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MULTI-OBJECTIVE OPTIMAL POWER FLOW CONSIDERING
THE MULTI-TERMINAL DIRECT CURRENT

Introduction. In recent years, transmission systems comprise more direct current structures, their effects on alternating current
power system may become significant and important. Also, multi-terminal direct current is favorable to the integration of large wind
and solar power plants with a very beneficial ecological effect. The novelty of the proposed work consists in the effects of the
aforementioned modern devices on transient stability, thus turn out to be an interesting research issue. In our view, they constitute a
new challenge and an additional complexity for studying the dynamic behavior of modern electrical systems. Purpose. We sought a
resolution to the problem of the transient stability constrained optimal power flow in the alternating current / direct current meshed
networks. Convergence to security optimal power flow has been globally achieved. Methods. The solution of the problem was
carried out in MATLAB environment, by an iterative combinatorial approach between optimized power flow computation and
dynamic simulation. Results. A new transient stability constrained optimal power flow approach considering multi-terminal direct
current systems can improve the transient stability after a contingency occurrence and operate the system economically within the
system physical bounds. Practical value. The effectiveness and robustness of the proposed method is tested on the modified IEEE 14-
bus test system with multi-objective optimization problem that reflect active power generation cost minimization and stability of the
networks. It should be mentioned that active power losses are small in meshed networks relative to the standard network. The
meshed networks led to a gain up to 46,214 % from the base case. References 24, table 3, figures 11.

Key words: transient stability constrained optimal power flow, multi-terminal direct current.

Bcmyn. B ocmanni poku cucmemu nepeoaui enekmpoenepeii 6Knouaoms 6 cebe binbuie cmpykmyp HOCmitiHo20 cmpymy; ix énius na
enepaocuUcmeMy 3MIHHO20 CIpPYMY Modice cmamu 3Hadynum i eadciueum. Kpim mozo, bazamomepminanvhuii nocmidnui cmpym €
cnpusAmaueuM Oia inmeapayii 6eIuUKUX GiMpoGUX MA COHAUHUX eleKmpOocmanyii 3 O0ysce NOZUMUSHUM eKONO2IYHUM epeKmoM.
Hoeusna 3anpononoganoi pobomu noasicac y GnAui Gue3asHaueHux Cy4dacHux Npucmpoieé na nepexiony cmabilbHicmb, wWo
BUABTAECMbCA YIKABUM NUMAHHAM 051 00CNiOxcenHs. Ha naw noz2nsio, 60Hu cmanoseiames HO8y npobiemy ma 000amKo8y CKIAOHICMb
0Nl 6UBUEHHA OUHAMIYHOI NOBEOJIHKU CYYaAcHUX enekmpuunux cucmem. Mema. Mu wyxkanu po3é’asamna 3adaui nepexionoi
cmabinbHocmi, 00MedHceHoi ONMUMATLHUM NOMOKOM NOMYNCHOCMI 8 Mepedcax 3miHHo2o/nocmitinoeo cmpymy. 36ixcHicms 0as
3a6e3neyenHs ONMUMAIbHO20 NOMOKY eHepeii byna enobanvno oocasHyma. Memoodu. Po3s’sazanna 3adaui 6yno 30ilicHeHO 6
cepeoosuwi MATLAB 3a Oonomozcoro imepamunozo KOMOIHAMOPHO20 MNiOX00Y Midc ONMUMIZ308AHUM OOYUCIEHHAM NOMOKY
nomyscHocmi ma OuHamiyHum mooentogannam. Pezynemamu. Hoguii nioxio, uo oomedicye nepexiony cmabinbHicms, 3 ypaxy8anHam
bazamomepmiHaNLHUX — cUucmeM NOCMIUHO20 CMPYMYy MOdce NOKpAwjumu nepexiony cmabinbHicmb RNICAA  GUHUKHEHHS
HenepeObayeHux cumyayiti ma eKOHOMIUHO eKchayamysamu cucmemy y @izuunux mescax cucmemu. IIpakmuune 3nayenns.
Edhexmusnicmev ma naodilinicms 3anponoHo8ano2o memooy nepesipacmvcsa Ha Mooughikosariti mecmosii 14-wunniti cucmemi IEEE 3
BUKOPUCIAHHAM  0a2amoyinb0goi 3adaui onmumizayii, aKka 6i000paxcae MIHIMI3ayilo eumpam HA aKMUeHy 2eHepayiio
enexmpoenepeii ma cmabinvuicms mepedic. biomn. 24, tabm. 3, puc. 11.

