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ABSTRACT This paper presents a novel corrective frequency-constrained unit commitment (C-FCUC) for
island power systems implementing analytical constraints on underfrequency load shedding (UFLS). Since
UFLS is inevitable for sufficiently large disturbances, it can be argued that less spinning reserve could be
held back since UFLS takes place nonetheless. Congruently, the reserve criterion should consider UFLS
likely to occur under disturbances. The C-FCUC can be converted into a preventive frequency-constrained
unitcommitment (P-FCUC) or a standard security-constrained unit commitment. Thus, the C-FCUC is a
generalization. The proposed formulation is successfully applied to two representative Spanish island power
systems of La Palma and La Gomera. Results confirm that the proposed model can reduce generation costs
while reducing the expected amount of UFLS.

INDEX TERMS Island power system, frequency stability, unit commitment, under frequency load shedding.

ACRONYMS Aj Weight associated with breaking point j.
BESS Battery energy storage systems. arg Auxiliary variable [€ R*].
C-FCUC Corrective frequency-constrained unit com- Aj Breaking point.
mitment. 1is  Auxiliary variable [€ RT].
ED Economic dispatch. H S ‘ Available inertia after losing unit £ [s].
MILP Mixed integer linear program. H; Inertia of unit i [s].
P-FCUC  Preventive frequency-constrained unitcom- J Number of the breaking points.
mitment. j Breaking point index.
RelLU Rectified linear unit. K; Base power [MW].
RES Renewable energy source. M A relatively big number.
SUC Standard unit commitment. pPFLS Amount of UFLS after outage of unit £ [MW].
ucC Unit commitment. . pf ' Maximum power with no UFLS [MW].
UFLS Underfrequency load shedding. gbase Base power [MW].
T Delivery time of units [s].
NOMENCLATURE u Auxiliary variable [€{0,1}].
C-FCUC: u Auxiliary variable [€{0,1}].
Vi Binary operator of affine segments [€{0,1}].
IA(f ¢ Sum of turbine-governor gain after losing unit £. standard unit commitment (SUC):
£ Index of the lost unit.
The associate editor coordinating the review of this manuscript and D Demand [MW].
approving it for publication was Nga Nguyen . Z  Set of all generators.
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T Set of all time intervals.

Pi Maximum power output of generator i [MW].
Ri Maximum ramp-up of generator i [MW].

DT Minimum down-time of generators [hours].

gc(.)  Generation costs [€].

sc(.)  Start-up costs [€].

uT Minimum up-time of generators [hours].

P; Minimum power output of generator i [MW].
R, Maximum ramp-down of generator i [MW].
Cy Multiplier for the required reserve.

i Index of generators.

Power variable [MW].

Solar generation variable [MW].

Wind generation variable [MW].

Online reserve power variable [MW].

Alias index for time intervals.

Index of time intervals.

Commitment variable [€{0,1}].

Start-up variable [€{0,1}].

Shut-down variable [€{0,1}].

solar

wind
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I. INTRODUCTION

Operational planning for island power systems primarily
occurs through a centralized, sequential approach managed
by the system operator across various timeframes. Optimal
operational planning faces constraints, notably concerning
the security of the power supply. Typically, ensuring the
security of supply entails mandating a minimum level of
spinning reserve. This reserve is tapped into when unforeseen
disturbances occur [1].

Currently, the spinning reserve criterion remains static,
ensuring that the reserve capacity is adequate to cover distur-
bances up to N — 1 in terms of power [2]. However, primary
frequency control may not always activate the spinning
reserve promptly enough to mitigate frequency excursions
effectively. Consequently, under substantial or even moderate
imbalances in active power, UFLS occurs to stabilize
frequency decay in island power systems. Subsequently, non-
spinning generation is rapidly initiated to counterbalance the
imbalance. Given that UFLS becomes unavoidable during
significant disturbances in small systems [3], one could argue
for a reduction in the amount of spinning reserve held,
as UFLS is bound to occur regardless. Therefore, the reserve
criterion could incorporate the likelihood of UFLS during
disturbances. The aim here is not to unnecessarily increase
UFLS occurrences, but rather to decrease the necessary
spinning reserve capacity.

