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Abstract—As the installation of electronically interconnected
renewable energy resources grows rapidly in power systems, system
frequency maintenance and control become challenging problems
to maintain the system reliability in bulk power systems. As two of
the most important frequency control actions in the control centers
of independent system operators (ISOs) and utilities, the interac-
tion between Economic Dispatch (ED) and Automatic Generation
Control (AGC) attracts more and more attention. In this paper,
we propose a robust optimization based framework to measure
the system flexibility by considering the interaction between two
hierarchical processes (i.e., ED and AGC). We propose a cutting
plane algorithm with the reformulation technique to obtain seven
different indices of the system. In addition, we study the impacts of
several system factors (i.e., the budget of operational cost, ramping
capability, and transmission line capacity) and show numerically
how these factors can influence the system flexibility.

Index Terms—Economic dispatch, automatic generation control
(AGC), flexibility management, robust optimization, cutting plane
method.

NOMENCLATURE
A. Sets
B Set of buses.
g Set of generators.
Gt Set of generators at bus b.
L Set of transmission lines.

B. Parameters

CP, Penalty cost for generator n in dynamic AGC con-
straints.

T Budget for the total operational cost.

CREGU-  Regulation up cost for generator n.

CREGD»  Regulation down cost for generator n.
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Spinning reserve cost for generator n.

Transmission capacity of transmission line [ (MW).
Maximum generation amount (MW) of generator n.
Minimum generation amount (MW) of generator n.
Maximum regulation up amount of generator n.
Minimum regulation up requirement of the system.
Maximum regulation down amount of generator n.
Minimum regulation down requirement of the
system.

Maximum spinning reserve amount of generator n.
Minimum spinning reserve requirement of the
system.

Maximum ramping up rate of generator n.
Maximum ramping down rate of generator n.

Shift factors of transmission line [ and bus b.
Nominal load amount at bus b.

Nominal system load change amount at sub time
interval ¢.

The maximum deviation amount from nominal load
amount at bus b.

The maximum load disturbance amount from the
nominal value at sub time interval ¢.

Minimum system frequency change at sub time
interval ¢.

Maximum system frequency change at sub time
interval ¢.

C. Random Parameters

dy
Ady

Random load on bus b (MW).
Random system load disturbance (MW) at sub time
interval t.

D. Decision Variables
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reg,

Generation cost function of generator n.

The scale of upper deviation of load at bus b.

The scale of lower deviation of load at bus b.

The scale of upper deviation of system load within
one sub time interval t.

The scale of lower deviation of system load within
one sub time interval t.

Generation amount of generator n (MW).

Slack variable for dynamic AGC constraints for gen-
erator n at sub time interval ¢.

Slack variable for dynamic AGC constraints for gen-
erator n at sub time interval ¢.

Regulation up amount of generator n (MW).
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reg? Regulation down amount of generator n (MW).

ST, Spinning reserve of generator n (MW).

Ap%lf‘f The reference AGC signal for generator n at sub time
interval ¢.

Ap%t The prime power generation change of generator n
at sub time interval ¢.

Awy System frequency change.

I. INTRODUCTION

S THE 3D (decarbonization, digitization and decentral-
A ization) trend becomes the mainstream in the evolution of
energy systems, more and more renewable energy resources are
installed in the bulk power systems. For example, as projected
by U.S. Energy Information Administration (EIA) [1], the total
share of electricity generation from the renewable energy will be
38% by 2050. In particular, solar energy and wind energy will
contribute 17.5% and 12.54% of the total electricity generation
by 2050 respectively. Moreover, New York state plans to reach
100% carbon-free by 2050 [2], and California state sets its 100%
clean electric power goal by 2045 [3]. The increase of these
carbon-free and non-dispatchable energy resources requires the
enhancement of the digital management capability of ISOs and
utilities.

