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B Lo 2ol Slewddl — 1

36 (switched capacitors) aesl sl clawdd) -2
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p = resistivity (or specific resistance) depends on conductor material and its
temperature. (2. m)

| = length of conductor (m)

A = Actual conductor area (m?)

p=1724%x10% Q. m for Copper
p=2.826x10% Q m for Aluminum

ol U§J~Z G ol alslall 3299 ($3,b Jﬁ\i@ Loglall dad slop 3yl A1 dxys 530 s lel\ o9
I gl @ 835dly wom oS (20C0) 2> (3 Roglill b plisiaaly 3yl 2> (Y Roglall A

oMol & JQJ NN Sl (020) 8\ A) Ay s is dagliad) () A Joledls

R2=Rq1+ a(t2—t1)] Q

R1 = conductor resistance at temperature t1 © C (Q)

Rz = conductor resistance at temperature t2° C ()

a = temperature coefficient of resistance of conductor material
t1 & t, = different conductor temperatures (in © C)

a20 = 0.00393 for Copper

a20 = 0.00404 for Aluminum

a20 = 0.00347 for Aluminum Alloy
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.(lagging power factor) s>V &5 |l

Laq — Ll + LE +  + LJ'T ..... Jor series combination
L: L+L+___ +L ..... Jor paraliel combination
Lg Ly Ly L,

dskll 354 (INductive Reactance) asdi s\l aus ol

X, = 2nfL

dal! SJS\:

a = ] aaedl) 56 S 2l aols » (Capacitance) i
| |
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Z

Z,

1

Z,+Z,=(R + jX))+ (R, + jX,)
= (Rl +R2)+j{xl + X2)= Req +.jqu

X{’
|z|= R +X? ~ ¢=tan” =

eq

Sl e ol o e

1,1 _I: Z :I'
zeq zl 2 Zz

Z 7z ; it
7 = 4t Z =R _+jX =|Z|¢
“"z+z, 0"

__ZZ, _ (R+ X )R, +JX;)

e = =R_+jX_=|Z|e"
v Zo+Z, (R+R)+jX,+X,) 7 IR l |
90 90 R L
i AN~

Z,=R +jX,
VA Z
R y X Z,=\/R? + X2
_ 1 XL
o o g =tan
R 0 R 0

cos = —
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Xe

Y

AT

R 0
g
Z Xc
-90
90
X,
Z )_{f X
0 Lo
R X.
~90

R L C
AN~ |-

ZI,= R +](XL _Xc)

Z, =\ R* + (X, — X)?

0= tari' X
R
cos g = R
Z,
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A choke of inductance 0.318 H resistance 300 is connected in series with 53uF capacitance across a
24V, 50Hz supply. Calculate the circuit impedance, current and phase angle. Draw scale phasor and

impedance diagrams.

Xp =2rfL = 27 x 50 x 0.318 = 10052

6 6
10 7 10 — 600

G
7 2mfC’ T 2w x 50 x 33

v [R2 iy, Xcﬂ Z [309 + (100 — 50)?} — 500

vV 24
I—E—%—D.xi&—l

V. = IX, =048 x 100 = 48V
Vo= IXc =048 x 60 = 28.8V 55 450 &yl sylu¥ grnst

A B e .Y

Vi — Vo 48-288

tang = 7 i 133 ¢=053.1° lagging
X, = 100Q
VvV, =48V}
V-v.=192v)- Y

= Vo= 128V pm- Z=50Q =

e : X - X.=40Q
g3 1ot | §=531°

V. =144V R =300
V.=28.8V

s 4 X.=60Q

11
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Question  Find the current and the voltages across each component in Figure . Express each
guantity in polar form, and draw a complete voltage phasor disgrum.

[
1."' -:{.l'
TS0 W 25 k12

| X !

