sole} o l8
" |
N an LG
0 5 |
ElG4
) Phase current I = E, = 400/0° =
iﬂm 50:0°
Phase current [nr: = . ] L1207 =
ZM S0
Phase current Im. ot - 4004+ 1 20°
CA SO0°
h) Line Current [ i = Lo~ If:a
- Bi0® - Bi4+]20°

Fle

A balanced delta load of R = 5002 per phase is connected across a three phaze balaneed

807 amps rms

R/-120° amps ms

8/+120° amps rms

IPHASEBALANCEDLOAD die uval2
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(8 +30) - (-4 + j6.9)
12 - j6.9
13,8307 umps rms

la':; z 1.-1.3

&/-120° - 3/0°

(-4 - j6.9) - (B + )0y
12-j6.9

138 150° amps ms

Line Current IH

IL'A' Inc

BAEI20° - 8/-120°

(-4 +16.9) - (-4 - j6.9) .
0+j13.8 GH
13.8/+90° umps rms

Line Current I‘,

Y The sum of the line currents is:

.P"-

e

(@ +1,+1) C(12-§69) (+12-J6.9) (0 +j13.8)
- 0

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

Refer to FIG 5 which is the complete phisor dingram,
RACH G005 M res 138 fidor
Tk filc

Tays 2P
——> b 4aov /°

In: 135 f30°

IPHASEBALAMNCEDLOAD doc wwal
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POWER AND ENERGY IN AC CIRCUITS

Definition of P

Bower is the rate of doing work. (Power = work/time)
The STunit of "real or true" power is the "WATT"
Revision of Real Power in DC clrcai

In a purely resistive de circuit, real power in watts, can be calculated by any of the following
expressions:

&

P=El P=IR P=E2R

The power is called "real” power because the energy is consumed by the resistor and converted to
another form, such as light, heat or mechanical energy, and gannot 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, (o establish & magnetic field in an
inductor, or an glectric field 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 circuit, 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 gircuit: I leads E by 90°
Purely inductive circuit; Tlags E by 90°

R-C circuit: [leads E by an angle between 0° and 50°
R-L circuit: Llags E by an angle between 0° and 50°
R-L-C circuit: ['may lead of lag E by an angle between (° and 90°depending on

overall impedance,

Soe
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Summary:  The voltage and current waveforms are in phase (purely resistive circuit).
The power waveform is twice the frequency of the supply voltage, indicating that
there are two pulses of power for svery cycle of the supply voltage,
The power waveform is always positive, indicating thae Power always flows from the
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 Power Pave ™ V‘EMAXII\MX = ERMSIRMS

In a purely inductive ac circuit;

If 2 - Ewinmt
then i = Iaxsin(ot - 90°) - “Ihgaxcosat (lagging e by 907
then instantaneous power p - Emsmmt X -Imxcosmt
P ! -Emlmsinmtcomt
Using the trigonometrical identity  2sinotcosast = sin2wt becomes;
sinoteosot = YasinZeot

P = -Emrmx{‘ésin!m t)= ~mmfwiﬁ&lt
Power is a double frequency sine wave with maximum valye of ”EMAxIMAX'
FIG 2 shows the voltage, current and resulting power waveform for the purely inductive cireuit,

Veliage

Liilnnissasns
Povar g m i ]
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Summary;  The current waveform lags the voltage waveform by 90° {purely inductive circuit),
The power waveform is twice the frequency of the supply voltage, indicating that
there arc two puises of power for every cycle of the supply voitage.

The power waveform has equal positive and negative half cyles, 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 {5 called "reactive" power or "yolt-amperes.

reactive” (VARS), sometimes called "inductive" or "lagging" VARS,
Power ina Purely Capacitive AC Circuit
In a purely capacitive ac circuit:

If e - Emsinmt
then i = Ipgaxgsin(ot + 907} =Ty 1\ wecosot (leading e by 90°)

then instantaneous power  p = Epgaxsinot x Iygayoosat = Eyga s ysinotcoset
becomnes: P =- Epgaxinax(Vasin2ot) = EEMImsinzm
Power is a double frequency sine wave with maximum value of ¥iEp ravelniax

FIG 3 shows the voltage, current and resulting power waveform for the purely capagitive cirouit,

_—
I | |
| | |
Valtags ¢ t o

e T
DN TN
: Tl LSRR R R
| | | | A= ——
. TERY 1 +\
/\ [ | | !
pover: g = Ir ;
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Summary:  The current waveform leads the voltage waveform by 90° (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,

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]" Power supplied to the capacitor, is the average value of
the power waveform, and is zero, !
The pure capacitor consumes no "real” Ppawer in watts since there is no resistive
component in the circuit,

The power that flows back and forth is called "reactive” power ar "ol

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

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

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

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

Power in a Series R-I AC Cirguit

In a series R-L ac circuit:

If (] - Emliml
then i = Iygaxsin(ot - 89) (lagging e by 6°)

then instantaneous power P =di= Emlmsimtsjn(m: -6%)
using trig identity sinAsin® = ¥{eos(A-B) - cos(A + B)
becomes; P = ‘/;Emlm[cusen - cos{2mt - §%))
expanding brackets gives:
i = YEpgaxlygaxcosd? - “EpaxInaxeosot - °)
= ERngTRaggeoso® - Ermslrpgeos(2ot - 89)
P = constant - double frequency cosine wave shifted by -89
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FIG 4 shows the voltage, current and resulting power waveform for the series R-L cireuit.

1
b 24 S e,
! [
Yoltage v -m | [ |
I

e
/A
'Ir I
b
R

FG4

Currant 1

+

—_— —_—p

{averagn)

Pawer: p = v

Summary:  The current waveform lags the voltage waveform by 8% {inductive circuit),
The power waveform is fyige the frequency of the supply voltage, indicating that
there are two pulses of power for every eyele of the supply voltage,
The power waveform has a larger positive than negative value, indicating that more b
power flows from the supply to the circuit than flows back to the supply.
This energy between the source and the cireuit, 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 = Ermsirngeose®

where §° is the angle of lag between the supply voltage and the circuit 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 a Series B-C AC Cireui
In a series R-C ac circuit;
If 3 = Emsina:t
then i = Iy g xcsin(ot + 87) (leading & by 8°)
then instantancous power  p - ef e Entaxchasgineotsin(ot + 6°)
using trig identity sinAsinB = Va{cos(A-B) - cos(A + B)

becomes; P - VB4 xcInga s [0088° - cos(2at + 8]
expanding brackets gives:
P = MByaxIMAxeost® - KBy whiaxeos(2at + 6°)
- ERpsiRgeosd® - Eppsirpseos(2eot + 69) I
P = constant - double frequency cosine wave shifted by +@°

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

Valtage v

Current |

Foweri p = v
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Summary:  The current waveform leads the voltage waveform by 6° (capacitive circuit),
The power waveform is fwice 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 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 = Epysclp ) qge0s8°
where 8° is the angle of lead between the supply voltage 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 pawer 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 §)

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

In an ag circuit, the product of Egyqalppg 19 called "APPARENT POWER" because the phase
. angle between E and I has not been considered, i

The units of "apparent” power are volt amperes (volts x amps) (VA),
Apparent power is an ST 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:

5= Iw voltamperes or  S=V2py e volt 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 calculated from the expression:

Real Power in Watts P = Epy ralpy qgcosé

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

Real power can also be calculated from the expressions:
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P IzﬂMSR watts  or P= EZRMS"'R warts
where Iga g is the current passing through the resistor and ERpg is the voltage across the resistor.
Real power is an ST unit and can be written as uW, mW, kW, MW et¢ depending on the size.
In an ac circuit, the temporary ENErgy requirement of reactive clements such as inductors ar
capacitors is called " " and can be calculated from the expression:

Reactive Power in Vars Q= ErmsIrpgsing

where 8° is the angle of lead or lag between the supply voltage and the eireuit current and i3 also the
impedance angle of the circuit,

Reactive power can also be caleulated from the expressions;
Q= Izmsx vars  or Q -Ezmsfx\'ln

where Iy g is the current passing through the reactance and ERpgg is the voltage across the
reactance and X can be either +jXp or X

There is a convention to identify the types of reactive pawer,

Inductive (lagging) Vars are consumed by inductors {+ aign).

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

Reactive power is an §1 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
circuit,

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

Real powe

Apparent power ) Resetive power
T=w Q= Vind

Reaclve nower
@ = Fhing

Apparent pawer
§ = b

Raal
P =3 Flees §
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The angle 8° in the triangle, is the angle of lead or lag between the supply voltage and the circuit
ewrrent 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 S, 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 Q) is
Zero.