The literature has extensively addressed the timely acti-
vation of spinning reserves through primary frequency
control under the framework of P-FCUC, which incorporates
constraints on post-disturbance frequency indices. P-FCUC
methodologies can broadly be categorized into analytical
(e.g., [4], [5], [6]) or data-driven approaches (e.g., [7], [8]).

In [4], the frequency nadir is approximated with high
precision using a piece-wise linear function, and the
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resulting constraint is reformulated as a mixed integer linear
program (MILP) problem using separable programming.
Reference [5] utilizes a stochastic unit commitments (UCs)
to optimize various frequency-related services concurrently.
The approach is designed for low inertia systems char-
acterized by substantial renewable energy source (RES)
integration. The stochastic model leverages scenario trees
generated through a quantile-based scenario generation
method. To linearize the frequency nadir constraint, an inner
approximation method is applied to one side of the constraint,
while a binary expansion technique is used to approximate
the other side as a MILP problem employing the big-M
method. Reference [6] introduces a two-stage chance-
constrained stochastic optimization method to determine
the optimal thermal UC and placement of virtual inertia.
Among the data-driven approaches, optimal classifier tree
is utilized in [8], deep neural network is employed
in [9], and logistic regression is used in [3], among other
approaches. Reference [7] compares an analytical frequency-
constrained UC with data-driven models leveraging machine
learning, highlighting their respective advantages and
disadvantages.

However, relying solely on primary frequency control may
not always suffice to restrain frequency deviations promptly
within island power systems. Particularly, in scenarios of
significant active power imbalances, such as those resulting
from the outage of a single generating unit, UFLS may
become necessary to stabilize the frequency. Non-spinning
generation is swiftly engaged to rectify the imbalance and
replenish the spinning reserve. Given the inevitability of
UFLS during substantial disturbances [10], [11], one might
argue that holding a reduced amount of spinning reserve
is reasonable, since UFLS will occur regardless. Thus,
the reserve criteria could incorporate the probability of
UFLS during disturbances, thereby reducing the ongoing
requirement for spinning reserve and subsequently lowering
the generation costs of the system.

A methodology presented in [12] combines economic
dispatch (ED) with dynamic simulations to assess the cost of
spinning reserve against the risk of load shedding for a known
UC schedule. Integrating UFLS into security-constrained UC
results in C-FCUC, which, despite its potential advantages,
has received limited attention. A preliminary step toward
C-FCUC is discussed in [13], where an analytical expression
is introduced to estimate UFLS, assuming a linear increase
in total generation over time and a known disturbance.
The resulting non-linear expression is approximated by
predefined discrete UFLS blocks, which are further linearized
using K-block piecewise linear functions. In a recent
advancement [14], the previous approach is expanded by
distinguishing between fast and slow generation, resulting in
anonconvex expression for estimating UFLS. Again, discrete
UFLS blocks are assumed, enabling the definition of a set of
convex second-order cones based on the considered blocks.
This approximation of the nonconvex expression leads to a
mixed-integer second-order cone program.
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Another solution to alleviate the inertia scarcity and
improve the frequency response is by adding fast frequency
response devices to the system. Reference [15] introduces
a probabilistic optimization scheme for configuring battery
energy storage systems (BESS) to effectively manage
uncertain power fluctuations and ensure frequency deviation
remains within predetermined thresholds. Then in [16] a
multi-objective optimization approach for determining the
optimal siting and sizing of BESS is introduced to effectively
manage frequency excursions and alleviate line overload
during significant disturbances.

While most of the mentioned P-FCUC formulations
strive to circumvent UFLS, which is achievable in larger
systems but smaller and particularly island power systems it’s
either impractical or prohibitively costly. Previous C-FCUC
proposals have assumed convexification of the formulation
using UFLS blocks and presumed an overall linear increase
in generation responses over fixed time intervals. However,
it’s crucial to note that generation responses vary based on the
generation dispatch in small island power systems. Moreover,
these proposals often either consider known disturbance sizes
or focus solely on the outage of the largest generation units,
disregarding the fact that even the failure of medium-sized
generation units can trigger UFLS [17]. The incorporation
of constraints depicting potential UFLS, thereby leading to a
C-FCUC approach, has received limited attention. Based on
the argument in [14] the power flow constraints are ignored in
the presented paper, firstly because the frequency is a system-
wide metric. Secondly, Operators typically address the unit
commitment and energy dispatch challenges sequentially,
first establishing nominal plant operation and subsequently
adjusting for line flow deviations.