Solution  First, find the total impedance.
Z =R+ X — Xe =75k + 25k — 60D = 75K — j35k0

Convert to polar form for convemence in applying Ohm's law,

3 3 - X
Z =R + X7 —tan '(f)

35 k0

_ 2 2 ¥ I
= W(75k0)? + (35k0)° £ —tan {TSHI

) = B2ELS-257R0

where X, = [X — Xl
Apply Ohm's law to find the current,

v, 10.20°V .
L= “wss_zsern 2142507 pA

Now, apply Ohm's law to find the voltages across &, L, and
Ve =IR = (1212250° pANTI 07 KL = DB S250° W
V, =IX; = (121225.0° u A5 290 ki) = 3321157V
Ve = X = (1212250° pAWAD L —90F kil) = 7.26 £=65.0° V

Motice that Vi 1s leading Vg by 907, and V- is lagging Vi by 907, Also, there 15 a |80°
phase difference between Vp and V. If the current phasor were shown,

12
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13

(7) Jus
A 600 resistor, a pure 0.382H inductor and a 66.3pF capacitor are connected in parallel to a 240V
50Hz supply (figure below). Calculate the current taken from the supply and its phase angle to the
supply voltage. First calculate the current in each branch:
V240

Ig = =60 - 4A in phase with voltage

X =2afL = 2 x 3.142 x 0.382Q2 = 12012

VvV 240 : Z
b= X, 120 24 lagging voltage by 90
108 106
Ko~ = = 480
7 2rfC’ 2 x3.142 x 50 x 66.3
Vo 240 , 7
I = XA A leading voltage by 90

These currents drawn to scale are shown in figure below , I is draw vertically up because in a
capacitor current leads voltage by 90°, similarly I, is draw vertically down because in an inductor
current lags voltage by 90°. Since [, is directly opposing I, their difference I - I, is 5 - 2 = 3A as
shown. This current is added to I by completing the parallelogram, and the phasor I; representing

the current from the supply is draw in. By measurement:

Ie—nk and b — i

Thus the current is 5A, leading the supply voltage by 36.9°.

[E.‘ = SA i
l'I
—_—
T L =g — Ly
240V L : |
50Hz - l
l - PL | | y
600  0.382H 66.3uF $=369° 1 =4A
[ =2A%
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[
ATHE é 650 mH

120V (1, R 34700
Q) C) == 1.5 uF

Reactances and Resistances:

1 _
= X, = 2nfl
Xa 2RfC,

Xei = 1 X, = (2)(m)(60 Hz)(650 mH)
(2)(m)(60 Hz)(4.7 uF)

X, = 56438 Q X; =245.04Q

1

X S

|
2= E=470Q
Xa (2)(m)(60 Hz)(1.5 uF)

Xy = 1.7684 kQ

Zey=0-j56438Q or 564.38Q £ -90°

Z; _c, =0+j245.04-j1.7684k Q
Zi_c, = -j1.5233kQ or 1.5233Q 2 -90°

Zg=470+j0Q or 470Q £0°

|

| 1

+
ZR ZL——CE

Zri-c) = = 429.15-3132.41

= 449.11Q £ -17.147°

Ziat=Zcar T Zpieczy = 429.15-j696.79

= 818.34Q £ -58.371°

o
v 120 £ 0

Ltotal = = - — = 146.64 £ 58.371° mA
Ziotal 818.34Q £ -58.371

14
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AL Byl ¢ ) Jadl

i 53y Lgms Jalif s V| Aalls deglie 3515 14 Lls Llasey (Active and reactive power) s (s
Lapdy Vsdly SIS A (3 dblineg 15, oS Ve U a2 52 Y1 OV dsnn of
a"..j‘j“ r\.f ) SJ.LE.“ JALF oo j"T J.ALG J:-J...g JJ Lis .J.@.A-‘ & )L::.“ e yb— CA-\M-:-S SJ.LE.S\))