In a purely inductive or purely capacitive circuit, 8 = 90° and so reactive power Q = apparent power
S and real pawer P is 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
= BRmsiRMs oSO ERpsiRMS
= gosh
Note: When writing a value for power factor, it must be specified whether the cireuit is inductive or
?lfhﬁ:‘:lau:::'la by adding the word "leading” for capacitive circuit, or "lagging" for inductive

eireuit after the numerical value of power factor,

Examples A circuit consists of a 20 volt rms source connected to a series combination of a 600
resistor and an inductor with a reactance of 80€),

Caleulate for the cireuit:

a) the apparent power

b the true power (‘Q'AIL

¢) the reactive power 7

d)  the power factor, | “ nia

ZroTAL =R+ Xy = 60 +80 = 100+53,1°02

IR_MS«=ERLJSKZTDTAL - 2000 1100/+33.1° - 0.2(-53.1"amps
a) Apparent Power § = Epmslrms = 20x02 = 4VA
b) True Power P = ERMSIRMSCMB = 20x0.2xc0s53.1°

=2 4Warls
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OR = PpysR = 02260 - 2.4%Warts
c) Reactive Power ¢ = Emlmsinﬁ i 20%0.2xsins3, 1°
- 3.2Vars
OR = oy = (0% = 3.2Vars
d) Fower Factor = cosd = cos53.1° =08 ]agging([nductivc)

Calewlatian of Power using Complex Numbers

Voltages and currents are written in complex form (rectangular or polar) to make calculations 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 ampereg

5 =P # jQ volt amperes

Note: Reactive power component can have cither a positive or negative sign in frant of j" 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:
S= ER.MSIRMS‘ valt amperes
L] | N

where Ip) (s = conjugate of Ipngg
IF1=a+jb=148% then 1" = a - jb = 1260 {opposite sign for 'j")
Exampled  1nanAC circuit, the supply voltage ERfg = 240/0° volts and the resulting current is

ILR'?JS = 104102 amps.

alculate for the eireuit:
a) apparent power S in polar form,
b) real power P in warts,

)} reactive power Q in vars (state whether inductive or capacitive),
d) power factor (state whether leading or lagging).

The first observation that can be made from the given information, is that the girguit
is inductive, since eurrent lags the applied voltage (by 10°),
a) Complex Power § - ERMSIRMS.

- 240/0° x 10/+10° VA



i’ 5) = 2400/+10°
= 2363 +j416.7 VA
b) Real power in watts - P - 2363 watts
c) Reactive power in vars - Q - 4167 vars (inductive)

d) Power Factor pf’ - cosf = 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 Ippg = Epvs/Z

= 250/°/50/53.1°

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

= ERmslrums’

- 250{0° x 5/+53,1°
- 1250(2531° VA or (1.25kVA)
b) Apparent Power § = 1250/+53.1° VA
= 750 +{1000 VA
- P+iQ
So Real Power=p = 750 watts or 0,75kW
c) Reactive Power=( = 1000VARS or 1kVAR (inductive)

d) Power Factor pf'= cosé = cos53,1° = 0.6 lagging
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box
Example: Avoltage v = 1508in2000t s applied to a resistance of 1660 in series witha 2uF
capacitor,
Calculate;

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).

€) draw the power triangle.

First draw the gircuit diagram.
Sat et

V= 15081 rdacet __L _J- Zu 1{

Capucitivereactance X~ = jjpC = 112000:2x10°6) = jaspn
Total Impedance ZTOTAL - R-jxc

= 166-j250
= 300a564°0

ERwms = Epaxx0707
- 150x0.707
- 106/0° volts

TR " ErmsZrotAL
= 106/0°300(-56 4°
= 03545640 A

8)  ApparentPower§ =  p +iQ

- ERMS'RMS*
= 1060°K0.35/F6.4° va
= 37.45064° VA

= 07@pl2va
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b) Real Power P = 20.7 watts
c) Reactive PowerQ = 31.2 Vars (capacitive)
d) Power Factor = cos® = cas56.4° = 0,55 leading

€) Power triangle

Example: A 50Vpy g voltage supplics a series circuit which consists of a 3€} resistor, a 60)
inducti and a 22 capacitive

Calculate;

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).

Draw the eircuit diagram.,

Total Impedance ZTDT AL - R +j(xL - XC)

= J+j-2)

= 3+j4

= spsao
Total Current Ipnis L ERMSZTOTAL

= s00Ysiesae

- 10-531° A



Page- 15 F'Sf

a) Apparent Power S 5 ERMSIRMS'
= 50/0°x10/+53.1°
= 0043300 va
- 300 + j400 VA

b) Real Power P = 300 watts

c) Reactive Power Q - 400 vars

d) Power Fagtor = cosh = c0s53.1° - 0.6 lagging
Power in Parallel Circuits

Total power consumed by parallel eircuits can be determined by caleulating power in each branch
and then adding the power values together,

Example; A two branch parallel circuit is connected to a supply voltage of E = 20060°Vpp1q.
The impedance of branch 1 js Zy = 430°C and impedance of branch 2 is
Z; =Si60°Q.
Determine;
a) power triangle for Z
b) Ppower triangle for
e) total circuit power triangle
d) overall cireuit power factor.

Draw circuit diagram,
2)  Branch I; '
Currentl; = EiZ,
.= 20/60%/4/30° A
L 530° A
Apparent Power 8 = EMIIRMS*

= 20/60°x5(-30° VA
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= 100800
= 86E+jSOVA

Draw power triangle for branch 1.

b)
Currently = BfZ,
= 206050602 A
= 4°A
Apparent Power 8, = Epmshrums
- 20060°x4/0° VA
- B0/60°
= 40+j69.2VA
Draw power triangle for branch 2,
¢)  Total Apparent Power S - §1+8;

= (B6.6 + j50) + (40 + j69.2) VA

1266 +j1192 VA

173.5/43 32 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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In a dc circuit, Ppc=E (real power in watts)

[n an ac circuit, pPAC =€l (instantaneous values)
In a purely resistive ac circuit:

If € = Ep g5 ysinot

then i=Ipaxsinot (in phase with e)

then instantancous power  p= Epgaysinot x Iyg 4 ysinot
p= EMAXIMAxsinzm

Using the trigonometrical identity sin®wt = (% - Yacos2mt) to simplify:
P = EpaxImax (¥ - Yicos2wt)

expanding brackets gives  p=iEpaxIviax - KEMAxIMAXCOS20t

P~a + a double frequency cosine wave

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

ELECTRO AMIC INSTRUMENTS (Dynamometer

The electrodynamiec 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 magnetie field.

FIG 1 shows the basic senstruection of a dynamometer instrument.

Srale

Spiral spring
Blaving eail

In a PMMC meter, the deflection is propertional to current in the moving
coil and the field strength,

Inuiiﬂzﬁtﬂﬂﬁgili instrument, the deflection is proportieonal to thes
current in the moving eoil and the curtent in the field coils.

Deflection is proporticnal to Irxats X Iuoveims cory

When the instrument is connected in a DCf cireuit as shown in FIG b b
Will measure circuit eurrent ang voltage and deflect Proportional te
power (ExI).in watts, consume ¥ the load.

The instrument is now called & W ter;

Ficld cuils

Mawing r.l
cuil
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Notes: The moving coil is measuring voltage, and the resister R
connected in series with the coil is a multiplier resigter,
similar to that used with voltmeters teo extend their range.
There are polarity markings on both coils to ensure that
correct readings are obtained.

The dynamometer instrument ecan alse he used to measure voltage alone or
current alone by connection of field coils and meving eeil in series
(voltmeter), or field coils and moving coil in parallel {ammeter).

Advantages of Dynamometer Instruments

L Can be used te measure both AC and pDe gquantities.

2, Measure true RMS of an AC gquantity.

Disadvantage of Dynamometer Instruments

i Reguire more energy to drive the movemant, and are therefeore laar
sensitive than PMMC meters,

]
mewmm

The deflection of a dynamometer instrument is caused by the repulsion aof
fuo magnetic poles which must be instantaneously the same. These two
poles are produced by the field coils and the meving coil.

Refer to FIO 3,

If wa apply alternating quantities to the eoils, and the coils are in
series (for a voltmeter or ammeter), then the magnetic poles will all
change polarity when the measured quantity reverses, thus maintaining an
upscale deflection.

Heule

o ;s
L @
1';.u|.h1ﬂ

Muving

el

Field coils

{u) Currene Mwing lrom Jele L righy
pracluces positive dellecijun

(b Surreng Huing From righe e |el)
prolsices positive de feccion



When the dynamometer instrument is connectad as g wattmeter, the
deflection ig eqused by the voltage ang L o oge of current
because these vomponents will preducae inatantanequs like poles,
anlaﬁtiun iz proportiecnal ta ExIcos8 = True power in WATTs

However, the connections are important, because the revarsal of one egil
is equivalent top 2 prhase reversa] of curremt or voltage and will cause
the meter to read in erraor.

