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Economic Dispatch vs Unit Commitment

= 4 Economic Dispatch:* (\OS\O\& nehoone) PP <R

Having N, generators connected to the network, what is the (%,)Cl, P, @7
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Having N, generators available, which set of generators should

be Oﬂiﬂéio minimize the cost of operation while meeting the V=0
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Electrical Load MWh

Unit Commitment - Planning Horizon

To take into account th =@7 shutdown cost, the unit commitment problem
considers a planning horizon* (e.g. next day, week, etc.) i =1, 2.

New England ISO Historical Daily Load Data
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*We can consider forecasted load through historical data to use in the problem
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Unit Commitment - Planning Horizon

Starting up an electric power thermal unit (e.g. coal plant) can have a very high

e

costs

—

To take into account the startup/shutdown cost, the unit commitment problem
. . = ——————

considers a planning horizon* (e.g. next day, week, etc.) £ =1, 2, ..., 24
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*We can consider forecasted load through historical data to use in the problem 5



Thermal Units — Start Up Costs

Supposed a thermal unit (e.g. coal power 4
plant) has been offline for a significant amount  ce s T A
of time (“cold”) Canveyer H

In order to bring this unit online, a significant

Substation/
ranslormer

amount of energy/fuel needs to be expended

¢ This energy does not produce any output

Ash systems Water purification [

su eost

power -> take into account as a CF+Ce -~ - -~ == e
start-up cost N F
\e Cd?\‘b“' ety € .’ci

X lee
This cost can be a function of the time the unit  s.u. cost = C, (1 — et O‘) F+Cy e
has been offline "g k=0 (jut Yowred Off‘\ — L —= 3

i% t= @ (oﬁ\"ve ‘§x 100 brsors) (inn (Socad) = CeF <5
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* We can simplify to be a constant value (reasonable simplification) aeg\oﬂ‘\w"ﬂ shoatup ealt

1 unit is turned on at k
55(k) = { Sy Ol = A5 (4
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Unit Commitment - Illustrating Example

Let’s consider a system with two generators for a

>
* (U—H—
Gen. Ppin  Pmax Cost/power ' 3
- Ve=26,!
| 1.5 7 02 v <P :5.55 : II'

2 6 7.8 $/o
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How many different scenarios can we have with offline/online generators?
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‘
= Let’s consider a system with two generators for

Unit Commitment - Illustrating Example

Gen. Ppin  Pmax Cost/power
—~»1 15 7 (7.2 Cwueer
— 2 1 6

78 (M) —

J

Pr, =93.5

U=H—
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=  Based on these different scenarios, which one will provide lowest cost to meet

the load?
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Unit Commitment - Illustrating Example

Let’s consider a system with two generators f (O—H—

Gen. Puin Pryax Cost /power (Start—up cost, Hour | 1
1.5 7.2 Tt
< ) 7 8 44 Pr | 5.5 | 8*>4**

How many different combinations can we have in this case7
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Unit Commitment - Illustrating Example

Let’s consider a system with two generators for three hours

Gen. Pmin Pmax COSt/pOWGT Start—up COSt HOUI‘ ]. 2 3

| 1.b 7 7.2 4
2 1 6 7.8 4 P |55 8 4
. \2
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One way to solve this problem is using*Dynamic Programming’
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Dynamic Programming — Optimality Principle

=  Consider the problem of finding the shortest path from s to ¢,

o We are given that if we started at p, the optimal path to ¢t is shown in dashed lines

; Chedot,
, D

=  Naive Approach: Cslondas
o Find all possible paths from s-t )

5
o Evaluate the total lengtl/ of each
path

o Find the minimum lengthﬁa&f'

Main Challenges:

=  The total number of paths from s to t increases exponentially

=  Can be infeasible for a very large system

12



Dynamic Programming — Optimality Principle

=  Consider the problem of finding the shortest path from s to ¢,

o We are given that if we started at p, the optimal path to ¢t is shown in dashed lines

o ) If the optimal path from s to ¢t takes us through p,
then the optimal path would go through the optimal path from p to ¢t (already known)

.\'\ow;‘ e slmtdri

° O(J'k'w-X ev"\" Suo\-. k’L‘(‘
. Jo 2y 60@\3 lo -\-uy{ s ""&boat\
SN oehmd putt o g
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=  Optimality Principle: An optimal policy (path) contains optimal sub-policies

(sub-paths) >
x
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Dynamic Programming — Optimality Principle

=  Bellman’s Optimality Principle:
An optimal policy (path) contains optimal sub-policies (sub-paths)

* « he i

=  States: setﬂef‘nodes \,).E,: {s, A, B, ..., t} 6‘“"4‘(‘ To= 3k, AL, Dt
Conho —_—— $

=  Whatis a’policy? A feasible control sequence (p%th) @:{@, ey MN-1}

*
JG = jsc,e c L'-é}
N—1 He Z";‘"’ s
= Total cost associated with a policy: 7 (;7) = Z (ke i (1)) + gy (W)

— k—0 \—\(__) ‘—\/\J
Yoz inidie _ ';qubl cost fermina] aoct
Sthe = o

=  Optimal coitiki (zg) = H%l Jr(x0)
Q\'CVA Qalicé () with \ea\“ oot

eaﬂn
= {up, o BN
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e

Reference: D. Bersekas. Dynamic Programming and Optimal Control. Vol. 1 Athena Scientiﬁa

=  Optimal policy:
Ju- (w0) = J" (20)

gm—




Reference: D. Bersekas. Dynamic Programming and Optimal Control. Vol. 1 Athena Scientific

Dynamic Programming Algorithm Definitions

Final cost; (we need o Jl?"‘\ Tn(0) = Y ln(xp, (k) + gn ()
In(zn) = gn(aw)

=30 k€, =

0.w.

