STEADY-STATE POWER ANALYSIS

s

'LEARNING GOALS

Instantaneous Power
For the special case of steady state sinusoidal signals

Average Power
Power absorbed or supplied during one cycle

Maximum Average Power Transfer
When the circuit is in sinusoidal steady state

Effective or RMS Values
For the case of sinusoidal signals

Power Factor
A measure of the angle between current and voltage phasors

Power Factor Correction
How to improve power transfer to a load by “aligning” phasors

Single Phase Three-Wire Circuits
Typical distribution method for households and small loads

>
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INSTANTANEOUS POWER

LEARNING EXAMPLE

Assume: v(z)=4cos(wt+60°),

i) Instantaneous )
- Power Supplied _ 2= 2LIVH
to Impedance et Il/(t ) fggoo
v(t) Z p()=v(0)i(?) I= P = 520 =2/30°(A)
i(t)=2cos(wt+30°)(A)
Vy =4,6, =60°
In steady State [ 1, =2,6,=30°

v(t)=V,, cos(wt+0,)
i(t)=1,, cos(wt+86;)

pt)=V, I, cos(wt+6, )cos(wt+06,)

COS @, COS @, = %[COS(@ —¢,) +cos(g + ¢2)]

p(1) = VMZI M [cos(6, - 6,) +cos(2t +6, +6,)]

constant Twice the
frequency

| ]

» p(t)=4cos30°+4cos(2wt +90°)
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GEAUX
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AVERAGE POWER LEARNING EXAMPLE | Find the average

For sinusoidal (and other periodic signals) | power absorbed

we compute averages over one period G by impedance
20
| 0otT 2 Ve
P= T tIP(l‘)dt T= Y 10/60° V CD B
= OI g 20
p(t) = %[cos(e,, —0,)+cosQwt+6, +6,)]
P= Varly cos(6, —6.) It does not matter I = 1046.0 = 10260 =3.53/15°(A)
¥ ' who leads 2+4j2  242445°
If voltage and current are in pha?_\— Vig =10,1) =3.53,6, =60°.6; =15
\ev _0, = P=v,I,, Purely J P =353c08(45°) =12.5W
2 resistive

Since inductor does not absorb power
one can use voltages and currents across
the resistive part

If voltage and current are in quadrature
0,—6,=190°= P =0

Purely )
inductive or Ve = —10£60°=7.06£15°(V)
capacitive 2+j2

P= %7.06><3.53W
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LEARNING EXAMPLE

Determine the average power absorbed by each resistor,
the total average power absorbed and the average power

| v .. supplied by the source
) F Inductors and capacitors do not absorb
v gz 0 power in the average
12/45° V (_) a0 P, =18+28.7W
/18 Psupplied = Pipsorbed = Psupplied =40.TW
_I_ Verification
If voltage and current are in phase =l 3l SI20D 7 S0 Z 5]
1 - 112 I=8.15£62.10°(A)
RIS : P="MM o056, - 6,)
I, = =3/£45°(A)
P
1

- :%12><8.15><c0s(45°—62.10°)
Py = 12x3=18W

2=1244.5 _ 12245 =5.36.71.57°(A)
2—jl  ~J5£-2637°

Pzg = %X2X5.362(W) — 28 TW
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LEARNING EXTENSION

—=
I=12§6O ggu
12/60° V d .

40 gll 2 =4 ()

Z|=2+(4|-jd)

l

4(—j4) 8- j8—jl6 253/-71.6°

Z. =2+ =
: 4— j4 4— j4 42 £ —45°
Z,=4.47/-26.6°Q
_ 12L607 2.68./86.6°(A)
4.47/-26.6°

P, :%le, = %x2x2.682 =7.20W

Find average power absorbed by each resistor

— j4 4/ -90°

Jlym——]l= X2.68£86.6°

P 4—j4 4J2s-450
1, =1.90£41.6°

P, :%x4><1.902(W)

| ]
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LEARNING EXTENSION

I L
PN

30 g V. C‘)m,_f;’_a_m A E 20

442
' 34+44 52

_AATLI6ST" 0 age = 6.14.240.62°( A)
7.28215.95°

10£30°

1

P, =%RI§4 :%x3x6.142(W)

I,=10£30°-6.14£40.62°

2:;104300_ 30£30
3+4+j2

 7.28./15.95°
=4.12/14.05°(A)

Find the AVERAGE power absorbed by each PASSIVE
component and the total power supplied by the source

P, :%x4x4.122(W)