Fig 4 shows the connection of a wattmeter and correct polarity markings
curate reading,

to ensure ac e H, 6_‘;,"[’}9{{
. Pg{ﬂﬂ.i‘j

Wiy
el

i
£
Multiplier I

el jar

When wattmaterd are measuring powes at low awer factors, the currsnt
lndnvgl&fliﬁi applied to the mﬁﬁ”ﬂ‘iﬁaﬂtm gimiih',

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

--wrt-n%in the current coil, or w:vu!ttﬂ. on the
= 3 ; 5

voltage coil which will burh ouly the meter.
1. PHNever exceed current or voltage Eatings of coilasy

2, _connect an ammeter in l"i'“‘ with the current coll, tg
.&ﬂ: the current applied to the wattmater;

3. connect an voltmetar in gg““g] with tha voltage coil, to,
m the voltage applied to the wattmetsr,

4. Always abserve correct Polarity markings and use correct voltage
and current ranges % ; '

h volt

“here the GuEFents and oltages to ba feasurad by a wattmeter SESESH the

naximum ratingsdof the giﬁt@mf??ﬁﬂﬂ. the q'lii}ri%lti'hﬂ must be%ﬂ
to a safe value before being applied to the Wwattmater,

The '.'f‘“""-"v'ﬁ'.;s done through instrument trap OFMe:s. A current

transformer [ steps down Surrent, A voltage transformer (VTP steps

down Yoltage,
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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 power factor {pf = 1) wattmeter is sealed 0-100 ang
i reads 65 on scale.

The meter is used to measure power in a high voltage circuit,
by connecting it via a coT with ratio of 150/1 amp and a v
with ratio 660/110 volts,
The 1A current range and the 110V voltage range are used ap
the meter.
Caleulate the true power consumed by the cireuit under teat,

Solutien:
Full Scale Deflection in Watts = Vrange x Irange x Meter power Factor
= 110 x 1 % 1
= 110 watts
Reading on secale = 63 divisiona :
&_r MPocling ecsle
Wattmeter reading = 110 x (65/100) A
= 71.5 watts 5 lotal seeae

Actual power in circuit = Metasr constant x Wattmetep reading
= CTratic x VTratio x 71.5 watts

= (150/1) x (660/110) = 71.8

= 64.35kW

El1RH1lIi2n_n1ulﬂ!!:_IlI1E:_I:Emh!lItm!i!:i!ﬂlimlill.ﬂlldinnl

If a wattmeter, veltmeter and ammeter are measuring quantities in an AC
edreuit, the readings can be used ton determine the circuit power factar,

Trus Power P = Ernolnxocosa

Power Factor cose, = P/(E1) .
= wattmeter/(voltmeter x ammeter)
]

! A wattmeter measures ac Power in a load as 100 watts, an
ammeter measures cireuit current s 1.5A and a voltmeter measures
cireuit voltage as 100V,

Calculate:
aj power factor of the load
b)  phase angle between circuit current and voltage.

ﬁglu;iun:

a) Power P
Power factor cose

EFMSIRMScos6

B/ (ExI)

100/(100 x 1.5}

0.667 (leading or lagging 77)

Bb) phase angle B = gag-1 10.667
= 48.2° (leading or lagging 77)
Nate: From the informatian given, we do not knaow whether the cirecuit

is inductive 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 Reaetive Power in Balanced Loads

Fyquations for apparent and reactive power, are derived from the single phase equations.

[Thwee phase Apparent Power = V3Bl VA

[Three phase Reactive Power = ""BEWJ!“ Varg

Calculate the apparcnt power, real power and reactive power cunsumed by a
balanced three phase delta connected load with an impedance of 10 + j0€1 in each
phase and supplied by a 200%rms line-line source.

]

('Z':urfnnt in each phasé Epndie

200
10

Il'lhnsll - 204
Line eurrenf

NEET oS (in a balanced load)
V3220

e ™= 3464

Apparent Power' = V3 Ejjnelid VA
Y3x200x34.6
= 12000 VA (12k¥A)
Real Powen = AIE inelinetosd Watts |
Y3x200x34.6xcos0”
= 12000 W (12kW)

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

Renctive Power 4 = iy Vars:

IPHASPFWER docuvol2
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Power in [Inbalanced Three Phase Loads

Total power in an unbalanced three phase load can be determined by calewlsting each 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 + jO{,
L= 3+ j-q-!] El.ﬂd.?.-(::ﬂ-jsﬂ.
The load is supplicd by a three phase, four wire source with line-line voltages of

346V ms.
Calculate the total apparent power, real power and reactive power consumed by the
load,
Solution:
Bphnse = Eilne' - 46 = 200%rms
3 V3
Assume Euy 19 reference quantity  (Eay = 20000°V)
I*hase A’
t"“g Line Curreni T, - Eswn Arms
&y Z,
20040°
10/0%
- 20007 Arms
Complex Apparent Power S, = ExI* VA
' 200/0°x20:0° VA
- 4000/0° VA
= 4000 + j0 VA
(i Real power ' 4000 W
Reactive power = i Vars
Phase B
Line Current lg = Epy  Armms
Zy
= 200/-120°
3/33.1°
= 40/-173.1° Arms
Complex Apparent Power 85 = ExI* VA
= 200/-120°x40/+173,1° VA
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Real power
Heactive power

Phase C
Line Currcnt I

Complex Apparent Power

Real power
Reactive power

Total Three Phase Apparent Power

Totul Three Phase Real Power

Total Three Phase Reactive Power
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= 3000/=53,1° VA
= 4H00 + joddn VA
= 4800 W

6400 Vars (inductive)
E¢y  Arms
I

200541207
S0

4042 10° Arms
- ExI* VA

= 200/+120°x40/-210° VA

il

= §000/-90° VA
= 0-j8000 VA
0 W

- BOO0  Vars  {cupacitive)
= Sat8p+ 5 VA

(4000 + j0) + (4800 + j6400) + (0 = jRO00)

= 8800 -j1600 VA
= 8044/-103° VA (8.94kVA)
Py + Py + Pg Watts ¢
< 4000 + 4800 + 0
= BR00W (8.8KW)

= Qa+Qp+ Qe ¢  Vars
= 0+ 6400 - 8000

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

Using One YWattmeter
Power in balanced three phose loads can be measured using only one wattmeter,

Refer to FICH 1 which shows one wattmeter connected to measure power in 4 balanced three phase
atar connected load,

A

STV —

o> &

ElG1

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

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

Refer to FIG 2 which shows one wattmeter connected to measure power in a balanced three phase
delta mnn_a_q}:q._i lesiaed,
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.'._.Iif. 'II l. rllt |':-.' II
Bher ﬂ}ﬂ Al

=
[op]
™

IPHASPWE docuvol2



Two

%" b Page 6 of 10

The three resistors produce an artificial neutral point.

The watlmeter current coil is measuring a line current, and the voltage coil is
measuring 4 line-neutral vollage.

The wattmeter reads Ejgo.liic058 which is equivalent to 3 times the real power in
one phase only,

Total three phase power is V3x(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.

Clatbmeder 1

UIAE m?j:j

T, - Euﬁm'{-""}

o et | )

) '| O |phese
= | [ aocl

( I |

SR WL 4 g o PR

L “
| !{l!l-‘lvl'_'ll:'!f r

;
[ i L
(T EcB) BOCINS

FIG3

Refer to the phasor dingram of FIG 4 which shows the conditions in o balanced three
phase load, having an impedance angle of 30° lagging,

it
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o
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Y
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Notes:

Wattmoeter 1 measures Eanlacosg,
where @, = (30 +0)*  and 0 = angle of lag of [, wrt Ean.

Wattmeter 2 medsures Ecplocosgs
where g = (30 -0)°  and O = angle of lag of To wrt Egw,

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

Reading on W, - Elindhinec0s(30 + 0)
= Ejneliisefcoa3teosh - sin30sind)
Reading on W, Erineltinecos(30 - 0}
= Ejselpind cos3ensi + gin30sind)
'-::3 R . Fiineliine( cos30cost - sin30sinf)  + Einelind(cos30cosd + sind0sind)

= Eyelis 2eos3ilcostl)

but cos30" = +3/2

'I:l‘1ureﬁ;ra the gum of the two waltmeter readings is equal to the (otal three phase power,
Notes; As the phase angle of the line currents changes, the readings on the two waltmeters
T will also change.
If the load power factor angle is greater than 60° lag, then the reading on W will
become negative, since the angle between Eyg and [, is »00°,
If the load power factor angle is greater than 60° lead, then the reading on W will
- become negative, since the angle between Ecp and L is =90,
(& If the load power factar angle is equal to 60° lag, then the reading on W, = 0,
If the load power factor ungle is equal to 6(° lead, then the reading on Wi = 0.
If the load power factor angle is equal to 0° (purely rosistive 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,

SPHASPWR doarval2
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Difference of Two Wattmeter Readings in 4 Balanced Load (W5 - W)
Wo - W = Blinelindc0s30c0s8 + sin30sinf) - Ejjpeliine(cos3lcost) - sind0sing)
= 2 Fginelijne5in30sing
= Fiineliin sind
If W3 = W) is multiplied by 43:
VW - W = VIE el iinesint) {Three phase reactive power)
“aleulat ower Eacto Wattmeter Readin

MNotg: Method only valid for balanced loads.