This paper contributes to bridging this gap by formulating
analytical constraints for UFLS. The proposed C-FCUC
approach transforms into a P-FCUC approach when faced
with significant UFLS costs, while the standard unit
commitment (SUC) is obtained by omitting the UFLS-
related constraints. The contributions of this paper are as
follows:

e a C-FCUC framework that integrates and optimizes
potential UFLS alongside inertia and spinning reserves
to ensure system security following the outage of each
generation unit.

e An analytical formulation designed to estimate the
potential amount of UFLS by considering individual
generation responses and constraints, rather than relying
on overall generation responses.

o Exploration of two real-world Spanish island power
systems, selected to represent stereotypical sizes that
mirror numerous existing islands worldwide.

The rest of the paper is organized as follows: first,
the SUC formulation is briefly reviewed in section II.
The formulation of the proposed C-FCUC is presented in
section III. Section IV applies the proposed C-FCUC to
two Spanish island power systems. Section V concludes the

paper.

VOLUME 12, 2024

Il. SUC FORMULATION

The operational planning problem of island power systems
is typically formulated as a Unit Commitment (UC) problem,
aimed at minimizing variable operation costs over a specified
horizon. The UC is tasked with determining the hourly
schedule of generating units for the given time horizon,
which could range from weekly UC to daily UC schedules,
among others. The SUC is formulated as a MILP problem,
as described in [3].

min sc(xi) + ge(pri) (la)
Xpi—X—1i=Yi—ui te€T,iel (1b)
yitzi<1l teT,iel (lc)
t
> wi<xg te{UT,....T) (1d)
s=t—UT;+1
t
D, wisl-x; 1€{DT....T} (o)
s=t—DT;+1
pri>Pixii teT,iel (1)
Pritri < 51‘)@,1‘ teT,iel (1g)
pi—1i—Pi<R; teT,iel (1h)
pri—Pi-1i<Ri teT,iel (11)
D e+ ™M+ p =D, teT (1j
i€l
D> ni=Cixpe teT, (1k)
i€T il

The objective is to optimize eq. (la) subject to the
constraints outlined in eq. (1b) to (1k). Equations (1b)
and (1c) encode the binary logic constraints inherent in the
UC problem. Equations (1d) and (1e) represent the minimum
up-time and minimum downtime constraints for the units,
respectively. Equation 1f ensures that each generating unit
operates at or above its minimum power generation level.
Equation 1g imposes an upper limit on the power generation,
ensuring that the sum of power generation and power reserve
for each online unit does not exceed its maximum output
capacity. Equations (1h) and (1i) enforce the ramp-down and
ramp-up constraints on the units, respectively. Equations (1j)
represents the power balance equation, ensuring that power
generation matches power demand. Finally, Equation 1k
is the spinning reserve constraint, guaranteeing sufficient
reserve to compensate for active power disturbances in the
event of the loss of generating unit £. The coefficient Cy
is set to 1.0 for thermal unit loss, while for modeling a
single equivalentRESs generation, C; represents the expected
fraction of RESs generation to be lost.

lll. C-FCUC FORMULATION

The C-FCUC method estimates the required amount of UFLS
following a disturbance, although it does not determine its
distribution among the loads. This section elucidates the
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procedure for estimating UFLS and integrating it into the
SUC formulation.

A. ESTIMATION OF UFLS

Short-term frequency dynamics predominantly hinge on
inertia (whether physical or emulated) and turbine-governor
systems. The pivotal generation loss resulting from the outage
of the generating unit ¢, denoted as pf’e, which induces
the nadir frequency deviation to breach a predetermined
acceptable threshold AF™IT can be approximated using
eq. (2) (refer to [18]).

ZHZZI%;Z(AFnadir)Z(Sbase)2 — (pf’Z)Z (2)
where
Hiy= > Hx, 3)
ieZ,i#l
And
~ K;
KS — _1 . 4
= z T,-x"’ “4)
i€l i#l

If the outage of a generation unit, C; X p; ¢, exceeds pf’ i
UFLS is triggered. Conversely, if the outage is less than pf) o
no UFLS is necessary. In cases where the nadir frequency
deviation AF™4Ir ig sufficiently large, the critical imbalance
always surpasses the outage of each generation unit, resulting
in no UFLS. Ideally, the amount of shed load, pff,js, can be
determined as follows:

if Cg X Prt,e >pf1£

UFLS __ [ Ce X pre —P,C,g, )

ne 0, otherwise.