Running cost: (need b Ae}"“\

L= D' 'x°= S

Ik (2, p(zr))
—

1 \
— ("“,/"("3) - L’(f' A)= Lo U=$sn, 58, s

+Value function iteration , _, stat v o
ih«.l— t Xeey
Jk(_i_b’lf) = min{ lk(a:k,,uk(ack)) - Jk+1($k—|—1) } Vk=0, .., N—1
S e —
> e‘{‘"’/@oq‘m’ *
Qe
Optimal control at time k:
e

[ ——

MZ(%):M%iH{ (g, pe(x)) + Jep1(Tg1) D e,a. /l:/‘o)=(oQ
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Backwards Dynamic Programming — Algorithm

p— /
. ., )
2
1. _S_’Ea_rt at the last step - o . S & VN
JN(ZCN) :gN(:EN) [ c o c o0 ® ./
A Ko
gl eort Ao

\enoo

l

—> Ji(z) = 1@1{ lk(xk,uf(xk)) + Jgt1(Tr41) } Vk=0, .., N—1

—

2. Go backwards in time k using

AD piaa Lcs"
’XL:A w“); Z A 6} C‘ohk'o’ seguence
3. Then, the J,(x,) generated in the last step, is equal to the optimal cost

Jo(zg) = J*(20)

= We can obtain the optimal poli? 972‘ v
0

Reference: D. Bersekas. Dynamic Programming and Optimal Control. Vol. 1 Athena Scientific



Backwards Dynamic Programming — Shortest path Example

=  Consider the problem of traveling from city A to city P, use Dynamic
Programming to find the shortest path!

@e=4 (Lot heg)  Doge \M‘“'*’&w\ oest L_&T,H(?‘«FP): q,,(P)ﬂJ

ove WJ-‘ d \ = . : =

I (54 - M}inzb (I.;?X*Zag_g)i =9 ps t)=TP )

See:



Backwards Dynamic Programming — Shortest path Example

=  Consider the problem of traveling from city A to
city P, use Dynamic Programming to find the
shortest path!

=2

K= 6
37 6)= vv)p { L (6, p) + 33("3)}

el k=1 «¢=3 e=
= mi . (#) . L.(6,6T) +3:(T) =mng4,83 = W
?ﬂfl‘—w{fm*%)“’”—? "%} P @ Jite- €4
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‘(F) = min Lo (F. )+ sl ,l,,(:,rz)+;r,(1-)}='4 5 (F)=-FI
jt(F) ';A g 6) - 3(_‘?__‘ B2 /‘4

J7(¢e)= & /u{' (e) = o

3:.'(e)=  min 24, (e {c»,cﬂ)-r&,(?f,l_:})j - Min $ 343, wﬁ [ /u;’(c)sc'#
2 M N cF  er
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Backwards Dynamic Programming — Shortest path Example
VAN

=  Consider the problem of traveling from city A to
city P, use Dynamic Programming to find the
shortest path! ¢=o

w=\
('X."g) "") J:l(g)' min gll(g)EquﬁBC})"’Sz(?E)FIch)
Jd2(6) /
7 le= w=2
= min § 7+4, 4+7 5*43(:::)
"/"""?1"“: A @)= 7 8¢, EFS
- gc B>F B2 )

K€ 2 37@) = mwin L, 306, ¢5,¢63) + 5, e 7es) § = min 2@ 243, 4+ 67
* 9 0

7

37(c)=2 m'le)=ce

©=d  THD) = min 240, 106,07 be3) % (67¢)§ - "}(A" Jusu, 43, 54¢)= 7

y e n
W TR« o

3 L b
v - min 3240, 443, 265%=10
3 R ,,A,tucm’s+a'.(zxeb§3 '3 ) o
¥o= R &(A)-— m}:’ 2’(( ,2 ) ) ) ) Aog S:&\’m )°(’.\=Lb19



Backwards Dynamic Programming — Shortest path Example

*  Dynamic Programming summary for shortest path problem!

Step 1: compute final cost

In(z4) = ga(z4) = {




Backwards Dynamic Programming — Shortest path Example

*  Dynamic Programming summary for shortest path problem!

34(?)
Step 2: Go backwards ort%wt‘ime, k=3 {
oe cost@ o ? 3+ 3
J3(H) = mjn {ls(H,HP) +*J4(P)} :i_ us(H)=HP J(@)= wn : (o)
\vwning Goy
—» J3(I) =min{l3(I,IP) + J4(P)} =4 ps(l)=1P
o

o=

21



Backwards Dynamic Programming — Shortest path Example

*  Dynamic Programming summary for shortest path problem!
Step 2: Go backwards one time, k£ = 2
> Jo(E) = min {lo(E, 12(B)) + Jy(H, D} =4 s3(B) = BH

Jo(F) = min {lo(F, po(F)) + J5(H, 1)} =7 ps(F) = FI

J2(G) = min {I5(G, w2 (G)) + J5(H, D)} =6 ps(F) = GH




Backwards Dynamic Programming — Shortest path Example

Dynamic Programming summary for shortest path problem!

Step 2: Go backwards one time, £k =1

JA(B) = min {L(B,u(B)) + BF, F, G)} =11 ui(B) = {BE

BF

—_—

J1(C) = min {l(C,m(C)) + J2(E, F, G)} =7 pi(C) =CE

23



Backwards Dynamic Programming — Shortest path Example

Dynamic Programming summary for shortest path problem!

Step 3: Go backwards one time, £ =0

Jo(A) = min {lo(A, po(A4)) + J1(B, C, D)} =10 pij(4) = AD

24



Backwards Dynamic Programming — Shortest path Example

Dynamic Programming summary for shortest path problem!

