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1 Sinusoids
w=2rf

z=1a+jy = Ael?
x4+ gy: x=Acosf y= Asiné

f=T"1 0=wt+¢
= Acosf+ jAsinf = ALp°
Hztan_lg

A= VZTP

Lo = AL (f1— §2)° A1LS Al g = Ar- Mgl (6 + 60)°
Acos(wt) = Asin(wt + %) Asin(wt) = Acos(wt )
Ymax = A Yrms = y:]}%x Yms = \/ T fO 2 dt

2 Circuit Basics and Definitions

V=RI P=VI=RI*= = [p(t)dt
Z:% Z:Inode:0 V= dqup Z:‘/loopzO
p=R4[Qm] o=5Sm] J=1
2.1 Resistance
Ruies =5 R Rwrater = (R Ry = 7245

series parallel i i n parallel Ri+R>
Vo, Rseries : Vi = Rserles Vo Io, Rparatiel = 1; = %.Hel[O
ip(t) = V‘}‘;" sin(wt + ¢) VR(t) = Vinax sin(wt + ¢)
Vmaxej - RImaer¢ V RImaxé(bO
2.2 Capacitance
C= % EC(t) = %CUC(t)Q Oplates = EOER%

_ —1
Cparallel = Zz C; Cseries = [Z'L(CZ 1)]
— _ 1 12

Vmax = XC’Imax XC - wC C= waR C= chc

to = Cdvc ve(t) = veo + C fO ic( ) dt'
meemf = JwCViaxe?®v = wO[VinaxZ(py + 90)°]
2.3 Inductance

L=2% B (t)=

Serleq Z L

2
17, 2 N®p A~ HoN{ A,
§L’LL(t) [I =~ L

Lparallel = [Zl(Lz_l)]
Vs = Xplmax  Xp=wlL L=52F =%
vp(t) = LYk ig(t) =igo+ 1 [, vn(t') dt’

Vinax€?V = jwLIaxe?®! V = wL][InaxZ(¢1 +90)°]

Lcoil =
—1

2.4 Impedance and Reactance

Z=R+)X |IZ|=VR*+X? X=X,-—X¢
Zseries = Zl Zi Zparallel = [ZL(ZZ_I)}il B
ZZ¢°: ¢ =tan"! X =|Z|cos¢p X =|Z|sing
Zpr=R/0°=R

Zo = gg4-90° = Xc-90°  Zc=ja  Xc=gg
Zp =wL/+90° = X1, /+90° Zp =l  Xp=wL

2.5 Admittance, Conductance, and Susceptance

Y =G +]B =7 = % }/parallel = ZZ Y:  Yieries = [Zl(Yz_l)]
G:R71 B:% BC:UJC BL:_W%
2.5.1 Y Bus Matrix

L Y11 Y12 Yin |41

I Y21 Y22 Yon Va

I, Ynl  Yn2 Ynn Vo

Yii = En Y, (intonode) y;; = Zn —Y,, (directly between nodes)

3 Power
3.1 Average Power
%Vmaxlmax[cos(qu - ¢1) + COS(QWt + ¢V + d’[)]

T RI? V2
=7 [o P(t) dt = 3 VinaxImax cos(y — ¢y) = “pax = Tpax

p:vi:
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3.2 Complex Power, Single Phase
Vims = Z1ims ¢ = ¢V - ¢I epf = ¢

S=1v = Vi Ly = [Tos|?Z = Vel
= max max = Vrmsdrms — | rms| 7

S=P+)Q P=RS) Q=308 [8/=vP2+Q2
_ _ — Vims |2 cos

P - ‘/;msIrms COS¢ = ‘IrmS‘Q |V;|~2| R |S| COS(b = WT(ZB
— — = V 2 si

Q = VimsJoms5in ¢ = [Tns*X = 32X = || sin ¢ = Lol oine

Pf = [y = 5] = cosé = R/VR? + X2
{0yt > 0} : (ind, lag, + Q) {0pr < 0} : (cap, lead, — Q)

Purely resistive: P = % Purely reactive: Q = %
pf correction: C' = 77%%:3@; = 7w(_(glﬁf‘5|:1)
{ZLd = Z;} = {P = Pmax}

3.3 Complex Power, 3 Phase

Notation: Vog: o> 3 Ing:a— X:source x: load
ST = quﬁ - |VLHHILH‘ \[l(ﬁo

|ILn‘ - ‘Ian| - |Inb| - ‘Inc|

|VLn‘ - |Vab| - “/bc| - |Vca‘

Za =32y Ag¢p = 120°

Va,ag = Vy,an - V/3230°

3.3.1 Y Source/Y Load

Vin = Vi - V3£30°

Vap = Van — Van = Van - V3430° >, Vin=0
YY: Ion = 7525 Sga =Vanlsy  Van = IiaZy
3.3.2 A Source/ A Load

Iy =1y V/34-30°

Tag = Iap = Ieq = Iop - V3£—30° > Thoae =0

VA B S

A-A: T, = = Vapl,

3.3.3 Y Source/ A Load

Vab = Vap = Van - V3£30°

Iab - VAB IAa — Lab - \[4 30°
Séa = VABI;b = (Van - V3430°)I7,

4 Magnetically Coupled Circuits
2 BA G = NI=duR

Futaces = 2100

|®f oc |1]

(RZHLA [ = [ofiR B:%B:NT;:HH
po =4rE-782 g, =8854E-12 £
4.1 1 Phase Ideal Transformers
vi=N9Ee Vil = Valy

_ % Ny I, _ N2 1
{@Bl—@BQ}v; Nl);:a i—ﬁj—a
Vi=aVs I, = Zy = a*Zs
1: source 2:load {a > 1}: step-down {a < 1}: step-up
Dp(t) = Ag sinwt v = 2w f N{Ag cos wt Ap = P max
Vinax = 27TfJVtA<I> Vims = %thA':IJ