Piro =0W)

Power supplied by source

Method 1.  Fyppiied = Fabsorbed

Psupplied = Py + Py, =90.50W

Method 2: P= %VMIM cos(8, —06,)

V, =31, =18.42./40.62°

P =%x18.42x10xc03(40.62°—30°)

| |

GEAUX »




LEARNING EXAMPLE | Determine average power absorbed or supplied by each

element
I 1o L 13:12430 .—640 :10'39+.J6_6:6—j4.39
i I, J1 J
_ =7.43/£-36.19°(A)
12/30°V 20 6/0°V i
P, = 5><6><7.43c0s(0 +36.19°)=18W
= Passive sign convention
I, = 12230 =6£30°(A) I,=1,+1,=520+;3+6-j439=11.2-j1.39(A4
=11.28£-7.07°
1 1

P, =—RI}, = X2x6>=36(W
2Ty TM Ty W) 13124300:—%XIZXI1.28><cos(30°+7.07°)

P;a=0 =-54W) =—(36+18)

To determine power absorbed/supplied
by sources we need the currents I1, 12

Average Power For resistors
2
P = lVMIM cos(@,—-6;) p— lRIj%l _1Vy
2 2 2 R
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LEARNING EXTENSION eDI(:tne:emnine average power absorbed/supplied by each

Vio| 20 /8 e = —%x19.92><12><cos(—54.5° —0%)=-69.4(W)

4/30°V

P, = —%x 4%(9.97)cos(30° —204°) =19.8(W)

j
EZ {.}Q lﬁl Cl
I

Check: Power supplied =power absorbed

Loop Equations

I,=1220°

4/30°=—j21I, +4(I, +12.£0°)

_ 4230°-48£0°  3.46+ j2-48

Alternative Procedure
Node Equations

I,

4—j2 447.-2657° —1220°+ =%+ s 0
= 44.58./177.43 —9.97./204°(4) L _430°Vyg
4.47£-26.57° 2= o5
V. =41, + 1,) = 4(12+9.97 £204°)(V)
=4(12-9.108 — j4.055)(¥)=19.92£ - 54.5°(V)
2 2 Average Power For resistors

=V L1992 g % 2

P=—V,1I,cos6,-6.)p= lRIil — 1Vy
P,0=0) 2 2 2 R

<1 [ [GrAT >




LEARNING EXTENSION

Determine average power absorbed/supplied by each
element

_2440°-V _24-14.77-j1.85
2
1, =4.71/-11.32°(A)

I,

=4.62— j0.925

24[0°V S40  _12£0°-V _12-1477+ 185 -]
2 o - . c
DI /2 /2 /
[, ="1TI2TT G 9554 j1.385(4) =1.67.123.73%(A4)
Node Equation P = %x2x4.7 1> =22.18(W) For resistors
V—24,0° V-12£0° V . 2 1 1v;,
+ +—=0 xj4 _ 1 14887 _ P=_RI? =-"M
5 i 7 J Py =% =27.67(W) SRy =2

2j(V =24)+2(V —=12)+ jV =0

(2+3jV =24+ j48

V=

24+ j48 2—j3 _192+ j24

=14.77 + j1.85(V)

2+ 3 2-j3
=14.88.£7.125°(V)

13 Average Power Check:

P, o= —%x12x1.67 cos(0°—123.73°) = 5.565(W)

Py = —%x 24x4.71xcos(0°+11.32°) =—55.42(W)

i Pypcorveq =22.18+27.67+5.565(W)

P ZEVMIM cos(8, —6;) p

supplied — 55.42(W)

KIgL=
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__________

MAXIMUM AVERAGE POWER TRANSFER

Ly =Ry + jXpy /
_________ i III' 1 VOC | RL

v, |Zs Z,+Zmyy =R+ Ryy)+ j( X+ Xpyy)
Z,+Zry = (R; "'RTH)2 +(X, "'XTH)2

______ accreuit 1 Z, =R, +jX,
1 |Voc| R,
| P, =
i oP; —O
:5|VL”IL|COS(9VL -6;) X, }D{XL:_XTH
oP R, =R
4 A —L:O L TH
Vi= E—Voc =V, |= L V oR,
iy A L Vil ZL+ZTH\| oc| o
g Ve A=V —22, |V Ly =2y
=L —
Z, =6, -6, =/Z, *Tlz, Pmaxz_[wodj
L L L
¥ 2\ 4R,

Zy =R+ jX| = tan(£Z,) =R—L

1

cosf = .
N1+ tan’ @

.cos(y, -0, )=

R; +X;
Lrg] [ [GrAT >




LEARNING EXAMPLE IFind Z, for maximum average power transfer.

