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ARTICLE INFO ABSTRACT

Keywords: Multi-Contingency Transient Stability Constrained Optimal Power Flow (MC-TSCOPF) models optimize the eco-
Energy storage nomic dispatch of power systems while ensuring their stability after a series of reference incidents. This paper
Insular grid proposes a MC-TSCOPF model that represents the power balance at each node of the system and at each sample

Nonlinear programming
Optimal power flow
Power system transient stability

time. The proposed model includes non-linear loads, synchronous generators, a windfarm, and a Flywheel Energy
Storage system (FESS). The model is written on GAMS and solved using a standard Interior Point algorithm. This
study focuses on the Fuerteventura-Lanzarote insular grid in Spain, where stability problems and load shedding
cause high additional costs due to the low inertia of the system. A FESS has been recently installed in the system
to improve its stability, taking advantage of its high-power capacity and rapid response. The proposed TSCOPF
model has been applied to optimize the operation of the FESS to support stability in the event of a contingency.
The results of the study show that 1) a proper model of non-linear loads is essential in TSCOPF studies; 2) the
proposed MC-TSCOPF provides a tool for minimizing the generation costs while ensuring transient and frequency
stability; and 3) it is possible to further reduce the generation costs by using the proposed model to calculate an
optimal dynamic response of the FESS.

Nomenclature State variables
E, E; Generator internal transient voltage [p.u.]
Indices and Sets Erw Stored energy in the FESS [p.u.]
L) Index of nodes, running from 1 to .#° I;J; Generator output current components [p.u.]
. . . o
t Time periods, running from 1 to I Current between nodes (i,j) [p.u.]
N Set of buses :
g Set of time periods 'ph Current through IGBT converters [p.u.]
P, Electrical power in the rotor of the generator [p.u.]
Control variables v Bus voltage magnitude [p.u.]
Egg Field voltage [p.u.] Vi Vref,Rf IEEE1 excitation system inputs [p.u.]
Kwr Binary variable that is equal to 1 if wind farm is con- a Bus voltage pha(tise [r?d].
nected, and 0 otherwise Aw Generator speed deviation [rad/s]

P D ] . b Rotor angle [rad].

injFW>F'absFW  Injected/absorbed active power by the FESS [p.u.] s X .
P, G . 4 . coI Rotor angle of the center of inertia [rad]
p ’ (‘; enerator activeRgd reg#power [p.u.] 1) Bus angle between current and voltage [rad]

wp>%wp  Injected/absorbed power by the wind farm [p.u.] wOpw Flywheel angular velocity [rad/s]
QinjrwsQabsFw  Injected/absorbed reactive power by the FESS

[p-u] Parameters

AP Turbine governor output [p.u.]
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a, b, c Fuel cost coefficients of thermal plants
A, by, ¢, Active power coefficients of the ZIP load model
Ag, by, ¢ Reactive power parameters of the ZIP load model

As, Bs Excitation system saturation coefficients
D Damping coefficient [p.u.]

H Inertia constant [s].

KaKpKE  Excitation system gains [p.u.]

Krg Turbine governor gain [s]

J Flywheel inertia constant [kg-m?]
Ppo,Qpo  Active, reactive nominal load [p.u.]

PR Available wind resource p.u.]

Qlfﬁp Wind farm reactive power reference [p.u.]
Ta Armature resistance [p.u.]

TaTrTE Excitation system time constants [s]

T(;(y Tq,() Generator transient time constants [s]

Trg Turbine governor time constant [s]

Xd-Xq Synchronous reactances [p.u.]

x/d’x; Transient synchronous reactances [p.u.]

Yij Magnitude of the element (i, j) of the bus admittance
matrix [p.u.]

At Time step [s]

Niny,abs  Performance of the synchronous machine

6ij Phase of the element (i,j) of the bus admittance matrix
[rad]

ﬂ’;f&; Steady state FESs speed [rad/s]

o Frequency reference [rad/s]

Abbreviations and Acronyms

COI Centre of Inertia

FESS Flywheel Energy Storage System
MC Multi-contingency

MR Multiple Responses

OPF Optimal Power Flow

SR Single Response

TSCOPF Transient Stability Constrained Optimal Power Flow

1. Introduction

Ensuring stability and reducing generation costs are essential is-
sues in modern power systems. Transient Stability Constrained Optimal
Power Flow (TSCOPF) models have emerged over the last decade as a
tool to combine the economic and secure operation requirements. The
TSCOPF studies include a time-domain representation of the system dy-
namics in the optimization problem to account for the effects that dy-
namic constraints have on the optimal operation.

During the last few years various approaches have been proposed to
address TSCOPF [1-4]. On the one hand, evolutionary algorithm meth-
ods that use stochastic optimization algorithms [5-7] and direct meth-
ods that rely on simplified models [8,9] have been applied to reduce the
size and complexity of the problem in large power systems. Other ap-
proaches have recently included the uncertainty of the renewable gen-
eration for transient stability assessment using probabilistic techniques
[10,11]. On the other hand, direct discretization methods, which dis-
cretize the differential equations representing the dynamics of the sys-
tem and include them in the optimization model as algebraic equations,
have been applied to smaller systems [12-15].

Direct discretization methods have the advantages of including the
dynamics of all the synchronous machines and using standard nonlin-
ear programming solvers, but they are difficult to apply to large. The
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two main problems associated with the direct discretization TSCOPF
studies is the large number of restrictions and variables and the high
nonlinearity of the electromechanical oscillations between synchronous
generators. The size of the model has been reduced in previous stud-
ies by representing the grid and the loads as a linear circuit and apply-
ing the Kron reduction method [12-15]. This approach has the disad-
vantage of representing loads as constant impedances. It is also a com-
mon practice to represent synchronous generators by using the classi-
cal model instead of a standard dynamic model in the dq-axes reference
frame [12-14].

