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1 Data for Six-bus System

The one-line diagram is shown in Fig.1. The unit data and line data are shown in Table 1 and Table 2,
respectively. Table 3 presents the load and uncertainty information. Column “Base Load” shows the hourly
forecasted load. Assume that the load distributions are 20%, 40%, and 40% for Bus 3, Bus 4, and Bus 5,
respectively. %1 and 23, in Table 3 are the bounds of the uncertainties at Bus 1 and Bus 3, respectively.
The uncertainty bounds at other buses are 0.
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Figure 1: One-line Diagram for 6-bus system

Table 1: Unit Data for the 6-bus System
# pmin pmax  p, a b c R* RY C, Cy; T Tf T,

1 100 220 120 0.004 13.5 1769 24 24 180 50 4 4 4
2 10 100 50 0.001 32.6 1299 12 12 360 40 3 2 3
6 10 20 0 0.005 176 1374 5 5 60 0 1 1 -2

pmin pmax py: min/max/initial generation level (MW);
fuel cost ($): aP? +bP +c;

R*,R%*: ramping up/down rate (MW /h);

Cw,Cq: startup/shutdown cost ($);

7o 7°f Ty: min on/min off/initial time (h)

*This work is supported by the U.S. National Science Foundation Project Number ECCS-1549937. The authors are with
the Robert W. Galvin Center for Electricity Innovation at Illinois Institute of Technology, Chicago, IL 60616, USA. (e-mail:
hye9@hawk.iit.edu; yge9@hawk.iit.edu; ms@iit.edu; lizu@iit.edu).



Table 2: Line Data for the 6-bus System

from 1 1 2 5 3 2 4
to 2 4 4 6 6 3 5
x(p.u.) 0.17 0.258 0.197 0.14 0.018 0.037 0.037

capacity(MW) 200 100 100 100 100 200 200

Table 3: Load and Uncertainty Data for the 6-bus System (MW)

Time (h) Base Load @y, 1u3; Time (h) Base Load wy,; s

1 175.19 1.09 0.29 13 242.18  19.68 5.25
2 165.15 2.06 0.55 14 243.6 21.32 5.68
3 158.67 2.98 0.79 15 248.86  23.33 6.22
4 154.73 3.87 1.03 16 255.79  25.58 6.82
5 155.06 4.85 1.29 17 256 27.2 7.25
6 160.48 6.02 1.6 18 246.74 2776 7.4
7 173.39 7.59 2.02 19 24597  29.21 7.79
8 177.6 8.88 2.37 20 237.35  29.67 7.91
9 186.81  10.51 2.8 21 23731  31.15 8.31
10 206.96  12.94 3.45 22 232.67  31.99 8.53
11 228.61  15.72 4.19 23 195.93  28.16 7.51
12 236.1 17.71 4.72 24 195.6 29.34 7.82

Table 4: Marginal Costs at Different Generation Levels ($/MWh)
Gen. 1 Gen. 2 Gen. 3

PP PP mar. cost Py Py mar. cost P P¥ mar. cost

100 124 14.396 10 28 32.638 10 12 17.71
124 148 14.588 28 46 32.674 12 14 17.73
148 172 1478 46 64 32.71 14 16 17.75
172 196 14972 64 82 32746 16 18 1777
196 220 15.164 82 100 32.782 18 20 17.79

2 Traditional SCUC Formulation

The objective of the ISOs/RTOs is to minimize the total operation cost to supply the load. It can be
formulated as

minz Z CF(Piy) + Cl(I;4), (222)
Pt

where CF'(P;;) is the fuel cost function in output level P;; for unit i, and C/(I;;) is the cost function related

to the unit status I;;. The objective function (22a) is subject to system generation-load balance constraint,
as formulated in (22b), where the total generation equals the total load.

Z Pi,t = Z dm,ta Vtv (22b)

where d,, ; is the load demand at bus m at time ¢. The power loss is ignored in this paper. The transmission
line flow constraint is modeled as

~F <Y Tim Piy—dpy | <FLVLL (22¢)
m i€G(m)



In the following context, we also denote the net power injection as P;lft.

Pi= Y Piy—dmy (23)

i€G(m)

The power generation is subject to the unit capacity limits (24a), and unit ramping up/down limits (24b-24c).

Ii,tpimin < Py < I P, YLt (24a)
P»L‘7t - Pz’,(t—l) S T;L(]. - yi,t) + Piminyi,t’ Vi, t (24b)
=Pt + P i-1) < 7"?(1 — zi¢) + P;ninzi,hwa t (24c)

where I; ¢+, y; +, and z; ; are the indicators of the unit being on, started-up, and shutdown, respectively. Units
also respect the minimum on/off time constraints which are related to these binary variables [1].