Karouosi crnosa: mepeximiHa cTabiibHicTb, 00MeKeHAa ONTHMAJLHHM MOTOKOM HOTY:KHOCTi, 0araroTrepMiHaJbHUH
nocTiiiHui cTpym.

Introduction. In a competitive economic
environment that has placed the need for reconciliation of
economic and transitional stability conditions, the cost of
losing  synchronism by transient instability is
exceptionally high and of significant importance. For this
reason, the traditional optimal power flow (OPF)
approach has been extended to take into account the
transient stability constraints of the system, giving a new
transient stability constrained optimal power flow (TSC-
OPF) approach [1]. The TSC-OPF procedures are
classified in either global or sequential approaches [2, 3].
The global TSC-OPF approaches are reported in [4-7].
The sequential TSC-OPF approaches perform a standard
OPF analysis to assess an optimal operating point [1]. A
transient stability analysis is then carried out
independently from the optimization process to check if
the optimum point is transiently stable, so that the time
domain simulation-related set of differential algebraic
equations is not embedded in the traditional OPF problem
[2, 8-10]. In recent decades, various optimization
approaches have been proposed [11]. Among them, those
dedicated to solve the multi-objective TSC-OPF problems

where different goals and different constraints have been
taken into account [12-14].

A proposed network topology in [15-18] has been
used in our work for simulations propose. The meshed
topology is of great interest for our proposed
methodology.

This paper is organized as follows: first part
concerns modelling AC/DC power system. In the second
part, the TSC-OPF problem has been formulated. In the
third part, the experimental results and conclusions are
presented.

AC/DC power system modelling. A generalized
AC/DC system of Fig. 1 consists of three parts.

1. AC grid. We present here the expressions for
active and reactive power injections. Reader may refer to
[19] for more details:

n
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generations at bus i respectively; V", V' are nodal
voltage values at buses i and j respectively; J; is angle

voltage of unit 7 and j; G; is the conductance; Bj; is the
susceptance; 7 is the total number of generators.
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Fig. 1. Model for combined AC and DC grid
2. HVDC converters. Assuming a lossless

converter model. The active power of the AC side
converter coincides with that of the DC side:

AC DC
PAC = RPC. 3)
An HVDC converter station was modeled as a
voltage source with variable value V" and angle ¢°"
connected to an AC bus via a reactance Xg"". By

varying the voltage source, it is possible to produce the
desired active and reactive power flow from the DC to the
AC network or vice versa

D V_AC .y conv ) ]
pPC =L sin(e. ¢ —9.“"”); )
! y conv ! !
eq
2,AC AC conv
Ve Vo= v .
DC AC
opPc = );wnv - XCO,;V cos(ﬁi —Hiwnv). 3)
eq eq

3. DC grid. The power flows over the DC lines can

be calculated as follows:
DC DC
o Vi Vi

ij R;

Problem statement and formulation. The theory of
TSC-OPF is an extension of the standard OPF problem to
include supplementary constraints for imaginable credible
contingencies cases. In a standard form, the OPF problem
is defined as in [20-22]:

(6)

min f(x,u), @)

subject to
h(x,u)=0; (8)
g(x,u) <0. )

where x is a vector of state variables; u is a vector of
control variables; /4, g are functions; f{x, u) is an objective
function.

In general, the intention is to minimize the objective
function with the solution satisfying a number of equality
and inequality constraints. But the TSC-OPF problem can
be mathematically considered as a standard OPF with
other inequality dynamic constraints forced by the rotor
angles of generators during the transient period in study
for a given set of contingencies.

1. Objective function. The objective functions f of
TSC-OPF is minimization of fuel cost for all generators:

g
f:minZ(a[+b,~Pg[-+c[«Pg2[-), (10)
i=1
where ng is number of generators; a;, b;, c;, are cost
coefficients of unit i; Py; is an active power generations by
unit .