A
Sraled = Viatea! Acr,min = =2

Baterial

Yol

4.2 1 Phase Real Transformers
Vi=aV, = |a||‘72|4(¢v2 + ¢>a)o
Pe = ke f2B2, 0% Pn=knfBls
4.2.1 SC-OC Test

L== = |a|*Z,

max

_ P =./Z 2
Zeql - 7. — Reql +]Xeq1 Reql - f;: Xeql - Reql
¢ = cos 1 IP§’; I. = Iy cos ¢ In = Ioc sin¢
oc Yoc
\% Req1 Kegt
Reore2 = ICZ:C Kinutwal2 = Imu:m] Req2 = ag Xeq2 = g
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Z-Srated -pf
2-Stuea pf+ Poc +22 Py
~—

Sra —
Srated n -

xr=

Peore PcuFL

4.2.2 Voltage Regulation

h = Via + Iua(Reqz + 71 Xeq2)

VR N = all VrrL = |Viated| VR = % x 100 %
Y= /(IVia| cos & + [TraReq2)? + ([Via] sin ¢ = [T14] Xeg2)?
(+) lagging, unity (—) leading

5 Per Unit System
Fe{VI R, Z,X,S}: F-F, = Fyual

Sp = Zy=%  S=Pt,Q=VI
Zb,i = VSb? jb,i = Wbl V{, i =Ve 0 Y, 0 [HV or LV basis]
5.1 Lossy Transformer
W—M% R=Pcp = PCS“FLZ%’;:%
5.2 3 Phase Power
Voan =222 (St = V3|Vag|Lad]
2
b = it =i Dewe= e

5.3 Tertiary Transformer Star Equivalent Circuit
1 excited, 2 shorted: ¥ = Z;5 1 excited, 3 shorted: % = Zi3

T
2
2 excited, 3 shorted: ¥ = Z Z = (1) z
excited, 3 shorted: T = 423, sec. 23, primary — 23, sec.

N2
Xl = l(212 + Zl3 — ZQS) X2 = %(212 + Z23 - Z13)
X3 = 5(Z13 4+ Zaz — Z12)

Vo1 7 _ 31X > 31X X
Zpy = Sh 21 = ]Zb.i Zz= ]Zb.? Z3= ]ij

5.4 Off Nominal Turns Ratio, Pi Equivalent

2
7 (% Sp.0
Transformer nameplate: Z; = Z; (Vb',o) s

[b, 0 in basis zone]

Z{‘HV () -1
Y;:q - (ZT,HV)

Zt,av = CQZT, LV c= Z
Yao = (|c]* = ) Yeq

Yio = (1 —¢)Yequv

T.LV

Y12 = cYy

6 Transmission
A[CM] = (& [mil])? 1mil =0.00lin 1CM = 5.066x 10~1°

4
R=570 p(T) = p(T) 57

B = /T L, 8(mi, )

RL = "i/m 51 7 O'251%wire
Re = ”\2/ I 1H5L 10ij 5'—J

X, =wlL Y =wlC =R

=e
Rw1re
_|_

6.1 Inductance

th = Mgioﬂ—l zmt = 5*70‘. S\GXI = 4L In _d fJext = Bop g
lee =2E— 7 H ln -
Slngle phase, 2 sohd conductors

6(12
Lloop—L1+L2—4E 7H1 \/ﬁ

3 phase, symmetrically spaced solid conductors:
= A 3 512 B
Ly=3 o= 2@—7%1(#111}7) Ry =
Bundled conductors: Ry, = {/II" 615
~ 3/
3¢ transpose: Ly = 2E—7 I% In w

L

—0.25
€ Ryjire

6.2 Capacitance
Single phase, 2 solid conductors:
_ _q _ _4q
Cap = Vas Can = IVag

CCBY-NC-SA 4.0

{CC2PCuFL = Pcore} * Nlmax

N 1
Can = 2meg (1n %)

~ 3 - -
3¢ transpose: Cay = 27e <1n ‘5(12)}‘;(023)5(51))

__— 5. YB(AB)S(BC)S(CAY) -
CA6 = 27’(’60 <1H Ro In \/é(AA/)tS(BB/)é(CC')

Icharging - YVAN - JQWfCANVAN
Qcharging,q& = YVXN = MCANVIZN
Qcharging,T = 3YV3N = 3UJCANV,ZN = WCAN VEB
6.3 Distributed Line
Vs] [A B 173 Vs = AVg + Blx
nl-le Blln] RoaRion
—_——

T
Y=a+8=VZY [m!] Zo=1/£19] A, D[=]pu
6.3.1 Exact Pi (>250km)
[ cosh~yl  Zysinh~l Yo 1 e
T = Z%) sinhvy¢  cosh~¢ 7 = g tanhy
6.3.2 Nominal Pi (80 km to 250 km)
o[ 1+ Zn In=1Z
e BE) 1ega | Yog
6.3.3 Short Line (<80 km)
1 Zs Zs =07
Lo AT
6.3.4 Lossless Line
Zo=\/EQ y=wVILCm™' A= f&
T(x) — coshyxr  3Zpsinhyx Zy, =3 XL
(@) = Z-sinhyz  coshyz Lo el
v * %I _ Ve
SIL: g = 72 S(2) = V(@)I*(2) = [BL = Ypu

6.3.5 Steady State Stability Limit

Pr = |‘T‘}|{|‘I/S| sin(¢v,s — pvr) = Vi Vs - SIL - %

6.3.6 Maximum Power Flow

|A|Zp4° =T(A)  |B|Z¢B° = (B)
Sk = ‘VRHVSlZ((bB_(bVS_(bVR V
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