Since Watts =W, +W;

and Vary =Y3(W2 - W)

Then Tand = Yars
Watts
VI(W, - W)
(W Wa)

Power Factor ~ cosl.

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 W3 may show whether the load is
lendling or lagging,

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

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

Calculate:

a) all line currents in polar funm,

b} the readings on two wattmeters connected in standard
way (W), reads [, and Eag, W; reads [ and Ecg),

4] total real power consumed by the load using the
waltmeter readings,

d) check the answer in ¢) using another method,
€) total reactive power in the load.

IPHASFWR.docuvel?
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: Ep :
Solution: - y
i) Lse voltage Ean 0 reference k

Phase current lyg = = Ean

: Zan o
@ v —8
70.7/45" o

= 2.83/-45" Atmy

- 2-j2 Arms

Phase current Ly = Eac
Zoc

[t der 'r: |Epﬁh|ml ras H'-"in

o 200/-120°
30/0°

- h.ﬁ?f’-lz!!' Arms
@ © -3.34-35.78 Arms

Phase current lep, ™ = Ery
Zea

200/+120"
14.14/-45"

= 14.14/165° Arms
= -13.66 + j3.66 Arms
LineCurentld =  Ls-leg
(2-32) - (-13.66 + §3.66)

= 15.66 - j5.66 Arms
IPHASPWH docuvol2
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)
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Line Current lgy =

Line Current Ic 4

Wattmeter 1 reads =

Wattmeter 2 reuds =

Total Real Power =

Total Real powes =

Total Reactive Power =

16.65/-19.9° Arms

Isé = lagd

(-3.34-j5.78) - (2-2)
-5.34-3.78

6.54/-144.7" Arms

Tea~toe -

(-13.66 + j3.66) - (-3.34 - {5.78)

-10.32 +j9.44

14/137,6° Arms
Eapxlaxcosp,
200/0"x16.65/-19,9"xcos19.9*

t3131 Waus
Ecuxlcxcose;
200/60°x14/137.6" xcos77.6"
=601 Watts
W+ Wy
3131 + 601
3732 Watts
Ias*Ras # Inc"Roc + leaRed
2.83°x50 + 6.67°x30 + 14.14°x10
400 + 1335 + 2000
3735 Watts  check OK
Ian"Xas + Isc’Xac + lca’Xca
2.83%j50 + 6.67°x0 + 14.14°x-j10
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 lousd by connecting in
parallel, 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 correction is best applied at the location of the load.

Industrial consumers are encouraged to correct the power factor of their installation themselves or
else pay o penalty with their power charges,

Penalties for having Lew (Pesr) Pewer Facter

Power supply authoritics charge industrial consumers two rates for power consumption.
|

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

This menns that if the installation hes highly inductive loads which draw excessive reaclive power
then the total apparent power value will be high and an extra charge will be made.

However, if the cansumer correets the power factor, then the tolal 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.

—l—

ﬂ | Tndochve ¢
e

Lood-

@

[hckor mrral;’mﬂ

mpum
FIG 2
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MWotes: When the power lactor correcting component is added w 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 Luctor.

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

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

equipment is switched on and off, so power factor is usually corrected lo just
ightly lagping, (0.95-1

slightly lagging, ( )

Example: A loud of SkVA at 0.6 power factor lagging, is connected 1o a 250V rms 50Hz
supply.
Calculate the value of the additional component that must be connected in parallel
with the load, to increase the total power factor to unity.

Firstly draw a circuil dingram as shown in FIG 3,

@

42vA
5RvA R Elsing
e $
ocp
| a&av‘rﬁ o %
L
EToeb

- FIG 2
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 o 0.6
L=} = ms-lt}.-ﬁ = 53.1% lagging
Real power watts = Elcosd = 006 = kW
A Reactive Power : Elsinf = leﬂ-ﬁxﬂ.ﬂ = 4kVAR (inductive)

FFTRCORR. docuvol?
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T'o correct the power factor to unity (B = 07), we must connect capacitor in parallel with the load
so that it will supply 4kVAR of capacitive reactive power.

:
Reactive power from Capacilor Q.. : E /X,
i
o e 2
P '5{;:. Capacitive Reactifice “)E‘; = E/Q,
_— .
= (250x2500/(4x10 )
= 156302
' T—
Capavitance 9 o L{wX, )
e = 1(2mS0x15.63)
- 203.6uF

©p
Example:  The current taken by a load connected to a 220V rma 100Hz supply, is measured as
4A rms with a power factor of 0.69 lagging,
Culeulate the parallel capacitance required to correct the total power lactor to 0.97
lagging,
Draw the new power triangle for the circuit if the power factor is corrected w 0.97
lagging.

Firstly, draw a circuit diagram as shown in FIG 4,

Ak lood

0.4 Iug Lﬁ

Real Fower P = ERH slmsmaﬂ wills

= 220m4x0.69

= G 7.2 watts

IFTRCORR docuviald
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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:

Qewr - 636.9- 1505 VARS
i 484 4 VARS
P 2I
Qe B Epws Xe
- & i
Xe - E s Qe
= 220w 220/484.4
= 10082
Capacitance © : 1.’mK{,
= /2 1 Ok | 00
|5.92uF
Apparent Power 5 = l‘-.“‘M HI -

TR
Also Apparent Power 5 - WP +Q)
- 072 +1528)

626.1/14,1° VA

Overall power triangle i3 as shown in FIG 6.

PFTRCORR.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



P
-

7-12 I

Quantities shown in the phasor diageam are:

1 = load current

EK load or receiving end vollage

ES = supply or sending end voltage

[14 voltage drop across line resistance [

X voltage drop across line inductive reactance X
12 = voltage drop across line impedance

0 = load power factor angle

P = line impedance angle

o = "lowad” angle (phase shift along the line)

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

Example: A transmission line is 100kM long and has the following parameters,

Resistance/kM R - 0.25Q o
A .r.l
Inductive reactance’kM X = +jl. 802
Capacitive susceptance/kM B = 7x10" Siemen
¥
N T
éxpmp " Recelving End Voltage E, - BikY (line-ling)

Caleulate the sending end voltage, current and power factor when the line is
delivering 13MW at a power factor of 0.8pf lagging.

Solution: Perform caleulations on o per phase basis, and neglect the effect of line capacitance,

Load Voltage E, a 6 KV
V3

- JE APV (reference phase valtape)

£
'

;- JR100 + j0 volta

Line Currant [ 2 3 phuse power

|
‘h?—xEIN__xmsEI'

= 15x10
3
VInbitin 10 x0.8

164/-36.8°A

Thnloss'udrvevelT
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Line Tmpedance Z LOD0.25 + j0.8}
25 + jROO

. B3.8/72.600

Diraw single phase equivalent circuit as shown in FIG 3.
{ﬁ_ﬁfﬂh} (ﬂ-hlﬂi
(- Ba 1 N = G0

Viltage Drop along the line ' 1x2,

= 164/-36,8" x §3.8/72.6" volts
= 13743/35,8° volts
= LLL46 + j8039 volts
Sending End Voltage E_ = E“E .
(IB100 -+ O3 =+ (11146 + jB03)

49426 -+ jROID

49898/9.3° volis
Sending End power factor . cos (36,87 +9,3%)
coE 46,17 lug
= 0,69 lagging
Nates: There is a phase shift of 9.3° between Es and E_ along the line.
The sending end power factor is worse than the lnad power factor due Lo the line

impedance.

Tlinless udrivevol7
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Locus Diagram nfEﬂ for the Short Line

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

Om a high voltage power system transmission ling, the variable conditions are usually load current sand
load power factor,

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

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

Refer to F1G 4 which shows the locus of sending end voltage Es with constant load voltage Ert’ constan!
load current and varable load power Factor,

W

@

Male: Aa load power factor changes, sending end voltage ES will change, and so oo will the
lpad angle &.
Long Line Equlvalent Cireul

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

The line capacitance is connected across the line,

“Tinloss udriveval7
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There are several ways that the cquivalent circuit may be drawn.
a) MNominal 7 Method half of the total line capacitance at each ¢nd of the line, with
total line impedance between,
) Nominal T Method half of the total line impedance at cach end with all the line

capacitance in betweeon,

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

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

oy

€

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

connected at each end ol the line,

\%lu-uuluulating the previous example using the Nominal = Method.

