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Outline

!_ = brief motivation for work

— separation events

— conceptual view of security management in a
restructured electricity industry

= post-separation power system model
= derivation of linear constraint sets from model

= security management & electricity market
interface

= illustrative example
= conclusions and further work
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Security & Market Operation

= conflicting objectives between system operations & market
participants
= power system operations concerned with
— keeping core system intact (has cost implications)
— ldentifying & preventing rare events (potentially ‘high impact’)
— uncertain physical outcomes => uncertain control actions
= market & industry participants
— profit maximisation => push system to boundary
— commercial transactions can’t proceed if system fails
— consistent & objective decision-making framework reduces uncertainty
= security concept:
— system operators compute and apply a secure envelope
— secure envelope is based on objective criteria: system standards

= can the security space for managing post-separation frequency
deviations be defined in this way?
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Basic Dertinitions: requency

island .
time .

separation event

steady state frequency deviation

initial rate of change

commence restoration

(or sooner)
~

maximum frequency deviation

frequency deviation (Hz)

load shedding?
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Post-Separation Dynamic Power System
Model

= low-order frequency response model for each
island (deviations):

fi(t) o 0 0; fit) o
i1 (1 f i 0 i1 (¢ 0
p 1'( ) _ ’7.1 Ti1 p 1‘( ) N | (), el
P (t) v 0y | L 0
s_ D ho | [®O = Ax(D) + b
2H; 2H:5 yie(t) = e xi(t)
o So 1
T =T fUTéjRij? Tij _Tij standard LTI SyStem

for each possible island
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eady-State Frequency Deviations

F__E- set derivatives to zero & solve

fi(0) = wyir(o0)

_ _JT =1y,
; €1 (Ai) blAp p.ower.lo.stor

[power output of ) = K;Ap gained in island

generator j,
island i \
—Tpij(o0) = yij41(00)

= —ej 1 (A) T hiAp
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nitial Rate of Change of Frequency
FT put £ = 0 & consider initial conditions

x(0) = A@{i(0)+b¢Ap

initial state (freq & ’

power outputs)
f(O) = oy
= L;Ap
(not necessary) put
initial conditions = 0
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- Maximum Frequency Deviation (1)

= use standard analytical expression

solve for ¢ to

find extreme
values of

states

x;(t) = exp(A;t)x;(0) —I—/O exp (A;(t — 7))b;dr.Ap
= A;l (exp(Ait) = I)biAp

fz(t) = e?i(i(t) ﬁndt=tmax207
eT (A t) (A - (0) + b Ap) / to make zero
= € exXplAa; iXi 3
= eT ex : ; /
- 1 p(Azt)bzAp
findt=4>0to
. T . make zero
pzj (t) - ej—i—lx'i(t) /

— ez;l exp(A;t)b; Ap ]

Linear Electricity Spot Market Constraints for Managing Post-Separation Frequency Deviations

—
{ Centre for Energy and
Environmental Markets

- Maximum Frequency Deviation (2)

= Find 7, & 7, to get maximum deviations

fi(tmax)

ef‘er,:l(eXp(Aitmax) — I)biAp
M;Ap
e?+1A;1(eXp(Aitj) — I)biAp
M;;Ap

pij(t;)

1>

\

can also compute maximum ’
output deviations
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Automatic Constraint Generation
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Spot Market + Po

st-Separation Security

Constraints LP Optimization (1)

Minimize: .
T=3"Chg, basic LP market
=g formulation
Subject to:
0cg e jeg (lossless model)
lpe| < B, kel
2 u-N=3 p-d e €2 post-separation
G kEF,; keT; )
steady-state linear
|fi(oo)| < FZ™, iel frequency
constraints
fi(oo) = —Kipr, i€, keT T —
filx)=Kipy, i€, kelkF
USQJ'—KiijSG?m, iel, je8&, kel
0<g;+Kypr <G}, i€, je€S&;, keF
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Spot Market + Post-Separation Security
Constraints LP Optimization (2)

post-separation

[fi(O) < Fm, e
rate-of-change of
fi(0)=—Lipr, i€I, keT; frequency linear
£:(0)=Lipe, i€, ke —\___constraints
(™) < F™ iel
fz(tmw{) - _ﬂ“{%pk* (NS Ia ke S ,1; —
fz(tmu):ﬁ’{tpk* ZEI: kE]'—%
‘ ‘ post-separation
0<g; — Myp <G}, 1€I, jeS; keT frequency
0<g;+Mypx <G}, icl, je&, kel deviation linear

constraints
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Simple example: hypothetical scenario

Gens: G11, G12, ...

post-contingency
frequency standard:
max freq dev: 0.3 Hz

L1 + L2 outage will lead
to separation & weather
conditions increase the
likelihood of this occurring

system operator decision:

use tool to construct & invoke

L1 outage becomes demand
credible
=> convey to system potential
operator .
separation
zone 1
L1
( ,l .“. llllllllll
potential 3
zone 2 <€