10 Compute the maximum average power supplied to the load

L LAAAS »

0, * max 1 V 2
4/0° A %25'1 gz;ﬂ Z, nZw oz pm =§(|4103C | )
TH

Remove the load and determine the Thevenin equivalent of remaining circuit

10
e AAAS o _ 8+j4 (8+ ja4)N6-i1) 52+ 16
Z =42+ 1) = J.z( JH6—jl) _ Jj16 4
6+ jl 37 37
203 103 <1z, o '

_8+j4 8.94,26.57 4 G GEEG
6+j1 6.0829.64° '

- - D

Z, =147/-16.93°=1.41- j0.43Q
18

O
- 2 4 oo 3240

(0]

b AAAS *
1] Voc =4X——— = —5.26/—9.64°
<1>4ggm ﬁm ﬁm . 0c =y Ay jl 6.08.79 64°

2
5 pro 1, 526
2" 4x1.41

<1 [ [GrAT >

=2.45W)

We are asked for the value of the
power. We need the Thevenin voltage




LEARNING EXAMPLE

T WAAAS

j4

20
I

I\

"ﬂéz })
D

Q

4/0°V

>

O

Find Z, for maximum average power transfer.
Compute the maximum average power supplied to the load

- 1 :
NZP =2, PP = _(_| Voc | j
2\ 4Ry
Circuit with dependent sources!
7 — VOC

TH —
ISC

4£0°=-V_+ 2+ jI,

Vy =21,
4200 =(4+ jA)I, = (4/2£45)1,
4.,0°
= =0.707£-45°(A
' 422450 ()

Voe =21, —420°=1—jl—4=-3—jl=~10£-161.5°

Next: the short circuit current ...

<] > [GrAT >




LEARNING EXAMPLE (continued)...

Original circuit

o -2 Q)
j4 0 y
AAAS * Ly 0

V. ﬁ 20
v, <_|-> Z

NZP =Zy PP = %('Z’Q—Cq
LOOP EQUATIONS FOR SHORT ™
CIRCUIT CURRENT
—V 4+ jAI+2(I - I )—4£°=0
42004 2(Igp —I)— j2I g =0

CONTROLLING VARIABLE
Ve=2(Igc—1)
Substitute and rearrange
(4+ jAI —4I . =4
2 +Q2—jDIgp =—4=>1=(1-jl) g +2
41+ Pl = pIsc +2]-4I5c =4
Ioo =—1-j2(A)=~/5£-116.57°

Voe =21, —420°=1—jl—4=-3— jl=+/10£-161.57°

Zyy =~N24-45°=1-jIQ = Z% =1+ jIQ

1, (J10)*
27 4

<1 [ [GrAT >
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LEARNING EXTENSION

Find Z, for maximum average power transfer.
Compute the maximum average power supplied to the load

24/0°V
2
@ » { ') Zopt Z* Pmax:l |V0C|
I —t ™ L2l 4R,
m,@vG) 20
20 2 . o A
g b Zpy =—j2+(2]j2)=—j2+ J. Q
Efm 2;13 2+ j2
4  8—j8 .
. o Eﬁﬂ TH = o~ / =1-j(Q)
24/0°V 24 j2 8
—O— *
—2 1} _ o >
wgv"‘") j Voo =—1220°+ j21 27 =14 (@)
i VA =12+ j2x9(1 - j)
2513 4 =6+ j18 a6
V, max __
¢ 2o % Ve =18.974271.57°(V) i, = el
/] _ Vye |'= 6> +18% =360

36.£0°=(2+ j2)I
36(2 - j2)

I= =9(1— j)=12.73£—45°

| |

GEAUX »




LEARNING EXTENSION Find Z, for maximum average power transfer.

