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Introduction and motivation

Previous work in NLP problems for electricity
markets:

— Security-constrained optimal power flow (SC-OPF)
— SC-OPF power market models

New NLP problems and applications:

— Multi-objective voltage-stability-constrained OPF
(VSC-OPF)

— Singular value VSC-OPF

— OPF-based reactive-power market models:

e Mixed integer-NLP problems
e Elimination of integer variables

Conclusions
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University of

Waterloo _ _ _
Introduction and Motivation

Optimization models have traditionally
played a very important role in power
system operations and planning studies

- With introduction of competitive markets
some of these models have undergone a
shift in paradigm

Many new issues have emerged and so
have new models to address these issues
requiring faster computation methods and
ability to handle large systems
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A~ Introduction and Motivation

“Typical” optimization problems in power
system operation:

— Unit Commitment (UC) problem:

= Scheduling generators over 1-week to 1-day
horizon to minimize costs subject to a set of linear
constraints

e Mixed Integer-LP problem

— Optimal Power Flow (OPF) problem:

= Short-term generation schedules to minimize cost
/ loss subject to nonlinear constraints and limits

= Nonlinear programming (NLP) problem

New NLP problems for Power System Analysis and
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A~ Introduction and Motivations

— Electricity market problems:

= Obtain generation and load schedules to
maximize “social welfare”

« Viewed as an OPF problem
* In some markets, nodal-prices are also
obtained

These problems have been successfully
solved using a variety of well-known
optimization techniques for large systems
(e.g. Interior Point methods applied to NLP
OPF problems).
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A~ Introduction and Motivations

Deregulation has increased the need to
seek optimal operating conditions while
meeting system security constraints

New optimization problems motivated by
electricity market issues:
— Stability-constrained OPF:

e more secure and “cheaper” operation schedules
e Some “security” constraints are replaced, in some
cases, by implicit constraints.
— Reactive power problems:

e Obtain reactive power schedules to maximize
“social welfare” while maintaining system security

 Mixed Integer-NLP problem
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Min.

S.t.

Security Constrained OPF (SCOPF)

“Standard” SCOPF problem:

Ng

> a;Pg + b;Pg, + ¢
i=1

F, (46, V,Qq, Pg) =0
PGin < G < PGmay
Pr(4,V) < Pr .
IT(6,V) <lIp .,
Qcnin < Qa < QG max
Vimin £V < Vmax
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SCOPEF... contd.

The nonlinear power flow equations
Fpf(d,V,QG,PG) have the general form (2
equations per busi1 =1,...,N):

N
P, — Y ViVi[Gy cos(8; — 8x) + Bk sin(6; — 6;)] = O
k=1

N
Qi — Z ‘/'ka[sz; sin(57; — 5k:) — Bik: COS((Si — 5k)] = 0
k=1

P — Pg, Vi€ generators
v — Py, Vi€ loads

0, = QGi Vi € generators
* | —Qr, Vieloads

Gik, Bik, Pr;, @r, — constants
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SCOPF... contd.

Objective Is to minimize generation costs
Grid “security” Is represented by:

— Line power flows P+, typically computed
off-line using an N-1 contingency
criterion

— Current thermal limits I+
— Bus voltage limits V

These problems have been solved
successfully for large systems (thousands
of constraints) using Interior Point
methods
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SCOPF In Markets

In electricity markets, the “typical” NLP
SCOPF for a double auction market is:

Max. S, = CipP;—cCclp,

st. Fy(6,V,Qq, Ps, Py) =0
0 < Ps < Psax
0 < Py < Pypax
Pr(4,V) < Pr .
IT(6,V) < It ..
Qamin < Qg < Qamax
Vmin <V < Vmax
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SCOPF In Markets... contd.

where

P — Pgo, + Ps; Vi € generators
¢ — P, — Py, Vi € loads

0, = Qqa, Vi€ generators
' | —Qr, Yicloads

Giks Bik, PGo,» Pro;, @r; — constants
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SCOPF In Markets... contd.

This model is basically an NLP SCOPF that
maximizes social welfare

Locational marginal prices (LMP) are
byproducts of this optimization problem (the
Lagrange multipliers of F ).

In practice, market models based on LP
models are more commonly used by system
operators.

New NLP problems for Power System Analysis and
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Linear SCOPF In Markets

For example, the following multi-period LP
model may be used to clear these markets
(e.g. Ontario)'

Max. Sb Z C Pdt Pst

n n
S.t. Py, — Ps;, — > Ploss;;, — > PBj,=0 Vit
j=1,j7i j=1,57i
Pijt ’LJ((SZt - 5.715) =0 V’i,j,’i # j,t
[ Ut] < PTt max \

0 § Ps, < Ps; 0 V1

0< Py < Pgymax V1

Py, — Ps, ., < Rds, 'Vt

Ps, — Psy < Rus, Wt
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Linear SCOPF In Markets... contd.