Step 3: Go to initial point, £ = 0 and reconstruct optimal path

Jo(A) = min {lo(4, uo(A)) + Ji(B, €, D)} =10 pij(A) = AD

{AD, DE, EH, HP}
{Mo( ) Ml( )a Ha, ﬂg} {{AD, DF, FI, IP} T ( ) =
7 AR
B - B oL
zl \\s\
I’, 4 \\\\
’ w7
2 / t H \
,’ \\_/, \\\\ 3
3 Sso
,1, 6 \\\
- = "\ ~
C AN 4 C ) 2 /A FY
oKX { oo’ 35 g
_- \\ 4 ’ ,,4\‘ s\\ 4 ’,/
k=0 ~ ) ’ ~ - k=4
\% U4 , 4 \s\ o=q ”/’
\‘\ 1, i ﬁ\ I ,‘P"
RN 1'1 e 3 Sa-
\
24 ke




Applications of Dynamic Programming

=  Power systems — unit commitment, optimization* (will study in detail)

=  Route planning .
o Minimize time - shortest path problems

o Pursuit-evasion games (UAVs) , Og‘\vw& Qon‘\fo‘ —“m.avy

Shortest Path Palicy

Aerial Pursuer
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™
™
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B T T R R R T T T T T N |
SRR NN N S T U W L W S N e I T I
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B 0 T " T R R T T I = b e T T N |
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P RN

18
20

10

N
A
~
"
Y
Y
i
i
[}
i

T T e il T

n 1‘C_ommunicatiorf‘, pattern recognition —— \l'\ln‘oi mdm‘u«m

e —— —

= +Optimal control (finding optimal paths)
"‘t_at\)ehna &lemaw\ )
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Forward Dynamic Programming

Principle/idea

if a path from A-fo-P is optimal, then going from P-tfo-A through the same path
is also optimal

o We can think of this problem then as starting at P and going to A
o Use regular DP algorithm for this problem

Both Forwards or Backwards DP will yield the same optimal policy




Unit Commitment Example

Consider, a unit commitment problem for 3 hours

(oot aL.,af w)

We have start-up costs onlyj(assume shut-down cost is 03 *
¥ " :
+ Assume, both generators are initially on (important) — b cndbion

o)
Gen. Ppin  Pmax Cost/power Start-up cost
Hour | 1 2 @ @—,H’—

1 15 7 7.2 @ .
®

9 1 6 7.8 Pp |55 8 4 (O

Set up thc‘lgorl hm

CiOW many modes’ are there7 (ignore the mode where both generators are off)

T beos
‘“ow MaNJ Qowx\omol'b/\s o\ %ww %\TA‘U; o€ “e\,\;,\ 6‘\'“;‘01\4'&\3(('\:'”) %?'M 3/1‘:
Jo'e e 129 2 _
SHe (ot -shdos ( Con {-shaug X=1 Xﬁ DTN -‘5:7—3 2- \) 2

~D| 0O | © 9

B

These can be considered the “states” or x Yee 12,38 M=\ 78



Unit Commitment Example

= Consider, a unit commitment problem for 3 hours

.y i - 3
*= Initial mode is 3 (both generators are on) %e=3 g
" #*
Gen. Puin  Pmax Cost/power (Start—up c@) Hour | 1 @
1 1.5 { 7.2
2 1 6 7.8 ©) Pr | 3.5 4

/
=  What are the tr(arélsi\tion costs? (Nt M“"“’ )
¥




Unit Commitment Example

e

Hour| 1 2 3

Gen. Ppin  Pmax Cost/power Start-up cost

1 15 7 7.9 4 Sl
9 1 6 7.8 4 Pr 155 8 4

=  Define costs functions (final, middle, initial) In(zn) = gn(z N)‘,//

\m‘,( mode/ shde ot whhoor . ———
Je(Tx) = min {lg (2K, p(Tr)) + Jet+1(Tr4+1
k %m. (’Kw-) n{/ign?;\'ouwﬂ 1AM XY (o) H {\'(\ﬁ(rTn?ﬁ)a)an# +1(@ke1)}
w3k, VeE=0, ... N =1
\'\w e=\,23 T hleny=Tw
\$¢V, ¢
\ 7 6

(gcwu ki;eo&c‘-\ géo\ew\\
.;TNA Qost T b‘w\ = S:(x s\ = %3 (Xs)

¢ _Sv, ()(\l.) = l"‘W\ ?_ ﬂ\c(xw\ t,,(x..\\*— Skt L\(va-b;

J( (%, /u,(u\\ = %,(m N O"C‘,l:‘:*}
* wvw\\wb 0-05\'* Coon., \(ge,\d\ -\'wm\d«w. cos"(pveu s\lde\
3\-0..(-\,9 ( S‘I\J'Aouh =y
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Unit Commitment Example

% (396 oo 288

Gen. Ppin  Pnax Cost/power Start-up cost Hour | 1 2 3
—»1 15 7 7.2 4 G= 429 oo 312
—> 2 1 6 C £ 4 P |55 8(D) 402 58.2 294

=  Compute the costs atk=3  ¥3=21,, 53 * ——\¥

/ - @(583) = g3(z3) B
327 ). =%y
X320 S S3(1) = Qs (i\ = ™0 *:}:2_—'\1\ l (m Je(zr) = it 19k (zk) + @y + Je11(5)}
ST
g lon =4 Vk=1, ..., 2
_— \S <t

‘ Y= L,B Wit copt
"5;(\\29.8

K72 S T30) = $G)= win 1% - ()(W=32

Va2 It
C(‘pthz ow\ > ’\;1.""\
\Q,’\);ec S
Pite Yy S3)512
Rz = 31(3) = (3) = Min (2'2?‘*2'%?2) =29
B g AT
Leghie? "
- \s Ve z_q__i

on

— Q.v?,:'-\ »
X (T - % k=1 k=2 k=3
P,_s‘ 31



Unit Commitment Example

=2 3
Gen. Puin  Pmax Cost/power Start-up cost Hour | 1 2 3 C;.‘i$ 39.6 =) 28.8
(2
—> 1 L5 (j 7.2 1 . C° b 20 31.2
P 5.0 4 —
_— 2 1 6 7.8 4 L —&\40 2‘ 99 4
Qu.lud‘(; . @ '
e