Compute the maximum average power supplied to the load

0, w max 1
... ZLpt :ZTH PL :5(

24/0°V 12/0°V
OO
20 ”
32 0 ; 20 Z, T G *r— 7
. O gz 0 % 20
L
v 12— i) < 422 =02
2405V 12/0°V Z=7J21(2—j2)=
ij m =J21(2—j2) 2+ j2— j2

Ly =2+ j2(Q)

Z% =2— j2(Q)

i P = Lo 720 _asowy

Vi, 24 /0° = 24./90° 2 4X2

T j2— 242
Voo =1220°+24.290° =12+ j24(V)
Voo [F=127 +24% =720

Kigi=

Voc I’
4R,y

GEAUX »




EFFECTIVE OR RMS VALUES

i(t) Instantaneous power If the current is sinusoidal the averaae
, power is knowntobe  p _ 112 R
p)=i ()R "M
1
2 2
R gy =51y
For a sinusoidal signal
The effective value is the equivalent DC x(t) = X, cos(wt +0)
value that supplies the same average power the effective value is
X = Xu
If current is periodic with period T N3

1 t,+T %+T
P = tj p(t)dt = L jz (t)dt]

For sinusoidal case P,, = %VMI w cos(6, —6,)

I, P, =P
If current is DC (i(r)=1,,) then <~ de

Pdc = RI(%C

P, =V 41,45 cos(6,—0;)

effective = rms (root mean square)

%+T %+T
eff:— jz (¢)dt Ieﬂr=\/ It ()dt

Definition is valid for ANY periodic

signal with period T <] [> GEAUX




LEARNING EXAMPLE

Compute the rms value of the voltage waveform

| ot T
X, = |— [x*)dt
rms \/T t:).. ( )

One period The two integrals have the
4 0<t<l ?ame value
v(t)= 0 1<t<2

—4(t-2) 2<t<3

T 1 3
[v2(0)de = [(40)*de + [(4(t—2))dt
0 0 2

1

3
[V (0)dt = 2>{Et3} _32
] 3 3

0
v = 1132 215000
373

Kigi=

GEAUX »




LEARNING EXAMPLE | Compute the rms value of the voltage waveform and use it to

determine the average power supplied to the resistor

Current (A) .
i) T =4(s) l(l‘)
! R=2Q
E X (R N PR A R
4
| orT
i2(£)=16;0<t <4 X,ms=\/T [x2(eyar
Iy
Irms = 4(A)

P, =RI. =32W)

rms

<] [> [GrAT >




LEARNING EXTENSION | Compute rms value of the voltage waveform

o) (V)& T=4 | T
D s Xoms = | = J.xz(t)dt
/|[ |/| / > \/T f
0|2 4 6

t g 1(s)

v=2t

| l2](21)%# = FPT:\/E(V):L@?,V
™4, 3], \3

<] > [GrAT >




LEARNING EXTENSION

Compute the rms value for the current waveforms and use
them to determine average power supplied to the resistor

i(0) (A) A . | ot
N lﬂ, X, \/ jx (¢)dt
e e R=4Q P, —IfmsR
0 2' all b 1|9 IllD 1'2 t(s) R
T=6

rms
2

; A
(1) (A) T =8

I> = ﬁ4dt+ j16dt+ j4dt
0

} 8+3248 ¢ p_gxa=32W)

4 6

12

0 2 \
_4 ________

>
10 Lm

2 6
I =- Dl6dt+jl6dt}=8 P=32W)

<] > [GrAT >




THE POWER FACTOR

1,206,
L2l Z\v,£6, /
) = 0

V=ZI >V =/7Z+/

)

>
6,=6,+06,
P= %VMIM cos(@,-6,)=V, 1, cos(6,—0,) Fpparent = Vims L rms
P
pf = =cos(6, —6;) =cos0, p=v,  xI,. Xpf
Papparent —90° < Qz <0°
of p current leads
4 ay =
.\ itiv
0 —90° pure capacitive (capacitive)
0< pf<l -90°<6,<0° leading or capacitive >
o a o V
1 0 resistive 0<8, <90°
0< pf <l 0°<6,<90° lagging or inductive current lags
0 90° pure inductive (inductive)

Kigi=




0.08
VWA ?I
[T

LEARNING EXAMPLE | Find the power supplied by the power company.
Determine how it changes if the power factor is changed to 0.9

P=V, xI, Xpf

rms

/ — 88 kW

-\r.' ) F =
& 480V rms ]-”- {} 07 i:i"j;””ﬂ

= cosf, =0.707 = 6, =—45°

N

Power company

88><103(W)
™S 480%0.707
P =1 R=259.3>%0.08=5.378kW

losses rms

P, =P, +88,000(W)=93.378(kW)

=259.3(A) rms

If pf=0.9
ms = 88000 _ 203.7(A)rms
480x0.9
I)IOSS8S = Ir?msR 3 32kW

Losses can be reduced by 2kW!