(p Rslp A rmgn o Laps b Cpm L) g S8 oY Llly A

P=1xVx*cos @

Dslal) 055 1eb NI agMs 8 511 wolS 13

P=\/§*I*V*cosg0

- <

ot

15



by Bl et st o LS 6,

Aily oS30 85 S\dpincs

—: Oliol M U alad) Blall o Jaill Wl o 280 ¢S 3,01 Caeas

(Active power) duadl! of a4 3,0l —1
329 (R) gl abaulyy 35001 3 s 3N (sF allad W o (WOTK) as 25 gl adad)l 5,080 2

(Watt) L@—A-"'Lgs 5.)0-)) (P) (S

(Reactive power) dudl & &4l =2
i) Bl dauly) ey LS [ eblall JU) e Ssy jaal I sl sud ay
o5& o By (VAR) 22y (Volt-Amps-Reactive) Lewls sa>g (Q) L 5ans (X dsnudly
irctod) B oY) nglall 0) oY1 (3 OlaSTae LdT Jodll S aaidl 3 LS o @2 o ol davts
AU Jo Sl 3 Oz (Ll Cald e 06 By Ll adenl L 06 dmad) OF Eo Callly
A e e e Sy el e el L ssl ) op BT sz Loswb Wy L asl oSOl

L L“QT d)-b U‘m\ Sl S)\.C“ Uﬁbj:-jj Ul )'\'_G 5)..\.5}\ ad Sj.cj“ JA‘.E GO

kVAR

kVA

16



by Bl et st o LS 6,

(Apparent power) i skl §y4al -3
Fol> 29 (VA) Ll su>99 (S) U sapy (Z anledl dlavly) jduall o dgmndd 5,080 2y
) 8adlly Wladll u0al (gpdl mad) fol o GlzeV) (3 Legan ol G I piey Ly dgd Oy

LWled)

BV %) RgPRUINE R IRV

s0° 36 g10° 70

Mradfs
Direction
of Ratation

I’E’I '
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(Y) by &> & -1

obsl dezga LaS” shally Jasill jLally adsdl) 0 055

1n=1,,+1h+1[,=0
V/) = Vun = th = Vm
V=V, 20°, V,, =V,£-120°, V, =V, £+120°

Vo =Ver Vi =V, 20° = ¥, £~120° =+f3V,£30°

Vh(' = V;?ll i I/L'll = ‘\/gl/'ﬁé_ 900

I/m = V:‘n = V = V:m it Vbn = \/gan = l 500

an

Ve =WVal =Wl = Vel

=\3|V,,|= 3V, | =3V, |=V37,
v, =37,
L=i=]L]=|5]=|L]
1[‘_11)

sa Je jeb SO 5l Cleo dblas ok sy
P =1,%V,*cos¢
U IsbYI e sk JS75)5 aad w1 1sbAUy
P=3x1I,*V,*xcosg

a9l o Yoty (G Lod bty ) ol Ly 2yl (8 a5 isy
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v =l
V3
IL=Ip

P =3,k

= 3 [ x —x cos
L \/§ P

P=~3x*I, xV, *cose

(A) by U= & -2

20T Aoy LS jslally Jasil] Lly 2dsdll o 0SS

&=

1(1

=|1h|=|1r

L=] 205 [, =F,£-190° 1 =1 /+100°
I,=I, -1, =1,£0° - 1,/-120° =31,£30
I,=1,-1 =\31,£-90°

I =] ~I =y3LZ150°

I, =

Iuh

=|[1u|=

1L'll




20

iy Bl At st e LS 6,

L) I 3 LSTsu Lo job IS 50 e alslae 3y s
P =1, xV,*cosq
A b a psb 5755wk Al b
P=3xI,*V,*cos¢g

o) o it (e Lo Lty 1) sl Ll sl (5 s iy

VL=I/p
IL=\/§Ip
I
I, = —
V3

I
P=3x—=xV; xcos
V3 " Y

P=\/_*IL*VL*cosg0

sl 2 Heall (A) 5 (Y) L)t e lasy 25068 5,ud)l Ol dalall Allal) o o
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(Power factor = cos @) &l Jelas