= Compute the costs at k=g s L2, 2, 53

o Ta(as) <(ga(x2))
21 = J200)= wmn 2(V)+ AL +33(2233
\é-:n\\ o,? \3 W\#? l‘_ ,[ M3y — )}__,ZJ;Q(@) = mp}rg gr(zE) + amk_ﬁ\rr Jrer1(5)}

%44 Vk =1 )

%z(.l\ - q'}'w\ 127
st
E, = E

Jo(zo) = mgﬂ {0+ azys; +J1(5)}

\S£P <
\'—\’—) 5'3(\\‘ &0 C au?
= No sdohen Ihyns\b\e- f =49 ~
%122 3T(2) = mind ¢, 0)* Opnpant’ Ss(ai) §
caq ra (> Ih \/-\—3 D
— min 3% ’ )=3W2
ok X
=8

\ V26

\J I
yz‘:‘s % S’-(Sy’ M\n 2 53(3\“ Qz—'li\mﬁ* -83(1‘__.2‘3S)‘& =0
Loth P S
P> 7 £ T—— = N\b el 3-Z

min §512+ 288 S

g\ig IZRAIBT 824312, © 1"
W g ) _ _
= 2214 k=1 k=2 k=

33
P26TH),67]




Unit Commitment Example

Gen. Puin  Pmax Cost/power Start-up cost Hour | 1 2 3 39.6 oo 28.8
1 1.5 7 L2 4 :) G = 429 oo 31.2
P 0.9) 8 4
2 6 8 4 r (5 40.2 582 29.4
=  Compute the costs at k=1 Yp= 30,2 33
gh,\h. @hoord > genl isom = J3(z3) = g3(x3)

- sl | .
-5;(_!\ M},,; 2 %}C\ x 'I‘.Z?Shm 320%) ¥Ji(@r) = min 195 (@) + aop—j + Ji41(5)}
‘to‘ S Min A.2% et / Vk = ]., il g 2

o 4 ?‘S.“- ?‘0 Jo(2g) = min {0 + a + J1(5)}
aazs T\ i) cRmecssly, Al sl

e+ Y 4"8;(1.)‘”,
196 + U4 £5,(3)

) & S\(\):- ‘zo.g }A:(\)s \—2 ¥
S;(Z\ = {V\}x\ 30:).(7,\‘\- O\z_,ﬁ-\-‘Sz(Xz{S

&
W) 2 wrq+ Yy + HG)=1339 }f.m-z-s
2-3 %3

*St(‘_‘\) = min ¢ D+ Ayt pNEN

/P'—\ ’Sf-(.'ﬁ)?-{qo'z* 0“'9’3
wmin 72P4 130, \ P-4 st 3L };‘@,\5 3 -3
L R Y .y 3 4l
P9 =S5 —

Vielis 33, Re\ 4]



Unit Commitment Example

: - 39.6 oo 28.8
Gen. Puin  Pmax Cost/power Start-up cost OHour| 1 2 3
1 1.5 T T2 G = 429 oo 312
P 55 8 4
2 1 6 7.8 4 O 1t = 402 582 29.4

=  Compute the costs at k=0
J3(23) = g3(x3)

=  Reconstruct Policy

— Jp(zr) = min {gplzr) + a5 + Jes1(5)}
- :v' Q S .‘--S.(X\\‘s i’ k=]
\E@ "B 2 Yoo VE=1, .., 2
O

—» Jo(xg) = mxjn {0+ azo—i + J1(4)}

3=l 3-2
=win 30404804, 0v0rma,

3-3
O+ 0+ \‘Z,‘-}.l—}

(S:(’J = 1232 /A*D(s\, =3-3

Targtion co;x wa-J wol Juad.s \u O n s cae
Qq.-‘% e have shotdom ©cst
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Unit Commitment Example

g% Pmin Pmax

Cost/power Start-up cost Hour

-@1.5 7

2 1 6

7.9 1
7.8 4 Pr

1 2 3
&ro

N

=  Compute the costs at k=0

»  Reconstruct Policy

(7 (o) $127.2 X

Hoov

{

“{

396 oo 28.8

429 oo 31.2

40.2 58.2 294
3.0) 90)  9s0)

Aht) Py Rl
(3)  Aals) 4l

-
(@
\

SHodus o) Ume

u We can also consider shut-down costs

= /‘\
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(%acum“») Dynamic Programming — UC Flow Chart

= \ Define transition costs (start-up/shut-down,

and

static costs (matrix G or compute on the ﬂX)
3“()‘11.)

= 3 Define initial condition x,

3"‘\&@ lag" LaW
k=N
\ 4 ",
In(zN) = gn(zN) ’—'929’{;::&‘”:

A 4

k-1 41—»\N\oue \oaw l°3

4
»‘
I

.E\b&té wamic ?mﬂ‘m‘;“ﬁ (b\‘m‘w\
w o PO *Y ok YRoore

one hoot

A 4

Je(wr) = min {gi (@) + aop—j + Jr+1(5)}

Save i ()

4+—7 lﬂ‘l‘l'&! OMJf/w;

Jo(:l?o) = Hluin {0 + Qpy—g T Jl(j)}

\ 4

% | Reconstruct optimal policy |%
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Example 2 Dynamic Programming Unit Commitment

Suppose that we have three generation units with the following characteristics:

Gen. Puin Pmax Cost/power /Start-up cost 2Shut—down cos O_A_\,.
< o \;
T 30 1 : | ?0
2

Qhea
¢ &=—1 15 1 5
Cupective 2 9 20

L s
Middle .—3 2 17 6 40 0.5 O—"‘—'\

( {30 “6)

and suppose we wanted to define the commitment of the units for the day 03/01/17:

,y /“‘L\")
v Load Forecasted for 03/01417 24

17 . —— (z -1 =

16 - 1

15_ 4 s
e 3
14 | ey g “.Q :
- /

3r I'? 9%4’ ‘\\
~ &
<) 4 !