Rd and Ru represent the ramp-down and
ramp-up constraints, respectively

Other constraints are also included in these
models (e.g. operating reserve in Ontario)

The line power flow limits vary with the
solution of the auction; thus, fixed limits
are not representative of system
conditions, negatively affecting prices and
system security.

This has led to the development of stability
constrained OPF models.
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Multi-objective Voltage Stability
Constrained OPF (VSC-OPF)

The objective is to maximize both social welfare and
system “loadability”, i.e. voltage stability margins
(VSM):
Max. (1 —w)(C]P;—CIP) 4w
Sh
s.t. Fpp(6,V,Qq, Ps,P;) =0
Fpp,(6c, Ve, QGes Ps, Pgs Ac) = 0
0 < Ps < Psmay
0 < Py < Pyay
Aemin < Ae < Acmax
I7(6, V) < ITpax
Qacmin < Q6 < QGmax
Vimin £V < Vimax
I1,(6c,Ve) < It
QGemin < Qe < QGemax
chin < Ve < chax
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Multi-objective VSC-OPF

| . represents the VSM and all c constraints
correspond to the system at its “critical”
point (max. VSM)

By varying the weight w (0O < w < 1), more
or less stress can be put on security

In practice, w should be very small to
avoid “undesirable” effects on the market
power levels and prices
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Singular Value VSC-OPF

The objective again isto maximize social benefit
while guaranteeing amin. VSM:
Max. S, = CiP;—cCclp,
s.t.  F,e(4,V, Qg, Ps,P)) =0

<P
Jmin(PZpr|€) > O¢

Ipf
0 < Ps < Pspax

0 < Py < Papmay
I7(5,V) < Iy
Qain < Q6 < QGmax
Vimin <V < Vmax
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Singular Value VSC-OPF

S min(dpr) 1S@VSindex that becomes zero at a

g singularity point of the power flow Jacobian:
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Singular Value VSC-OPF

- All these models only represent the system
static behavior; however, stability and
security Is an inherently dynamic problem

Some system dynamics can be represented
In the VSC-OPF problem by replacing the
Smin(Jps) CcOnstraint with the singular value
of a dynamic Jacobian

New NLP problems for Power System Analysis and
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VSC-OPF
" Example:

Bus 3
Bus2 (GENCO 3)

(GENCO 2)

O+ ©

ge)
&
5
n
=8
e X
< ®
§§
2
g\g Bus 6
IS (ESCO 3)
g§ Bus 1
OLU
O G>.) (GENCO 1)
23
&
B E 1
L Q0
=0 2 Bus 5
54 C (ESCO 2)
£ a0
> :
—é %g Bus4 *
L ZzO (ESCO 1)
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VSC-OPF

— Unconstrained optimization:

©
% $IWh 4
_U)
U>5, L) 12
= D ESCO 1
c h'4
25 e
% =
1] *? 10.5
%\9 ESCO 2
=
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VSC-OPF

— SC-OPF with off-line line power flow

limits:
&
2
0

52 Participant |V P Peip | Po | Pay

%z [p.u.] | [$/MWh] | [MW] | [MW] | [$/h]

%2 GENCO 1 | 1.100 9.70 144 | 90 |[-1013

7e GENCO 2 | 1.100 8.80 2.4 | 140 |-1253

2 GENCO 3 | 1.084 8.28 20.0 | 60 | -663
5 s 2 ESCO 1 |1.028 11.64 156 | 90 | 1229
Egg ESCO 2 |1.013 10.83 0.0 | 100 | 1083
%%é ESCO 3 |[1.023 9.13 20.0 | 90 | 1005
S8< TOTALS | T = 315.6 MW | Payjmo = 388 $/h
2o s Losses = 11.2 MW | VSM = 520 MW
n Z6®
T 52
C=Zz0
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VSC-OPF
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VSC-OPF (both techniques yield practically
the same results for a “small” w):

Participant V o) Prip Py Pay
[p.u.] | [$/MWh] | [MW] | [MW] | [$/h]
GENCO 1 | 1.100 8.94 0.0 90 -805
GENCO 2 | 1.100 8.91 25.0 140 | -1470
GENCO 3 | 1.100 9.07 20.0 60 -726
ESCO 1 1.021 9.49 25.0 90 1091
ESCO 2 1.013 9.57 10.0 100 1053
ESCO 3 1.039 9.35 8.0 90 016
TOTALS T = 323 MW Payimo = 59 $/h