Examine also the generated voltage

Current lags the voltage

\ 25934 —-45°(A)rms

Vs =0.081,,, +V,
=0.08% 259.3£ —45° + 480
Vs =0.08x(183.4— j183.4)+480
=494.7 - jl14.7=495£-1.7°(V)

» 480(V )rms

If pf=0.9
I, =203.7/-258"°

Ve =14.47— j7.09+480=494/-0.82°

<1 [ [GrAT >




LEARNING EXTENSION

P, =100kW .V, =480V )rms, pf =0.707

R, ,=0.1Q

line

P=Vv, . XxI..

rms

X pf

Determine the power savings if the power factor can be increased to 0.94

Losses(kW\W)

LOSSES AS FUNCTION OF POWER FACTOR

| |
0.85 095 1

i
0.65

|
055 06 07 075

Power factor

08 09

_ P
rms rms pr
2
I)losses =1 fmsRline = ’ fline X 1 2
10 x0. 1
P =0.707)=
losses(pf ) 4802 O 7072 ( )
=2x4.34kW
10%0.1 1
P =0.94) = X w
osss (S =450 “00ar™
=1.13x4.34kW
P, =0.87x434kW =3.7TkW
| |

GEAUX »




Definition of Complex Power COMPLEX POWER

S = I/rmslrms
I The units of apparent
- and reactive power are
Volt-Ampere
Vime Z./0

= |
S = Vrmslevox[lrmséeio]

S =Vl s 26, —6;

rms-— rms

S=v., I cos(6,—6) iV, I siné, —0,

rms-— rms rms-— rms

rms

£ 0

Active Power

Reactive Power

Tm & v

rims

I...sin(B -8 )

TS

Kigi=

inductive

capacitive

Another useful form

= ZIrms — S = (ZIrms)I:ms — Z | Ii‘mS |2
P=R|I__P
Z=R+jX= | "’”S|2
Q — X | Irms |
[ &
=1 I:-Irll
ALY X
=" .\ O =1 Im(Z)
|
Hﬁ& o >
P=1 |'|11-;H[':|:I'} Re
GEAUX >




LEARNING EXAMPLE

Given:

P, =20kW , pf =0.8lagging,V, =220£0°rms,Z; =0.09 + j0.3Q, f =60Hz

Determine the voltage and power factor at the input to the line

0.09 €2

030

O

VWA

CAAMS

f

e

220/0° V rms

20 kW
0.8 pf lagging

N

!

P =Re{S} =S |cos(8, —6,)=| S |xpf

P

S, =—=25kVA
pf

[m &

inductive

inductive

capacitive

0> =S8,>— P> = Q=15kVA Sy =20+ j15(kVA) =25.36.87°

S, =V,I, V, =248.63+ j21.14=249.53./4.86°
* ot %
—~ 1, = Sa | {25’000436'87 } =113.64/ —36.86°(A) 4.86°
v, 220.£0° >
20.000 + 15,000 TN\ 2686
[, =| )0 } ~90.91— j68.18(A)
220 Pfsource =€05(41.72°)=0.746
VS = (009 + jO3)IL + 220400 |agg|ng

Vg =(0.09+ j0.3)(90.91- j68.18)+2200V) =] [

GEAUX



LEARNING EXAMPLE | Compute the average power flow between networks

Determine which is the source

Network ] , Network
A 1 i B

V,=120230°(W)rms| [V =120£0°(V )rms
V=V _120£30°-120£0°

V4 jl
(103.92 + j60)—120

J
I=62.12/15°(A)rms

_ * _ o o_ o Passive sign convention.
=V, (-1I) =120L 2.12£-195°=7,454/ -1 A
Sa=Va=1) 023076 I3 = 745 05V A Power received by A

I =

I =

=60+ j16.08(A)rms

P, =7,454¢0s(165°) =—7,200(W)
Sy =Vy(I) =120£0°%62.12/—15°=7,454L~15VA,,_
P, =7,454cos(—15°) = 7,200(W)

A supplies 7.2kW average power to B

<1 [ [GrAT >




| LEARNING EXTENSION | Determine real and reactive power losses and

real and reactive power supplied

0.1€ j0.250
yw“? Iy inductive
. s 40kW : 0
) 22002V TMS| e 84 1agging i
\ P
4) Re
-0
P =Re{S} =[S |cos(6, —6;) = S |xpf
P 40 capacitive
1S, == =47.62kVA |Q, |=+| S, |F —P? =25,839(VA)
pf ’84 Im F V. -
S=VI =|I, |= [Se|_ 216.45(A),, . S
193 I, =216.45/—-32.86°(A),,. Fimgsin (8,-8;)

pf =cos(6, —6;,) =0, -0, =32.86°
SIosses = (ZlineIL)Iz = Zline | I, |2 .......
Siosses = (0.1+ j0.25)(216.45)2 =4,685+ j11,713VA Re