12 ] v

al j 3]

Y 3
10 & Xoe?® 3
9,
r 4
8 1 Il 1 1
0 5 10 15 20 25

R"_" Hour (U
m un*.,:, \m:w euening 37



Example 2 Dynamic Programming Unit Commitment

Suppose that we have three generation units with the following characteristics:

Load Forecasted for 03/01/17

Gen. Puin Pmax Cost/power Start-up cost Shut-down costs

1 1.5 7 7 30 1 Fama L
Ry i '\‘ |
2 1 5 9 20 2 o / y
10 °’°‘o—o'°}; b ]
3 9 7 8 40 0.5 |l 3

How many different modes/states are there? (ignore mode where all units are off)

(22\=7

Mode Cud Cend Conl co © W= 74

——:\._' \oal \/ @
2|l oo °
3 o1 °

—> 4 \0 o ®o o °
< \o | °
(4 e >
1 L | ¢

4 MJ'\ISLJ'IS al urj-\‘f\oov \ﬂ[y(oto
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Example 2 Dynamic Programming Unit Commitment

Suppose that we have three generation units with the following characteristics:

Load Forecasted for 03/01/17

Gen. Puin Pmax Cost/power Start-up cost Shut-down costs

14 o
.P‘@'a'&& _4:![ 9‘\
1 1.5 7 7 30 (1) . / Tl -
2 i / Y
5 9 () 2 d
- 10+ %o |
3 2 7 8 40 0.5 |

How many different modes/states are there? (ignore mode where all units are off)

Define a transition matrix (transition costs from one mode to another)

Vel 'gcﬁiv\ 2'\-“.—9 4 < < q ig&ti on JNJLP/
S WV (D GDCO 41 40 6l 60)(‘7 shotd e
32 0 30 42

Co
72 40 70 "i

3| 2 1 0 43 42 41 40
40305 205 505 0 30 20 50
Slo5 215 205 1 0 21 20
¢[325 05 305 2 32 0 30
a\25 15 05 3 2 1 0)



Example 2 Dynamic Programming Unit Commitment

=  Suppose that we have three generation units with the following characteristics:

Gen. Pupin  Pumax Cost/power Start-up cost Shut-down costs

C\«.*(‘— i 1.5 7 7 30 1
Qoad¥e— 2 1 5 9 20 2

WAJ“ 3 2 7 8 40 0.5

=  How many different modes/states are there? (ignore mode where all units are off)

=  Assume initial state is only generator 1 or{(mode 001 or 1)

Load and Generation Powers Dynamic Programming (optimal path)

20 8
—&a- P
o-P, 7 O0D0ODOODOOOOOOO0OO0OOO 0000 -
15%& )P_> Bog 1 6F O0DODODOODOOOOOOOOOOOO/oOO\lDODOO -
i 000666007 *Qb
= \ 5+ @
= od q& s
'5310'9’%9’ | H54— 0OpPOODOODODOODODOOOO0OOO00000000O -
g _L— QLeo(’&
m&w@ 3q O/oODOODOOOOOOOO0O0O0O0ODO0000O0 -
o
5 / N 4
“ An 4 LY 2+ 00000000000 DO0ODOD000O000O0D -
Losd S‘O o B .
r ?.1 DUDQDDDUUQUUUDBDDQDDDBTU*
0_ .I 1 1 L 1 ] ao 0 m 1 L L 1 0
0 5 10 15 20 25 “ 0 5 10 15 20 25
Hours Hours
S‘Qu»&\k. J

'I;Hal ea'm“'



Example 2 Dynamic Programming Unit Commitment

Suppose that we have three generation units with the following characteristics:

Gen. Pupin  Pumax Cost/power Start-up cost Shut-down costs

i 1.5 7 7 30 1
3 9 i 8 40 0.5

How many different modes/states are there? (ignore mode where all units are off)

Assume initial state is generators 1 and 2 on (mode 011 or 3)

Load and Generation Powers

Dynamic Programming (optimal path)

20
-G=- P
o- P, o o000 |
P
15*_0 Pz 56g OPpODODOOODOOO0OO00000000O0\0ODODO -
3 9_@.96.9_6_@@_32’ ﬁb
i \ Ojoo0oo0oO0D0ODOODOODODODOODO
o e‘d' R’é} @
= !
'5310’6'%'9’ S 0000000000000 000000D0O000O0 -
g -
o ——e—@—ee—&e—e@e-&-e—e-@-ee—e—oﬁ:&gﬂ-@e-@ 00O0D0OODOOOODOD000000000000O0 -
5t {M-&eﬁwﬂ-ﬂx \z\
3 Ek‘a 000O0DOOD0O0OOOODOO0OO00O00O0000000 |
’
4
o-80.0-¥ 00000 ODOODODOOOOOODOOODDDOD -
Crposlid |
0 5 10 15 20 0 5 10 15 20 25
Hours Hours
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Example 2 Dynamic Programming Unit Commitment

Assuming initial condition is only generator 1 on:
_—

20

Load and Generation Powers

/
‘

w‘-o-r'd

A

b

10 15 20 25
Hours

Mode

Dynamic Programming (optimal path)

0000000000000 O00O00O

o000

000000000000 OO0O0OO0OO0O00O0DOODO

ooco

0 5 10 15 20
Hours

Initial condition is generator 1 and 2 on (mode 011 or 3)

20

Load and Generation Powers

-0 90000000006 mgm@- -0
h-)

o8 .o-@

0-0-9000g o g X

Y
B

10 15 20 25
Hours

Mode

Dynamic Programming (optimal path)

25

o000

0OpOO0OOO0OO0OOOO0O0COO0O0O0OOO0O0OO|DODO

Oooooo0oOOOOODDOOOCOOODOODOOO

0 5 10 15 20
Hours

25
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Final Comments on Dynamic Programming

Principle of optimality: An optimal path (policy) contains optimal sub-paths

(policies)

Components of dynamic programming (final costs, transition costs, policies, etc.)