The object of this study is the insular power system of Fuerteven-
tura-Lanzarote in Spain. The small size and low inertia of the system,
which contains two conventional power plants and a wind farm, make
it prone to transient and frequency stability problems. Flywheel Energy
Storage Systems (FESS) have received growing interest in practical stud-
ies as a tool for increasing the stability, especially in small and iso-
lated power systems where stability and frequency problems are major
concerns. High power capacity, short access time, high efficiency, and
small environmental impact make flywheels suitable for this purpose
[16]. A FESS has been installed in the island of Lanzarote. This device
has proven to be a useful resource to improve the frequency stability in
small systems [17-19]. However, the calculation of its optimal response
to a contingency has not been clearly determined in the literature.

This paper proposes a novel Multi-Contingency TSCOPF
(MC-TSCOPF) model based on the direct discretization method. The aim
of the study is to minimize the generation costs while ensuring stabil-
ity. Instead of representing the grid as a linear passive circuit, the pro-
posed model represents the active and reactive power injected at each
node and at each sample time as independent variables. Therefore, this
approach allows modelling loads as standard ZIP models instead of as-
suming constant impedances. Furthermore, it enables the integration of
variable-speed wind farms and FESSs, represented as devices that inject
power according to their control systems and independent of the mag-
nitude of the voltage at the connection point. In the study, the synchro-
nous generators are represented by the transient, 4th-order generator
model, that provides an accurate representation for transient stability
studies as stated in [9,20].

The main contributions of this paper are as follows:

e A direct discretization MC-TSCOPF model that includes non-linear
loads and combines frequency and transient stability constraints.

e The integration of a FESS model into the TSCOPF problem.

® The optimization of the dynamic response of the FESS to reduce gen-
eration costs while ensuring both frequency and transient stability.

The optimization algorithm is applied to a real system in the Ca-
nary archipelago (Spain), where a FESS has been put in operation. The
method proposed here is used to optimize the generation costs while en-
suring stability in the event of any critical contingency. The results are
compared with those obtained with the conventional operation of the
FESS.

The rest of paper is organized as follows: Section 2 describes the pro-
posed TSCOPF model, including the FESS; Section 3 describes the case
study; Section 4 shows and discusses the results obtained when solving
the proposed MC-TSCOPF; and Section 5 concludes the paper.

2. Description of the model

The TSCOPF models based on direct discretization are composed of
two parts: the steady-state and the time-domain period. The steady-state
or pre-fault stage corresponds to the normal operation of the system,
and the time-domain period simulates the behaviour of the system dur-
ing and after a contingency. The time-domain period is subdivided
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into fault and post-fault stages. All periods are included as equality and
inequality constraints and solved in the same optimization problem.
This section gives a complete account of the steady-state and time-do-
main equations of the proposed TSCOPF model, organized according to
the parts and components that compose the power system.

2.1. Grid model

The power balance at each bus and at each sample time is repre-
sented by the following general equations:

I, Visin(8! — af) + I;l.V; cos(8] — af)
— Ppo (A, + B, Vi+ C, (V)

t t t
+ PinjFW,i - P absFw,i T P WP, 1)

- VfZVJ’YU cos(a} — aJ’. -0;)=0
vj

I, Vicos(8) — af) — I;Z.VE sin(8} — o)
— Qpo(Ag; + ByVi+Cp (VYD)
t t t
+ QinjFW,i - QahsFW,i + QWP,i @

- v;Zv]f.Y,.j sin(a} — o — ) = 0
Vi

The first two terms in (1) and (2) represent the power injected by a
synchronous generator, if connected to the bus. The terms containing
Ppo and Qpg Qpo represent loads consisting of a constant power, a con-
stant current, and a constant impedance component (ZIP model). The
terms PapspwsPinyrws Qabsws and Qinypw represent the power absorbed
or injected by any FESS connected to the bus. The power injected by a
wind farm is modelled by Pyr and Qwy, respectively.

The power plant generation limits, current limits in lines and trans-
formers, and voltage magnitude limits at the pre-fault stage are repre-
sented by (3), (4), and (5) respectively.

MIN . AMIN . 0.0 .70 MAX . YMAX . tMAX
{Psi":0g 0} < {PGi’QGi’IL,ij} < {PGi Qi Hpy } 3

1

2
Ii - Y..Z(V(.) cosa® — V0 cos aQ)
G g\ Vi iV j

P “@
- Y?(VO. sina® — V9 sin aQ) =0
g\ "i i J J

Vi) < (v < ("™} ®

Egs. (1) and (2) are included both in the steady-state stage and in each
interval of the time-domain period. Egs. (3)—(5) are only present in the
steady-state stage.

2.2. Power plant model

Egs. (6)-(14) represent the well-known, 4th-order transient synchro-
nous generator model [21], whose state variables are the d-q compo-
nents of the internal voltage, the rotor speed deviation and the rotor
angular deviation. Egs. (6)-(9) are the result of applying the trape-
zoidal rule to discretize the differential equations of the model, and Egs.
(10)—(13) define the initial values of the state variables. Eq. (14) limits
the field voltage in the pre-fault stage.
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1t+1 / It /
Ept (14 a/2m), ) - Bl (1= A1/2T),)

©)
/ / t+1 t _
= (8121, ) (3= ) (121412, ) =0
1t+1 ! It /
ENTN 1+ At/2T0) — Ej (1 - At/2T,,)
1
- (AI/ZTéOi) [E;;, + E;di @

~ Ga =X+ 1)) =0

Aw*! (14 D;At/4H;)
- Ao} (1 -D;At/4H;) — (At/4H,;) (2P, 8)
+ AP+ AP - P = PL) =0

51 = 6} — (At/Dwg(Aat! + Aaf) = 0 ©
Eg = (g = X =0 10)
E:; + G = X))l — Epy; =0 an
P,—-P)=0 19
Ao =0 13)
Efﬁgi”v < E}%l. < E}Z.AX 14)

Eq. (15) calculates the active power output of the synchronous ma-
chines and Egs. (16) and (17) relate the internal variables of the syn-
chronous machine with the variables in the generation bus, at each time
step of the time-domain period. Egs. (18) and (19) calculate the active
and reactive power produced by the power plants in the steady-state
stage.