Al

tﬁ Drraw the Nominal & equivalent circuit as shown in FIG 6.

L= 164/-%6 5°

FIG 6

Tlinloasd wdrivevol 7



Load Voltaze ER

Load Current Iw_a.n

Capacitor Current [

Line Current Iur-u:

Voltage Drop along line V,

Sending End Voltage E,

Tlinlossudriveval 7

b =12,

Fao

G kv
Y3
38.1/0°kV (reference phase voltage)

JH100 + j0 volts

3 phase power

*\'E}LEmExmsﬂ
&

3
Yix66x 10 x0.8

16436.8°A
E xYi2

38.1x10°0° x 350x10 1902 )
13.3390°A

l 1

LOAD © 2

164/-36,8° + 13.33/90°
(1303 -j98.2)+ (0 +j13.33)
131.3 - jB4.9

156.3/-32,9°A

Z

T o2
156,3/-32,9° x 83,8/72.6°
@
[ 3008/39, 7%V
10078 + {8367 V
E]l pd .\Irl.[h'E
(3R100 + j0) + (10078 + jRIGT)

48178 + jB36T
48900v9.8°V
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12 36

Pma bl na

Capacitor Current [ e Eljx‘f.fi

= 48900/9.8° x 350x10"/90°
= - 17.12/499 §*

= -2.9+16.87A

Sending End Current I L. +1

el LIMNE
= (2941687 + (131.3 - j84.9)
128.4 - j68

= 145,3/-27,9°A

Sending End Power Factor cos (27,9 + 8.8)

= cos 37.7°
- 0.791 lagging
Notes: These results are more accurate than the first method usedl, where line capacitance
was not considered,

The sending end curvent is leas than the load ewrrent due to the small power factor
vormection effect of the line capacitance,

Nominal T Msthod

Refer to FIG 7 which shows the equivalent cireuit 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,

fol  Xpalal  folsl  XTea
= s

,:'((_, Telal

ZToal

Tlinloss udrivewal 7
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MNote: The total line impedance ?_'.T STAL is split into two components {Z.T,-'Z), ohe

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

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

In o similar way Lo the Nominal © method und the Nominal ‘| method, line current and sending end
voltage can be calculated.

Effcct of Power Factor Correction on Line Conditions

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

Example: A transmission line is delivering | 5MW ut a power factor of 0.8pf lagging and line
voltage of 66kY,
The line impedance is 25 + j80LY and the eifect of line capacitance is neglected,
Power factor correcting capacitors are connected across the load so that the overall
power factor is corrected to unity. B
Caleulate the value of the power factor cormecting 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.
(31.3-,982A

25+ %0 —=5T0 = 164 (367

1S f@s.‘nj

Load Voltage E_ = 66 kV

w3

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

Line Impedance Z, - 25 +)8002

83.8/12.6°Q
Load Current 1 - *  3phase powgr

*JJxﬁLchosB
5
- 15x10 :
V3x66x10 x0.8

- 164/-36.8°A
= 131.3-j982A

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

Line Current 55 = 1313 - j0A
(after correction)

131.3/0°A

Tlinloss/udrivevol 7



lo~12
Reactance of Capacitor XK v E .
= 310
98.2
= 38802
Capacitance C = lwX .
ik
27x50x388
= 8.2uF per phase
Voltage Drop along the line = I XZ,
= 131.3/0° x 83.8/72.6° volts °
= 11003/22,6° volts 8
3290 + j10500 volts
Sending End Voltage B - B, *B s
- (38100 + jO) + (3290 + j10500)
= 41390 = 110500
= 42701/14.2° volts
Sending Find power factor = cos (0° +14.29)
= cos 14,27 lag
= 0.97 lagging m
Notes: There is a phase shift of 14,2° b.ctwcen E_and E_along the line.
The sending end power factor is better than the load power factor due to the power
factor correction,

The line current has been decreased by power factor correction.

Hinless/udrivevel 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 ulong the line, so that the receiving end voltage is larger than the sending end voltage,

This "negative voltage regulation” is known as the " i it 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 and cabley, whose capacitance iy
even greater than that of overhead lines.

The overvoltage ellect 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,
Caleulate 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 becuuse it is less than 0.1 of the value of X,

Draw the equivalent circuit as shown in FIG 10,
M2o.4/82° "
.o 2
N o
o . 20
10 +5\2

N L5 7_'—

dé—{;l'% e

132kv Aharte< pg 1o
POA

o

Thinloss/wdnvevol 7
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Lmpe ae W LA

Linc Vallage Drop = IxX
i (0 J9min + j120)
e 10800/ 80°V
Recciving End Voltage E, ' B ™ Yion

= T 10007 - 10800/180°
B6T000°Y

T'hus there has been a voltage rise along the unloaded line, so that the receiving end volluge is = 14%
higher than the sending end voltage.

Thinlossudrverol?
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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" Operator
The "a” operator is & vector operator which rotates a vector (phasor) by 120° anti-clockwise, and is equal to
LL205.
It is used specifically for manipulating three phase vectors.
FIG 2 shows 1, a and afasa symmetrical balanced set of vectors

ot [Tl

03:4@
Gy (4D

EIG2 -
If the three vectors are added together:
| +a+a? =108+ 141200 + 1442400
:{gl + j0) + («0.5 + j0.866) + (-0.5 - j0.866)
Therefore the sum of & symmetrical balanced set of vectors is zero.
Examples of the use of "a" Operator
If E g = 200{+30° volts

then aEyp = 1/120° X 200,30°
= 200/150° valts

then a2E , g = 1240° x 20030° i
= 2000270°
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 scts of halanced phasors (Superposition Theorem) called Symmetrical Components,

The three passible sets of balanced or symmetrical components are known as:
a) the positive sequence sét (subscript 1) .
b the pegative sequence set  (subscript 2)

c) the zerp 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 zero sequence set of phasors.

-———--—"-_'g_ Iﬁ a
.____'____.__; I.El
_"-'_""'ﬁ I‘L-

FIG3

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

- Ia=Ia1 +1az+1ap

Ig=1lgy +Igy +1gy

lp=ley + s + 1o

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 sct of phasors are:

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

Iy +ig+ig=0)
b) positive negative and zero sequence, which exist when sum of the original three phasors is not equal to
(. EF0: (lg +Ig* 1o not = 0)

Rules for Separating Componenis

The unbalanced phasors must be manipulated in the following wiy to determine the value of each of the
aymmelrical componenis.

Positive § C
The positive sequence component of A phase is:
Iy = 113(14 +alg +a2lc)

The balanced positive sequence set of components can now be drawn by positioning 41 and drawing Ig; and
IC] at =120° from I.PL]. n Pﬂsllt]l"r’ﬂ SoUCTICE. 2

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

. i,
—rﬁ L L]
2
(2=l
ke
FlG4
Megative Sequence Components

The nogative scquence component of A phase is:
Io2 = 11314 +a’lg +alg)

The balanced negative sequence sct of components can now be drawn by positioning 14 5 and drawing Ig, .J
Teg at £120° from I 5 in negative sequence.

FIG 5§ shows a negative sequence set of components.
1

ﬁ‘lﬁ’ |'2.a

LA, FIG 5

1L7_
Zero Sequence Components
The zero sequence component of A phase is:
lag = 13(0x *1g *10)

The balanced zero sequence set of components can now be drawn by positioning 1 5 and drawing Igp and [y
in phase with 1. '

?._59

FIG 6 shows a Zero sequence set of components,

'—"'_-J'_,)Ilf'-a
— O5Th,
——Tca

FIG &

Symmeompl . wpsuvoll
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Wotes: The newtral current in a four wire unbalanced three phase system is equal to the sum of the zero sequent
CONIpOfients,

Earth fault currents consist of zero sequence components.

Resolve the following unbalanced currents into their symmetrical components,

IE- = 10(¢180° amps
=0

ww
I {mum:+ 100/180° + 0)
= 1/3((100 + j0) + (=100 + jO))
=0

\ qﬂ‘[here I8 no 2ero sequence component,
Positive sequence Components

Iy =130 +a%lp)
-uﬁm&ﬂmmﬂwmm+muum
= 1/3(100 + j0 + 100/300° + 0)
= 1/A((100 + jO) + (50 - j86.6))
= 1/3(150 - j86.6)
= 13(173.2£-30%
= 57.7{-30° amps

IB]. = 57.7/-150° amps

e = 57704907 amps

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

II:_.| - | 5“‘""' éﬂ@a

[ :51“1{—_'%

Symmeomp1.wpsuvoll
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Negative chtmnae {*mnpunmm

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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Feag
FIG 9 is a phasor diagram showing the positive and negative sequence components added to give the original
currents. ieg
1% 'ﬁ'lﬁ'léﬁﬂ
e aly T TA,: 671 /3o
ok o _
—._r_!&,: 4"} [iﬁt} i ‘
I \ ﬁ)lﬂ- IOGEE'Q
| I, 2511 L%"
EE‘I :5¥1 LL‘SO' hd
1 Lge 5% T.Z:.'qﬂi ]

FIG 9
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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 scquence,

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, T

L.l 3By

UMAVOLT' FAULTDISTSHORT. doe
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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, = 777/0° amps
IB 0
lc ={.