(Backwards) dynamic programming Skt «=W

Forward dynamic programming Qlk.t w«= o

Not all problems are ready to use DP, you may have to transform it in a way to use DP

(Pl 13
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©)

©)

©)

Topics that Will be Covered

Unit Commitment Problem Formulation
Dynamic Programming
Mixed Integer LP Formulation

Other Solution Methods

Examples
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What is a Mixed Integer Linear Optimization Problem

(MILP)?

Let’s separate the set of “unknown” variables into two components: M- (""’a ‘”)
AL

(ap cezl Veacldes

L CATIE REERNS

N
5 S . ¢
‘&./D M\\easu \)u‘\’fcuc \.;:ﬁﬁ“;/\ = ( 1“2\ W_M \KS
Then, a Mixed Integer Linear Program ca ormulated as follows: &® C.€

i i ¥z O T
mgln"ci‘a_:; e (C_‘lr f__;_-) (Sﬂz) =» 0.\‘“0« cst = GV %e + Caxy
s.t. vy
AT o <b . QA h , L
T - . . . . K¢ & xi. &
Aeq:z: = beq (Al A2) (%) <b=> _fwaa \vw.g‘QJr\\ts- A K¢ TR

Ly

W“"‘ v\ (Aeq] Aqu) (CET) = beg = ,JNM a“ es Lq-'y‘*ba“"-*‘:b’—}

— QT'K( = kcm‘r ()tr.\gc.,ﬂh* Q\.z')‘h
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What is a Mixed Integer Linear Optimization Problem
(MILP)?

=  MILP s a linear optimization problem for which the variables belong to the set of
reals and/or integers

= (Z:) where . e R™, z; € ZF m;cin Tz, +
&b
o IF
m:cm@ m» Aye, -+ Agp; < b

8.1, Aeq—leT =+ Aeq—Zmi = beq
(AT:U = b\‘ B > 0 *w\t%uirw\
(Aeqx — beq\ Li 0
[.CL‘ = 0]* (\o\ \aa»iwa\ r, € R™, x,€7ZP

= *Note: This problem is not as simple to solve as a regular linear program (non-convex)
]

. ( Solution methods: ({(_‘xsu_d‘ms\

o Enumeration techniques: Branch and bound 4 we w“ Use CuX \
o Cutting plane technique —

e ¥
o Group-theoretic techniques b
“ Se‘»n Jecaélwrd ukan'&u ( “0\/\“‘0. \'\‘\'\\'\e(g( ) ;

o hat\mm\\e ?msme'ﬁ- @ ) C’\“S) 46




Why MILP for Unit Commitment?

*  Inthe Unit Commitment problem we can consider generators that can turn on/off

z= Zn-, 'llo, I,7.3,"}

ON/OFF condition
=  This condition can be represented by an integer variable for each generator
~ hours
vi(k) €{0, 1}, fori=1, ..., Ny, Yk
¢ / i
NS
& o o % (_-

I 9\ } L
Shhs_(gfer) of grcke s Hhwe e @
o ipgni Doy @ e Kl
? ‘\ \ ‘ e Ane v b @"
L S —

Vi)

—

) QOJ@‘I&\“\ Vilw) \J':,)‘\c, Yo \ot-h*cm 0 ad 4

F _4__\\‘. ()< ) % \l;(u,\e§¢°. lzs
Vi) e
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Example UC Without Start-up Costs or Satleon Cost

= Let’s consider the same problem as before but without start-up costs / we tan S‘l’i “ —\-um 34

%fwm\urs
Gen. Ppin  Pmax Cost/power

Hour | 1 2 3
1 @ @ 7.2 Chuga) .
2 78 (Trpuswe) 1% CIX Qb‘ l

C— %"" 3k

- ﬂulate ;his problem using MILP (Owiujjguex i 7)0)
* e Z‘> 129404 32?‘5‘("') = UK Onurecsn woidks = T, B ?‘3‘(5)

%_-\—. / QX(\\ *’P 1,(\ S S \\ (\\ .« )\, “)

\,. - -2 V. (%
v z(P%‘Q\L\*?T(V—\'? (l\ VF: 7 % ?‘“(Q\*?ﬂ‘l(3\= 5 \’é\I )

e D
\ o
U] \s ‘?3_01'\_ \M We Yy 2:3 ‘m&\(uemj(\
\l:{/\q,l \ ¢ (\)T. (\p\ 14 Vt“')

-~
Y= (‘\71\(\ - ?3 (3) ,?1,( ), ?3;(;), WA, .- P49) V) l-_\u]
—

< — o
O ¢\l & 1-1,1\33 e 6 6
O £\aley2 ) SA.

Ui\ e 8 | h:r be, 48




Example UC Without Start-up Costs

Let’s consider the same problem as before but without start-up costs

Gen. Ppin Pmax Cost/power
1 15 7 7.2 Hour

1 2 3

2 1 6 7.8 Ey,

55 8 4

Place it in vector form (§°‘ "\n\'\i\f\ews)

o

—
min »  7.2P; (k) + 7.8Py(k)
fo==l

3

s.t.

ot oot O ..

(\_A’\M
__»{\oo\o“’o"‘
O e \ G0V o

= ¥
T 4: Dege Ve order of omenson  102(k) < Pa(k) < 6u3(h)
:\\:\ 9_')‘ & d \ S' Py(k) + P2(k) = Py (k)
- Aﬂ—b? v Y o vi(k) € {0, 1}, wva(k) € {0,1} fork=1,2,3
o)\ o e e R e vt e
A PP A) ). X2 (3), N0, o VAR D ()L Ne(3
Q\OL'XLOB @%'7\ AR ) \?\ ¢ o ntrz.
- /‘/G%u-ou-\
— . .
N 22 3.1 3 \?.3 2.3 Oj % (@@R“o Qreo siuclz)
W\ — 5 =
X = —_——
> ¥. Ry ?‘5‘0‘\ " 4?‘)\( ) PACY I S-5

—> 2 3?'34(1\* ?17' (7% = g

3 ??(1 '4-?11(3\ = L\

Aceb (gt on vk L)
&\041 ob (ned JJ‘\
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Example UC Without Start-up Costs