Losses = 12 MW

VSM = 539 MW




VSC-OPF

Better operating conditions:
— Higher voltages

— Lower losses
— Higher VSM

Better market conditions:

— Lower nodal-prices
— Higher transaction levels
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Reactive-Power OPF Auction

Reactive power is very important to keep
power systems secure

It has an effect on pricing, so there is a
need to “optimally” dispatch it (max.
security at min. price)

Need to provide financial incentives to
produce and consume reactive power

There Is lack of transparency in the
procurement of reactive power services
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Reactive-Power OPF Auction

Generator capability curve:
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Reactive-Power OPF Auction

" Reactive power prices.

I
I
1
E

< . L
Qmin 0 Qbase QA QB

Reactive power support
9-Feb-06 26
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Reactive-Power OPF Auction
Max. Sw =3 (CLirai — bai,)Qai, +

Z ((CLz"YGi —bGi,)Qqis — %mGz’O(QGig, — QGiA)2>
1
st. F,(8,V,Qq» Pgos PLo) = 0

Wiy QGimin < QGip < WG QGiy,,

WGisQGiyeng < QGis S WGi@Giy

Wi Qai, < Qaiz S waizsQaip

WG, T WG, T WGiz = 1

Qai = Qai; T+ Qai, T Qais

Vimin <V < Vmax
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£ where
(% VaioE f . 2 V2.
< \/( X—GfG) ~ Péio~ Xepr VFeio < Fai
= Qgiy, =

2
% \/(VGiOIaGio) - P(Q;"I,o VPG’LO > PG’LR
e VaioEr.. \2 1%
s — ) _ Gio™ faio 2 Gi
- = () -
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Reactive-Power OPF Auction

bei,: Cost of loss price offer for operating In
the region Q,,,.<Q<Q, ($/MVARh)

Mg;,- opportunity price offer for operating
in the region Q,<Q<Q; ($/MVARh). In
Ontario, IESO recognizes the MCP for
energy scheduled, but not delivered.

?: dual (Lagrange multiplier) of the nodal
reactive power balance constraint and
denotes the sensitivity of the system loss
parameter to change in reactive power
Injection at a bus (MW/MVAR)
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E§ Reactive-Power OPF Auction

?. dual (Lagrange multiplier) of the
generator reactive power constraint;
Indicates by how much the system loss will
change for a unit change In reactive power
capability (MW/MVAR)

- This I1s a mixed integer-NLP (MINLP)
problem

It’s computationally expensive
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o Eliminating Integer Constraints

Objective is to develop a heuristic scheme
to eliminate integer constraints and reduce
the high computational burden of MINLP

This iIs achieved through the following
three steps:

— Step 1:

e Obtain 7, 7 and Qg by solving an OPF to
minimize losses, i.e. solve:

New NLP problems for Power System Analysis and
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Eliminating Integer Constraints

Min. ZPGz'
1
s.t. pr(57 V,Qa Pa, Pros LF)=0

QGmin S QG S QGmax
‘/hﬁir1 <V < Vmax

Identify the region in which Q; lies according to the
value of ? and Qg;:
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Eliminating Integer Constraints

NO 2= k=1
G < Qi = 0
(hi= =10 o[
0= Oy < Jga

Step 2:

— Solve an OPF to maximize the Social Welfare
(S,,) and obtain Q;, i.e. solve:
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Eliminating Integer Constraints

Max. Sw =) (Crilgi — bai,)Qai, +
i

Z ((OLz"YGz' — bgi,)Qqis — %mGio(QGig, — QGiA)2)
7
s.t. pr(5, V,Qca, Py, Pro) =0
Qai = Qaiy OF Qaiy OF Qg
QGimin < Qi < QaGiy,, ©F
QGiyeag < Qai < Qaiy  OF
Qaiy < Qai < Qaig
I7(6,V) < I
Vimin £V < Vmax
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%
=
(‘953 where

Vaioks, i0 2 2 V2i0
% \/< XSGZ'G ) ~ Fio — XfGi VEGio < Iaip
:U-:J) QGiA =
I \/(VGiOIaGio) — Péio VPGio > Pgip
% Vi 2 2
iL — Gio szo 2 VGZO
LL QGZB tmin

XSGZ X'SGz
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Eliminating Integer Constraints