Balance of power

Ssupplied = Sjosses T Sload
=4.685+ j11.713+40+ j25.839=44.685+ j37.552kVA

<] > [GrAT >




| LEARNING EXTENSION | Determine line voltage and power factor at the supply end

i 'Ilrll '
/ 60kW Im4 Vims

) 22000V rms

\ pf =0.85lagging >

P=Re{S} =[S |cos(0, —6;) =V, IX| I |xpf i

I sin(B -8.)

TS

rms

Sy =Vl 1=t —320.86(4)
Vi IXpf

6,—6;=cos (pf) =6, -6, =31.79°
I, =320.86£—31.79°(A),,, =272.72— j169.03(A)

V=20, +V, =(0.12+ j0.18)(272.72 - j169.03) + 220
Ve =283.15+ j28.81(F),, =284.61/5.81°(V)

rms

rms rms VS

5.81°
The phasor diagram helps in visualizing >
L

the relationship between voltage and current 1, —31.79°

Pfsource =€08(37.6°) =0.792
lagging
Kigi= GEAUX >




POWER FACTOR CORRECTION

LOSSES AS FUNCTION OF POWER FACTOR
T T T

- Low power factors increase
losses and are penalized by
energy companies

g2 \ Typical industrial loads
are inductive

| | 1 | | | 1 |
0.5 0.55 0.6 0.65 0.7 0.75 08 0.85 0.9 0.95 1
Power factor

Simple approach to power factor correction
N
7o

f

il [
- -

r ]f

| To v
| generator

Industrial |
load with  ~T> C
lagging pt

Without capacitor :

V= R I capacitor

Soid = Poid + JQold = Soid | £ 6014

pfold = COS(eold )
With capacitor

Snew =Sold T Scapacitor

Qcapacitor =Vl capacitor |

=V |2 C

= Pog + JOoid — chapacitor

:| Snew | Aenew

tan 6., =

Pl new — COS(Hnew)

. Qold o Qcapacitor

P, old

[m &

1

cosf =
N1+ tan’ @

KIgL=
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LEARNING EXAMPLE

Roto-molding
process

cos@,,, =0.95=tanb,,, =

Qcapacitor — Qold

J =060Hz.
Determine the capacitor required to increase the power factor
to 0.95 Iagging

Ind th,tmn

maotor

SOkW,VL _ 22040"%

pf =0.8lagging
P =Re{S} =[S |cos(0, —6,)=| S |xpf

P 50
| S |=E=%= 62.5kVA |Q,, |- \/| Sota |2 -P° =37.5(kVA).

1—

2
Phuev _ 0 329

o Qnew

Qca pacitor

=V capacitor |
=V |2 C

s C=

Pf vew
=37.5-16.43=21.07kVA

Qcapacitor _ 2 1 07 X 1 03

2
|V, |

(220)% X (27 X 60)

KIgL=

_ % = 0,,,, =0.329x P =16.43kVA

=0.001156(F)=1156 F

GEAUX »




LEARNING EXTENSION

R. =0.1Q, f = 60Hz

line

Determine the capacitor necessary to increase the
power factor to 0.94

P, =100kW .V, =480V )rms, pf =0.707

P =Re{S} =S |cos(8, —6,)=| S |xpf

P 100

| Sota = of 707 =141.44kVA | Q,,, |= \/| S .. |© —=P* =100.02(kVA).

1 pf?
cosd,,, =0.94 = tanf,,, = fpf"""’ =0.363 = % = 0,0y =0.363x P =36.3kVA
p new

° Qcapacitor

Qcapacitor =Vl 1 capacitor |
=V |2 C

s C=

=0, — Onerw =100.02-36.3=63.72kVA

Qcapacitor _ 63 72 X 1 03

oV, P (480)>x (27 % 60)

KIgL=

=0.000733(F)=733u F
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SINGLE-PHASE THREE-WIRE CIRCUITS

Power circuit normally

used for residencial

supply

Line-to-line used
to supply major

@)

M -

appliances (AC, dryer).

Line-to-neutral for lights
and small appliances

Basic circuit.

