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Agenda

e Power System Notation

e Power Flow Analysis

e Hands on Matpower and PowerWorld
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Simple Power System

® Every power system has three major
components

— generation: source of power, ideally with a specified
power, voltage, and frequency

— load: consumes power; ideally with constant power
consumption

— transmission system: transmits power; ideally as a
perfect conductor
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Complications

No ideal voltage sources exist

Loads are seldom constant, and we need to
balance supply and demand in real time

Transmission system has resistance, inductance,
capacitance and flow limitations

Simple system has no redundancy so power
system will not work if any component fails



Notation - Power

Power: Instantaneous consumption of energy
Power Units
Watts = voltage x current for dc (W)

kKW - 1 x 103 Watt
MW — 1 x 10° Watt
GW - 1 x 10° Watt

Installed U.S. generation capacity is about
900 GW ( about 3 kW per person)

Maximum load of Champaign/Urbana about 300
MW



Notation - Energy

Energy: Integration of power over time; energy
is what people really want (and pay for) from a
power system

Energy Units

Joule = 1 Watt-second (J)
kWh — Kilowatthour (3.6 x 106 J)
Btu - 1055 J; 1 MBtu=0.292 MWh

U.S. electric energy consumption is about 3600
billion kWh (about 13,333 kWh per person,
which means on average we each use 1.5 kW of
power continuously)
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Review of Phasors

Goal of phasor analysis is to simplify the analysis
of constant frequency ac systems

Wt) = V.. cos(ot + 6,)
() = I, cos(ot+ 6;)

Root Mean Square (RMS) voltage of sinusoid

1 204 — Vmax
\/Tgv(t) dt—\/z
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Complex Power

Power
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Complex Power, cont'd

Average Power
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Phasor Representation

Euler’s identity: e/ = cos8 + jsin @
Phasor notation is developed by
rewriting using Euler’s identity

v(t) = V2Vcos(wt + 6y)
v(t) = re[\2Ve/®te]
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Phasor Representation, cont’'d

The RMS, cosine-reference phasor Is:
V — Veje — VLHV
V =V (cos Oy + jsin6)
I =1(cos@; + jsin0))
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Complex Power

S=Vvr
— VV]ei(Ov—=01)
= VI|cos(6y — 6;) + jsin(6y, — 6;)]
=P+l
P: real power (W, kW, MW)
Q: reactive power (var, kvar, Mvar)
S: complex power (va, kva, Mva)
Power factor (pf): cos(6y — 6;)
If current leads voltage, then pf is leading
If current lags voltage then pf is lagging
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Power Flow Analysis

(Vlilel) (VZJIHZ)
© | o !
T (V3:93)
— Bus - Transmission Line

@ Generators |, Loads

e The power flow analysis is the process of solving the
steady state of the power system
— Steady state: voltage magnitude and angle for each bus
— Generator: modeled as constant power delivery
— Loads: modeled as constant power consumption
— Transmission line: modeled as constant impedance
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Power Flow Analysis
Bus i

56 To other
buses

5¢ —9p = Vil_i*
(V, I the voltage and the current that injects into bus i)
I_i — Zk I_ik

I_ik _ (Vi—=V)

Zik

(k takes indices of all buses that connected to bus I; Z;,
specifies the impedance of transmission line connecting
bus 1 and bus k)
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Y-Bus (admittance matrix)

(Vi=Vik)
I; = Zk £ = Zk(Vi — Vi) yik

Zik
= (=yuV) + (=yV2)+, ) R ud Vil +, . +_§/__3’in)vn
1
v

=[—Yia —Viz - XpVik - —Vinl ]}i
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Y-Bus (admittance matrix), cont'd

Write I; for all buses together: I = YV, where
(I =1[1,L,,..,L,,V =1V, V,, .., V,,])

Construction of Y:

Yii = Xk Vik
Yie = Vi = —Vix
Y =G +jB

So we have: I; = ). (Yir Vi)
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Power Flow Equation at Bus j