I ‘,! 12-\& :

The zero sequence components will be balanced by currents flowing around the 11kV delta tertiary

windings,
The ot transformation between primary und secondary uﬁ%ﬁtﬁ

Positive sequence components in 33kV windings are:

y - 2sexiaue - CESSOSEmEN

33
ly - lo3sEIz0tampe

Negative sequence components in 33kV windings are:
Iy = 259x132/0° =  1036/0° amps
33 ‘%
X - 1036/+120° amps

1 ' 1036/-120° amps

ol

Line currents on 33kV side of transformer arc:

I » - Ll = 1036/0° + 1036/0°

Y > al a2

= 2072/0° amps

e 5tk = 10365:120° + 1036/4+120° priost
{ O.r\\/(o',/ | 3
nd 1036/+180° amps " o ((,ngu/fm (e~
e Ghle = 1036£4120° + 1036/-120°
. 1036/+180° amps ./

USAVOLTFAULTDISTSITORT.doc



FA% -9
Page 3 of 4

Ratio of transformation between secondary and tertiary windings (132 V3)11,

Zero sequence currents flowing around the | [KV delta winding arc:

s = Lo = Ey I, 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.

= Ins 1 /le
=D [A:2012/0'A

= ey b
_ s 3
18+ 103088 > e 0 71"
&_
L.. C=0
Tegosel® b
L1795 /o o

FIG2

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

USAVOLTFAULTDISTSHORT.doc
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Fault Current Distribution 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,

I\ pabig “%

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

o [} 3
Ly =1, =1,, ~ 100/0° amps.

Calculate the balancing components of current in the delta winding,

The current components in cach phase of the delta winding are as shown in FIG 4.
(Ti+1a ﬂru..:-l) '

S Ta =hoovd

1'-1"--1"
:0/:'.

Ilﬁ'lﬂ

1.6 = dood

}%\,Ehl;‘]

b
__"_‘L_::
I ‘.I-I” laz0
Te=300R &
(1T.v12 onLY)

Motgs: The zero sequence componenits 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.

U AVOLTFAULTDISTSHORT doc
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There are two classes of faults on power systems:
a) Balanced three phase short eir:uit

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 the fault,

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

Unbalanced Faults

Unbalanced faults invelving earth will produce positive, negative and
I@ro sSeguence components. .
Unbalanced faults pot invelving earth will produce only positive and
negative sequence components.

To calculate the effects of faulte, the impedance of the faulted
ayatem must ba known.

Impedance of System Components

All high voltage egquipment such as Generators, Transformers and
Tranamission Lines will have an impedance value for every phase
seguence component,

Blm EaEol saguence: impedance

Iy = pasitive sequence component

Ii-!:npﬂiti?w“#nqu-nqw.euﬁﬁunqnj

These values may be different or the same, depending on the type of
egquipment and how it is connected.

We must draw an impedance diagram for each component before solving
for fault currents.

ce of Stati

Static devices are such things as Transformers, Overhead lines, Cables
and Reactors but not rotating machines such as Genaerators;
Generally 21 = Zz for static devices?

However, Iy will depend on whether there is a path for zero sequence
currents and is determined by how the device is connected (earthed or
nat).
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Two Windin sforma uiva Lt Circuit

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

k 2 3
Ffl@H g&ﬁ ,&:—Tllf ﬁ;tm

© Zero bus Bor

Fig ]
211 and Z;: are self impedances of the two windings.
212 is the mutual impedance between the two windings.

W

The equivalent circuit in FIG 1 can be re-drawn as shown in FIG 2.

Zy=Zy=212 TazL2t=L12

Zero 5% by
Flg 2

Z1 and I3 are leakage impedances.

|.::I'
Zy 1s the mutual impedance (very large compared to %, and Zz) and can
be ignored,

P ive - lan irFou ¥ W in rm

Q&j Refer to FIG 3 which is the simplified cireuit of FIG 2 and represents
the Positive Sequence Eguivalent Circuit,.

P : Honsfbrmer 15 disconnec
s
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e | = usnce valent o3 i wo Wind er

Since I, = Iy in static devices, then FIG 2 also represents the
Negative Sequence Egquivalent circuit of the twoe winding transformer.

T a Wind Transformer 111 v ircuit

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

transformer.
(i of LZ_'E] ._..gﬁe':’
oeLe
friw ®
E Ter <1

er
T T Zeo Bawmar
Tmpecdonce diagiom

EIG 4

gh?ltotil impedance between each pailr of terminals is determined as
o =11 B

Zre

Iy + Zp
Zar = Ig + Zx
Zpy = Zp + Zr

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

Zr = }(Zps + Zpr - Zra)
Zs

§(Zps + Zra - Zpe)

Zr (Zpr + Zvs = Zpp)
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Positive Segquence Eguiwv i it of indin Im

Refer to FIG 5 which is the ecircuit of PIG 4 re-drawn and includas
links in each eireuit which will be closed if the particular winding

iz connected. g
Pf?mm,ﬁ S Link hot X

Ui Zeto  busbor ®

Fia 5

Bince Iy = Iz in static devices, then PIO 5 also represents the
Negative Sequence Equivalent circuit of the three winding transformer.

Generator Equivalent Circuits

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

Refer to FIG 6 which is the equivalent cirecuit gé a generator, )
ZiorZze s LNk L{mﬁi&mammw.n

FIG &

The ¢ircuit is the same for both pozitive and negative saguence,
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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Zero sequence components of current can flew inte and
transformer, when the transfarmer forms part of a closed leop to the

unidirectional currents,

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

Zerc sequence ean circulate around a delta connected winding but

cannot flow into or out of the dalta.

In the egquivalent circuits shewn in Flg T, link "a" is closed only
when the winding is connected tg an external cireuit and the zera

sequence components can flow (sarthed star),

In the equivalent cirecuits shewn in FIG 7, link
when the zero sequence components can circulate
flowing into or out af the winding (delta).

If these conditions are not met, then the links
Position and that part of the transformer is an
Sequence components of current.

Drawing Impedance Diagrams for Power Systems

Example: Refer to FIO 8 which is a single line

"b" is closed only

out of a

in the winding without

are left in the open
open elircult to zera

diagram of a power
system having four generators, each with a step up

i

tranaformer, connected teg busbars, and interconnected by two

132kV transmission lines, One of the transmission lines
has an earth fault in the location shown which divides the
line inte twe parts represented by Line 2 and Line 3,

Draw the equivalent Positive, Negative and Zero Sequence

Networks represented by single impedance values between the

source and the point of fault.

impedance Details of Electrical Plant

Generators A and B 1 = 32.5% on
Z3 = 45% an
Za = AO% en
Transformers A and B Zy = 23 = % = 108 on
Generators C and D Z. = 20% on
Z3 = 12% an
Zo = 10% on
Transformers € and D Zy = Zz = 12% on
Zo = 6% on
Transmission Line 1 21 = 23 = 38.3%

Zo = 1340

base
base
base
basze
base
base
base
base

basae

SOMvAa
SO0MVA
SOMVA
SOMVA
40MVA
40MVE
40MVA
40MVA

40MVR

¢
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Transmission Line 2 21 = %3 = 10.50
Zo = 36.60

PTransmission Line 3 21 = Z3 = 27.80
Zo = 97.440

Gen B Tx A

H—a

(GEn D T« &

Line 2 |
P—@)— ™ s T\l

Faoit .
Lacahon
@
FIG 8

Solution:

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

For the Generators and Transformers use the equation:

Z% (new MVA base) = Z% ( on old MVA base) x new base MVA
ald base MVA
Generators A and B 2, = 32.5 % 100
50

= 65% on base 100MVA



Similarly all other Z% values

Iz
Zo
Transformers A and B Z1
Generators ¢ and D 1
Iz
Za
Transformers ¢ and D 2

Page = 8§ 11!1&

can be converted.

90%
120%
B2 =
50%
i0%
25%
iz =

15%

on base 100MVA
on base 100MVA
Zp = 20% on base 100MVA
on base 100MVA
on base 100MYA
on base 100MVA
0% on base 100MVA

on base 100MVA

For the Transmission Lined use the equation:

2% = (28 x ﬂﬂv""“'! 100) (i

Transmission Lines 1 21 = 23

=
ilS!ti

= 22%

=lu.(.ﬁ.g.’ﬂ_x_l.m

= 76.9% say 77%

Similarly for the other transmission lines:

Transmission Line 2 b4

Transmission Line 3 I

I
Zo
23

= 6%
= 21%
= lE%

= 55%, fﬂ?
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Hegative Seguence Impedance Diagram

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

st

—

3

20

(&

EIG 13

Note that the diagram does not include a veltage scurca.

g The network shown in FIG 13 can be simplified by coembining series and
Y parallel impedances as shown in FIG 14,

FIG 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% in
FIG 14.