Peti - Egilttii - E:;tilz;i =0 (15)
V; sin(5§ - az) - Et';l + rw»I;i - x;iI;i =0 (16)
Vicos(s! — a}) — E(';l + raiI;,’ + xéﬁlzﬁ =0 a7
PO, = I V) sin(8) — af) — I V) cos(8) — af) = 0 as)
0g; = 13.V) cos(8) = a) + 17 V) sin(8) — o) = 0 (19)

Egs. (20)-(25) represent the excitation system in each time step of
the time-domain period, modelled as an IEEE Type 1 exciter [21]. Egs.
(20)-(22) result from the discretization of the corresponding differential
equations, and Egs. (23)—(25) define the initial values of the state vari-
ables. Egs. (26) and (27) represent the saturation of the amplifier in the
excitation system.
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Ef! (1 + (K iA1/2T)

B, EY]
= Ef(1 = (KAt /2Tg)) + (Efi1 A e S
By EL,. (20
+EjAge AN 2T
— A(VA + Vi) /2T = 0
(Vi T Ka) QT /At + 1)
— (VF/K4)Q@Ty;/ At = 1) - R o
+ Ry, — (K /Tr)(Eff + Efy)
—(VH VY42V, =0
REN(1 + At/2Ty) — RL(1 - (At/2Tp)
(22)
~ (At /TEEG + Efy) = 0
Bs,;EV .
~(Kyi+ Agie " F)ED + Vi =0 (23)
—Vr? + KAi(R?:j - (KFi/TFi)EJ%,‘ + Vi — V?) =0 (24)
—R% - (KFi/ TFi)E]%l' =0 (25)
Vit s = max(Viit vl ) 26)
v+ = min(Vi™, V’ZZL,,») ©@7)

Finally, the turbine governor is represented by (28) and (29) as a
first-order control loop [15].

APY(L+ At/2Trg) — APY(1 = At/2Ty;)

2.
+ (A1/2T56)(A0 ! + Aa) = 0 ¥ 4

AP? =0 (29)

Egs. (10)-(14), (18), (19), (23)—(25), and (29) are included in the
pre-fault stage and initialize the dynamic algebraic equations of the
power plant. Egs. (6)-(9), (20)-(22), and (28) are the dynamic alge-
braic equations represented in the time-domain period. Auxiliary Egs.
(15)-(17) are included both in the steady-state stage and in each inter-
val of the time-domain period.

2.3. FESS model

Energy Storage Systems are increasingly used in power systems to in-
crease the penetration of renewable energies and improve the dynamic
stability [17]. In particular, FESS have received growing interest as a
tool to improve transient and frequency stability [17,18] because of
their high power capacity and fast response. A FESS consists of a ro-
tating mass or flywheel where energy is stored mechanically as kinetic
energy. An integrated synchronous machine converts the energy from
mechanical into electrical or vice versa, thus enabling the exchange of
power between the flywheel and the power system [22]. Back-to-back
IGBT converters act as an interface between the FESS and the grid, al-
lowing the spinning mass to rotate at a variable speed [23], Fig. 1.
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FLYWHEEL: SYNCHRONOUS
MACHINE

POWER
ELECTRONICS

++ K3 3%
T RIY
o

LOADS)

GRID

K

Fig. 1. FESS connected to the grid.

A FESS is a device capable of exchanging active and reactive power
independently, since it is connected to the network through electronic
power converters. The main control strategies for FESS are: 1) Improve-
ment of frequency and transient stability by means of injecting or ab-
sorbing active power to/from the network; and 2) Voltage support by
means of reactive power control. As the objective of this work is the im-
provement of transient and frequency stability, the value of the reactive
power is set to zero.

The Fuerteventura-Lanzarote power system includes a FESS [24]
that is primarily used to stabilize the frequency. Given that the time
response of the FESS is small compared to the time scale of the tran-
sient stability studies, the FESS is represented in the TSCOPF model as
a source of active power. Eq. (30) represents the relation between the
stored energy in the FESS (Erw), the power injected to the grid (P,-’,;r-'),
the power absorbed from the grid (P'+!), and the losses (PZ,’SIWWC and
PZ:vl.vex,IGBT)' Parameters 7;,; and 7,5 represent the efficiency of the syn-
chronous machine as it injects energy to, or extracts energy from the
grid. Mechanical losses (PL':,'S]m’mec) are defined in (31) as a combination
of axial rotating and windage losses [25]. Eq. (32) represents the losses
in the electronic converters (PL’:;MJGBT), modelled as a function of the
magnitude of the current through the IGBT converters [26,27]. When
FESS internal losses can be neglected, parameters a,, b,, and c, (31)
Qom Deons @0 € (32) can be considered zero.

t+l _ gt 1+1 _pt+l g
Epw = Epy + At [P absew!labs = Fiipw ! Minj
30
_ pt+l _ pi+l G0
Losses,mec Losses,IGBT
pitl — a4 p (a)t+l>2+c (a)t+l)2 31)
Losses,mec Y FW M\ FW M\ FW
t+1 — t+1 t+142
PLasses,IGBT = Qeony + beony |, o T Ccom(, ph ) (32)

Egs. (33) and (34) calculate the speed of the rotating mass and
the magnitude of the current through the electronic converters, respec-
tively. Eq. (35) specifies the initial amount of stored energy in the FESS,
here, 80% of its maximum capacity. The power provided by the FESS in
the steady state stage is initialized in (36). Finally, limits on the FESS
power and stored energy at each sample time are represented in (37).
Egs. (30)-(34) are included in each time step of the time-domain period.