In order to hedge against the variability and uncertainty of
renewable energy generation and therefore achieve a high pen-
etration of renewable energy to the power system, the concept
of flexibility has been proposed and investigated, to gauge the
capability of the power system in addressing the variability
of the net demand (demand net of wind and solar) [4], [5].
From the time scale’s perspective, the flexibilities on plan-
ning and operations of the power system have been recently
investigated. For example, the index of insufficient ramping
resource expectation (IRRE) is proposed in [6] to reflect the
flexibility of the power system in the generation expansion
planning. Operational flexibility and local flexibility for the
power system operated by transmission system operators are
discussed in [7]. From market design’s perspective, ISOs de-
veloped different commodity products for the electricity market
to capture the flexibility of the resources. For example, CAISO
and MISO developed market-based flexible ramping products
that can improve the availability of the system’s ramping ca-
pacity [8]. ERCOT designed a fast frequency response prod-
uct to maintain sufficient primary frequency control capability
under a high penetration of renewable energy [9]. In addition,
MISO is investigating short-term reserve products to enhance
the system flexibility and ensure reserve deliverability [10].
All these new market designs effectively provide the pricing
signal to flexible resources in the energy market system. On the
resource level, researchers have investigated flexible generation
resources such as combined-cycle power plants [11] and [12],
pump-storage plants [13], battery energy storage [14] and [15].
These complex operation models of multi-cycle or multi-stage
energy resources in the electricity market not only can strengthen
the capability of the grid to respond to the dynamic change of net
demand, but also can reduce the operational cost of the electricity

grid [16]. In addition, the modeling approaches for aggregations
of flexible resources such as virtual power plants and distributed
energy resources aggregators have also been studied in [17]
and [18].

In this paper, we focus on the flexibility of the power system,
motivated by the flexibility metric framework proposed by the
researchers from ISO-NE [19]. In [19], the system flexibility is
measured in four dimensions (i.e., time, action, uncertainty, and
cost). In the time dimension, the short-term flexibility indicates
the capability of the system in responding to emergencies or
contingencies from minutes to hours. The long-term flexibility
indicates the capability of the system in adapting the change of
the generation portfolio, system topology, and regulator policy.
In the action dimension, different control schemes (e.g., auto-
matic generation control, economic dispatch, unit commitment,
outage management, generation and transmission expansion)
can be taken by system operators based on different response
time windows to address the variability of the net demand. In
the uncertainty dimension, system operators need to manage
resources to tackle randomnesses such as equipment failures or
forecasting errors of the net demand. Then, the cost restricts the
availability of control schemes. With these, the overall system
flexibility of the economic dispatch under the uncertainty can be
calculated in a systematic way, and the problem can be reformu-
lated as a classic two-stage robust optimization model [20], [21],
and [22].

In the current electricity market practice, ED, which usually
runs every 5 minutes, provides generation resources with the
base dispatch point and regulation reserve capacity [23], [24],
and [25]. However, the traditional ED process does not con-
sider the impact of dynamic AGC, which is executed every
2-6 seconds, with the objective of maintaining the system
frequency. This conventional ED-AGC hierarchical model may
not be able to provide sufficient system flexibility under a high
renewable penetration to track the second-to-second net demand
variation [26] and [27]. Therefore, we will study the flexibility
management by explicitly considering the interaction between
ED and the dynamic AGC.

The contributions of our paper can be summarized as follows.

1) We propose a robust optimization based framework to
measure the system flexibility of the dynamic AGC con-
strained economic dispatch process. Then, we develop
a separation framework to effectively solve the robust
feasibility problem.

2) We propose seven flexibility indices for a systematic eval-
uation of the system flexibility, and analyze the system
characteristics by using the flexibility management tool
to help the system operator understand the impacts of
multiple system factors (e.g., budget, ramping capability,
and transmission line capability) on the system flexibility.

We organize the remaining part of this paper as follows.
Section II describes the mathematical formulation of the sys-
tem’s flexibility based on the AGC constrained economic
dispatch. Section IV reports the studies of flexibility in
IEEE standard systems. Section V concludes the findings of
our paper.
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II. MATHEMATICAL FORMULATION OF FLEXIBILITY

In this section, we deploy a robust optimization based frame-
work to measure the system flexibility of the economic dis-
patch with the dynamic AGC. In current practice, within every
5-minute interval ED run, the system frequency is adjusted by
AGC to its nominal value for every 2—6 seconds. In this paper,
we consider the system dynamics within an ED run cycle, i.e.,
5 minutes. That is, the overall time horizon is set to be 5 minutes.
Within the ED cycle, we consider all the AGC cycles as a
set of time interval 7. Both load at each bus and system load
disturbance in each time period are assumed to be random and
are within an undetermined variation range. That is,

dy € Up(A) = [dy — A{"dy, dyy + AP dy), Vb € B
and

Ady € Uy () = [Ady — A" Ady, Ady + 2P Ady), Yt e T,

where d,, and (fb represent the nominal value and maximum
deviation of the load at bus b in the economic dispatch, and Ad,
and Ad, represent the nominal value and maximum deviation of
the system load disturbances at each AGC cycle time period ?.
Notice that the load change on each bus in the economic dispatch
is an average value in the five minutes economic dispatch cycle.
In the 2—4 second AGC cycle, the system operator use system
load disturbances to capture the dynamic process of the system

load. A}Zpt}d”} € [0,1] represent the scales of the deviation for
the corresponding variation range. Unlike the traditional robust
optimization model that the size of the uncertainty set is pre-

defined, in our model, we will obtain the largest size of each

uncertainty set by deciding the scales A}sﬁid"}, to measure the

system flexibility that the system can accommodate.