Step 3:
— Update solution if Qg in any region hits limits

E
B
= 3
EX
C = Qu=Qy=0
< = 0= Q= Qay
E
O
%\E Smi%iz%
aj 8 Hin 1i
s m
oA o
% = 2 Qu=Cx=0
c E :_—:' Qpa = 5 = g
- — m m
E E o
BT E
o 2 O Q= 5 =0
5 0 c 0= Qy < Cny
= O =
B O C
e,
LR
T3
i Z O
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Eliminating Integer Constraints

@

CIGRE 32-bus system:  Trrrr_
— Known for voltage

= stability problems 4072
s — There are 20 vy Externall
%% generators TIE—TT1
c X
% g 2032
2
25
5 8 4041
s m
o9
E; = 31%1 1043
o3 A
& iE) g Southwlest |
2 8 O 1041
258 C a062| "
B o C
= Zl O h{) 41!63
i g T o
235 '
LL
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Eliminating Integer Constraints

— Step 1:
Bus | A Y Qo Q: Q Qs
4072 |0 0 4.05320 4.05320
4071 |0 0 0.86323 0.86323
4011 | 0.00595 0 -1.0000 -1.0000
4012 | 0.00185 0 -1.6000 -1.6000
4021 | 0.21796 0 -0.3000 -0.3000
4031 | 0.04059 0 -0.4000 -0.4000
4042 | 0.06379 0 0 0
4041 | 0.02638 0 -2.0000 -2.0000
4062 | 0.00485 0 0 0
4063 | 0 0 1.75463 1.75463
4051 |0 0 1.15767 1.15767
4047 | 0.04254 0 0 0
2032 |0 0 0.73650 0.73650
1013 |0 0 1.04556 1.04556
1012 | 0 0 -0.3644 -0.3644
1014 |0 0 0.41924 0.41924
1022 10.00014 0.00014 0.90533 0.90533
1021 |0.02960 0.02960 2.03846 2.03846
1043 | 0.06571 0.06571 0.97956 0.97956
1042 |0 0 -0.3265 -0.3265
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o Eliminating Integer Constraints

— Step 2:
= Bus Q1 [Q Qs Qg Qi | Qi | Qwin | Qe | Qi Q3umax
% 4072 2.61574 261574 |-3.00 |0 0 42981 | 42.981 68.769
n 4071 10 0 -050 |0 0 1.7059 | 1.7059 | 2.7294
g 0 4011 10 0 -1.00 10 0 8.9927 | 8.9927 | 14.388
< E 4012 10 0 -1.60 10 0 5.2844 | 5.2844 | 8.4550
QC: 8 4021 | -0.30 -0.3000 |[-030 |0 0 1.0235 | 1.0235 1.6376
> 4031 | -0.40 -0.4000 |-040 |0 0 1.1941 | 1.1941 1.9106
_§$ > 4042 10 0 0 0 0 23882 | 2.3882 | 3.8212
5\ g 4041 | -2.00 -2.0000 |-2.00 |0 0 1.0235 | 1.0235 | 1.6376
o] 4062 | 0 0 0 0 0 2.0471 | 2.0471 | 3.2733
g i-)) 4063 1.60328 1.60328 |0 0 0 4.0941 | 4.0941 6.5505
(@) L 4051 0.95654 0.95654 |0 0 0 23882 | 2.3882 | 3.8212
= % g 4047 10 0 0 0 0 0.2069 | 9.2069 | 14.731
E E g 2032 0.43433 0.43483 |-0.80 |0 0 2.8100 | 2.8100 | 4.6400
F=3% 8_ 1013 1.67565 1.67565 |-050 |0 0 2.5489 | 2.5489 | 4.0783
(% qE_) = 1012 |0 0 -0.80 |0 0 2.7294 | 2.7294 | 43670
Q % 8 1014 10 0 -1.00 |0 0 5.5921 | 5.5921 | 8.9474
258E 1022 085294 (085294 (005 [0 [0 |0.8529 (0859 | 13647
o c 1021 2.06510 |2.06510 [-1.60 |0 0 2.0471 | 2.0471 | 3.2733
= Zl = 1043 1.09176 |1.09176 |-0.20 |0 0 0.6824 | 0.6824 | 1.0918
% % g 1042 |0 0 -040 |0 0 1.3647 | 1.3647 | 2.1835
D
T=z06

Social Welfare = 1,835.820 $/hr.




Eliminating Integer Constraints

Step 3:
— Update the solution as Q5(1022) = Q,,,,,(1022)

— Hence, Q;(1022) = 0 and Q,,,;,(1022) =
Q,(1022) = Q,,,.,(1022).

— When we update, the solution the value of the
new S, = 1,919.899 $/h.

