Modeling FACTS for power flow purposes: A common
framework

P. Arboleya*, C. Gonzalez-Moran, M. Coto

University of Oviedo, Electrical Engineering Departament

Abstract

This paper intends to give a common modeling framework for power flow
calculations in power systems with embedded FACTS devices. The proposed
method uses the node incidence matrix (I') to avoid the problems derived
from the widely used admittance matrix.

The proposed approach is formulated so that the system of differential
equations which are the core of the power flow problem, will be kept invariant
regardless of the number of embedded FACTS or their location.

As it will be demonstrated, the method provides a very versatile and
powerful tool for solving such systems, as it allows for a fast way to change
the devices locations, configurations or controls.

All the equations have been stated in a synchronous reference frame dg,
since it is the most popular reference frame for FACTS control. The main
advantage of the proposed problem modeling framework is its simplicity due

to the fact that all the equations (both power flow and control equations)
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are defined in a unique reference.

It has to be remarked that what it is proposed in this work, is a common
modeling framework, but not an algorithm or solving procedure. The authors
tested the proposed framework with the traditional power flow approach and
an Optimum Power Flow (OPF) approach.

Keywords: Power flow, FACTS modeling, graph theory, optimal power

flow, steady-state modeling

Nomenclature

Acronyms

AC Alternating current.

CSM Current source model.

FACTS Flexible AC transmission systems.
GIPFC Generalized interline power flow controller.
HFC Hybrid Flow Controller.

KCL Kirchhoff’s current law.

KVL Kirchhoft’s voltage law.

PIM Power injection model.

SSSC Static synchronous series compensator.

STATCOM Static synchronous compensator.
UPFC Unified power flow controller.

VSM Voltage source model.



Matrices

R, L, X Resistance, inductance and reactance matrices.
1 Identity matrix.

M Linear equations matrix.

r Node incidence matrix.

Parameters

w Pulsation.

Subscripts

d,q Synchronous reference frame components.
1,7,k Node name or number.

ng Total number of branches (lines).

ny Total number of nodes.

Superscripts

B Branch or line.

N Node.

se Series.

sh Shunt.

spec Specified.

T Transpossed.



Variables

e Injected voltage.

7 Current.

P,Q.S Active, reactive and apparent powers.
R, L, X Resistance, inductance and reactance.
v Voltage.

0 Injected voltage angle.

Vectors

e Injected voltage vector.

i Current vector.

\% Voltage vector.

z Vector of the whole system unknowns.

1 1. Introduction

2 Over the years, many methods have been proposed to model and ana-
s lyze power systems with embedded FACTS controllers in steady state [1].
s+ This kind of analysis has been applied with different purposes, for instance,
s sensitivity analysis [2], optimal power system operation based on technical
s [3-6] or economical considerations [7], sizing of different kind of devices [8],
7 planning and allocation of such devices [9-15], dispatch analysis [16], voltage

s stability analysis [17] or state estimation [18-21].
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Basically there exist two kind of models [22]. The first one, the so called
decoupled model, where the FACTS devices are substituted by fictitious PQ
and/or PV nodes [23], has fallen into disuse in the last years and it has
been replaced by the second method known as coupled method, in which the
devices are represented in a more intuitive way.

Within the second typo of model, we can distinguish between three dif-
ferent groups. In the first one, the devices are replaced by a current source,
so it is called Current Source Model (CSM) [8, 24-27]. The second group is
similar to the first one but it uses a voltage source instead, so it is known
as Voltage Source Model (VSM) [2, 4, 28, 29]. Finally the Power Injection
Model (PIM) substitutes the injected voltage or current sources by power
sources, so its main advantage comparing to the other methods is related to
the symmetry of the admittance matrix [3, 22, 30-33].

In [34], a hybrid VSM/PIM model for modeling a Hybrid Flow Controller
(HFC) was presented, in this case the device was replaced by a power injec-
tion in a node and a voltage injection in another one. In [5], a Unified Power
Flow Controller (UPFC) is modeled using a hybrid VSM/CIM model. In
this case the device is replaced by a shunt current source and a series voltage
source.