(@) = 2EZ) /T + (o)) 33)
It = (P + P /(V3U™) 34
ng = 0.8E%“4,X (35)
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0 . p0 _ .
{PinyFW’PabsFW} = {0;0} (36)
M]N MAX. pMAX . MAX
{0:0;0 <P, myFW’ ahsFW’ FW} = {Pmy Pabs } (37

2.4. Wind farm model

The variable speed wind farm is modelled as a constant power source
with a constant power factor. Fault ride-through requirements for wind
farms published in the Spanish national grid code by the Transmission
System Operator [28] are applied. Therefore, the wind farm is discon-
nected when a voltage dip at the wind farm connection point exceeds
the low voltage ride-through limits.

Pjyp = Ky Pyt €

tp =K 00 (39)
pf = Pl/Qk (40)
Kyp =1 )

Egs. (38) and (39) calculate the active and reactive power 1n]ected
to the grid at each sample time ¢, respectively. The parameter P - repre-
sent the available wind resource. Eq. (40) calculates the reactive power
Q'e’r that depends on the control strategy, in this case power factor con-
trol. The binary variable KWF defines whether the plant is connected
or disconnected. During the pre-fault stage, the plant is connected and
therefore takes the value of 1, as shown in (41). During the fault and
post-fault stages, if the voltage is lower than a certain limit then the
windfarm is disconnected and Ky, is zero.

2.5. Transient and frequency stability criteria

Transient and frequency stability dynamic constraints are both im-
portant in the Fuerteventura-Lanzarote power system. The transient sta-
bility constraint is modelled as a limit on the deviation of the rotor an-
gles of the synchronous machines with respect to the centre of inertia
(COI), as defined in (42) and (43). The frequency stability criterion is
implemented as a limit on the rotor speed of the synchronous genera-
tors, as shown in (44).

8 = H6’ / ZH =0 (42)

_ 5MAX < 5t 61 5MAX

cor S (43)

—Aw?’”N < Aw} < Aa)?’[AX (44)
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2.6. Objective function of the TSCOPF

The objective function is:

. 0 t
Min. f (P FW’ P absFW)
i=N
02 0
= ZalPGl biPGi+ci
i=1 (45)

=T
ref \2
+ 2 [”Fw(a’;w = @py)” + bpw P, baFW]
=0

The first term in (45) represents the generation cost as a quadratic
function of the power produced by the conventional power plants. The
second term in (45) is introduced to ensure that the solution of the
TSCOPF model produces a smooth dynamic response of the FESS. The
minimization of the mean squared error of the FESS speed with respect
to the reference speed has the effect of rapidly restoring the FESS speed
to the specified steady state value. This readies the FESS to act in case of
another contingency. Finally, the power absorbed by the FESS is slightly
penalized by bpy to ensure a unique solution of Py and Py, py. The

parameters apy and bpy are purposely small, to ensure that the second

term in (45) is significantly smaller than the first term and has a negli-
gible effect on the final value of the objective function.

2.7. Multi-contingency formulation

The proposed TSCOPF as described in (1)-(45) models a single con-
tingency. However, system operators often identify a set of critical in-
cidents that may result in a loss of stability. Therefore, the model has
been extended to include a set of reference incidents. The resulting
MC-TSCOPF model is built by keeping the equations that correspond to
the pre-fault stage, and repeating equations, (1)-(2), (6)-(9), (15)-(17),
(20)-(27), (28), (38)-(39) and (42)—(44) once for every incident. Egs.
(30)-(34) and (37), which represent the dynamic response of the FESS,
can be kept unique to model a single response of the FESS to all inci-
dents or repeated for every contingency to model a different response of
the FESS to each incident. Both alternatives are discussed in Section 4.

2.8. Software implementation

The proposed model is implemented in a software framework that
automatically builds and solves it. A Python program reads the parame-
ters of the power system from a standard PSSE file, together with in-
formation about the contingencies and the stability limits, and writes
the complete model in the GAMS language. The model is then fed into
GAMS and solved using the interior point algorithm IPOPT. This ap-
proach facilitates the application of the TSCOPF model to different cases
and solvers. The procedure is described in detail in [15].The accuracy of
the model has been verified using time-domain simulations with PSSE.

3. Study case

The Spanish islands of Lanzarote and Fuerteventura in the Canary
archipelago, are located in the Atlantic Ocean off the coast of North-
ern Africa. Fig. 2 shows the 66kV transmission system, which includes
a submerged AC cable between the islands. The topology of the system
is mostly linear, apart from a single mesh in the northern area, where
most of the load is located.
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- 20kV
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.\/;.:; Power plant =
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0 20 40 km
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Fig. 2. Lanzarote-Fuerteventura power system.

Generation is provided by two power plants connected to buses 1
and 2 in the North and Centre of the system, with maximum capacities
187 and 159 MW, respectively, and by a 12MW wind farm in the South.
Regular winds from the Atlantic Ocean provide a relatively steady pro-
duction of wind power. The fuel cost coefficients of power plants G1 and
G2 are considered linear with values of 20 and 50 €/MWh, respectively.
The operation cost of the wind generation is considered 10 €/MWh. In
the present study, all parameters are considered known. When uncer-
tainties in loads, wind power generation, generation costs and equip-
ment availability are considered in the system [10,11], the proposed op-
timization problem can be applied to the most probable values of the
parameters, following Monte Carlo or other approaches.