T T
min ¢ Ly +its %

. L .t-
Let’s consider the same problem as before but without start-up costs )
Ayxy + Agz; < b

Aeq—lwv‘ + Aeq—ZIi — bi
Gen. Ppin  Pmax Cost/power

Hour | 1 2 3 T, 0
i 1.5 7 7.3 P I = 2§
2 1 6 7.8 e

_ ,)wb . € R, x;, € ZP
min C1X A= ] @
= Place it into general form: —> <+ v :
\ kq”‘“‘)‘x
Qo \

v
A X Aen x b
e § T (i soe)
S\ € P C) (?Lg_\—q,zw z O

o

L
Bs=[10 0000 3z00 OO = £\
mi Z?QPl(k)“}“?SPQ(k% Bl T l.S\).('\ & O — "
< O2:[-1O 0 00O I.S0OO colix €O |
— (
- ~[v(oco 00o)12 © 2 oo o \
1.501 (k) < Py (k) < 7.2v, (k) ‘N0 o000 ‘3O © 00 © © ‘
— ©L OO oo OO oe o o w)
1U2(k)§P2(k)56”2(k)\/ O-1 0O O 00 O . SO 0 Oy & - o
(rw+rw=r0) V" s | : |
-~

Cu®e{0 1} wEefo, 1} ) fok=LE3  —~—p— =

o



Example UC Without Start-up Costs

Let’s consider the same problem as before but without start-up costs

Gen. Pmin Pmax

Cost/power

Start-up cost

Hour | 1 2 3

1 1.5 7 T2
2 1 6 7.8

4
4

Pr, |55 8 4

Solve using Matlab (intlinprog)!

Solution:

1 OO

&)= 35"
eqe 0= (% 7)
Teros ?)‘O’ [go

3 cdamny

vy Colungy

e . O
.- ©
1S

ones(\,3)=Lt ¢ 1J
7\

a—r

o\l ue\oucg Yo OR (earns

%% Miscellaneous

f=s = 15;
gs = 12;
1w = 2;

%% Problem definition
%% x = intlinprog(f,intcon, A b, Aeq beqg,LB, UB)
f = [T.2%ones(1,3) T7.8%ones(1,3) zeros(l,6)]:

%% which re integer type?

intcon = [7:12]:

%% Inequality constraints

% upper and lower bound on first generator

Bub 1 = [eye(3) zeros(3,3) -T7.2%eye(3) zeros(3,3)]:
Rlb 1 = [-eye(3) zeros(3,3) 1l.5%eye(3) zeros(3,3)]:

% upper and lower bound on second generator

Bub 2 = [zeros(3,3) eye(3) zeros(3,3) -&*eye=(3)]:
Rlb 2 = [zeros(3,3) -eve(3) zeros(3,3) l*eve(3)1:
% Place all together

A = [Aub_1; Alb 1; RAub_2: Alb 2]:

b = zeros(length(&),1);

%% Egmality constraints

PL = [5.5 & 4]':
heg = [eye(3) eye(3) zeros(3,6)]:
beg = PL; C——

%% Upper and lower bound constraints (to make integer variables binary!)

1b = [-inf*ones(6,1); zeros(6,1)]:
ub = [ inf*ones(6,1); ones(6,1)];

%% Solve the problem!
% = intlinprog(f, intcon, &, b, Aeq, beq, 1b, ub)

51



Ramping Up/Down Constraints

=  Anew type of constraint that can be included is the ramp-up and/or ramp-down
constraint

= ¥ Limit how fast a generator can increase or lower its output power, e.g. a generator

cannot increase/decrease its power by more than 200 MW/hour

= How can we take these constraints into account? (wn the M1 U‘P)

a— —

_@_’a*‘_?_gf_ P.(z) K\%Lu“ ./\?i () £ 200 MWW k=23, ..,

Y -
Y. - ?{ (o\ < 1006 MW\
Q(\) .\V\RHA &A-‘"{ah— veNow \OCSOK b\ﬂ»J
\ : 2:_  (heory
—i)zow JOOM 2 ?L () - P (Wr\) < 200 w=2, .-y W
) (o) - P (V) £200
)
'\m‘kr) cord: l\w,
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Start-up Costs

Recall, that to turn on a thermal generating unit
there is a costs associated with it Coa s

How can we include this cost in the Unit
Commitment problem? Voot

/ o o
’\Qvu 2 hew \l&h‘»( 511(“) = 2 \ ‘g %w\ 1 ‘\VMS on

%muo“' of @ Woor v

Shaks o ¢

——— ke s = $uite, vitk))
0, (-t \)‘.(V—) ‘ s (u,) ——Qf'\" vaate 3i(4) %
o | & || © Mgt 301- we) (- uled)
= — —_— c = 0 .‘(o
O _& ] _\_ ’ Loow.?&ys S X—owkw\ }““N °‘ e MTL?
" —
! & - Mcw\g‘— 2: (92 Vzgﬂ—“ig"\) Q\‘ﬂ_
\ \ o * {iness IO e
= - oi(w) £\

-

ble
Can we formulate shut-down costs similarly? '\39-\ (e @ hoth -LU( ad ‘;Ww )

ﬁ
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Example with Start-up Costs

=  Formulate the previous problem, including start-up costs, as a MILP (compare with

the Dynamic Programming solution) viey= |
= Initial condition is all generators are on ==7\\j,(c) = | O"H‘
- \
Gen. Pupin  Pmax Cost/power \ Start-up cost Hour| 1 2 3
1 15 7 73 4
) . " s q P, |55 8 4

A AW
ek oph. Viddee, Yegd Ve .