Regardless of the chosen model, most of the authors use the admittance
matrix approach to describe systems with embedded FACTS [16, 29, 33, 35—
38], being the Newton-Raphson the archetype algorithm for solving these
models [4, 16, 17, 26, 29, 32, 33, 35, 36, 38-41]. However, the use of the

admittance matrix approach presents some serious drawbacks [42]:

e The admittance matrix merges together all parallel lines and shunt
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devices. It is not possible unequivocally go back to the line, transformer

or FACTS devices parameters.

e Any change in the system topology or parameters requires rebuilding

the whole admittance matrix

For the above mentioned reasons, a group of authors including the signa-
tories of this article, propose the use of the node incidence matrix I' instead
of the admittance matrix approach [9, 42-46]. With the use of I', the in-
formation regarding the system, the devices parameters and the topology is
separately organized as it will be showed in the next section.

The use of I is derived from the application of the graph theory to power
systems modeling, since this matrix is an algebraic representation of a graph,
as it will be explained in the next section. It can be stated then, that
the authors assimilate the whole power system into a graph. This is not a
new idea, in 1900 Poincare established the principles of algebraic topology
introducing the description of a graph using the incidence matrix. Then
in 1916, Veblen showed, how the Kirchhoff laws could be formulated by
applying Poincare theory [47]. This was just the beginning of the multiple
improvements and innovations in the graph theory and its application to the
power systems modeling and analysis. The bulk of this improvements took
place in the decades of 50s and 60s when the classical topological formulas
were modified to fit passive networks containing mutual couplings and active
networks (see for instance [48, 49]). Nowadays, the graph theory is still in
vogue, but new advances does not lie only in the graph theory itself, but also
in its applications to a wide range of different problems like the one that is

being described in this paper.
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One common feature to most of the works mentioned until now, is the
use of the conventional stationary reference frame in polar or rectangular
coordinates. However, an as it was stated in [50], the use of the dg orthogo-
nal synchronous reference frame facilitates the converters control modeling.
In the cited case, the authors used the dg reference frame for modeling a
Generalized Interline Power Flow Controller (GIPFC).

In this work, the authors propose a common modeling framework for
modeling any kind of FACTS device embedded in a power system by using the
VSM approach formulated in a dgq coordinates reference frame with the use
the node incidence matrix I'. The proposed model uses a constant topology
for describing the whole system, allowing the activation or deactivation of any
series or shunt FACTS device at each line or node of the system respectively.

The main contributions of the proposed approach are summarized ahead:

e The use of the node incidence matrix I' permits a fast configuration
of the devices and simplifies their reallocation in any other part of the

system.

e The proposed method keeps the dimension of the system invariant inde-
pendently of the number of devices, their configuration or their location

in the network.

e In most cases, the power converter controls used in FACTS are imple-
mented in an orthogonal-stationary reference frame. So the use of the
same reference frame for modeling the rest of the network will unify the
formulation of the power system power flow equations and the FACTS

devices controls.
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The authors will propose the use of this formulation to be applied in both
kind of power flow problems, the traditional power flow problem, where the
reference values for the FACTS devices controls are specified, and the optimal
power flow problem (OPF), where the reference values of the FACTS controls
are non specified unknowns, so they are part of the solution.

The paper is structured as follows. In section II, the common modeling
framework using the dq coordinates and I' matrix will be described, demon-
strating that different configurations or allocations can be obtained without
changing the model core. In section III, the control of different FACTS sys-
tems (STATCOM, SSSC and UPFC) will be presented. Then in section IV,
the authors will explain how controls are released to solve the problem as
an OPF problem. Section V will present several test cases with both ap-
proaches. All these test were validated by means of a power flow commercial
software PowerFactory by DigSilent. Finally, in section VI the conclusions

will be presented.