Bus i
_SgG To other
D buses
5¢ —Sp = 1711_1*

S¢ —3Sp = Vz I_z* — ViZk(YikV_k)*
= V;e/% (X1 (Gix + jBix) Vi ejg")*
= V;e/% 3, Vi (G — jBi)e 7%
= Yk ViVi (Giye — jBy)e Pi=%)
= 2k ViVi (Gix cos(0; — 0y) + Bysin(6; — 6;))
+j 2k ViVi (Gigsin(8; — 0y) — Bjkcos(6; — 6y))
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Power Flow Equation at Bus j
P; — Pp =
Dk ViVi (G cos(0; — 0y) + Bysin(6; — 6y))

Q¢ —0p =
2 ViVi (Gigsin(8; — 6y ) — Bjcos(8; — 6;))

e Slack bus:

- V and @ are known, used as a reference

e PV bus, with generators connected
— Pand Vare known

e PQ bus, with only load units connected
— Pand Q are known
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Solving Power Flow Equations

e Assuming 1 PV buses

— Given: Vi, 01, P2, Vo, -s Pons Vinr Poma1s Qpmaiseor
PD,nI QD,n

— Unknown: PG,1I QG,ll QG,ZI 92/ ey QG,ml Hml Vm+1l
Hm+1l"'l an Hn
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Newton-Raphson Methods

Assume (m-1) PV buses among n buses

f(x)

Py(x) —Pg, + Pp,
P;(x) — Pg3 + Pp3

Pn(x) _ PG,n T PD,n
Qm+1(x) — Qem+1 T Opm+1
Qm+2(x) — Q6 m+2 T Opm+2

Qn(x) _ Q.G,n T QD,n
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Multi-Variable Example
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Multi-variable Example, cont'd



ECE ILLINOIS

N-R Power Flow Solution

The most difficult part of the algorithm Is determining
and inverting the n by n Jacobian matrix, J(X)

J(x)

of1(x)
0%y

of,(X)
0%y

Oty (X)
0%y

of1(x)
OX,

of,(X)
OX,

Oty (X)
OXy

oty (X)
OX,,
of,(X)
OX,,

Oty (X)
OXp,
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Divide the Jacobian matrix into four sub-matrices:

J(x) =

M(x) =
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Other Power Flow Solution

Decoupled power flow:

0P OP]
00 0V
0Q 0Q
00 OV
0P
— 0
00
0Q
0 _<
i aV |

T
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Other Power Flow Solution

Fast decoupled power flow, assuming 6; — 6, = 0,
Vi ~ 1, Gik << Bik

. ) 'Byy .. Byl
Sowehave:—~—-B=—[ i1 i i
_ Bup o Bunl
90 - Bm+1,m+1 Bm+1,n
W ~_B = : : :
Bn,m+1 Bnn ]

” (;C) _ [—OE _o ]

Son
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DC Power Flow Analysis

Assumption: small deviation flat voltage profile, V; = 1
and ; = 0

o°P

a0~ "
The ultimate steady state: P = P, + dP, 8 = 6, + 06.
In the flat voltage profile, P, = 0,6, = 0

P~ —B6
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Matpower

e http://www.pserc.cornell.edu/matpower/
o runpf: run power flow analysis
o runopf: solves an optimal power flow

e makeYbus: Builds the bus admittance matrix
and branch admittance matrices.



http://www.pserc.cornell.edu/matpower/
http://www.pserc.cornell.edu/matpower/
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PowerWorld