Kow h«‘:ms onnadn ©

l 229,00+ 13 %) + A Q¥ Y S2.()
’x et 8‘0«\-% QO'Z\'

VS <Py 2 v 3
ey £ T2 w6

Y, (¥) + (9.,_ (\() s?b(\&)

gnd [5002 W -Vl =23
ENO RN OEAN (o)

Xz L’P‘(\\ V) ). ’?,,(s)

V) .- Ve ) Velh) - - NL3)
S. (V) - - Sh () S0 S 31

w= 1.1'3

) 2V, 09 - ! y w=n% Mmin & ¥
mZ | Srlw) 2V, (e \h.(v. ¢ =¢) c
3 [ Sz(\) ‘b(\\ V(o) kﬁ: —t‘q.

V () ,\h(.“\ ‘310“) ‘51.(“\ &?0, \} (‘% X J:_ob)



Example with Start-up Costs

Formulate the previous problem, including start-up costs, as a MILP (compare with

the Dynamic Programming solution)

Initial condition is all generators are on

Gen. Puin Pmax Cost/power Start-up cost

1 1.5 7 7.2 4
2 1 6 7.8 4

Hour

1 2 3

5.0 8 4

Problem formulation — define variables
3
min Y~ 7.2P; (k) + 7.8Py(k) + 4s1 (k) + 452 (k)

k=1
5.t
1.501 (k) < Py(k) < 7.201 (k)
lug(k) < Pa(k) < 6ua(k)
Py(k) + Po(k) = Pr(k)
s1(k) > vi(k) —vi(k—1), sa(k)>va(k) —va(k—1) for k=23
s1(1) > vi(1) — w1 (0), s2(1) > vg(1) — wg(0) for k=2,3
vi(k) € {0, 1}, wa(k) € {0, 1}  fork=1,2,3

.5000 | ?&U-)

.0000

.0000
Pt

.0000

oo | o)
':' “

L0000 7

.0000
.0000 _

oo ] V(o)

[ N A RS

B e e e

0 «

A —

s Ry

0 o
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Example with Start-up Costs

=  Formulate the previous problem, including start-up costs, as a MILP (compare with
the Dynamic Programming solution)

. What if initial condition is all generators off?

Gen. Puin Pmax Cost/power Start-up cost Hour | 1 2 3
1 1.5 7 T 4
2 1 6 7.8 4 Pr |55 8 4
i X £ —
= Problem formulation — define variables s
A)‘ AB 5.5000

P\,,)(\(c ‘ocq 7.0000

l‘oé’)(é% 4.0000

r min Z 7.2P; (k) 4+ 7.8Py (k) + 451 (k) + 4s5(k)
k=1 ~——
Shebve

- 1.0000
0

1.5v1 (k) < Py(k) < 7.201(k) 1.0000
1.0000

lvg(k) < Pa(k) < 6vo(k) 1.0000
0

Py(k) + P2(k) = Pr(k) 1.0000
si(k) 2 vi(k) —vi(k—1), sa2(k) = va(k) —v2(k—1) for k=23 1 clcmg

s1(1) > v1(1) — v1(0), s2(1) > v2(1) —we(0) for k=2,3
\ vi(k) € {0, 1}, wo(k) € {0, 1} fork=123




Start-up and Shut-down Costs

How can we take both start-up and shut-down costs into account?

o \ﬁ we hane ,‘?—4—_& shakop ar__i drotdocon Cort ﬂos‘c cu loe winpl Jncal

° \BQ\AM S () aud Bh ()
sga‘\a@ %\m‘—éoun

Ve | Vi | 3:) | stews)
% o \ ) >
O I | o
t S O \ [
%;(y.\'s\\: Cu), 0w @ ?,0,\15 A } | &
—

*
(&(u\ “ i) = Ui) - Vilen) N

1) = Shi() = Vi) —vi(o)  e=)

wnoLwn




Summary of Start-up and/or Shut-down Costs

= If we have start-up costs only:
D) 2 Vi) -0 (k-)  w=72,--4W and di Slul\,p cost l‘b eost
. . () no"'l'os,
i) 2 V) =i (o) \Lv

Yo

= If we have shut-down costs only:

! \ é“’u QOS-‘-
) 2 Wile) - Vi) 1=, )W v o o

M) 2 vilo) - v, Q)
A
WWhowoy

= = If we have both start-up and shut-down costs:

prev slide ad add shukp ad Shotorn cg,p‘/v‘lq\- C'Ca"/

a9
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Topics that Will be Covered

Unit Commitment Problem Formulation
Dynamic Programming
Mixed Integer LP Formulation

Other Solution Methods — Final Comments
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Unit Commitment — Solution Methods

The goal of the UC is to “commit” generation units (on-off)
and optimize their output power for a certain period of
time ("--3— 24 L\oovs)

(M«gl\

So far, we have studied two methods that can be used for
solving this problem:

1. b‘swic ?YOSWWWS (&lviﬂ"lﬁ osed bo sdve
2 M_LL‘? (‘?tmokx\‘ou\
osk: bb\’maw (Mol | aPLEX) 4o cs\uuglokm

Other solution nz.“etshea-‘s u\tilized:
(211 ¢ "TX3

o Lagrange relaxation

o _Benders decomposition

Bus 39@
us

Bus

Bus

20

Bus

Q —

LR

Load and Generation Powers
- P L I
P
|
—a= P Lo
E P,o-o-a- 00007 u.u
\,
'y h
- S0 o @ ®

cooeeoogiegREeCeaRgOoq o0
P 83582887 u.
F )\

-85 ® -]

0 5 10 15 20 25

H(_'I] 1rs

60



Final Thoughts — Unit Commitment

The goal of the UC is to “commit” generation units (on-off)
and optimize their output power for a certain period of
time

We have studied two methods that can be used for solving
this problem:
1. Dynamic Programming

2. Mixed Integer Linear Program

Unit Commitment is used mainly in US electricity markets
(see NE ISO document on UBLearns)

PowerGlobe forum: (QQWA\
http://www.ece.mtu.edu/faculty/ljpbohman/peec/globe/

We did not take network constraints into consideration:

Unit commitment + network/security constraints
? = Security Constrained Unit Commitment (SCUC)}
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