N J

demand Gens: G21, G22, ...

post-separation

frequency constraints?
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Simple example: without PSF constraint

UN

T LTy O
NEY »

cen MW Gmax 550MW | [ $14/Mwh | | Gens: G11, G12, ...
G11 100 100
212 288 283 potential
G14 25 > separation
» 2% zone 1
G15 90 90
4 Dispatch Cost: $14,950
potential - —
separation $15.50/MWh en max
G21 300 300
zone 2
G22 120 120
- G23 501 200
680MW Gens: G21, G22, ... || G24 0 100
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Simple example: post-separation outcome in

zone 1 without PSF constraints

violated
post-

contingency
frequency
standards
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Simple example: post-separation outcome in

zone 2 without PSF constraints

violated
post-

contingency
frequency
standards

Some
generators
exceed
limits
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Simple example: with PSF constraints

Gen |MW | Gmax 550MW ||$13/Mwh | | Gens: G11, G12, ...
G11 |100.00| 100
G12 80.00 80 potential
G13 151.82 250 separation flow backed-off &
G14 | 29.40 230 4 increased dispatch
= zone 1 “| costs
G15. 0 w0f N .
......................... S Co 1597018
potential S w1
separation | |$16.50/Mwh en mhax
G21 |290.62| 300
zone 2 <
N ), G22 |11535| 120
v G23 |190.52| 200
680MW Gens: G21, G22, ... || c24 22.28 100

L

.| out-of merit dispatch:
ensures G14 >= Gmin (OMW)

r Managing Post-Separation Frequg

reduced generation: head-room for

responding to separation event
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nple example: post-separation outcome in

ne 1 with PSF constraints

Zone 1 - Frequency Deviation } Zone 1 - Generator G11

post- ~:‘°--f-\ )
contingency Taalfad £ "\
frequency is o 2.0
OK: O g o\
freq dev < 0.3 £ e .
L] X -':JI‘J & L & *, Al xn *“:;_i = L
ol
| 2\
g\ - i s
. \
1\ o
o) b = \
1 \.'—"_
o] X mJ.J[‘] & [ [ k[ F] *“:[.] [ ]
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nple example: post-separation outcome in

ne 2 with PSF constraints

Zone 2 - Frequency Deviation Zone 2 - Generator G1

post- | i 300
contingency 3 L S A
frequency is OK: %"n‘:\ gm .............
freq dev < 0.3 = §one
BN )
. i
> 20 40 &0 80 Gk 20 40 &0
time [s] time [s]

136 mu-mn:n:_o_n 260 I:l:!-ﬁ.ml‘mm

generators //sﬁs / %.u /
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AV .l
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Variation — change in freq standards

= say the post-contingency frequency standard is modified to
be:
— maximum post-contingency frequency excursion < 0.3 Hz; and
— steady-state frequency deviations within 0.2 Hz

= |nvoke 2 sets of post-separation frequency constraints:

— one set to ensure max frequency deviation is < 0.3 Hz; and
— one set to ensure steady-state frequency deviations within 0.2 Hz
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Simple example: with alternative PSF constraints

Gen |MW | Gmax 550MW ||$13/Mwh | | Gens: G11, G12, ...
G11 100.00 100

G12 | 80.00| 80
G13 |14166| 250
G14 | 2001| 230
G15.” 0 90

potential
separation
zone 1

flow backed-off even
4 more & dispatch
"| costs a bit higher

Dispatch Cost: $15,345.25

potential

separation |[s1650mwn| [Sen |MW | Gmax
G21 293.62 300

zone 2 €
N ), G22 |116.84| 120
4 G23 193.55 200
680MW Gens: G21, G22, ... || c24 34.33 100
slight variation to similar to previously — gens

I dispatch pattern  [ieisieiie o ke Zeassis e = cs il backed off (not as much)
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nple example: post-separation outcome in
one 1 with alternative PSF constraints

Zone 1 - Frequency Deviation Zone 1 - Generator G11
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nple example: post-separation outcome in
one 2 with alternative PSF constraints

Zone 2 - Frequency Deviation i Zone 2 - Generator G21
300 .
0054
post- g el
. 0.1 i 298
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OK — = e \ . 205 /l ......
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0.2HZ 2 a .: U] 0 H 2 |:£|I % "
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‘ —//”'—_ ] //’
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1clusions

" aration events are rare but are high impact therefore warrants
ﬁ%stigation into mitigation

~ important to have a consistent & well-defined interface between security
processes & electricity market that:

— enables system operators to protect the core system
— can still enable market to proceed
= shown a simple way of linking the following:
dynamic power system model
post-contingency frequency standards
security envelope & system operator decision-making
— interface to electricity market
= while the process may only be used infrequently, it could prevent high-
costs of a post-separation frequency collapse
= more research to be done though!
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