This transformation is the same as previously calculated for the
positive sequence diagram because the Z% values are the same.

Redraw FIG 14 with the star connected impedances replacing the delta
connected impadances and reduce to a single impedance as szhewn in FIc

Wi gl]ﬂ-‘? Qz
?

2.1 21 lofak -
1/

22

fort g fauk

Pig 1S

The total Negative sequence impedance Z: 13 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 ba
carried out on the delta connected impedances of 22%, 6% and 16% in
FIG 1l0.

Star-Delta Transformatiaog

Refer to FIG 11 where the delta connected impedances ars X, Y and 2
and the corresponding star connected impedances are A, B and C.
i

I

-1
T
Y. | 2y z8 2c
3 1 3 2
3z
FIg 11
Using the aguations!
Zn = Ix xIy Zn = Iy X Zg Ze = Zx X Iz
2x + Zy + I3 Zx + Iy + Ig Ex * Iv + 2x
The equivalent values of Za, Zy and Zc are caleulated.
ZTa = 22x6 = k1Y
22 + 6 + 16

Zn = %
Zg = 2.2%

Redraw FIO 10 with the star connected impedances raplacing the dalta
connected impedances and reduce te a 8ingle impedance as shown in FIG

®

23.3 Z, Teohul
4o : 5.5y

% 7 3 B
Paott

R paull-

ﬂuuﬁ PIG 12

The total Positive sequence impedance Z; i3 25,5%.
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Zaera Segquence Impedance Diagram

Draw the Zero Seguence Diagram for the System as shown in FIG 16.

| No

o ?&Mé Q%b D;];jjﬁ

"‘3-' b

o)
—0 "" 15
J.a

g

3
s

ifL bin
| =t
e

ot

Note that the diagram doss not include voltage source.

E} The network shawn in FIG 16 can be simplified by combining series and
parallel impedances as shown in FIG 17.

| Ne
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To further simplify the network. a star-delta transformation must he
carried out on the delta connected impedances of 77%, 21% and 56% ip
FIG 17,

Star-Delta Transformation

The eguivalent values of Za, Zp and Z¢ are caloulatad,
Za = 10.5%

Zn L 28%

Lg = 1.6%

Redraw PIG 17 with the atar connected impedances replacing the delta
connected impedances and reduce to a single impedance as shown in PIg

s Na - Nﬂ
211 (D
=, Zo Jotof

76 f}‘?/

o bolh

FIc 18

The total Zerc segquenca impedance Zs is 28.7%,

The equivalent impedance values for Zi, 23 and Z; ean now be used ta

calculate positive, negative and Iero sequence cemponents of the fault
aqurrent.
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PHASE SEQUENCE DETE CTORS

Detection of Foro Scquence g,:urrenlu.f‘i?nltaggg

Zero sequence currents flow in the neutral wire when unbalanced louds are connected
to 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 two or maore points,
(§)] a4 potential difference between the points resulting in a current flow,
urre i

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

A

H.V
8 Live
C

CTs
s
=
i 5
Zefo "l-@?-]
Sequun
Componeds 200, Seqvemce

only. Dewn'ce.

FIG 1

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

In= 1/3(1, + 15 + L)

Residual Voltage Deteetion

Refer to FIG 2 which shows a three Phase voltage transformer with the secondary
winding connected ig open delta and supplying a volimeter or relay,

The voltmeter or relay measures the vector sum of the secondary vollages which jg
proportional tw the zero sequence component,

Ea=Ey+ Er + Ep

U:I&‘ﬁ-'atkiusunm‘r'ﬂf.2'I.PH.-*|.SE SEQUENCE DETECTORS.doc
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H.V.

LINE
| Pe imary ' \"ol:.oge "3’0r1.6Q)rme./
Bt dory e Hind.nﬂ
Zelo Seovencs w0
DetecToR

Detection of Negative Sequence Components

Negative sequence 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

S v

|

LA

W |

S7) {&,
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FAULT CALCULATIONS ON POWER SYSTEMS

There are two classes of faults on power syslems;

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

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

Consider a single phase to carth fault ?Jln AN phafe as shown in FIG 1.
Lavdh

2 IO = TenuT
@ ‘Jd!aaz

o
il

o Phase. +o

o

' e i

FIG 1
su [E a) All load currents are zero.
] Fault is through zero impedance.

Current Equations for the cireuit are:

]
—

FALILT

I
Iﬂ
1

= =

Voltage Equations for the circuit are:

e =0  (short circuit to earth)
VH = Normal voltage
L = Wormal voltage.

The phasor diagram tor 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
components.

Using 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.

Pos seq Neg Seq
Ic. 162 Tae =
oo
: EA2 B—-"’g 4
1, 1cq

FIG3

{all components are in phasc),

L= Lith+l=3,

L]
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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.

4 l 2 l z:h I
1 Tetal
Total Todol

a'n

(pnose)

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
£

'D'[r.H'&L
| Lanr = I] +Iz 53 [u 3
20WR=]3 ExIL
T - 34 v
NSEL

U2AVOLDFAULTCLE L doc



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 -T:S ¢ 'I t EF

Consider a phase (o phase fault on "A to B” phases as shown in FIG 5.
= Ia AURE
PUasE
FALT
R:-.ﬂ'n- eAtin = VB-EAGH

V%
FIG §

Assumpilons: a) All load currents are #ero,
b} Fault is through zero impedance,
Current Egquations for the circuit are:
G
I ™ ]
Yoltage Equation for the cirenit is:

v iy "'-.-"“ {short cireuit between A and B)

The phasor dingram for the ayatem line currents is shown in FIG 6,

e 8 *——‘o\_’m

FIG: 6

A phase to phase fault current will contain only pesitive 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.

It
18z A

In,

Ec

LNEs (o
Dotey: I ey T =0
Iy -'Ici

. al 7] =

gy = V3 X 1430 il

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,

2o Toal
Za2
2 Tola (Mo
Tokal ! s used)

L

' u Wal

N

The voltage cquation for this circuit is:
AVOLIFAULTCLE L doe
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V : II(Zl + Zz) or

b fivg

1z, +Z)

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, of 12% calculated on o base of 100MVA.
Calculate the current flowing into a phase to phase fault (A to B) at_gky.
Lhrorat Z,+Z,

- 10+12

- 22% on base of 100MVA.

> 1, =1, - 100 pu of Current at LOOMVA
2% graL

100X VA, .

2xABxV

LINE

[
- 100 x 100 x 10 :
22xV3x66x% 10

= 3976 amps

Fault Current V31 = V3 x 3976

6886 amps

i : L=l = 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.

-IA
>

C Le >

EIG S
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

LSAVOLZFAULTCLE L.doc



AB TUTORIAL 1

Question (1)

Convert the following phasor in rectangular form to polar form
(3+j2), (-1-j6)

Question (2)

A delta connected load has three impedances Za=a 100 ohm resistor in series with a 400mH
inductor, Zb=a 120 ohm resistor in series with a 10 micro farad capacitor and Zc=a 250
ohm resistor . The three wire supply, has a line voltage of 75 V, frequency 60Hz and a phase
sequence of ABC.

Using the voltage Eab as reference.
Calculate all line currents in polar form

Question (3)

A voltage v= 150 Sin 2000 t ia applied to a resistance of 166 ohms in series with a 2 micro
farad capacitor

Calculate

(a) Apparent power in VA (b) Real power in Watts

(c) Reactive power in VAR (state whether inductive or capacitive)

(d) Circuit power factor (state whether leading or lagging)

(e) Draw power triangle

Question (4)

A 3 phase 415 v star connected load has the following loads
A phase—30 ohm resistor
B phase — 40o0hm resistor
C phase —50 ohm resistor
Find (1) Line currents
(2) Voltage between new star point and neutral point  (Phase sequence- ABC)



AB Tutorial 2

Problem (1)

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

Calculate:
) all line currents in polar form,

b) the readings on two wattmeters connected in standard
way (W) reads Iy and Exs, W; reads I¢ and Egg),

¢) total real power consumed by the load using the
wattmeter readings,

total reactive power in the load.
Zab= 3 + j4 ohm, Zbc=3-j4 ohm, Zca=5+j6 ohm

rage ¥ oL v
(SRR s
A 3 1A
o Loy
/}OO“
A
& A
NN e
ZCDV "l (Rak; ‘\ 2éC Te ‘
g l-l:-;h‘jf"__ ...... ot JLh _’ ]
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Problem (2)

A three phase 110kV S0Hz overhead transmission line delivers 30MW at 0.8
power factor lagging,

Each conductor has a resistance of 206, an inductive reactance of 462 and a
capacitive reactance to neutral of 5265002,

a) Calculate the sending end voltage using the nominal 7 method,
b) Draw the phasor diagram,
<) Caleulate the rise in the receiving end voltage when the load is

switched off and the sending end voltage remaing constant at
the value calculated in part a) above.