Based on the economic dispatch with dynamic AGC model
proposed by [27], we develop a flexibility measurement model
as described in Section II-A.

A. Formulation

max Yy (dpa? + dphi") + > (Aday? + Adirf™) (1)

beB teT
s.t. Z (0Cn(pn) + CRESVnpeglU 4 CREGD: 1o D

neg

+ CSRsry) + > CPLAFAOCT

teT
+Y CP AP <7 (1b)
teT

Pn + regy + st, < PR Vn € G, (lc)
Pﬁi“ < pn— regB,Vn €q, (1d)
regy < REGY,Vn € G, (le)
rege < REGL,Vn € G, (1f)
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s, < SR Vn € G, (I
PY — pn < RDR (1h)
pn — P, <RUR (1i)

App i1 = Z(O‘i,nApliv,[t + BinApig ) + ynAw
ieg

+ (. Ady,Vn € GVAd, € Uy, Yt € T, (1)

Awpyg = Z(/ﬂAplxt + TiApffF) + pAw; + nAdy,
=9
VAd, € Uy, Yt €T, (1k)
S (AP — AP + AT - AR
neg
= KAthrth € T (11)
ApY, ., — Ap), <RUR,,VneGVteT (1m)
ApY, — ApY, s <RDR,,VnegvteT (1n)
—regP < Ap,RLFtF <reg.VnegvteT (lo)
Aw™® < Awy < Aw™ Ve T (1p)
D pa =Y dy=0,Yd, €U, (19)
neg beB
Z sr, > SR™M, (1r)
neg
Z regy > REGMiV, (1s)
neg
> regy > REGM™, (1t)
neg
—F <Y SE(Y | p—dy) < F,Vdy € Uy, (1)
beB negh

U D AGC+ AGC—
pn,regn?regnasrn7Aft aAft Z Oa

ApREF, Apl:fi7 Aw; free,

n,t

AP g AP i € [0,1),¥b € B,Yn € GVt € T,
(Iv)

where the objective function is to maximize the variation
range of the uncertainty. This model has the decision vari-
ables including p,, regy, regP, sr,, AftAGCJr, AftAGC_,
ApREF APM, Awy, 1,7, Adm, 24P, 1. Constraints (1b) repre-
sent the budget constraint, which indicates that the total fuel cost
and the penalty cost should not exceed a budget 7. Constraints
(1c) and (1d) represent the generation limits of traditional ther-
mal units that take account of generation output, regulation and
spinning reserves. Constraints (1e)—(1i) represent the capacities
for providing regulation up, regulation down, spinning reserve
services, ramping up/down, respectively. Constraints (1j)—(11)
represent AGC dynamic system constraints, i.,e., the transfor-

mation of state vectors Ap) ;. ApREF, Aw, from ¢ to ¢ + 1 given
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any demand disturbance Ad,;, where the matrix components
a, B,v,(, K, T,p,n can be calculated by numerous methods
such as zero-order hold method [27]. Constraints (1m) and (1n)
restrict ramping up and ramping down limits. Constraints (10)
indicate that the governor generation change should not exceed
the regulation service reserved, and constraints (1p) restrict
the limit of system frequency change. In addition, the power
balance constraints are described in (1q), which should be held
for any load realization within the uncertainty set; constraints
(1r)—(1t) describe the overall spinning reserve, regulation up,
and regulation down requirements respectively, and constraints
(1u) represent the transmission capacity constraints.

B. Solution Methodology

First, for notation brevity, we use matrices and vectors to
represent constraints and variables, and rewrite the above model
in an abstract compact form (denoted as ACF):

(ACF) max a2 (2a)

s.t. Ajx < by, (2b)

Asx = Had, Vdy € Up(X), VD € B, (2¢)

Asx < Hsd, Vdy, € Uy(r), Vb € B, (2d)

Agy = HyAd, Ady e Upy(X), Yt €T,  (2e)

Asy = bs, (2f)

Agy < b, (2g)

Az + Agy < by, (2h)

where x = (p,regY,regP, sr), y = (ApM, ApREF, Aw,

AfACCH AFACCT) d = (dy,...,dy, - )pes,and Ad = (Ady,
-+, Ady, -+ )ieT; Objective (2a) represents (1a); constraint (2b)
represents (1c)—(1i) and (Ir)—(1t); constraint (2c) represents
(1q); constraint (2d) represents (1u); constraint (2e) represents
(1j) and (1k); constraint (2f) represents (11); constraint (2g)
represents (1m), (1n), and (1p); constraint (2h) represents (1b)
and (10).