This ideal value of p;";® serves as an estimate for both

advanced and conventional UFLS schemes, as proposed in
the existing literature [18].

Equation (2) holds under the condition that generation
output limits are not exceeded. This assurance is ensured by
imposing the following constraint on the absolute generation
output, allowing each generation unit i to supply the
necessary power during the transient.

A

Kix; ;i . —
pri+ Ié—s”’pf,g <Puixii i€l i#l (6)
t,l

To formulate the C-FCUC, eqgs. (2), (5) and (6) need to be
linearized and integrated into the SUC formulation described
in section II for the outage of each generation unit £.

B. LINEARIZING UFLS-RELATED EXPRESSIONS

The non-linear equations that are proposed to estimate the
amount of UFLS involve decision variables from SUC. In the
following subsections, we will address the non-linearities
in Equations eq. (2), eq. (5), and eq. (6) to derive linear,
equivalent expressions.

72340

1) BI-LINEAR TERMS

Considering the definitions of H;, and IA([f ¢, as outlined
in eq. (3) and eq. (4), the product of these variables
will introduce binary-on-binary non-linearities. Addressing
these non-linearities is crucial for achieving a linearized

formulation.

s S
Ht,/é X Kz,e

-k !
T, X1X1 X1X2 ... X1X¢ ... X1Xp H
= T—/Z X¢X] XgX2 ... XgXg ... XgXp H, (7a)
% XpX1 XpX2 oo XpXg « .. XX | | Hy
LT,

To linearize each of the binary-on-binary products, let
u;; = x;x;. Then the following set of constraints can be used
to compute u;;,

ujj < X (3a)
Ujj < Xxj (8b)
wj > xi+x— 1 (8c)

It’s noted that the matrix of x’s is symmetric, and the
diagonal elements are in the form of x;x;, which simplifies
to x;. This characteristic aids in reducing the computational
workload.

2) QUADRATIC TERM
A piece-wise linearization method is employed to linearize
the quadratic term (py, Z)2.

J
Pie= D A (92)
j=0
J
P )° > D (A%, (9b)
j=0
J
Sy=1 (9¢)
j=0
J
Dy=1 (9d)
j=1
Ao =1 (%)
A=Zyvityvi Jje(l,....J -1} (91)
rp =y %92)
Here, the A; are fixed constants that control the
approximation.

3) CONDITIONAL TERM

Equation (5) essentially computes max(0, Cp X p; ¢ — pf’ o)
which is equivalent to the rectified linear unit (ReLU)
function. Although the ReLU function is nonlinear, it has
been utilized in MILP problems previously. The approach
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UFLS

proposed here is inspired by [19]. Accordingly, p;";* can be
estimated as follows:

Ce X pre—pre=pig —are (102)
P < Muj, (10b)
are < M(1— 1)) (10¢)

where a; ¢ is a positive auxiliary variable and u; , is a binary
activation variable. The solution of eq. (10a) is not unique,

unless either pffé‘s or a; ¢ is zero. Equations (10b) and (10c)

make sure that at least one of p;;* and g, ¢ is zero. A more

detailed discussion can be found in [19].

4) TRANSIENT POWER OUTPUT
Equation (6) can be written as,

PpriKi + Kixeip$ ) < PrixeiK§ i€, i#€ (1)

Given the definition of K} in eq. (4), eq. (11) incorporates
numerous binary-on-binary and binary-on-continuous non-
linearities. An important consideration here is that we are
solely concerned with enforcing eq. (4) for online units.
As previously mentioned, eq. (4) ensures that the remaining
online units can utilize their headroom effectively. Hence,
we can assume that xt, i is equal to one in eq. (11). However,
we will introduce an additional term to the constraint to
ensure it is always satisfied for offline units (where their x; ;
is zero). After the modifications, eq. (11) will become,

Pk + I%ipf,g <Pk +M(1 —x;) i€Z, i#¢

(12)
where M is a sufficiently large value. Now, the only
remaining non-linear term to address is p; ;K g , which involves

continuous-into-binary non-linearities. Each pt, ix; s can be
linearized using the following set of constraints,

/

s < Mxi s (13a)
i <Pui (13b)
g = pri— M = Xxp5) (13¢)

where a; ;  is an auxiliary variable that stores the product

Dt.iXt.s- § 1s an alias index of i.