Neutral
current
isS zero

b

General case by source

General
balanced
case

An exercise in
symmetry

superposition

I’!l:'..-

<+) v Z

: I|.'-

- ZJ“ —=i—a 'E.llll
Ef.
il,.
I'!m.-
I,
KIgL=

?‘.Iul-.'

Neutral current is zero

Fiin L ]
Oy E
- L, '
t V Z,
i, ®
L
17,




LEARNING EXAMPLE | Determine energy use over a 24-hour period and the cost
if the rate is $0.08/kWh

Assume all

I:m A
resisti a » : $ on
istive ;lleA | Lights on | o 1| |
" - rms . Lights un‘ o
120/ 0° V rms " I?HE‘:‘?’ i rms| o oo Loff | Gn‘ 1
P=V I L Range Range | 20 ‘ r] [
SIS N 7200 W EEEEEEEEEEEEEERERENRER -
NN
+ Stereo [ZaM 24 E ﬂ ml?pﬁz‘ 4 68101
I?D@VF"‘HCD W IaA i ) : i
31 (b)r=— —
{024,
b F]h.ﬁ! Fi ]
Stereo on ~ —
Energy = j p@)dt=P,, ... xTime et Outline of
I,,=1I,+1I, verification
E s =0.12kW X8 Hr +0.12kW x7Hr = 1.8k Wh 7
bB — S R
Eppnge =7.2kW x(2+1+1)Hr = 28.8kWh I=I—1,
E,,., =0.024kW x(5+3)Hr =0.192kWh
E yaiyy =30.792kWh Cost=$2.46/day ~ Esuppied = | Psupplies =Voms [Lmslt

<] > [GrAT >




SAFETY CONSIDERATIONS

Average effect of 60Hz current from hand to
hand and passing the heart

Required voltage depends on contact, person
and other factors

Circuit

breaker
[ ’\J:l -----------------------
| Il | I _ [

120V rms C"') . !
. ,.J Other
. e receptacles
Neutral Tt
Ground conductor f

Typical residential circuit with ground and
neutral

Ground conductor is not needed for
normal operation

Kigi=

10A

1A

100 mA

10 mA

I mA

Severe burns, not fatal unless

vital organs are burned

Heartbeat stops, may restart if
shock 15 removed before death

Ventricular fibrillation usually
fatal without intervention

Breathing stops

Muscular paralysis, severe pain,

difficulty in breathing

Let-go threshold

Painful

Threshold of sensation

GEAUX »




LEARNING EXAMPLE | Increased safety due to grounding

shori— When switched on the tool case is energized

without the ground connector the
user can be exposed to the full
supply voltage!

120V CD

Neutral

Vg

5

Ground i

- Concrete floor Conducting due to wet floor

If case is grounded then the supply is shorted and the fuse acts to open
the circuit

More detailed numbers in a related case study

<1 [ [GrAT >




LEARNING EXAMPLE

Wet

Circuit skin
Iy breaker “Hot™ black wire
- Short
CD iL W Rioay Rse,
- AN AAM AAM
Iy Neutral white wire 150Q 40042 150€2
IR Limbs
M Drill case |
Ciround o—o6 Gireen wire trunk
Ground prong removed
WA
JT_ Rgnd
R(dry skin) 15kOhm ~1Q
R(wet skin) 1500hm
R(limb) 1000hm 120

R(trunk) 2000hm

Suggested resistances
for human body

Ibody :ﬁ:171m14

Can cause ventricular fibrillation

Kigi=

GEAUX »




LEARNING EXAMPLE Ground Fault Interrupter (GFI)

; . Load

. o _ . — Magnetic core i i

v C_) Sensing n_'ml—@ E § E
Neutral ": i i

- Ground TI

In normal operating mode the two currents induce canceling magnetic fluxes

No voltage is induced in the sensing coil

If i, and i, become different (e.g., due to a fault)
then there is a voltage induced in the sensing coil

<] > [GrAT >




LEARNING EXAMPLE

While boy is alone in the pool
there is no ground connection

Circuit
breaker

O

A",

X

Ground
fault

Circuit
breaker

A ground fault scenario

Vinyl lining (insulator)

R Lault

3

Hll_ﬂlll

R

wel
Rp-:ml contact R

A

R i R

wil
contact

drmm

Circuit formed when boy in
water touches boy holding
grounded rail

Kigi=

trunk

I

é 'Hwa.'l
contact
g R railing

GEAUX »
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LEARNING EXAMPLE | Accidental grounding