We deploy cutting plane method to solve the problem. Since
the problem is to find the largest deviation of the uncertainty
set that the system can accommodate, i.e., the largest value of A
without making the constraints (2b)—(2h) infeasible, therefore,
only feasibility cuts are needed.

1) Master Problem and Subproblem: We first decompose
problem ACF into a master problem (denoted as MAP) and a
subproblem.

(MAP) max a’ (3a)
s.t.g(h) <0 (3b)
0<ir<1 (3c)

Here, the feasibility cuts are represented in (3b), and 0, 1
represent vectors with all components 0 and 1 respectively At the
beginning of the iterations, the A, generated by solving the master
problem, makes the subproblem (4a) infeasible. The feasibility
cuts in (3b) can help cut off these points (i.e., A). To generate the
feasibility cuts, we first describe the feasibility check problem

(denoted as FEA) as follows:

(FEA) | 095 o, B 175 .
st. Ajx —s1 < by, (4b)
Agz + 55 — 55 = Had, (4¢)

Asx — s3 < Had, (4d)

Agy + sf —s; = HyAd, (4e)

Asy + s§ — s5 = bs, (4f)

Agy — s6 < bg, (42)

Arx + Agy — s7 < br. (4h)

If X is feasible, then the optimal value of (FEA) will be 0.

2) Reformulation of Subproblem: Now we take the dual of
the inner minimization of subproblem (FEA) and combine the
dual problem with the outer maximization problem, then we can
get the following formulation:

(DFEA) d,,eub%%i)feu,,,# bl +d" HY g + dV HY pi
+ Ad"HY g+ bF 15 + b§ 16 + b7z (52)
st AT py + AL pp + A ps + Al pr <0, (5b)
Al pa + A ps + AL pe + AL pr = 0, (5¢)
—1 <, <0,k € {1,3,6,7} (5d)
=1 <, <1,Vk € {2,4,5}, (5e)

where ji1, [42, 43, 4, [5, [e, (o7 are dual variables for constraints
(4b)—(4h) respectively.

In the above formulation (DFEA), we have bilinear terms
d"HY py, d"HT ps, and AdTHF py. We will deal with
d"HY 3 first. Let N; represent the dimension of j; and A*
represent the optimal solution of problem (MAP). Based on
the property of d, Vb € B, we can rewrite it as dp = dy +
A M dp — 2z kZ’d"db. Here we introduce two binary variables
z; and z, to indicate the deviation direction. Note that the
variables A*"P and 1*%" have been fixed for DFEA problem.
Therefore, we can replace the bilinear term dTH dT 13 as follows:

N3
d"Hi s = Z ZdeB,i,b,USJ
beB i=1

N3
= Z Z(deS,i,bNB,i + 0 Py Hs i vz i3,
beB i=1

- )\Z’dnde?,,i,bZ;/t?,,i) (6a)

itz =121, 2 €{0,1} (6b)

In (6a), we have two bilinear items zlf p3,; and z, pi3 5, which
can be further linearized by introducing auxiliary variables H;,_ b
and p5 , .. By following the approach indicated in [28], we have
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the following reformulation which is equivalent to (6a):

N3
dTHY ps = Z Z(des,i,bM:s,i

beB i=1
+ )\ZMp(inS,i,bM;hi - )»Z’dndes,i,bﬂg,W) (7a)
— 2y S gy i S Hay S 1=z +pse, (Tb)
=2, S Mg M3 S Mgy <12t (7€)
o +z = 1,2, 2 €{0,1}, (7d)
~1<pd,, <0,VbeB,Vi=1,...,Ns. (7e)
—1<pg,, <0,VbeB,Vi=1,...,Ns. (7f)

For d"HJ iy and Ad" H{ iy, we can use a similar ap-
proach. We will use d” HY ji5 as an example and the other
follows the same approach. Since ps € [—1,1], we can re-
place it with p5 —pb and —1 < p% <0 and —1 < pb <
0. Then d"HY py = d" HI py — d" HT 1. For dT HT 1% and
dTHT 18, we will follow the same procedure of (7a)—(7f) to lin-
earize them. Therefore, we can reformulate the (DEFA) problem
as follows:

N2
; ,
(RDFEA) max b jn + % Zl{deQ,i,b(:“g,i — 15;)
=
up 3 , , Jdn - =
A0 Py Hy i (s — 1) — Ay dp Ho i (1 — 1 )}

N3
+ Z Z(deS,i,bMB,i + o Pdp H i g,
beB i=1

Ny
— AZ’dndes,i,bug,M) + Z Z{AdtH4,i,t(M2,i — 1y )
teT i=1

=Up A g n,+ P+
A PAd Hy i (b — 1)

— )\,z’dnACitHzl,i,t(//fZ:;i - #Z;z)} + bspis + bejis + brpir

st. ATy + AL pg + AT s + AT 7 <0, (8a)
ATy + Al ps + AT e + AL iz = 0, (8b)
=2 < il M5 < paly <12+ s (8¢)
Vi € {n,p},Ya e {+,—},Vbe B,Vie {1,..., Na},
—zy S US s M3 S pges <1 — 2 + pa, (8d)
Vo€ {+,-},Vbe B,Vie {1,..., N3},
=2y Sl m S e < 1= 20+l (8e)
Vi € {n,p},Ya e {+, -}, Vt € T,Vi € {1,..., Ny},
gtz =1 2 42 =1, VeEBVLET, (8f)
-1 <ui* <o, (8g)
Vi€ {2,4},Vk € {n,p},Va € {+,—}
~1<pu$ <0,V) € {3},Va € {+, -}, (8h)
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1< <0,V € {1,3,6,7)

(81)
(1)

If the objective value n7* of subproblem (RDFEA) is greater
than 0, we can obtain the following feasibility cut:

n) =
Ny o
Z (Z deZ,i,b(M;,Jg,’i* - szﬂg:) + Z deSJﬁH;;i) "
beB \i=1 -

N2 R N3 .
¥ (z sl — )4 S dﬂu) A

beB \i=1 i=1

Ny
7 et +) 5 Ul
BN Ad Ha (T — A

teT i=1

Ny

3 nes g d

=) > AdiHugo(uyy — Hh A"
teT i=1

No
+ oy + Z Z dyHo,i b (15 — b )
beB i1=1

N3 Ny
+ Z Z dyHs i i ; + Z Z AdyHy 0 (i — 1)

beB i=1 teT i=1

+ bs s + bepig + brpz < 0 ©)

3) Algorithm Framework: We summarize our cutting plan
method framework in Fig. 1 as follows:

1) Solve the master problem (MAP) and obtain the optimal
solution A*.

2) Test the feasibility of the subproblem by solving dual
reformulated DFEA problem with A*.

3) If the optimal value n* of DFEA > 0, then update the
master problem by adding feasibility cut (9) and go to Step
2. Otherwise, terminate and return the optimal solution and
objective value of master problem.

III. FLEXIBILITY INDICATORS

In this section, we propose several flexibility indicators to
measure the system flexibility to obtain more information on
the system’s capability in handling uncertainty. In our problem,
we analyze seven different system flexibility indicators: total
flexibility (TF), economic dispatch flexibility (EDF), AGC flex-
ibility (AGCF), economic dispatch upward flexibility (EDUPF),
economic dispatch downward flexibility (EDDNF), AGC up-
ward flexibility (AGCUPF), and AGC downward flexibility
(AGCDNF) based on the simulation results. The definitions of
these flexibility indicators are shown in (10a)—(10g).

S (dhi? + dghd™) + 3 (Adhi® + Adpaf™)

TF = : -
2032, (db) + X per (Ady))

(10a)
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3y (dohy” + dAi™)

EDF = A (10b)
2>, dy
AGCF = Lrer(Adiny” + AACZ“\?") (10c)
2 Zte’f Ady
_
EDUPF = Eb(dbgb) (10d)
p» &b
7 1dn
EDDNF = Mbg‘) (10e)
b» b
Ad\MP
AGCUPF — 27 (BdiMT) (10f)
ZteT Ady
A 7 )\dn
AGCDNF = M (10g)
g
ZteT Adt

The TF can gauge both static and dynamic system capabil-
ity to handle the uncertainty caused by forecasting errors of
load and renewable energy resources. The EDF reflects the
static capability of the system. The AGCF indicates the ca-
pability of the system to respond to the disturbance in real
time. The EDUPF and EDDNF can explain up and down static
flexibility of the system. The AGCUPF and AGCDNF can
describe the up and down dynamic flexibility of the system,
respectively.