C. PROPOSED C-FCUC METHOD
After calculating p;;*, the associated cost can be incorporated
into the objective function. The objective function of the

proposed C-FCUC is as follows,
min suc(xr,i) + go(pri) + C™ xp/f* (14)

where C"™ represents the cost of UFLS. This cost function
can be based on factors such as the probability of outages
or a constant cost associated with UFLS. Equation (14)
is subject to the binary logic constraints of the problem
(egs. (1b) to (le)), minimum and maximum capacity
constraints (eqs. (1f) and (lg)), ramping constraints
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(egs. (1h) and (1i)), power balance (eq. (1j)), as well as the
linear expressions to estimate the amount of UFLS (egs. (8)
to (10),(12) and (13)) which are introduced in section III-B.
Since the amount of UFLS can be subtracted from the reserve
requirement, the reserve constraint is modified as follows:

z rii = Ce X pe — pyy°
i€l i#L

teT, Ve (15)

IV. RESULTS

This section investigates the effect of the proposed C-FCUC
formulation on the operational planning of two Spanish island
power systems: La Palma and La Gomera.

A. LA PALMA

The La Palma power system comprises 11 conventional gen-
eration units, with a peak demand of approximately 40 MW.
Currently, about 6% of the installed generation capacity
is attributed to RESs. The technical parameters of the
11 generating units are detailed in Table 1.

TABLE 1. Technical Parameters of the Generating Units in La Palma.

Unit | P P Mpgse H K T
MW) | MW) | (MVA) | (5) (pw) | (s)

1 3.82 235 54 175 | 20 8.26
2 3.82 235 54 175 | 20 8.26
3 3.82 235 54 175 | 20 826
4 43 2.82 6.3 173 | 20 8.26
5 6.7 33 9.4 2.16 | 20 8.26
6 6.7 33 9.6 1.88 | 20 8.26
7 1.2 6.63 15.75 2.1 20 8.26
8 115 6.63 145 2.1 20 8.26
9 115 6.63 145 2.1 20 8.26
10 | 115 6.63 145 2.1 20 8.26
1 | 21 4385 26.82 6.5 | 21.25| 3.28

The active power imbalances considered encompass the
loss of any connected generation unit. AF™4Ir ig established
at —2.5 Hz. We will analyze the influence of C""5. fig. la
illustrates the generation schedule derived from the SUC,
while fig. 1b depicts the generation schedule when the UFLS
cost is set to 50 €/MW.

Comparing fig. 1a and fig. 1b, it’s evident that the proposed
C-FCUC begins to distribute generation more evenly among
the units. Unit i7 generates less power, while units i6 and
i5 remain online for longer durations to prevent UFLS
resulting from the outage of i7 in the base case.

The scheduled reserve for the SUC, the proposed model
with C"™* = 0 €/MW, and the proposed model with C"™ =
500 €/MW are depicted respectively in figs. 2a to 2c

Although UFLS occasionally occurs in the SUC, it is not
considered as a potential reserve. In the proposed model,
when the cost of UFLS is set to 0 €/MW, UFLS is factored
in to partially offset potential active power imbalances (i.e.,
generation outages) in certain hours. As less reserve is held
back, lower generation costs can be anticipated. Conversely,
if the cost of UFLS is higher (500 €/MW), smaller units
are enlisted to avoid any potential UFLS. Since smaller units
typically incur higher costs, it is expected that the generation
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Day-ahead scheduled generation of the units, SUC (base case)

-l
2
-3
-l
-5
-6
- 7
- i3
i9
i10
-l
wind
Hour solar
(a) SUC (base case)
Day-ahead scheduled generation of the units, CVF'S=50 € /MW -
i2
-3
-4
-5
-6
- 7
s
i9
i10
-l
wind
. solar

Hour
(b) c-Fcuc, ¢S = 50e/MwW

FIGURE 1. Day-ahead generation schedule of the units.