Wil jally Wadh 808 o Ol Jolns ol pimg dadly JL Cr pslall Al gl ol o 52
Fsibl (39 3 alall 5,0ily Wled) 8,0l Cp dend) o8 of Amlakly Baglall Cpy Aend) 52 of (gl L e

Lessiy )l gl Tay Jalald s ool dbaall 250,680

vV, A

v S

Xc

A
Y

power factor =cos ¢ =

P active _ power (kW)
S apparent _ power (kVA)

21
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iwlodl dze bbbz M o

i
X
@
L
R I

P =I1°R (watts)

-

E
P =— (watts
Fr (watts)

=I’X (VAR)

VVAR)
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.(Power triangle) &,4a) clze 1) Lbsll oy

S
Q
¢
I
P I
S =y(PY+(Q)’
cos ¢ = power factor = % = %
: _g r i
tang = P or ¢ = tan =
S=1xV

P=1xV=*cos g
Q=I*Vx*sing

Sz\/_*IL*VL

Pz\/—*IL*VL*COS(p

Qz\/_*IL*VL*SiTl(p

23
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Ja

Ecch phase of a wye- connectied 3¢ AC generaior supplies a 100 A current at a phase
voltage of 240V and a power factor of 0.9 lagging, as shown in Figure. Find:

1. VL
2:'P1
3. Qr o A
4. 87
VLT ?
B
o
Solution:
1 Vo= V3 v,
= (1.73)(240)
V, = 4152 volts
2. P.=3V,I cos6
71.8 kVA
= (1.73)(415.2)(100)(0.9) 313
kVAR
P =646 kW o
64.6 kW

3. Q;=y3V,Lsine
= (1.73)(415.2)(100)(0.436)
Q; = 313 kVAR

=
w1
I

3V,

(1.73)(415.2)(100)

71.8 kVA

w
-
"

24
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Jrisul) 8yl fales i
=t et Jllly Bl il e B35 T (1) e 08 Joles (2] )
S els) JUby (KVAR) adidl p 508 sy comr (KVA) 3,alall 508 aud glis) 0 Y
OV g 3 g Al Wgad) 013 ¥ty bgbadly LAl (3 Blas) 1) (605 L& 3¢
Al S g Bl oy SRl o of 5 S olib]

L mr r el L) OY L 8305 e 3N (3 S a5 s Lt

P =1°R (watts)

Db e Lol i 2l o) OV Ll 8o s gl 4] 3305 ¢ LW

V=1Z )

(Improving Power Factor) &4l fslas juns
i 23 (KVA) el ) 055 (1) dy (1) o0 208 1 1) sy 3801 ks (e e
A ks g Mg T A5 05San (KVAR) adiidl 58 5,030l (KW) aSexd) 2aab) 5,030 oo

— 1ol Calasil) (3 LSy Ladadl) dad 1) (o el ) e sy Sl s WLy e L
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100 —
-
= -
(] -
U —
_ _
IP) -
= -
s 98—
50 -
et —
— -
'_‘c —
= -
- -
= 96—
Q -
5] -
= =

With load

2N

Voltage profile without the capacitor

Voltage profile with the capacitor

Voltage profiles after addition of a capacitor bank. (Copyright © 2002. Electric Power Research
Institute. 1001691. Improved Reliability of Switched Capacitor Banks and Capacitor Technology. Re-
printed with permission.)

Extra capacity, percent of the original load

60
] 1.00 Corrected power factor
17095
40
1 0.90
1 080
20
1070
] 060
0I\||\||||||||II‘IIII|I|||
05 06 07 08 09 1

Original power factor

Released capacity with improved power factor.