Notice that all these flexibility indicators are normalized,
which means the ranges of these flexibility are in [0, 1]. Let us
use the TF to get the insight of the system. When all the A in the
numerator are zero in TF, TF is zero which means the system has
no flexibility and cannot handle any uncertainty and disturbance.
When all A in the numerator are 1 in TF, TF is one which
means the system can fully response the load change within the
uncertainty set. When all 1, and A{" are zero, then EDF is zero,
which means the system does not have any economic dispatch
flexibility. When all A;” and A{" are one, then EDF is one, which
means the system can achieve its maximum economic dispatch
flexibility within the uncertainty set. When all A;"” and A{™ are
zero, then AGCF is zero, which means the system does not have
any AGC flexibility. When all A;” and A¢" are one, then AGCF
is one, which means the system can achieve its maximum AGC
flexibility within the uncertainty set. Similar analysis can be
applied to other flexibility indicators.

IV. CASE STUDY

In this section, we test the performance of the proposed
flexibility management model with the modified IEEE 118-bus
system [29]. These cases are tested by using Julia [30] and
CPLEX [31] on Intel Xeon Silver 4216 CPU and 128 G memory.

To get the insights on how the system operators can improve
their system flexibility by using limited resources, we investigate
on which factors will have impacts on the system flexibility.
More specifically, we study key factors including the budget
of operational cost, ramping capability, and transmission line
capacity.

TABLE I
SYSTEM FLEXIBILITY UNDER DIFFERENT BUDGETS

Budget| SF | TF | EDF | AGCF | EDUPF | EDDNF | AGCUPF | AGCDNF
0 1 10.195/0.207| 0.13 | 0.002 | 0.413 0.014 0.246
1 1.01]0.271]0.294 | 0.151 | 0.176 | 0.413 0.027 0.275
2 1.05]0.349|0.357| 0.31 0.3 0.413 0.272 0.347
3 1.1 0.36 (0357|0378 | 0.3 0.413 0.358 0.398
4 1.5 10.383|0.357 | 0.515 0.3 0.413 0.499 0.531
5 2 | 0.39 10.357| 0.561 0.3 0.413 0.542 0.58
6 2.510.391|0.357 | 0.565 0.3 0.413 0.546 0.585
7 3 10.392]0.357| 0.568 | 0.3 0.413 0.548 0.588
8 4 10.392/0.357]0.574 | 03 0.413 0.552 0.595

In the nominal case, there are 30 units online and the system
load is around 86.3% of the total capacity of online units.
We assume the uncertain range of the net load at each bus is
[—5%, 5%)] and the system load disturbance is within the range
[—1%, 1%].

A. Impact of Operational Cost

In this subsection, we first investigate the impact of the
operational cost budget by increasing it gradually (denoted from
B0 to B8 in Column 1, Table I). We set the budget of the base
case (denoted as B0) as the optimal operational cost of the
economic dispatch under the nominal foretasted net load. Then
we incrementally scale up the budget by using the scale factor
(SF) as shown in Column 2 in Table I. For example, the budget of
B8 is four times of the budget of BO. All other system parameters
are the same in these 9 cases. We report the simulation results
of the proposed flexibility indicators under different budgets in
Table I.

From Columns 1-5 in Table I, we can observe that three flexi-
bility indicators (i.e., TF, EDF, and AGCF) are non-decreasing as
the budget increases. On one hand, for EDF, when the budget is
increases by 5% from B0 to B2, the EDF increases significantly
for each level of the budget. Once the scale factor (SF) reaches
1.05, EDF remains as a constant number. On the other hand,
the AGCF constantly increase until the budget reaches to BS.
After that, the AGCF has a very small increase. In addition,
we can see that the AGCF is very small when the budget is
low. That is because that when the budget is low, EDF will be
allocated to more operational cost budget as it has more weight
than AGCEF in the objective function. But when the system has
more budget for operational cost, which is sufficient for the
operational cost of the economic dispatch, it will start to allocate
budget to the dynamic AGC part. Therefore, with more budget
available, AGCF will incur more operational costs. But when
the total budget is sufficient for both ED and AGC costs, EDF
will not increase and AGC will have very few increments. In
addition, the increment of AGCF will result in the increment of
TF. We show the trends of indicators TF, EDF, and AGCF in
Fig. 2. The Y-axis represents the flexibility indicator values and
the X-axis represents the sacle factor. As the flexibility indicators
increase, the system has more flexibility.