Only return path in normal
150mA / operation
—) Muscle

i a— stimulator
al 1

New path created by the
grounding

A N N N A

/;"*\‘ 130 mA Using suggested values of resistance the
\__/ secondary path causes a dangerous current
to flow through the body
P L
L
R 1T -
é R:;H'I"ﬂ
J|rI": 1y
WWh————AAA
Rl.runk. Rluj:
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LEARNING EXAMPLE | A grounding accident

After the boom touches the live line the operator jumps down and starts walking
towards the pole

Neutral conductor

7k _/_L/ — Power line

N
\,4 e L 7200 V

Ground is not a perfect
conductor

S 1]

720V/m

7200V - One step applies 720 Volts to the

_._._@_._.._ operator

Earth resistance

Crane® AAAAAAAN W\N\N\,\/\/\i Power pole

- 10 m —————-

(b)
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LEARNING EXAMPLE | A 7200V power line falls on the car and makes contact with it

—_—_——

7200V \ Z

Tires are
insulators Wet Road
Option 1. Option 2:
Driver opens door and steps down Driver stays inside the car
R(dry skin) 15kOhm
7900 R(wet skin) 1500hm Toqy =0
Looay = R(limb) 1000hm

Rdry skin T 2 Riimp + Ryrynk R(trunk) 2000hm

~4 4 Verv danaerous! Suggested resistances
I'=460m ey g for human body

<] > [GrAT >




LEARNING EXAMPLE | Find the maximum cord length

R, ., x13.14=5V
"”m;ﬁ =3V rms R, =0.382Q
N _
B T+ ..
, " HH Mower ! Minimum voltage for proper
120 V rms C_) Cl) | 110 V rms operation
- 131 A rms . E
VL'('I!:E =3V I';]ﬁ
CASE 1: 16-gauge wire |42 CASE 2: 14-gauge wire | 52
St St
Rcord
L —2955ﬁ L Rcord =1528ﬁ

A, T25me

Working with RMS values the problem is formally the same as a DC problem

KIgL=
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LEARNING EXAMPLE | Light dimming when AC starts

R05Q
R, 050 a WAA—
a \W ? ; ‘\1 _> H|1|_|§'|1 ";r'”f
¥ Al fa} =
. ¥ Lights 12002V rms (+ 404 g 240 Q)
1200V rms { _ 60 W T R 050
[ T
R, 050 e AAN 40 A
: 10,000
Hey ) '
I& (;FSA Btu air conditioner v 100V
o= 120/0° V rms () &
120/0° V rms light rms o e
= R; 050
R, 050 b A
b —wW— b
_ _ o _ Circuit at start of AC unit. Current
Typical single-phase 3-wire installation : :
demand is very high
a Rmﬂ A R, 050
Riulh 4 —— AN ..H
bulh f.
120/0° V rms CD g 240 Q) i CD w
- 120/0° V rms é 240 Q)
n Rmﬂ T R; 054
1 N g AAA— 10 A
" 240 120=11 .
120002V rms C) Vin = 2 41 0=119.5V,,,, 120/0° V rms ( * V=115V,
R, 050 N\
b AMA—0 R, 050
B b W—r
AC off AC in normal operation
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| LEARNING BY DESIGN

I,=41.67£0°+41.67£0°+41.67£-36.9°

p Phasea 1, Im =41.67£-36.9°
L - II" ;l,',.' e
O | Fias || e
0 Neutral :I,... l }I)g":\l’f
In =2x%x41.67 5000 pf = 0.8
+ Y120 /0° I =———=1y]
i [0° L 120 H
Phase b 1
b *® “
1,=1, Option 1

Analysis of single phase 3-wire circuit installations
=119.4£—-12.1°(A)

S, =12020°%[119.42—-12.1°T
=14.38£12.1°kVA =14+ j3kVA

S, =120£0°x[41.67£-36.9° ]
=5/36.9°%kVA=4+ j3kVA

P =0.05x( I, P +|1, P +|1,1?)=1.147kW

I,=4167A°+4167/-36%

=79.07£—18.4°(A)
S, =8, =120,0°%[79.07£18.4°]

‘ : L ', =9.5/18.4kVA° =9+ j3kVA
Cj) 7 =0 Panel L Rh.nes T
’ : To=Tu| Panc Piges =0.05%( 1, P +I, )= 0.625kW
Panel IH P, . .=0522kW
I, Iy =1, $/ year =366(@0.08%/kWh) Steady—state_:
’ . Power Analysis
Option 2

[«]