3 Detailed Formulation for Problem (RSCUCQC)

RSCUC) P cf
( (m Y, inIH}l? eF Z Z t + ( ))

s.t. (22b), (22¢), (24&) — (24c¢), minimum on/off time limit
and

F ::{(x,y,z,I,P) : Ve € U,JAP such that

DSTAP = eVt (25a)
i m

L P < Py + APy < I P Vi, t (25b)

—RI(1 = ziy41) < APy < RM1 — y;4), Vi, t (25¢)

APY, = 3" APy —ep, Vit (25d)
i€G(m)

“F <Y T (P, + APR) < By W t} (25¢)

The basic idea of the above model is to find a robust UC and dispatch for the base-case scenario. The
UC and dispatch solution are immunized against any uncertainty € € &. When uncertainty € occurs, it
is accommodated by the generation adjustment AP;; (25a). Generation dispatch is also enforced by the
capacity limits (25b). Equation (25c¢) models the ramping rate limits of generation adjustment AP; ;. In
fact, the right and left hand sides of (25c) can correspond to a response time AT, which is similar to the
10-min or 30-min reserves in the literatures [2]. (25e) stands for the network constraint after accommodating
the uncertainty.

4 Detailed Formulation for Problem (MP) and (SP)

O) i gy 3230 (CF (R + €1 (1)

S.T. (22b), (226) (24a)-(24c), minimum on/off time limit

SCAPE =3 ek k€K (264)
I P < Pz-.,t + AP, < I, PP Vi t,Vk € K (26b)
APF, < R¥(1—y;4), Vi, t,Vk € K (26¢)



—APF, < RI(1— 2441), Vi, t,Vk € K
—-F < ZFZ m (P, + APMFY < By VE € KVt

APIE = Z APF, —
1€G(m)

vm,t,Vk € K,

mt’

and

(SP) Z:= max min ZZ St T Smt)

ecU (stT,s7,AP)ER(e€)
Re) = {(s+ sT,AP):
ZAPN = Z (€m,t + St — Smut), Vm,t

_F< Zrl m(P‘“J P;:;Jt) < FLVILt

AP;;LI,Jt = Z AP; i — (€mt + SJnrz,t - 5;,1,:&)
i€G(m)
sj;L s Smit = 0,Vm,t

(25b), (25(;)}

(26d)
(26e)

(26f)

where K is the index set for uncertainty points € which are dynamically generated in (SP) with iterations.

It should be noted that é* is the extreme point of U. Variable APkt is associated with é*

function in (SP) is the summation of non-negative slack varlables sm . and s,

m,t?

. The objective
which evaluates the viola-

tion associated with the solution (z,y, z, I, P) from (MP). s}, and s, , are also explained as un-followed

uncertainties (generation or load bheddlng) due to system limitations.

5 Lagrangian Function for Problem (RSCED)

L(P,AP,\,a, 3,7)

+ZZ<OZM< it zt 1—7; (l_gi,t)_PiIEingi,t>+@i,t(Pi,t71_Pzt_r (1—2’”)

}9) SEICHED N0 STAED SEHES 9 ol CRERS AL TSP NUILENR)

o yt))

(et - ) (S ) ¢ (S - S

+ZZZ( thFAP thmaX)+ﬂ1t(lthm ii*APi’ft))

keKk t i
+ Z Z Z <C_¥§t<APi]?t - RY(1— @zt)) —ay t(APkt + Rd( 2”))>
kex t i

+Zzz(mt(znmpm APy Fl)_m(znmpw pmb)m))

ke t

6 Proofs for lemmas and theorems

6.1 Proof of Lemma 1

Proof. Consider é¥, > 0, % < 0. With a small perturbation § > 0 to €k, +» we replace er + With er

(28)

-9

n (RSCED). As the 7rm ;< O then the optimal value to problem (RSCED) increases. It means that there



are violations for the original optimal solution P;; to problem (RSCED) with éfmt — J. Hence, the optimal

solution P;; to problem (RSCED) cannot be immunized against the uncertainty ek . — 6. Tt contradicts
with the robustness of the solution P;;. Therefore, if éﬁ%t > 0, then 2 0. Slmllarly, if € em + < 0, then
u,k
Tt < 0. O
6.2 Proof of Lemma 2
Proof. Assume i € G(m), according to the KKT condition
OL(P,AP,\
( Y ) l;aaﬁ’n)zo7 (29)
OAPY,

we have

kt - @ft + d?,t - @?,t - )‘? + Z(ﬁlk,t - ﬂﬁt)rl,m =0. (30)

Then (17) holds. If w,unkt > 0, then 8, +a¥, > 0 as gF,, BF,,a%,, and af, are non-negative. According to
the complementary conditions for (7b) and (7d), at least one of (7b) and (7d) is binding. Hence, APF, =
min{fi’tﬂmax — P4, R¥(1 — §;,4)}. Similarly, the other equation holds when w;llkt <0. O

6.3 Proof of Theorem 1

Proof. The congestion fee at ¢ is

DGR DD ED D

i€G(m)
—erlm(nltJrzmt Mt — ant)P“”
ke ke
=2 (mt+th+m+Zm) F—Afy)
keKx keK

The first equality holds following the definition of net power injection. The second equality holds according
to (8) and ) . ijt = 0. The third equality holds following (19). The sign change of n;, and Y, 77,
in the third equation is because of the definition of power flow direction. The credits to FTR holders
2 mosn) (Tt — T ) FTRiy, can be rewritten as

Z Z ((Fl,n - Fl,m)(ﬁl,t - 7_7l,t + Z (ﬁlk’t - ﬁlk’t))> FTRm—)n

m—n [ kex
Two cases are considered as follows.