We further analyze the trend of EDF by looking into its two
components: EDUPF and EDDNF, and we show the trends of
these three factors in Fig. 3. From the figure, we can observe
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TABLE II
SYSTEM FLEXIBILITY UNDER DIFFERENT RAMPING CAPABILITIES

SE BO B3 BS5

TF | EDF |AGCF| TF | EDF |AGCF| TF | EDF | AGCF
1 ]0.195|0.207 | 0.130 | 0.36 [0.357| 0.378 | 0.39 |0.357| 0.541
1.01]0.19610.208 | 0.131 [0.364 | 0.361 | 0.380 | 0.394|0.361 | 0.541
1.0510.19910.212| 0.135 |0.3740.374| 0.377 | 0.402 | 0.374 | 0.547
1.1 10.204|0.217 | 0.140 |0.379|0.377 | 0.389 | 0.406 | 0.376 | 0.558
1.5 10.237]0.249 | 0.175 |0.406|0.401 | 0.436 |0.429|0.399 | 0.583
2 10.251]0.261 | 0.200 |0.422]0.411| 0.483 | 0.445|0.409| 0.624
2.5 10.253]0.261 | 0.214 |0.4290.411| 0.521 | 0.454| 0.41 | 0.677
3 10.255|0.261 | 0.222 | 0.431]0.411| 0.537 | 0.46 | 0.41 | 0.712
4 10.257(0.262| 0.231 [0.432]0.411| 0.541 |0.467|0.411| 0.751

o4 .-
04 o=
0.35 — BDO
2 --- BDIO
034 e BDI9
0.25 -
0.2
T T T T T T
1 12 14 16 18 2
SF

Fig. 5. Trends of TF under different ramping capabilities.

that EDDNF does not change as the budget changes but EDUPF
increases and becomes stable when a higher budget is available.
That is because the operational cost only includes the fuel cost
of thermal units, which means that it can reflect the cost caused
by increasing the thermal generators’ output. In other words,
the economic dispatch upward flexibility can be restricted by
the system budget when the system experiences a high load and
a low renewable energy output. Therefore, the budget of the
operational cost has a significant impact on EDUPF, especially
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TABLE III
SYSTEM FLEXIBILITY UNDER DIFFERENT TRANSMISSION LINE CAPABILITIES

SF BO B3 BS
TF | EDF | AGCF| TF | EDF |AGCF| TF | EDF | AGCF
1 0.195/0.207| 0.130 | 0.36 |0.357| 0.377 | 0.39 |0.357| 0.561
1.01 {0.199/0.213| 0.130 [0.365|0.362 | 0.377 {0.395]0.362 | 0.561
1.02 {0.204|0.218| 0.130 [0.369|0.368 | 0.377 | 0.400 |0.368 | 0.561
1.03 {0.208|0.223| 0.130 [0.373|0.372| 0.377 {0.403 10.372| 0.561
1.04 |0.211/0.227| 0.130 [0.373]0.372| 0.377 {0.403 10.372| 0.561
1.05 {0.21310.229 0.132 [0.373|0.372| 0.377 {0.403 10.372| 0.561
1.06 {0.21310.229| 0.132 [0.373|0.372| 0.377 {0.403 10.372| 0.561
> 1.07]0.214|0.229| 0.136 [0.373|0.372| 0.377 | 0.403 |0.372| 0.561
O
035
= BDO0
E 0.3 --- BDI10
....... BDI19
0.25 +
0.2 /
T T T T T T
1 1.02 1.04 1.06 1.08 1.1
SF
Fig. 6. Trends of TF under different transmission line capabilities.

when the budget is close to the cost of the economic dispatch
under nominal case. On the contrary, since there is no cost when
generators reduce their output, the budget has little impact on
the economic dispatch downward flexibility.

In addition, we show the trends of AGCF, AGCUPF, and
AGCDNF in Fig. 4. We can observe that the AGCF is monotonic
non-decreasing as the budget increases. Similarly, AGCUPF
and AGCDNF both increase monotonic non-decreasing as the
budget increases. Because the regulation up/down costs are
both limited by the budget constraints, if the budget constraints
are related by a larger budget then the AGC units can provide
more regulation capability to the system, which means the
AGC flexibility indicators can be increased by purchasing more
regulation service. Once the scale factor of the budget reaches
BS, all flexibility indicators increase slowly.