A 1.65MW FESS is currently connected to bus 6, which is close
to generator G1 and to the main urban area in the system. Given the
plans to increase the capacity of the FESS in the near future due to the
positive effects of its actuation in several real cases, a 5SMW FESS is
modelled in the study. A set of reference incidents that can result in
the loss of transient and/or frequency stability are specified based on
the experience and knowledge of the system. These reference incidents
are 1) a direct three-phase short-circuit at bus 5, cleared by a back/up
protection after 300ms; 2) a direct three-phase short-circuit at bus 8,
cleared by a back/up protection after 300ms; 3) a loss of the largest
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load, which is the load connected at bus 6; and 4) a loss of the wind
farm.

4. Results and discussion
4.1. Effect of load modeling on the results of the TSCOPF

Load modelling has a substantial impact on the results of the tran-
sient stability simulations and must therefore be properly accounted for
in the TSCOPF models. ZIP load models, which calculate the load as a
quadratic function of the voltage, are a standard in power system dy-
namic simulations [29,30]. However, the common practice in TSCOPF
studies that include all dynamic equations in the optimization model has
been to represent loads as constant impedances to reduce the number
of equations [31]. The proposed TSCOPF model represents the injected
power at each bus as an independent variable at every sample time, thus
making it possible to introduce the ZIP loads in (1) and (2).

To evaluate the effects that load modelling has on the TSCOPF, the
same fault has been studied using a linear load model and a ZIP model
consisting of a 40% constant impedance, 30% constant current and 30%
constant power. The studied fault is the short circuit at bus 5, which is
the most severe of the reference incidents listed in Section 3.

The TSCOPF using the ZIP load model results in a generation cost of
6476 €, that is 190 € (3%) more expensive than the dispatch obtained
using the linear load model. Fig. 3 shows the bus voltages as provided
by both load models. The ZIP load model produces larger oscillations
and results in a more conservative dispatch. It can be concluded that the
non-linear nature of loads must be preserved in order to ensure that the
solution is transiently stable.

4.2. Optimal FESS response to support transient stability

The usual actions performed by FESSs to stabilize the frequency in
small power systems are to inject active power when the frequency
decreases and to consume active power when the frequency increases
[18,19]. The selection of a FESS strategy to support transient stability is
not as straightforward because it depends on several factors, such as the
location of the flywheel within the system, the operating point, and the
type and location of the fault. The integration of the FESS model into
the TSCOPF, as defined by Egs. (30)—(37), makes it possible to optimize
the dynamic response of the flywheel and thereby minimize the genera-
tion costs while ensuring transient stability.

Fig. 4 shows the results provided by the TSCOPF when the tran-
sient stability constraints are applied. On the one hand, Fig.4a) shows
the rotor angles of the generators, together with the stored energy in
the FESS. On the other hand, Fig.4b) shows the power delivered to the
system by the conventional power plants, together with the power ex-
changed between the FESS and the network. The case corresponds to a
short-circuit at bus 5, cleared by a backup protection after 300 ms. The
rotor angles are constrained within the COI angle +60° by (43), but the

Voltage at nodes (p.u.)
=
o

Voltage at nodes (p.u.)

ol L . L L " .
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0 i A . . ) ‘ .
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Time (s)
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Fig. 3. Effect of the load model on the TSCOPF solution. a) Constant impedance load model and b) ZIP load model.
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Fig. 4. TSCOPF model with transient stability constraints: a) Rotor angle of generators and energy stored in the FESS; b) Power output of generators and FESS.

frequency constraints in (44) are not applied. It can be seen in Fig.4a)
that both generators reach the maximum angle deviation limits, approx-
imately 0.5s, after the fault. During the fault, generator G1 cannot de-
liver power to the system and accelerates, whereas generator G2 contin-
ues delivering power, as shown in Fig. 4b). The FESS reacts by injecting
power to accelerate the system and reduce the angle deviation between
G1 and G2. Once the fault is cleared, the FESS consumes power to de-
celerate generator G1, to which it is electrically near, thereby reducing
its oscillation with respect to generator G2.

It can be seen in Fig. 4a) that the energy stored in the FESS returns
to its initial value once there is no action required from the flywheel to
stabilize the system. This is due to the component of the objective func-
tion that is linked to the speed deviation.

It is remarkable that the FESS initially injects power as the frequency
is rising, which is contrary to the typical response of FESS controls to
support frequency stability. Conventional frequency FESS controls in
this particular case are contrary to the optimal behaviour and can have
a destabilizing effect.

4.3. Optimal FESS response to support transient and frequency stability

Frequency stability is a concerning issue in island power systems
because the relatively small inertia makes it difficult to maintain the
frequency within acceptable limits after severe losses of generation or
load. Fig. 5 shows the results obtained when the frequency constraint
(44) is included in the model and the frequency deviation is constrained
between —0.02 p.u. (49Hz) and 0.04 p.u. (52Hz). The minimum fre-
quency is set to 49Hz because it is the value at which the under-fre-
quency load shedding scheme begins. The fault is the same as in the pre-
vious case: a short-circuit at bus 5 cleared after 300 ms.