0
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JS5 4855 3,b) o 4L Sl sVl Slibey w¥e2 o SIS LT s sl oS JlaY1 U ) Ly

Akl Ll Ll ey daglie U glly 220,680 aCad) S9ly Vs U Blias dpagling dt> Jl ol
Lol 1 adla) gonad) I Jogd AS1A1 el bslas (3 LT L&) bglas SISy dypan Anb LGl
e Ualiastly Llae LasW 5t on Gl of encll colanll L) ga 8,0 olns o) 31
B 38 Sl VL Ll bl ) 303l e a gl Wl k8 Bgan 38 a5 gb 5l ales
1ib g bl JUaSU sl 30l 158 Wi of ol OF (Sl e 3Kl e andsny ogllall (Sl

RCORA /I T WV

cosé active power kW
-OS S ——— O ee—
apparent power  kKVA

sing = reactive power _ Kvar
' aparent power kKVA

Q (kvar)

ang = reactive power _ Kvar
active power kW

P (KW)

reaclive power = aclive power - tan¢

kvar = (KW)(tang)

reactive power at original power factor = active power - tand, f
Capacitor 4
R KVAR
= (kW)(tan¢,) required
Q. (KVAR)
reactive power at improved power factor = active power * tang, . QI (KVAR)
y $2 (KVA) 3
= (kW)(tan¢,) ¢
Q2 (KVAR)
reactive power at required power factor = active power - (tan, — tang,) A
P (KW) o
.

= (kW)(tan¢, — tan¢,)

27
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dn 6l eoead) s 5,0 el gl 2 (Q2) 5 el 13 5,000 Jolad gl 2 (1) O o
- Uy e - 3EEH il Ol e et (tANQItANGR) b ol Ay el wy

Dygd ol ol (3 Jowy cosllall 508 lales by dneall 2iddl 2 503l e Jguamd)

JU(2) dor & LSy bl

Original | Corrected Power Factor
dobell 0.80 | 0.81]0.82| 0.83 | 0.84 [085| 0.86 | 0.87 |0.88] 0.89 | 0.90 | 091 |0.92| 0.93 | 094 [0.95 [ 0.96 | 0.97 | 0.98 | 0.99 | 1.0

081 00000 | 0006 | 0052 ) D078 | 0104 [ 01317 057 (0184 | 0.212 | 0240 | 0268 (0258 ) 0329 | 0361 [0.395 | 0432 | 0473 (0521 ) 0581 | 0724
082 OO0 | 0026 | D062 ) 0078 | 006 | 0431 | 00158 | 00186 | 0214 ) 0242 0272 | 0300 | 0335 | 0.365 | 0ADG | 0447 0445 | D555 | 0698
0& 0000 | OCR6 (0052 ) 007 | 0105 (0032 ) 00160 | 0188 (0216 |0.246 | 0277 | 0308 | 0.343 | 0380 0421 0463 | 0529 [ D672
0 CO000 | 005 | D053 | 0079 (0006 | 0134 | Q162 0190 |0.220 ) 0251 | 0253 | 0317 | 0354 [ 0395 ) 0443 | 0500 | DEHE
085 00000 | O0ZT 00683 | 0080 | 0108 | 0136 | 00164 | 0,194 [ 0226 | 0257 |0.291 [ 0328 ) 0368 | 0417 | 0477 | DE20
086 0000 | 0026 | D053 | 0081 [ 0109 | 037 | 0167 [ 00598 | 0230 | 0.264 [ 0301 | 0342 | 0380 | 0450 ) 0593
n8? 0000 | 00T | 0.065 | 0083|0111 (0047 ) 0172 | 0204 (0238 ) 0275 | 0316 (0354 | 0424 | 0557
0g 0000 | 0.028 | 0056 ) 0024 (0,119 0045 | 0077 | 0.211 | 0248 | 0229 | 0237 | 0397 | 0540
08 00000 | OUCEE (0065 | 0085 )| 0017 [ 0.049 | 0,183 | 0220 | 0251 | 0.308 | 0369 | 0512
030 CU000 | 0028 | 0,058 ) 0089 [ 0421 | 0155 | 0182 | 0233 | 0281 | 0.341 | 0484
0 00000 | 0,000 ( D067 0083 [ 0127 | 006 ) 0205 | 0253 | 0313 | 0456
08z CL000 | 0031 | 0063 | 0067 [ 0034 ) 0175 | 0225 | 0283 | 0426
033 CUDiN0 | OUCCER f O.055 | 0103 | 0044 (0052 ) 0252 | 0385
0¥ U000 | 0.0 [ 0071 ) 0112 | 0960 | 0220 | 0363
0.55 CLO00 | QOST| 0079) 0126 0186] 0328
0.96 OUO00| 04T | 00E8) 0.145( 022
0.47 QOO0 | 0048 | 0108 0251
0.5 0.000| QOGD| D203
0.2 Oo00f 0142