— This value is higher than the previous one, and
hence the solution needs to be updated.

— The new solution is:
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University of

Wwaterloo o _ _
o Eliminating Integer Constraints

Bus Q1 |Q 0} Qg Qi | Qo | Wi | D | Qi (i
4072 2.73685 2.73685 |-3.00 |0 0 42981 [ 42981 | 68.769
4071 |0 0 -050 |0 0 1.7059 | 1.7059 | 2.7294
-g 4011 |0 0 -1.00 |0 0 8.9927 [ 8.9927 | 14.388
i 4012 1 0 0 -1.60 |0 0 5.2844 | 5.2844 | 8.4550
i) 7 4021 |-0.30 -0.3000 |-0.30 |0 0 1.0235 | 1.0235 | 1.6376
% D 4031 | -0.40 -0.4000 |-040 |0 0 1.1941 | 1.1941 | 1.9106
cC 'é 4042 |10 0 0 0 0 23882 | 2.3882 | 3.8212
< s 4041 | -2.00 -2.0000 |-2.00 |0 0 1.0235 | 1.0235 | 1.6376
% > 4062 |0 0 0 0 0 2.0471 | 2.0471 | 3.2753
1] E 4063 1.67274 1.67274 |0 0 0 4.0941 [ 4.0941 | 6.5505
%\ S 4051 0.82260 0.82260 |0 0 0 23882 | 2.3882 | 3.8212
Fob) 8 4047 |0 0 0 0 0 0.2069 {9.2069 | 14.731
% w 2032 0.46831 0.46831 |-0.80 |0 0 2.8100 | 2.8100 | 4.6400
L. oo g 1013 1.98463 1.98463 |-050 |0 0 2.5489 | 2.5489 | 4.0783
E o = 1012 | 0 0 -0.80 |0 0 27294 | 2.7294 | 4.3670
= H(T) © 1014 | 0 0 -1.00 |0 0 5.5921 [5.5921 | 8.9474
:% CIE) CEL 1022 0 0 -025 |0 0 0.8529 [ 0.8529 | 1.3647
o5 8 1021 227948 |2.27948 | -1.60 |0 0 2.0471 | 2.0471 | 3.2753
5 o = 1043 1.09176 |1.09176 |-0.20 |0 0 0.6824 [ 0.6824 | 1.0918
% 5‘_"— 1042 | 0 0 -040 |0 0 1.3647 | 1.3647 | 2.1835
€556
n Z2 ®' Social Welfare = 1,919.899 §/hr.
© |
T3 a
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Concluding Remarks

All these problems are challenging, large
(several thousand constraints an
variables) NLP problems

Ad-hoc solution techniqgues have been
developed based on nature of the problem

Convergence issues need further study;
however, global optimum values are not a
great concern

For these models to be useful in practice,
solutions should obtained in 1-2 mins.
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University of

Waterloo _
-~ Conclusions

- “Novel” NLP solution methods might prove
useful to solve some of these OPF
problems (e.g. we are looking at applying
SDP in some cases)

Other NLP models are being developed to
address some shortcomings of the
proposed problems, such as:

— Inclusion of system security in reactive power

markets
— Proper representation of system security in LP-
based models
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Singular Value VSC-OPF

- Thisisan NLP problem with an implicit

constraint:
Min. S(x)

s.t. F(x)=0
H<H()<H

©

s

B

T8

8.

52

D 5 -

?% XSXSX

;m . . .
;2 — Interior point solution approach:
ted Min. S(x) — ps 3(In's; 4 In ;)
.% Igz_g S.t. F(X) =0
2 55 —s—g4+H—-—H=0
% Z g q 42
58 ~H(x) —q+H=0
i Z O
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Singular Value VSC-OPF

— Lagrange-Newton method:
Lu(u) = S0 —psy_(Ins;+1Ing) — p F(0)
~I(=s—q+H-H) - (-H() — ¢+ H)
= VuLly(u) =0

— The solution procedure requires finding the
Hessian:

Vilu(w) = VZS() —p' VEF(O) + 7' VZH(X)
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Singular Value VSC-OPF

— Since H(c) has an implicit constraint, to
obtain r2.H(c):

8Umin(pr)
2 Oy
0 Umin(pr) - Xi

~Y

. 80min(pr)
X OXi |y, +Ay

AX]'

8Xin YA x
based on approximations that are obtained
from the properties of the singular value:

Acpmin(Jyp) ~ Ui DZF|« Az Vy

Ao'min(pr) ~ _U{ D§F|* DzFl*_l DpF|« Ap V1
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