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Optimal Power Flow: Decisions

Power Production Schedules
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Optimal Power Flow: Requirements

Thermal Line Limits Power Demand
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Optimal Power Flow: Goal
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Optimal Power Flow
Mathematical Formulation

* Objective: Minimize Power Production Cost

 Constraints:

= Min/Max Voltage Limits

= Max thermal Line Limits

= Generator Min/Max Limits

» Meet Real and Reactive Power Demand

Nonlinear and Nonconvex
Large Problems



Approaches to Finding the
Optimal Power Flow

* |[SOs & RTOs: Decoupled AC/DC

* Alternatives:
= Exact Methods (i.e. Newton-Raphson)
= Semidefinite Representation
» Conic Relaxation

= AC Linear Approximation
« Power-Voltage Model: Coffrin & Van Hentenryck
« Current-Voltage Model: This presentation



LP-ACOPF Overview

Set Initial

Fixed Points

Solve LP _AC Feasible or at | Yes _Return

Approximation lteration Limit? Solution
lNo

Add voltage Reset fixed points

and current iIn LP optimal

cuts solutions




Nomenclature

« Variables « Parameters
= v = voltage = g = conductance
" | = current = b = susceptance
= p = Real power = CP = real power cost
* g = Reactive Power = ¢9 = reactive power
cost

cPen = penalty cost of

_ violating constraints
* Indexing: n, m=

buses



Nomenclature

Fixed Points:
= V' =value of Re{v} from prior iteration
= vi = value of Im{v} from prior iteration
= " = value of Re{i} from prior iteration
= il = value of Im{i} from prior iteration

vi=v sin(0)

il =i sin(0)

I
>
V' =v cos(0)
i I
' |
>l



ACOPF |-V Formulation:
Cost Function

Cost = Real Power Cost + Reactive Power Cost + Penalty Cost

Real Power Cost

CNL(pn) - CO+C1pn+C2pn2

Real Power Cost

Real Power



ACOPF |-V Formulation:
Linear Real Power Step Function

Cost = Real Power Cost + Reactive Power Cost + Penalty Cost

Real Power Cost

cP(p,)

CNL(% 7L‘/

___‘7_4]74/

Real Power

Real Power Cost




ACOPF |-V Formulation:

Penalty Cost
2
O
2> Slope = cPen
e
o
o
<€ >
viol viol*
Min Max

viol = viol- + viol*
Penalty cost = Cpen(vviol+pviol+qviol)



ACOPF |-V Formulation:
Linear Constraints

Minimize Zn Cpn (pn) +an (qn) +Cpen(vviol+p vio/+qviol)
Subject to

Current-Voltage Relationship of Lines:

i o=g (V. —v ) - bnm(vi — v;) "real" part
i’ =b (V. —v )+ g (v. —v/) "imaginary" part

nm

Definition of current at a bus:
[ = Ez;m "real" part

] _ J n: : n
1, = El 1maginary - part

Linear Constraints




ACOPF |-V Formulation

M|n|m|ze 2 pn + C (qn) + Cpen (vn,viol + pn,viol + qn,viol)
Subject to: ”

;=g (V. —Vv,)-b (v — V) “real” line current definition
i = By, (Vi = V) + 8, (v, = V) “‘imag” line current definition
by = A o “real” bus current definition
=Nl “imag” line current definition

=

Linear Constraints

(vmi“)z V= (v;)z + (v,{)z - (v;nax)z +v: . Min/max voltage limits

(i,:m)2 + (i,{m)2 < (i;;j")z max current limits

P = plr =i 4 v real power definition

g —q, " = i, —vii/ reactive power definition

P = Prviot = P = Pdem < p,ﬂ“ D min/max real power limits

G = i =4 =4 =G+ G i min/max reactive power limits

Nonlinear Constraints




ACOPF |-V Formulation:
Nonlinear Constraints

Convex Constraints:

r 2 J 2 < max 2 +
vn + vn - Vn +Vn,viol

.7 2 . j 2 < [ max 2
lnm + lnm - lnm

Nonconvex Constraints:

min 2 - < r 2 J 2
vn _Vn,viol - vn + vn

gen dem __ _rer JeJ
pn _pn _ann +ann

gen dem __ Jer rej
qn - qn - vnln _ vnln



Voltage & Current Constraints
() = () + () = (o)
(i) + () = (i)

Actual Feasible
Region

Current

Voltage

Vmax




Linearizing Voltage & Current Constraints:
Initial Approximations

Voltage

Actual Feasible

Region Current

imax

Approximated
Feasible Region




Linearizing Voltage & Current Constraints

Initial Approximation Iterative Cuts

Current

Voltage

Actual Feasible
Region

New Constraint

ax )
v jma Previous

Solution
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Power Approximation:
1t Order Taylor Series Approximation

Actual Power

Function
Estimated
Power Function

/‘ LV



Power Approximation:
1t Order Taylor Series Approximation

Actual Power

Function
Estimated
Power Function

gen dem __ _rer J 2] roer JsJ _ roer J2J
pn _pn —V_nln'l'vnli +an£+v_nln (V_nl£+V_nll)
gen dem _ jer _ raj T 2] Jer Jar
G5 = G Vol = Vi = v,y + vl + (v, - v