Qoo

Multipliers to Determine Capacitor Kilovars Required for Power Factor Comection
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As the triangle relationships in Figure demon-
strate, kVA decreases as power factor increases.

At 70% power factor, it requires 142 kVA to produce
100 kW. At 95% power factor, it requires only

105 kVA to produce 100 kW. Another way to look

at it is that at 70% power factor, it takes 35% more
current to do the same work.

The power triangle in Figure shows apparent
power demands on a system before and after
adding capacitors. By installing power capacitors
and increasing power factor to 95%, apparent power
is reduced from 142 kVA to 105 kVA — a reduction

of 35%.

Y Jle

67 lovar
Capacitor
Added

33 kvar
After

100 kvar
Before
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Load
P=true power =I'R = 119.365 W T=1410 4 oo, :
Q = reactive power = X = 119.998 VAR
S = apparent power = 'Z = 169.256 VA  Lima % 160mH
; ¥ =60319 0
v, 120 £ 0° 120V :
I, - —= _ _ _ia1s-4515° A gome (V)
Zoy 35.079 £ 4515
Fins % 60 0
Power factor = True power _ 119365 W - 0,705
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T = (120.57 €3 2 90%) 1/ (60319 O £ 50° + 60 0 2 0%
Ty = 120.64-3573.58m Q0 or 120.64 0 2 0.2724°

P =true power = 'R.= 119.365 W

Q = reactive power =X = 0.5675 VAR
5 = apparent power = I°Z = 119366 VA

Viowl 120 £ 0™

Iom= = = 0047 £ -02724° A
7ol 120064 0 £ 0.2724°

Power factor = True power = 119365 W = (.9999387

Apparent power 119.366 VA
Impedance (polar) angle = 0.272°
cos 0.272° = 0.9999887
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Jodl ols wldrall 2l slsw (light load) bl et ey a2 e lanall 592y 3l (3
Bl By Gy g had (3 st LS B s 0% B a3 o ) 28
i ) (KVAR) 2iid) 5 5080 Leasy aisune (KVA) sl 5030 06 (U e 351
B I Ly (1) b gy 58l Jolan iy b 1 o (gm0 iz Ll
S Che o Bl ppas Qb (bl ald Aol adudl ) bl et May .(leading) s

= QW) (yplall Labsl) 3 roge LSy L3 Y1y 25!

lagging power factor

power factor = |

leading power factor

Vs : Sending end voltage

VR : Reciving end voltage

R : Resistance of the line

Xt : Inductive reactance of the line
Z : Impedance of the line
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~X et il ~
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Three-phase line with equilateral spacing
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(IEEE Standard. 18-2002) 35 el o

2. S 0.4 bl agd Slaas o3

2.5 KVAR, 5 KVAR, 7.5 KVAR, 10 KVAR, 15 KVAR, 20 KVAR, 25 KVAR,
50 KVAR

@ S 1T bl sl lacze 13

50 KVAR, 100 KVAR, 150 KVAR, 200 KVAR, 300 KVAR, 400 KVAR,
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(capacitor banks) Clewd! Wi ge Ol
GG Jo ol s S (3 o Ak (3 0685 O S ail a8 Je Slandl drg
2% s A ) sl Bals T sl B S e e Sl leges Canal (S
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