2. Equality constraints. The equality constraints
h(x, u) are the sets of the load flow equations that govern
the power system:

AC DC
Py +BPC — Py = 0; (1
4C+0PC -0y =0, (12)

where P, O, are active and reactive power loads by unit
i respectively.

3. Inequality constraints (standard OPF). The
inequality constraints g(x, u) are the set of constraints that
represent the system operational and security bounds like
the limits on the following:

Pglé?gi < Py; stf?ffgi; whereizl,.--,ng; (13)
Qlicgi < Ogi < Ot where i =Longs  (14)
VAR SV SVIES (=1, (15)

Himin <6 < gl.max; i=Le..,ny; (16)
T[minSTiSTimaX§ i=1l...,n,, (17

where P™  P™ are the lower and

AC.gi* " AC.gi
upper limits of active and reactive power generation at
bus i of AC network respectively; Q,; is reactive power

vV e are the lower and upper

and Qmin max

AC,gi* =2 AC gi

generations at bus i;

limits of voltage value at buses #; V; is voltage value at
buses i; n, is total number of buses; ™", 0™ are the

i i

lower and upper limits of angle voltage; 6. is the angle
voltage of unit i; 7™, 7™ are the lower and upper limits

of transformers tap settings; 7; is transformers tap settings
of unit 7; ny is total number of transformers.

4. Inequality constraints (transient stability). The
transient stability problem in power system is defined by
a differential algebraic equation, which can be solved by
time domain simulation. The swing equation for i

generators is:

do o
—;;l Z—Aa/)[li (P = Pi)- Doy — o )} (18)
do; .

Ttl: o; — wg; where i=1,.....,n, (19)
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do;, w;

Ttlzﬁli[(l)mi ~ Py)-D(o; - @)} (23)
do; .

Ttl: w; — g, where i=1,..... g (24)

where P,; is the mechanical input generator by unit ;
P,; is the electrical output generator by unit i; M; is the
moment of inertia of i generator; @ is the angular speed
of the rotating synchronous reference frame of unit 7
o, is the angular speed of the generator rotor of unit i;
o; is rotor angle of unit i; D is the generators damping
torque coefficient; E’, E' are the internal transient

di qgi
voltage of generator of unit i; £y; is the excitation voltage
of generator of unit #; iz, i, are d-axis and g-axis courant

of generator of unit i; Tgo; Tyo; are the d-open circuit

and g-open circuit transient time constants of generator of

unit i; Xy, Xg; are the d-transient reactance and

g-transient reactance of generator of unit i; Xy, X,; are the
d-synchronous reactance and g-synchronous reactance of
generator of unit i; V., is voltage reference of generator
of unit 7.

The inequality constraints of transient stability are
formulated as:

|5i - §COI| < 5max; (25)
g
D M5

Scor =5——, (26)

g
2M;
i=1

where o; is the rotor angle of unit i; dco; is the position
angle of centre of inertia (COI — centre of inertia); Opax 18
the maximum allowable rotor angle deviation

The selection of Oy is frequently based on
experiment operation. It was generally limited to 100° to
allow network having sufficient stability margin [23, 24].

5. Inequality constraints (multi-terminal direct
current — MTDC). The last constraint limits the variance
of the all DC nodes have their minimal and maximal
voltage angle limits, in which the equipment can operate
safely.

05‘3{  <Opc,; <OpC. ;s where j=1...,my;  (27)

s

max
pc,j

active power generation at bus j of DC buses; Ppc; is the
active power generation at bus j of DC buses;
OB OB,
voltage of DC buses; ¢, is the angle voltage of DC
buses; n;, is the total number of DC buses.

where P[I,ncir’l s are the lower and upper limits of

are the lower and upper limits of angle

Simulation results and discussion. In this paper,
the MTDC system presented for the simulation with
integrated offshore wind farm is shown in Fig. 2. This
system is a modified version of the IEEE 14-bus test
system. A meshed DC grid including an additional
generator has been added, that connects to the AC system
to various buses through voltage source converters (VSC).
The bus 19 is not connected to any VSC. The bus and line
parameters were given in the [24]. All the simulations
were performed on source codes developed in MATLAB
environment running on an Intel Core i5 2.67GHz CPU
and 3GB RAM.