Power Approximation:
1t Order Taylor Series Approximation

Actual Power

Function
Estimated
Power Function

gen dem __ _rer J 2] roer JsJ _ roer J2J
P, =P, =V, TV VLV (v_nzﬂ+v_nzi)
gen dem _ jer _raj rsj Jar J3r 2]
4y = a) v =V =i v+ (v i)



Linearized ACOPF Formulation

Linearized Real and Reactive Power Constraints:

gen

Py

-p. =V AV v+ v —(v,’; i +v zlj)

gen dem

g = gt vl —viil =il + Vi +(viin - vyl )



Linearized ACOPF Formulation

Linearized Real and Reactive Power Constraints:

gen dem

i = pie = Vil + V)il v+ viid = (Viir+v)id)
gen dem  jsr 7] T 2] Jar Jar T2
G5 =4 vyl = Vi = v,y + vl + (v, - v

Initial VVoltage & Current Constraints:

v, COS(2n%) +v; Sin(zn%) =V, L=#ofcuts;

. a=1,2,3,...,L
. COS(2‘7T%) +i sin(zjf%) <i "




Linearized ACOPF Formulation

Linearized Real and Reactive Power Constraints:

gen dem 1. JjeJ roer Jzi roer JjeJ
pn _pn —V_nln'|'anﬁ +an£+v_nln (V_nlﬁ-l_v_nli)
gen dem _ jer _ raj 12 Jer Jar ]
Gy =4, R oty = Vi = v,y + vl + (v, - vy

Initial VVoltage & Current Constraints:

v, COS(zn%) +v; Sin(zn%) =V, L=#ofcuts;

. a=1,2,3,...,L
. cos(zﬂ%) +i sin(zjf%) <i "

lterative Voltage and Current Cuts:

v (v . t=1, 2, .., # of iterations
V|5 +Vv/ |5 <V
v v

n

v, v tis the fixed point at

i y iteration ¢
.7 nm J nm *max
lnm "~/ . + Vnm ~/ . = lnm

lnm




LP-ACOPF Procedure

Set Initial

Fixed Points

Solve LP _AC Feasible or at | Yes _Return

Approximation lteration Limit? Solution
lNo

Add voltage Reset fixed points

and current iIn LP optimal

cuts solutions




Testing Data

Data Sets: IEEE Test Systems

Buses | Lines Generators Demand | Vmax \/min
Number Total
Capacity

14 20 5 7.72 2.59 1.06 0.94

30 41 6| 326.80 42.42 1.10 0.94

57 80 7| 326.78| 235.26 1.06 0.94

118 186 54 99.66 42.42 1.06 0.94

Current Constraints: Created to be binding on some lines

# Buses 14 30 57 118
Tightly Constrained Max Current 0.2264) 0.3092 1.4027] 0.9294
Loosely Constrained Max Current| 0.6246/ 0.3162] 1.4168 2.7536

Linear Solver: Gurobi 4.0
Nonlinear Solver: IPOPT 3.8




LP-ACOPF Procedure

Set Initial
Fixed Points
Solve LP _AC Feasible or at | Yes _Return
Approximation lteration Limit? Solution
How lNO
many | 'Add voltage Reset fixed points
cuts? . .
and current iIn LP optimal
cuts solutions




Voltage and Current Approximation:
Outer Cuts

Actual Feasible Region
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LP Speedup Factor
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Voltage and Current Approximation
Outer Cuts

Impact of # of Cuts on Solution Time and Problem Size
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Voltage and Current Approximation

(LP-NLP)/NLP

Outer Cuts

% Difference between LP & NLP Objective
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Results: Current Constrained Tightly
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Results: Current Constrained Loosely
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Transmission Switching Formulation:
Modifications

z. = 1if line n-mis switched off (no current flow); O otherwise

Replace

.7

. j _ r r J J
lnm - bnm (vn - vm) + gnm (vn - Vm)
. 2ma o 27Ta  max
L cos( /L) +1 sm( /L) <1

nm

With

nm

' o<b (v, —v)+g (V. -v )+z M

nm

i o=b, (V. -V)+g, (V. —v)y-z M

nm

i cos(zﬂ%) +il sin(zﬂ%) <(1-2z,,)im



Transmission Switching Results

% Improvement From Switching
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Conclusions

* |-V linear method solves the ACOPF with
cost within 4% of nonlinear method

|-V linear method is generally 5-10 times
faster than the nonlinear method

* Transmission switching can lower cost
significantly
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ISO/RTO Approach

* Approach: Solve DC Approximation. If
answer is AC-infeasible, tighten line limits.

« DC Approximation Assumptions:
= \Voltage Magnitudes Fixed to 1 p.u.

= Resistance << Reactance
= Small Angle Approximation

* Problems:
» No guarantee of AC feasibility
= |f AC feasible, suboptimal!



Creating Current Constraints

« Solved ACOPF (w/o current constraints)
e jmax" = maximum {optimal line currents}
* inmid < (017, 0 <7< 1
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Effect of Current Constraint Levels

Ratio of Objective Function to Unconstrained

Objective Function
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Effect of Current Constraint Levels

Ratio of CPU Time to Unconstrained CPU Time
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