Fig. 5a) shows that generator G1, which is close to the fault, acceler-
ates quickly during the short-circuit because the active power that the

Angle deviation limits
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synchronous generator cannot inject into the system is transformed into
kinetic energy. Once the fault is cleared, generators G1 and G2 os-
cillate but retain their synchronism. The solution of the optimization
model transfers some generation from G1 to G2 to ensure that the an-
gular deviation between the generator remains within the limits. It can
be seen that the lower limit is nearly reached by G2 approximately at
time = 0.5s. The energy stored in the FESS varies as the FESS injects
and consumes power, but remains always within the limits.

Fig.5b) shows the rotor speeds of the synchronous machines, to-
gether with the power exchanged between the FESS and the network.
Here it can be seen again the acceleration of G1 during the fault, and the
oscillations between G1 and G2 once the fault is cleared. The solution
of the optimization model modulates the power injected by the FESS to
maintain the speed of G1 and G2 over the limits. It can be seen that gen-
erator G2 reaches the lower limit at, approximately, time = 2.2s.

Overall, the pattern of the power injected by the FESS, shown in
Fig.5b), is more complex than in the previous case, and responds to two
combined effects. On the one hand, positive and negative injections al-
ternate during the first 1.5s to damp the electromechanical oscillations
between the generators. On the other hand, a net positive amount of
energy is injected before the minimum frequency limit is reached to re-
duce the frequency drop. Once there is no action of the FESS required
to recover the system, the FESS absorbs energy to return to its initial
state due to the component linked to the deviation of the speed in the
objective function. It is remarkable that the rapid response of the con-
trols of the FESS makes it possible to combine a response with positive
and negative exchanges of active power, as shown in Fig. 5b), damping
the electromechanical oscillations between synchronous generators and
leading the system to a more stable operation.
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Fig. 5. TSCOPF model with transient stability and frequency constraints: a) Rotor angle of generators and energy stored in the FESS; b) Speed deviation of generator and power output of

FESS.
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4.4. Economic assessment considering one contingency

This section analyses the economic cost of ensuring that the system
remains stable and no load is shed after any of the reference incidents.
Three cases are considered: a) without the flywheel energy storage sys-
tem (NO FESS); b) with a conventional control in which the flywheel in-
jects or absorbs fixed values of power following frequency deviations, as
described in [18,19] (C-FESS); and c) optimizing the dynamic response
of the flywheel with the proposed TSCOPF (O-FESS). The results are
compared with a classical OPF without dynamic constraints.

The solution for a classical OPF results in a generation cost of 5549
€, with G1 generating 157.8 MW and G2 generating 45.5MW, as shown
in the first row of Table 1. The remaining rows correspond to the critical
reference incidents defined in Section 3. Total cost includes the variable
operation costs of wind generation [32]. Both the rotor angle constraints
and the frequency constraints are included in the model. It can be seen
in Table 1 that the largest cost is reached in the case of a short-circuit
at bus 5, which is a consequence of bus 5 being in proximity to G1, the
largest and most economical plant. Application of the TSCOPF model
shows that the total generation cost increases with respect to the OPF
by 16.7% (927 €) when there is no FESS, and by 15.3% (850 €) when
the FESS is connected and a conventional control is applied. The opti-
mized control of the FESS makes it possible to further reduce the cost to
6166 €, only 13.3% (737 €) above the cost of the solution provided by
the OPF.

The results obtained when a short-circuit is applied at bus 8 are qual-
itatively similar, although the introduction of the dynamic constraints
results in lower costs because the incident is less critical. The total cost
increases with respect to the OPF by 1.3% (70 €) when there is no FESS,
by 1.1% (59 €) when the FESS is connected and a conventional control
is applied, and by 1.01% (55 €) when the control of the FESS is opti-
mized.

The dynamic constraints after the loss of load incident cause an in-
cremental increase of 2.2% for the cost when there is no FESS, but this
cost is eliminated when the FESS is connected and either a conven-

Table 1
Results of TSCOPF considering one incident at a time.

FESS Gl G2 Cost ACost
control (MW) (MW) © (%)
OPF Do not 157.8 45.5 5549 0
apply
SC at NO FESS 106.4 84.6 6476 16.7
bus 5
C-FESS 108.8 82.1 6399 15.3
O-FESS 112.5 78.3 6286 13.3
SC at NO FESS 144.6 52.1 5619 1.3
bus 8
C-FESS 145.8 51.4 5608 1.1
O-FESS 146.1 51.3 5604 1.0
Loss of NO FESS 169.5 43.2 5669 2.2
load
C & O- 157.8 45.5 5549 0
FESS
Loss of All cases 157.8 45.5 5549 0
WF
Table 2

Results of TSCOPF on the dispatch of the IEEE 57 Bus Test System.
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tional or optimized control is applied. Finally, the dynamic constraints
do not increase the cost after the disconnection of the wind farm, which
can be explained by the relatively small size of the wind farm that does
not compromise the stability of the system.

The proposed TSCOPF is also evaluated in a modified IEEE 57 Bus
Test System [33] that includes wind power generation and a FESS. The
size and location of the wind farms can be found in Table 7. The FESS
is located at bus number 15, near to the main generation area. Table 2
presents the solution of the TSCOPF model when a short-circuit is ap-
plied at bus number 1. Three cases of study are evaluated: a) without
flywheel (NO FESS); b) considering the optimal response of a flywheel
of 10MW (O-FESS 10MW); and c) considering the optimal response of
a flywheel of 20 MW (O-FESS 20 MW).

The results in Table 2 show that the response of the FESS tends to
reduce the generation costs because it improves the stability to the sys-
tem, making it possible to shift generation to power plants that are more
economical. The effect is more pronounced as the size of the FESS in-
creases.