1. If Af; is non-zero, then 7;; and 7;; must be zeros. In this case, the congestion fee related to [ at ¢ is
Z(ﬁlk,t + Hlk,t)(Fl - Afl,lt)~ (31)
ke

And the credits to FTR holders are
Z (an,t - Wrez,t)FTRmHn

(m—n)

= Z Z Z(Flm - Fl,m)(ﬁlk,t - ﬂlk;t)FTRm%n

(m—n) 1 kek

<ZZ 771t+771t

ke



The first equality holds following 7;; = m¢+ = 0. The inequality is true as the amount of FTR,,—,
respects

_E < Z (Fl,'m - Fl,n)FTRm—>n < E

m—n

according to the SFT for FTR market [3-5]. Hence, the maximal credit to FTR holders is Y, - (77, +
Z?zk,t)Fl for line [ at ¢. Comparing with the congestion fee in (31), the FTR underfunding is (20).

2. If Afy; is zero, the congestion fee related to [ at t is
(e +m) B+ D>+ i) B,
kek

which is the same as the maximal FTR credit. Hence, FTR underfunding is 0 at ¢ for [.

6.4 Proof of Theorem 2

Proof. According to Theorem 1, the FTR underfunding value is (20). Therefore, we need to prove that the
money collected from uncertainty sources can cover the FTR underfunding and credits to generation reserve.
Without loss of generality, we consider the payment collected from uncertainty sources at time t for é*

Zﬂ—;;,ktéfnt
72(}& Zrlm 77“ Ult))
,ZAPftA’@ ZZFM Me—nte) (Y AP

1€G(m)
+ Z(ﬁz,t + i) A S
]

:Z Z sztAP +Z(ﬁlk,t +7]lk,t)Afl,t

m ieG(m)

_Zﬂ-nu APzt +Z 771t+7h t)Aflt

The first equality holds according to (9). According to (7a), (7f), and (7g), the > >, I‘Lmﬁl’fﬁfmt in
the second line can be rewritten as

ZZDmmt( Z (AP}, + Py) — ) antpl

1€G(m)

_erlmmt Z AP, t+Znu(ZFzm’ - )
i€G(m

—erlmnlt Z Aszt +Z771tAflt
i€G(m)

Hence, the second equality holds. The third equality holds from (9). Therefore,
2.0 Una=2 2 OL+D D Ol

the payment collected from uncertainty sources can cover all the credits to the generation and transmission
reserves. O



6.5 Proof of Competitive Equilibrium

Proof. P;; and (Q;Y, down) are coupled by constraints (15) and (16). According to (17), we can rewrite
generation reserve credit as

u,up ~Hup u down down _ z : u,k k
7T77;,t i,t + 7rm tAP
ke

nk k ~k k k
:Z( it @z‘,t T+ a5 — gi,t)APi,t

ke

Z i thax Piﬂf) + gf,t(Piat — fi,tPimin) (32)
by +041t (RY(1—§it)) + af RI(1 = Zi441)

Substituting (32) into problem (PMP;), we can decouple P; ; and (Q;?%, down) In fact, we also get all terms
related to P;; in Lagrangian L(P,\, «, 8,n) for problem (RSCED). Since the problem (RSCED) is linear
programming problem. Therefore, the saddle point P ;, which is the optimal solution to (RSCED), is also
the optimal solution to (PMP;). Consequently, unit 4 is not inclined to change its generation output level
as it can obtain the maximum profit by following the ISO’s dispatch instruction ]52 ¢+ Therefore, dispatch

signal P; ; and price signal (78 T 5 7rmkt) constitute a competitive partial equilibrium [6]. O

7 Stoarge Model in Case 2 for IEEE 118-Bus

E; = E; 1+ p*PP 4 p°PF vt
0< B, < E™™ vt

0<—-PP <IPRP wt

0 < PE <IFRC Vvt

IP 418 <1,vt

En, = Ey,

where E; denotes the energy level, PP and PL represent the discharging and charging rates, and I and
IF are the indicators of discharging and charging. As the UMP is the major concern in this section, we use
simplified parameters for storage. The discharging efficiency p? and charging efficiency p¢ are set to 100%.
The capacity E™** and initial energy level Fy are set to 30 MWh and 15 MWHh, respectively. The maximal
charging rate R” and discharging rate R are set to 8 MW /h.
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