HW-Ww R ESRE R - IEEE14 - Case: IEEE14.pwh Status: Initialized | Simulator 17 o B R
Case Information Dramw anelines Tools Options Add Ons Window @ @ o @ B
85t Metwork ~ [— Case Desoiption Powwver Flowe List Ed 5" 7]
Edit Mode & ? e R i, E
0% i 5 ',
> Aggregation - AX Case Summarny... Quick Power Flow List... L W A
|Run Mudel Model AreafZone Lirnit Difference  Sirmulator Bus Substation  Oneline Open
Explorer. Filters... Monitoring, Solution Details - Flows = Options Custorn Case [nfo AUK Export Farmat Desc Wiy Wiew,. Wiewer.. Windows ~
Mode | Case Infarmation | Case Data Views |

IEEE 14-Bus System

Three-winding
transformer equivalent

- 9
3

; O,
< 8

Run Mode Solution Animation Stopped AC Viewing Current Case



ECE "_LINOIS DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING 1

PowerWorld, cont'd
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] Recent 0.
1 3 Metwark, = i Filcer [advance{ - [Bus - | ~| Fing.. Remove Ouick Filter
[ Branches By Type Number Name AreaName [ Nom k¥ PU Yolt Yolt (k¥) [Angle{Deg)| Load MW |LoadMvar | GenMW | GenMvar |Switched|Act G Shunt | Act B Shunt | AreaNum | ZoneNum | Latitude | Longitude
g Branches Input Shunts MW Mwar
Eranches State Mvar
1 1]Bus 1 IEEE14 138.00 1.06000 146.280 0.00 232.39 -16.55 0.00 0.00 1 1 0.00 0.00
FH OC Transmission Lines 2 2 Bus2 TEEE14 138.00 1.04500 144.210 -4.98 21.70 12.70 40.00 43.56 0.00 0.00 1 1 0.00 0.00
I'-SEI Generators 3 3 Bus3 IEEE14 138.00 1.01000 139.380 -1273 94.20 19.00 0.00 25.07 0.00 0.00 1 1 0.00 0.00
& Impedance Correction Tal 4 4 Bus 4 IEEE14 13800 LOI76T  140.439 -10.31 47.80 -3.90 0.00 0.00 1 1 0.00 0.00
] Line D-FACTS Devices 5 5Bus5 IEEE14 138.00 1.01951 140,693 -8.77 7.60 1.60 0.00 0.00 1 1 0.00 0.00
] Line Shunts 6 6 Busb IEEE14 138.00 1.07000 147.660 -14.22 11.20 7.50 0.00 12.73 0.00 0.00 1 1 0.00 0.00
‘:55' Ln_ads m 7 T Bus¥ IEEE14 138.00 1.06152 146.490 -13.36 0.00 0.00 1 1 0.00 0.00
= z'j:a;;ri;al o 8 8 Buss IEEEL4 13800 109000  150.420 -13.36 0.00 17.62 0.00 0.00 1 1 0.00 0.00
[ switched Shunts 9 9 Bus9 IEEE14 138.00 1.05593 145.719 -14.94 29.50 16.60 0.00 21.18 1 1 0.00 0.00
Iﬁ Three-Winding TransForm 10 10 Bus 10 IEEE14 138.00 1.05099 145.036 -15.10 9.00 5.80 0.00 0.00 1 1 0.00 0.00
[ Transformer Controls 11 11 Bus 11 IEEE14 138.00 1.05691 145.853 -14.79 3.50 1.80 0.00 0.00 1 1 0.00 0.00
B V5C DC Transmission Line 12 12 Bus 12 IEEE14 13800  1.05519 145616 -15.08 6.10 1.60 0.00 0.00 1 1 0.00 0.00
B £3 Agaregations 13 13 Bus 13 IEEE14 138.00 1.05038 144.953 -15.16 13.50 5.80 0.00 0.00 1 1 0.00 0.00
B areas 14 14 Bus 14 IEEE14 138.00 1.03553 142,903 -16.03 14.90 5.00 0.00 0.00 1 1 0.00 0.00
H8 mjection Groups
HE Interfaces
HH 1slands
R mMulki-Section Lines
[ Transactions
S momograms
,ﬁ Cners
Bl substations
HH super Areas
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Thanks