Fig. 2. Modified IEEE 14-bus

The fault priority list was given in Table 1. The top
4 faults in critical clearing time (CCT) are considered.

According to Table 1 and Fig. 3, it is evident that the
most unfavorable case is the three-phase fault (3¢).
However, it should be noted that there are, for certain
types of connection, cases where other types of fault are
more damaging. The best known of these faults are:

e single line to ground fault (SLG), when the
generator neutral is connected to ground directly or
through low impedance;

e single line to ground fault, when the transformer is
connected in Y-A with neutral grounded.

v P, [pu.]

Fig. 3. Power injected by the generator, depending on the type
of fault (LLG is double line to ground fault; LL is line to line
faults; SLG is single line to ground fault; 3¢ is three-phase fault)
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Table 1
Priority list of fault for IEEE 14 bus system

Cases Faults Line CCT(s)
3p | SLG
1 1 1-2 0.33
2 1 1-5 0.36
3 1 1-2 0.38
4 2 1-2 0.40

The severity criteria considered in this study is the
critical clearing time (CCT). This study was performed
according to the 2 different faults (three-phase fault and
single line to ground).

In this section, the modified IEEE 14-bus system has
been used to illustrate the effectiveness of the proposed
method. There are 5 cases to be discussed here, each with
2 scenarios:

e Case 1 is the standard power flow (PF);

e Case 2 is the standard OPF without transient
stability constraints;

e Case 3 is OPF with transient stability constraints;

e Case 4 when IEEE 14-bus is modified, with added
MTDC and without transient stability constraints;

e Case 5 using a new configuration of network with
transient stability constraints.

The results are given in Table 2.

Table 2
Optimization results for IEEE 14 bus system
Case 1 Case 2 Case 3 Case 4 Case 5
3¢ fault | SLG fault | 3¢ fault | SLG fault | 3¢ fault | SLG fault | 3¢ fault | SLG fault | 3¢ fault | SLG fault

P, MW 232 194.41 186.63 | 174.97 146.41 137.63 | 120.06
Py, MW 40 36.74 37.03 37.44 25.61 34.34 39.61
P, MW 0 28.61 31.53 35.41 0 0 0.07
P, MW 0 0 0 1.28 0 0 8.82
P, MW 0 8.52 12.44 17.58 0 0 3.23
P9, MW - - - - 100 100 100

Fuel cost ($/h) - 8080.77 8084.20 | 8102.18 5526.65 5549.29 | 5691.48
CCT (s) 0.33 0.38 0.51 0.45 0.57 0.47 0.28 0.37 0.31 0.39
Losses (MW) - 9.277 8.610 7.674 1.417 1.370 1.187

First, simulation results were presented with standard
PF (case 1). With this generation, it was found that system
transient stability was lost following the three-phase fault
disturbance at bus 1 (cleared by tripping line 1-2 at 0.33 s),
and was lost following single line to ground fault at bus 1
(cleared by tripping line 1-2 at 0.38 s) respectively. Visibly
the system can’t operate under this mode.

The second simulation (case 2), was the standard OPF
without transient stability constraints; the objective function
(fuel cost) reached 8080.77 $/h. But with this generation, it
was found that system transient stability was lost following
the fault disturbance at bus 1, as shown in Fig. 4, 5,
respectively. Visibly the system can’t operate under this
mode because security of the network is always violated.

Case 3, scenario 1 (3¢ fault), the active power of
generator 1 is reduced from 194.41 MW to 186.63 MW,
while those of generators 2, 3 and 8 were increased from
36.74 MW, 28.61 MW and 8.52 MW (case 2) to 37.44
MW, 31.53 MW and 12.44 MW (case 3) respectively.
A fuel cost was increased from 8080.77 $/h (case 2) to
8084.20 $/h (case 3) as shown in Table 2 and Fig. 6.
A consequence of satisfying the transient stability
constraints is the increasing in fuel cost only by 0.042 %.