AB Tutorial 6

Problem (1)

Resolve the following unbalanced

diagrams of the scparate compo
original set of phasors.

phasors into their symmetrical components, draw phasor
nents and check that the sum of the components is eqr::al to the

a) [y =1200° amps
Ig=0 amps
a0 amps

Problem (2)

Refer to the single line diagram below of the faulted power system.

L,

G T 2 D
2., 21% 467 -b‘ -
Zo: '29%
i L
b 1,222 2 STy /
o 5w 27,18 Tiit g
20 36664 40% ¢ 3313‘,‘
Plant Details:
Generator: 1KV, 30MVA, Z) = Zy = 15%, Z( = 20%
Transformer T1 11k V/33kV, 30MVA, Z = 12%,.
) Transformer T2 33kV/11KY, 30MVA, Z = 10%.

Transmission Lines L1 and L2 Length SkM, Z = Zp =] 1QUkM, Z = +j3QkM.

Use a base for calculations of 100MVA.
) Z2 2o
a) Draw positive, negative and zero imped di for the system.

" -

Problem (3)

The current taken by a load connected to a 220V rms 100Hz supply, is measured as
4A rms with a power factor of 0.69 lagging. ;
Caleulate the parallel capacitance required to correct the total power factor to 0.97

lagging,

Draw the new power triangle for the circuit if the power factor is corrected to 0.97
lagging.



Problem (4) .
A three phase 110kV SOHz overhead transmission line delivers 30MW at 0.8
power factor lagging,
Each conductor has a resistance of 2062, an inductive reactance of 46 and
capacitive reactance to neutral of 5265002,

a) Calculate the sending end voltage using the nominal  method,

h) Draw the phasor diagram,

¢) Calculate the risc in the recciving end voltuge when the load is
switched off and the sending end voltage remaing constant at
the value calculated in part a) above.
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A balanced delta connected load has impedance of J0/-60°0 in each phase, and is
connected to a three phase, three wire supply, having 120V line-linc and a phase
sequence of A-B-C. Use V4 as reference.

Calculate:
i) all line currents in polar form,
b} the readings on two wattmeters in standard connection,
c) total load power,
d) draw the complete phasor diagram showing all voltages and currents,

{Ans: IA =ﬁ.5‘&3ﬂ% Ig = 6.90-00°A, lp=69150°4 Wl =T1TW, w: =0W,

Refer to the circuit diagram below
The unbalanced delta connected load is supplied by a three phase, three wire,
240V line-line supply having a phase sequence of A-C-B, Use V AR 88 reference.

e T

Calculate:
ST T . __._._,!i. . Al line currents, BEOTH ; . R 10
b the two wattmeter readings,
S b e el e total load power using the wattmeter readings,
e e R S g : cl&kmi}’ﬁfuﬁnfn' ..f.fﬁw._uﬂhgm_. B 3 ..,,:'nduﬁnn-m
(Ans 14 =6.0547.6°A, Ig = 25.6/4+90°A, lp = 27.1£103%A, Wy = 886W, Wa = 5321W,
WooTaL = 6207W)
I
& ‘ S A ; '
() b
L
Vg i28 20 2
ﬁu IA
Vea
i lac
* i S——
LI - _IJ'__‘II i
T } 185/30%=13+/750
+ Vge .
We i ! -if.

BOC1843 -
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FAULT CALCULATIONS TUTORIAL WEEK 5

QUESTION 1,

Refer to Tutorial 4 using the same faulted power system and phase sequence diagrams determined,
and assume all impedances to be inductive,

Caleulate all line currents in the transmission line for each of the following fault conditions:
a) phase to earth fault on A phasc at point X,

]] phase to phase fault A-B phases at point X,

el phase to phase to earth fault A-B phases at point X,

d) three phase fault at point X,

ferr(s. wpsfudrivevol?
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FAULT CALCULATIONS ' TUTORIAL WEEK 7
QUESTION 1.

Refer to the single line diagram below of the faulted power system.

Plant Details:

Generator: LIV, 30MVA, Zy = Z5 = 15%, Zjy = 20%
Transformer T1 1TRV33kY, JOMVA, 7 = 12%,
Transformer T2 VLKV, 30MVA, Z = 10%.

Transmission Lines L1 and L2 Length SkM, Z = Z5 =+j 1QVkM, Z = +)3C0kM.
Jse a base for calculations of 100MVA.
= Z1.

a) Divaw positive, negative and zero sequence impedance diagrams for the system,
b} Far a phase 1o earth fault on A phase at point F, caloulate:

il all currents at the fault,

] all line currents in iransmission line L1,
c) For a phase to phase fault on A-B phases at point F, caleulate:

1} all currents in both windings of transformer T2,

i} all currents in generator windings,
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POWER SYSTEMS ANALYSIS [UTORIAL WEEK 8A

QUESTION 1.
An impedance of 3 + j4£1 is connected across 4 10V 1000Hz source,
Caleulate:

i) load power factor,

b) sorce current,

ch complex power of the load,

d) type and magnitude of component 1o be connected in parallel with the load

to correct power lactor o 0.95 lagging,
e) souree current after power factor eorrection,
(Ans: 0.6 lag, 2/-53.1°A, 12 # 16V A, 19.15uF, 1.26/-18%)

QUESTION 2.

A TODEY A 0.6 pl lagging motor is connected to a 10kV, 5000z supply,
Caleulute the value of o purallel connected capacitor needed to correct power factor to unity,

(Ans: 0.25uF)
QUESTION 3,

A load of 30KV A at L8 pf leading is supplied lrom a 250V rms 5001z source,
Calculate the value ol a parallel connected component needed to correet power factor to unity.

{Ans: 11.05mH)

‘- QUESTION 4,

A 250V rma 5017 source supplies the [ollowing parallel loads:
Load 1 = 3.2kW,
Load 2 = 5k A at (0.5 pf lagging,

Load 3 = 1.33kVAR |¢ading.p¢x~etj Copaici He

Calculate;
a) the total load,
b) the total power factor,

c) the value of an additional parallel connected component which will
improve power factor to 95%.

{Ans: 6.4427.7° KVA, 0.8RS lag, 57.04uF)

PEATUTORA docuval?
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POWER SYSTEMS ANALYSIS TUTORIAL WEEK 9

QLUESTION 1. -
A three phase 110kV S0Hz overhend transmission lne delivers 30MW at 0.8
power factor lagging,
Each conductor hag ¢ resistance of 2061, an inductive reactance of 4642 and 4
capacitive reactance to neutral of -j2650€2,

a) Caleulate the sending end voltage using the nominal melhod,

] Diraw the phasor diagram,

@) Caleulate the rise in the receiving end vollage when the load is
switched off and the sending end voltage remains constant at
the value caleulated in part a) abave.

(Ans: 124 2kV line, 15.1kV line)

['same0d, wpsudriveviel 7
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POWER SYSTEMS ANALYSIS TUTORIAL 3
TOPIC: STAR CONNECTED LOADS ON THREE WIRE SUPPLIES

1. A'Y connected load with a 220V, 60Hz three wire supply, has branch impedances of
Z, = 66/15°), Z,_ = 85/-30°0), Z_ = 90/20°C2

Using line voltage E_ | as relerence:

Calculate: g
a) all line currents in polar form Vo H?T‘ OCross Isadh ;&3'

b) voltage of star point of load wrt neutral point of supply.
(Ans: I, =124134.7°A, 1) = L.720-139°A, 1. = L.858L.5"A, V= 48.7/-47,5°V)
2. A Y connected load has three impedances, Z"l = a 10041 resistor in series with a 400mH

inductor, Z_ = a 1206} resistor in series with a 10pF capacitor, and Z, = a 25002 resistor,

The three wire supply, has a line voltage of 75V, frequency 60Hz, and a phase sequence of
ABC,
Using line voltage E_ as reference:

Caloulate;
u) all line currents in polar form

b) voltage of star point of load wrt neutral point of supply,
(Ang: I =0.165/-52.2°A, Iy = 0.155L:117.1°A, 1, = 027/96.4°A, Vo = 25.1:72.1°V)
3, Re-calculate the line currents for question 2, when the phase sequence is changed to ACB.

(Ang: 1, =0.358/16°A, I, =0.285/162.4°A, 1, = 0.073/-170°A)

PEATUTOS . docfuvol?