Day-ahead scheduled reserve of the units, SUC (base case) )

-l

2

-3

-l

-5

-6

-7

-8

9
i0
-l

Hour UFLS
(@) SUC (base case)
Day-ahead scheduled reserve of the units, CUFLS—( /MW ; “]"”‘(l' iPi)

i

2

-3

-

o —
-6

- 7

-8

i9
i0
-

Hour UFLS
(b) c-FcUC, S = oMW
Day-ahead scheduled reserve of the units, CUFS=500 € /MW ; 2‘1‘“"(" Pi)

2

gE--mieuilil. B (=
-

-5

-6

-7

s

9
i0
-

UFLS

Hour

(¢) C-Fcuc, ¢S = 200€/MW

FIGURE 2. Day-ahead reserve schedule of the units.

cost will increase to avoid UFLS, thereby resulting in a more
reliable generation schedule. The outcomes for the SUC and
the proposed model with varying UFLS costs are summarized
in table 2, where SUC cost is the summation of the generation
cost and the UFLS cost considering the specified C"™"5.
Higher UFLS costs lead to a reduction in potential UFLS
occurrences but an increase in generation costs. To better

72342

TABLE 2. Obtained results.

generation cost > pUFLS SUC total cost

SUC 120.68 k€ 82.43 MW B

CUS — 0 e/MwW 117.86 k€ 123.74 MW 120.68 k€
(-2.34%) (+50.11%)

CcYS — 50 /MW 118.99 k€ 36.62 MW 124.80 k€
(-1.40%) (-55.57%)

CcYS = 500 /MW 123.20 k€ 1.03 MW 161.89 k€
(+2.09%) (-98.75%)

CcYS = 1000 €MW 123.80 k€ 0 MW 203.11 k€
(+2.58%) (-100%)

compare the proposed C-FCUC with the SUC, the increments
and decrements are also shown in percentage in table 2.

The calculation of UFLS in the proposed model is
performed using eq. (5), which is nonlinear. As previously
elaborated, linearization was imperative to utilize this equa-
tion in the UC problem. Most of the linearizations employed
in this paper are exact, except for the piece-wise linearization
of the quadratic term, as explained in section III-B2. Figure 3
illustrates the accuracy of calculating UFLS using eq. (5)
compared to the exact value of p; , in eq (2), for every outage
throughout the day in the scenario where C'™ = 0.

Figure 3 demonstrates that the approximation error is
predominantly close to zero in most instances, and for this
specific case study, it remains consistently smaller than
0.15 MW.

Histogram of estimated UFLS minus calculated UFLS, CVFXS=0 €/MW

60

AN

0
—=0.175  —=0.150 —0.125 —0.100 -0.075 —0.050 —0.025  0.000  0.025
MW

Density

FIGURE 3. Histogram of the difference between the exact calculation of
UFLS and the proposed approximation.

The frequency nadir deviation resulting from each outage,
calculated using eq. (2) for both SUC and C"™* = 50 €/ MW
scenarios, are depicted in figs. 7a and 7b.

It is evident that in the case of SUC, numerous active power
imbalances lead to violations of the maximum frequency
deviation of 2.5 Hz. In contrast, in the case of C-FCUC,
frequency deviations remain within bounds.

B. LA GOMERA

The power system of La Gomera is smaller than La Palma.
The peak demand is around 10.5 MW. Again the units in La
Gomera are diesel units. The technical parameters of the units
are detailed in Table 3.

To analyze the effectiveness of the proposed model,
simulations are carried out for the system of La Gomera.
Most arguments are similar to the previous section, but testing
the proposed model on different case studies further proves
the model’s practicality. The reserve provision for the case
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TABLE 3. Technical Parameters of the Generating Units in La Gomera.