For scenario 2 (SLG fault), the active power of
generator | is reduced from 194.41 MW to 174.97 MW.
While those of generators 2, 3, 6 and 8 were increased
from 36.74 MW, 28.61 MW, 0 MW and 08.52 MW
to 37.44 MW, 3541 MW, 1.28 MW and 17.58 MW
(case 3) respectively. The fuel cost was increased from
8080.77 $/h (case 2) to 8102.18 $/h (case 3) as shown in
Table 2 and Fig. 7. A consequence of satisfying the
transient stability constraints is the increasing in fuel cost
only by 0.246 %.

From Fig. 6, 7, the use of transient stability constraints
in terms of OPF solution gives better results and ensures

system transient stability following the fault disturbances.
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Cases 4 and 5 the network is modified, and at the
present the total loads is 295 MW (new load at bus 1, active
power 11.6 MW) and a new generator is present on the DC
bus (bus 19). The solution of cases 4 and 5, with and
without transient stability constraints is given in Table 2.

The fourth simulation (case 4), the fuel cost was
reduced to 5526.66 $/h. But with this generation, it was
found that system transient stability was lost following the
fault disturbance at bus 1, as shown in Fig. 8, 9, respectively.
Visibly the system can’t operating under this mode because
security of the network was violated.
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In case 5, scenario 1 (3¢ fault), in order to retain the
transient stability limits, the active power of generator 1
was reduced from 146.41 MW to 137.63 MW, while that
of generator 2 was increased to 34.34 MW. The fuel cost
was increased from 5526.66 $/h to 5549.29 $/h as shown
in Table 1 and Fig. 8. A consequence of satisfying the
transient stability constraints was the increase in fuel cost
by 0.409 %.

For last scenario (SLG fault), the active power of
generator 1 is reduced to 120.06 MW. While those of
generators 2, 3, 6 and 8 were increased to 39.61 MW,
0.07 MW, 8.82 MW and 3.23 MW, respectively. A
consequence of satisfying the transient stability
constraints was the increase in fuel cost by 2.982 %.

From Fig. 10, 11 it was obvious that the use of TSC
in OPF solution gives better results and guarantees
transient stability following the fault.
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Fig. 10. Response of rotor angle (case 5, TSC-OPF, MTDC),
3¢ fault

-60

For the best compromise solution, we must maintain
a balance between stability and economy. The solution
obtained enhances the transient stability of the system at
the best acceptable cost. Generally, in this situation, the
cost is marginally higher as the economy is sacrificed for
the improvement of transient stability. In case of lower
cost solution, more emphasis is given to economy of the
system and this solution is unable to improve the global
transient stability of the network. For minimum cost
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case 4, the CCT for the fault at bus 1 cleared by tripping
line 1-2 becomes 0.28 s whereas it was 0.33 s for three-
phase fault and 0.37 s to 0.38 s for base case for single
line to ground fault, as shown in Table 3.

Table 3
CCT comparison
3¢ fault SLG fault
Case 1 0.33 0.38
Case 2 0.51 0.45
Case 3 0.57 0.47
Case 4 0.28 0.37
Case 5 0.31 0.39

Finally, the solution sought for the problem of the
transient stability constrained optimal power flow, in the
last case, compared to all the previous solutions that
maximize the transient stability index, has the highest cost
as more focus is placed on optimizing the system's
transient efficiency. In the event of emergency situations,
this approach can be extremely useful.

It should be mentioned that active power losses are
small in mixed AC/DC networks relative to the standard
AC network. The AC/DC networks led to a gain up to
46,214 % from the base case. This confirms the potential
need for construction of solar or wind farms, considering
their advantages.

Conclusions.

It is very likely that future transmission systems will
contain more multi-terminal direct current links and the
effects of such system on transient stability are yet to be
determined. The increase of the future system has led to a
growing complexity in the study of its problem and so
presents new defy to power system stability. This paper
suggests a new version of the multi-objective optimal
power flow, taking into account the transient stability of
the power system. Two goals were concurrently
considered; minimizing the cost of the fuel and
optimizing the system's transient stability margin at the
point of fault clearance. Furthermore, this study was
performed on the basis of two different faults namely
three-phase fault and single line to ground fault.

Simulations were carried out in MATLAB
environment, the transient stability of the system is

compared with and without the presence of transient
stability constraints. The use of transient stability
constraints in terms of optimal power flow solution gives
better results and also ensures system transient stability
following the fault disturbance.
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