4.5. Economic assessment considering multiple contingencies

The optimal operation of the FESS corresponding to one contingency
can aggravate the effect of another contingency. The MC-TSCOPF model
makes it possible to calculate the most economical operation point that
ensures a stable operation and avoids load shedding after any of the
reference incidents. The MC-TSCOPF is applied to the power system of
Fuerteventura-Lanzarote. The results of the MC-TSCOPF, which includes
all critical contingencies in Table 1, are presented in Table 3. The first
row corresponds to a case that does not include the FESS. In this case,
the dynamic constraints increase the generation cost by 21.2% with re-
spect to the OPF.

The second row represents a case in which the FESS is connected but
its dynamic response is not optimized. Here, the cost is improved with
respect to the previous case. The third row corresponds to a case that ap-
plies a single common FESS response (SR) to every incident. It is noted
that the implementation of this method requires that the FESS control
system detects that an incident has occurred in the grid. The cost is fur-
ther improved with respect to the previous cases.

The final case considers multiple FESS responses (MR), which means
that there is a different response for each incident. The implementa-
tion of this strategy requires that the FESS control system be aware of
the type of incident that has occurred. The resulting generation cost is
slightly lower than in the case of the SR.

5. Conclusion

A direct discretization MC-TSCOPF model that facilitates the inclu-
sion of renewable generation, an energy storage system, and non-linear
loads is formulated. The application of the proposed MC-TSCOPF model
to the Fuerteventura-Lanzarote island system provides the opportunity
to calculate an optimal dispatch that ensures the system remains stable
and no loads are shed after any one of a set of predefined reference in-
cidents.

The integration of an FESS model in the MC-TSCOPF problem can
be used to optimize the dynamic response of the flywheel to sup-
port transient and frequency stability. Ensuring the stability in electric

G1 (MW) G2 (MW) G3 (MW) G4 (MW) G5 (MW) G6 (MW) G7 (MW) Cost (M.U.)
NO FESS 226.5 239.5 500 11.6 20.7 20.8 39 33,820
O-FESS 10MW 226.9 240.7 500 10.9 19.9 21 38.8 33,791
O-FESS 20MW 227 242.1 500 10.6 19 20.9 38.7 33,764
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Table 3
Results of MC-TSCOPF including all reference incidents.

Gl G2 Cost ACost

MW) (MW) O] (%)
MC-TSCOPF 101.7 91.5 6726 21.2
MC-TSCOPF + C-FESS 105.1 86 6524 17.6
MC-TSCOPF + O-FESS 111.7 79.3 6317 13.8
SR
MC-TSCOPF + O-FESS 112.5 78.3 6286 13.3
MR

power systems presents additional costs because in some cases it entails
to shift generation to power plants that are more expensive. The inclu-
sion of the FESS dynamic response in the MC-TSCOPF model allows the
generation costs to be reduced while ensuring stability after any of the
reference incidents. It is found that the optimal response of the flywheel
after a short-circuit may be contrary to the response of conventional

FESS controls.
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Table 4
Parameters of lines and transformers of the Fuerteventura-Lanzarote power system.

Branch R [p.u] X [p.u.] B [p.u.]
1-5 0 0.02 0

2-10 0 0.02 0

4-5 0.0473 0.1515 0.0050
4-6 0.0929 0.2975 0.0098
5-6 0.0506 0.1619 0.0053
6-7 0.0895 0.2865 0.0051
7-8 0.0151 0.0323 0.0578
8-9 0.0202 0.0648 0.0021
9-10 0.1331 0.4260 0.0141
10-11 0.1687 0.5399 0.0179
3-11 0.1365 0.4370 0.0145

Table 5

Parameters of power plants and controls of the Fuerteventura-Lanzarote power system.

Ky 400 yMAx —7.3pu H 3s
Ky 0.03 yMIv 7.3 pu. D 2
Kg 1 As 0.09826 ra Op.u.
Ta 0.02s Bs 0.5527 Xd,Xq 1.5p.u.
T 1s Krg 50 XX, 0.3p.u.
Tg 0.8s Tre 3s TioTy 6;1s
Table 6
FESS parameters.
ol 30 wftaX 60 J 1333.33
Table 7

Wind power generation data from the IEEE 57 modified Bus Test System.

Location Pyr Qwr Total Generation
Units (buses) (MW) (Mvar) (MW)/(Mvar)
5 7,21, 24, 50 10 250/50

34,37

The values of apy and by are 1e—03 and 1e — 04, respectively.
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Appendix

See Tables 4-7.

References

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]

[27]

[28]

[29]

S. Abhyankar, G. Geng, M. Anitescu, X. Wang, V. Dinavahi, Solution techniques for
transient stability-constrained optimal power flow — Part I, IET Gener Transm Dis-
trib 11 (12) (2017) 3177-3185.

G. Geng, S. Abhyankar, X. Wang, V. Dinavahi, Solution techniques for transient sta-
bility-constrained optimal power flow — Part II, IET Gener Transm Distrib 11 (12)
(2017) 3186-3193.

F. Capitanescu, et al., State-of-the-art, challenges, and future trends in security con-
strained optimal power flow, Electr Power Syst Res 81 (8) (2011) 1731-1741.

Xu 'Y, Dong ZY, Xu Z, Zhang R, Wong KP. Power system transient stability-con-
strained optimal power flow: a comprehensive review. In: 2012 IEEE Power and En-
ergy Society General Meeting, 2012, p. 1-7.

S.W. Xia, B. Zhou, K.W. Chan, Z.Z. Guo, An improved GSO method for discontinu-
ous non-convex transient stability constrained optimal power flow with complex
system model, Int J Electr Power Energy Syst 64 (2015) 483-492.