Unit| P P Mpase H K T
MW) | (MW) MVA) | () (pw) | (&
1 1.4 0.85 1.4 2 16.39| 2.84
2 1.4 0.85 14 2 16.39| 2.84
3 1.84 0.96 1.84 2 2041 3.72
4 1.84 0.96 1.84 2 2041 | 4.78
5 2.5 1.44 2.5 2 16.39| 2.84
6 2.5 1.44 2.5 2 16.39| 2.84
7 3.1 1.73 3.1 2 10.0 2.75
8 3.1 1.73 3.1 2 16.13 | 2.80
9 1.0 0.63 1.0 2 20.0 3.65
10 0.97 0.39 0.97 2 16.67| 2.88
Frequency nadir deviation, SUC (base case)
il
4 i2
i3
3 id
CI e R S M i
: :
0 i10
0 5 10 15 20 o
(@) SUC (base case)
Q.5 fFmmmmmmmmmmmmmmmm—mmmmmmmmmmmmmmom oo il
2.0 j-:
i
1.5 i5
= — i
1.0 i7
f I 8
0.5 i9
0.0 ‘,:?
0 5 10 15 20
(b) c-Fcuc, ¢S = 50€/MwW
FIGURE 4. The frequency nadir deviation.
Day-ahead scheduled reserve of the units, CVF5=0 € /MW p——
1 2
-3
3 -
= :
1 i8
9
0 i10

Hour UELS

FIGURE 5. Day-ahead reserve schedule of the units, when c'FS = 0.

TABLE 4. Obtained results.

generation cost ~ »_ pUrLs SUC total cost

SUC 40.76 k€ 10.28 MW .

CcYS — 0 e/MW 39.88 k€ 23.36 MW 40.76 k€
(-2.16%) (+127.24%)

CcYS — 50 /MW 40.11 k€ 13.78 MW 41.50 k€
(-1.56%) (+34.05%)

CcYS — 500 MW 4135k€ 1.05 MW 47.65 k€
(+1.45%) (-89.79%)

CcYFS = 1000 €MW 4137kE€ 1.02 MW  54.54k€
(+1.50%) (-90.08%)

that UFLS has no cost, is shown in fig. 5. As shown in
fig. 5 in many hours the amount if UFLS has been able to
contribute in providing the required reserve. A summary of
the obtained results is presented in table 4. Table 4 confirms
again that the proposed method can reduce the generation
costs considerably when the cost of UFLS is low. For higher
costs of UFLS the generation cost will increase, while the

VOLUME 12, 2024

0 Histogram of estimated UFLS minus calculated UFLS, CUFES=( /MW

20

Density

10

0
—0.175  —0.150 —0.125 —0.100 —0.075 —0.050 —0.025  0.000 0.025
MW

FIGURE 6. Histogram of the difference between the exact calculation of
UFLS and the proposed approximation.

Frequency nadir deviation, SUC (base case)

il
4 2
i3
i4
5
6

Hz

i7
1 8

0 i10

(@) SUC (base case)
Frequency nadir deviation, CU"S=50 €/MW

il

i3
i

i5

10 i6
’ i7

0.5 %

0.0 i10

(b) c-Fcuc, ¢S = 50e/MwW

FIGURE 7. The frequency nadir deviation.

summation of UFLS will decrease. Note that in the case of
the La Gomera power system, the summation of UFLS never
recedes to zero.

In fig. 6 the accuracy of calculating UFLS using eq. (5)
compared to the exact value of p;', ¢ ineq. (2), for every outage
throughout the day in the scenario where C"™* = 0 is shown
for La Gomera. As it can be seen, the approximation error is
very low. The frequency nadir deviation resulting from each
outage, for both SUC and C"™ = 50 €/MW scenarios in
La Gomera power system, are shown in figs. 7a and 7b. It
is evident that in the case of SUC, numerous active power
imbalances lead to violations of the maximum frequency
deviation of 2.5 Hz. In contrast, in the case of C-FCUC,
frequency deviations remain within bounds.

V. CONCLUSION

This paper introduces a novel C-FCUC approach tailored
for island power systems, incorporating analytical constraints
on UFLS. Depending on the specified cost of UFLS and
the incorporation of UFLS constraints, the C-FCUC can
seamlessly transition into either a P-FCUC or a security-
constrained UC, rendering it a versatile solution. The
proposed formulation has been successfully implemented in
two Spanish island power systems. Results demonstrate the
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accuracy of the linearized calculation of UFLS and showcase
that the proposed model not only reduces generation costs
but also mitigates the expected amount of UFLS. In smaller
islands, where UFLS is bound to happen after the outages,
co-optimizing generation cost and UFLS cost is necessary,
as they can cover a considerable percentage of the required
reserve.
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