B. Impacts of Ramping Capability

In this subsection, we report simulation results by increasing
the ramping capability of generators under three different budget
settings (i.e., BO, B3, and BS5). Then, we test different ramping
capability settings of all generators in the system to check how
flexibility indicators change with ramping capability under a
fixed budget. We report flexibility indicators (i.e., TF, EDF, and
AGCEF) in Table II and show the TF curves in Fig. 5.

Fig. 5 shows that the increasing ramping capability can im-
prove TF of the system. Under all budgets (BO, B3 and BS), the
EDF increase until to SF factor reaches to 2.0. After this value,

TABLE IV
COMPUTATIONAL PERFORMANCE

# Avg (s)
161 8.19

Max (s)
35.78

Min (s)
5.62
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Fig. 7. Optimal value of upper deviation (1, “") at each bus.

the EDF is almost constant. However, the AGCF has sustained
increase as the SF increases under all budget scenarios. From
this table, we can observe that the ramp capability can benefit
the system flexibility significantly.

C. Impacts of Transmission Line Capacity

In this subsection, we study the impact of transmission line
capacity on the system flexibility. Similar to the setup of ramping
capability experiments, we study the system flexibility under
three different budgets (i.e., BO, B3, and B5). Then we test dif-
ferent scenarios of all the transmission line capacity in Table III
by changing the scale factor.
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We can observe that under the budget B3 and B5, AGCF
remains unchanged, and under budget B0, it changes slightly.
This also indicates that improving the transmission capacity has
a marginal impact on the AGCF. On the contrary, Fig. 6 demon-
strates that a larger transmission line capacity can improve TF
for a fixed budget until TF reaches its maximum value. When
the scale factor greater than 1.07, the flexibility indicators will
not change as shown in the last row of Table III.

D. Computational Performance

In this subsection, we report the statistic information of the
computational performance of our algorithm. As shown in the
Table IV, we test 161 cases in total. The average computational

time is around 8.19 s. The maximum and minimum values are
35.78 s and 5.62 s.

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 37, NO. 2, MARCH 2022

0.8

0.6

0.4

Values of Case B0

0.2

D

Time Interval

0.8

0.6

0.4

Values of Case B3
Q

0.2 A

Time Interval

0.8 4

0.6 4

0.4 4

Values of Case B5

0.2 4

0 T T T T T T T T
0 20 40 60 80 100 120 140
Time Interval

Fig.9. Optimal Value of Upper Deviation (1; ") at Each AGC Interval.

E. Values of Deviations

In this subsection, we report the optimal A values obtained by
the flexibility evaluation model by using scatter plots. In each
plot, X -axis represents the bus index and Y -axis represents A
value. The blue points represent the points with the lowest A
value and the red points represent the points with the highest
X value. The color of points will gradually change as the cor-
responding A value changes. Fig. 7 and 8 report the optimal
values of the upper/lower deviations (i.e., A", AZ’d") at each
bus of the system under three different budget settings (i.e., BO,
B3, and B5). Fig. 9 and 10 report the optimal values of the up-
per/lower deviations (i.e., A}, 1;"*™) at each AGC cycle (inter-
val) of the system under three different budget settings (i.e., BO,
B3, and B5S).

From Fig. 7, we can observe that as the budget increases,
more buses will allow maximum upper deviations. However, as
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Fig. 10. Optimal Value of Lower Deviation (A:’d") at AGC Interval.

shown in Fig. 8, the number of buses that allow maximum lower
deviations is not affected too much by the budget. The reason is
that under the current setting of the model, no costs occur with
the dispatch down actions. From Figs. 9 and 10, we observe
that more AGC cycles (intervals) will allow the maximum
upper/lower deviations as the budget increases. This verifies that
the system can better handle the system load disturbance when
the system operational budget is high.

V. CONCLUSION

In this paper, we proposed a flexibility management frame-
work to model economic dispatch with dynamic AGC con-
straints. The proposed framework can be solved by conduct-
ing reformulation and decomposition. We further proposed
seven system flexibility indices (i.e., TF, EDF, AGCF, EDUPF,
EDDNF, AGCUPF, AGCDNF) to reflect the system flexibility

and studied how the system factors such that the operational
cost budget, ramping capacity and transmission line capacity
can impact the system flexibility. We found that the budget of
the operational cost can significantly contribute to all indicators
expect EDDNEF, and the improvement of ramping capability can
significantly enhance the EDF and the AGCF. In addition, we
discover that the transmission capacity only contributes to EDF.
As the future work, we will study the power system flexibility
with considering the inertia of the resources in the system.
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