R. Ardeshiri Lajimi, T. Amraee, A two stage model for rotor angle transient stability
constrained optimal power flow, Int J Electr Power Energy Syst 76 (2016) 82-89.
Y. Xu, Z.Y. Dong, K. Meng, J.H. Zhao, K.P. Wong, A hybrid method for transient
stability-constrained optimal power flow computation, IEEE Trans Power Syst 27
(4) (2012) 1769-1777.

R. Zarate-Minano, T. Van Cutsem, F. Milano, A.J. Conejo, Securing transient stabil-
ity using time-domain simulations within an optimal power flow, IEEE Trans Power
Syst 25 (1) (2010) 243-253.

X. Tu, L. Dessaint, I. Kamwa, A global approach to transient stability constrained
optimal power flow using a machine detailed model, Can J Electr Comput Eng 36
(1) (2013) 32-41, Winter.

S. Xia, X. Luo, K.W. Chan, M. Zhou, G. Li, Probabilistic transient stability con-
strained optimal power flow for power systems with multiple correlated uncertain
wind generations, IEEE Trans Sustainable Energy 7 (3) (2016) 1133-1144.

P.N. Papadopoulos, J.V. Milanovi¢, Probabilistic framework for transient stability
assessment of power systems with high penetration of renewable generation, IEEE
Trans Power Syst 32 (4) (2017) 3078-3088.

Y. Yuan, J. Kubokawa, H. Sasaki, A solution of optimal power flow with multicon-
tingency transient stability constraints, IEEE Trans Power Syst 18 (3) (2003)
1094-1102.

D. Gan, R.J. Thomas, R.D. Zimmerman, Stability-constrained optimal power flow,
IEEE Trans Power Syst 15 (2) (2000) 535-540.

L.A. Calle, E.D. Castronuovo, P. Ledesma, Maximum loadability of an isolated sys-
tem considering steady-state and dynamic constraints, Int J Electr Power Energy
Syst 53 (2013) 774-781.

P. Ledesma, L.A. Calle, E.D. Castronuovo, F. Arredondo, Multi-contingency TSCOPF
based on full-system simulation, IET Gener Transm Distrib 11 (1) (2017) 64-72.
A.AK. Arani, H. Karami, G.B. Gharehpetian, M.S.A. Hejazi, Review of Flywheel En-
ergy Storage Systems structures and applications in power systems and microgrids,
Renew Sustain Energy Rev 69 (2017) 9-18.

H. Chen, T.N. Cong, W. Yang, C. Tan, Y. Li, Y. Ding, Progress in electrical energy
storage system: a critical review, Prog Nat Sci 19 (3) (2009) 291-312.

R. Sebastian, R. Pefia-Alzola, Control and simulation of a flywheel energy storage
for a wind diesel power system, Int J Electr Power Energy Syst 64 (2015)
1049-1056.

H. Silva-Saravia, H. Pulgar-Painemal, J. Mauricio, Flywheel energy storage model,
control and location for improving stability: the Chilean case, IEEE Trans Power
Syst PP (99) (2016), p. 1-1.

Weckesser T, Johannsson H, @stergaard J., Impact of model detail of synchronous
machines on real-time transient stability assessment. In: 2013 IREP Symposium Bulk
Power System Dynamics and Control — IX Optimization, Security and Control of the
Emerging Power Grid, 2013, pp. 1-9.

P.W. Sauer, M.A. Pai, Power system dynamics and stability, Urbana 51 (1997)
61,801.

B. Bolund, H. Bernhoff, M. Leijon, Flywheel energy and power storage systems, Re-
new Sustain Energy Rev 11 (2) (2007) 235-258.

M.A. Awadallah, B. Venkatesh, Energy storage in flywheels: an overview, Can J
Electr Comput Eng 38 (2) (2015) 183-193, Spring.

‘ABB Group -PowerStore Renewable microgrid stabilization’.

Y. Suzuki, A. Koyanagi, M. Kobayashi, R. Shimada, Novel applications of the fly-
wheel energy storage system, Energy 30 (11-12) (2005) 2128-2143.

J. Beerten, S. Cole, R. Belmans, Generalized steady-state VSC MTDC model for se-
quential AC/DC power flow algorithms, IEEE Trans Power Syst 27 (2) (2012)
821-829.

Mauricio JM, Maza-Ortega JM, Gémez-Expoésito A. ‘Considering power losses of
switching devices in transient simulations through a simplified circuit model’, Inter-
national Conference on Power System Transients (IPST2009) in Kyoto, Japan June
3-6, 2009, vol. 1, p. 2.

Procedimientos de operacién | Red Eléctrica de Espafia’. [Online]. Available: http://
www.ree.es/es/actividades/operacion-del-sistema-electrico/
procedimientos-de-operacion. [Accessed: 06-Jun-2017].

Siemens Energy Inc, Siemens PTI, PSSE Program Application Guide — 7.2 Load Volt-
age Characteristics.



F. Arredondo et al.

[30] P. Kundur, N.J. Balu, M.G. Lauby, Power system stability and control, McGraw-hill,
New York, 1994.

[31] LA. Calle, E.D. Castronuovo, P. Ledesma, Optimal re-dispatch of an isolated system
considering transient stability constraints, Int J Electr Power Energy Syst 44 (1)
(2013) 728-735.

10

International Journal of Electrical Power and Energy Systems xxx (2018) xxx-xxx

[32] A. Rabiee, S.M. Mohseni-Bonab, Maximizing hosting capacity of renewable energy
sources in distribution networks: a multi-objective and scenario-based approach,
Energy 120 (2017) 417-430.

[33] ‘Power Flow Cases — Illinois Center for a Smarter Electric Grid (ICSEG)’. [Online].
Available: http://icseg.iti.illinois.edu/power-cases/. [Accessed: 28-Mar-2018].



	
	
	