2. FACTS common modeling framework

In figure 1 the general model of the power system with embedded FACTS
is shown. A series FACTS device is placed at each branch and a shunt
FACTS device is placed at each node. This is just a section of the whole
power system containing two nodes and one line, but each line or bus of
the system will be modelled like this section. Doing such model, the the
prospects of adding an embedded FACTS device to any node or line in the
system are considered. In the last part of this section it will be explained how

the model deals with the activation or deactivation of the different embedded



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

FACTS devices at different locations without the need of recalculating the
whole system topology by means of the node incidence matrix and the graph
theory.

Both, series and shunt FACTS devices are modeled as real voltage sources
as it can be observed in figure 1. Each branch (or line) has its own impedance,

which is represented by RZ and LP

i i7» Plus a real voltage source, representing

the series FACTS device, modeled as an ideal voltage source € and a series
RL type impedance, represented by R and Lji. Besides the series real
voltage source, a shunt real voltage source is placed at each node, representing
the shunt connected FACTS device. In this case ef" and e" represent the
shunt connected ideal voltage sources at nodes ¢ and j respectively. Both
shunt voltage sources have their own RL type impedances, (R" L3") for
node ¢ and (th, Ljh) for node j. The current flowing through the line is z'g
and the current through the shunt voltage sources are " and zj’h Finally,
the net current injected by the generators and the loads at each node are ¥
and zjv . The summatories depicted in figure 1 represent the currents flowing
from/to other adjacent nodes.

Using the complex vector theory, the Voltage Kirchhoff Law (KVL) in

the line and the shunt voltage sources in figure 1 can be expressed as follows

[43]:

d
se _ se B -B se B . -B
Vijg, — iy, = (B35 + Ri) i, + (Lif + L) - (a +JW) i, (1)
S S S S d . -S
Vigg — ez’ZI = Rih ’ Zz':q + Lih ‘ (E +Jw> '%‘Z] (2)
- sh _ Rsh -sh Lsh i . -sh 3
Viag = Cjag = Y Tjag T E7 gy TIY ) g (3)
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Where: x4y =24+ 7 - 24

v;, v; and v;; are the voltage at nodes ¢, j and the voltage difference
between both of them respectively. Equations (1), (2) and (3) are generic;
they serve for either transient or steady-state analysis, and they give us
insight to proceed to decouple the system into dq components. In the present
case the system will be analyzed in steady state, therefore, the derivative term
is null.

Equations (4) and (5) represent the Current Kirchhoff Law (KCL) at

nodes ¢ and j:

ny

D ik, i, — i, — 5, =0 (4)
k=1

ny

Zz’,?jdq +ill =it il =0 (5)
k=1

Separating all voltages and currents into d and ¢ components, equations

(1)-(5) can be rewritten in matrix form:

Vij, o efj}’; _
’Uijq efth

Rfje + Rg —w (ije + ij’) igd (6)
w(LE+LE) R+ RE i,
v\ fer) (R o—wL) [ -
Vi, eff wLsh Rt sz
Vjq . e;c}ll _ RJSh _WL;h . ng (8)
Vj, € wLi R G

10
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nnN B

> i N ik B 0
k=1 4 td o td . id — (9)
S B iv ]\ iP 0

qu 1q 1q 1q

k=1

nnN B

> Ukjq N ish B 0
k=1 + Jd o Jd _ Jd _ (10)
- —

=B i ish B 0
= k;jq Jq Jaq Jq

To extend the proposed formulation to the whole system, the node inci-
dence matrix I' will be employed. For this purposed we are going to consider
the whole system as a graph in which each node will represent a vertex. The
connections between nodes (branches) will be the graph edges. To construct
the matrix I', the edges must be enumerated beginning in the edge whose tail
(lower indexed node) is vertex 1. If there are more than one edge whose tail
is vertex 1, they will be numerated in the same order as their head (higher
indexed node). Then, the same procedure is applied to the edges whose tail
is vertex 2, and so on. For each pair of connected vertices (i, j) a new row
in the I'" matrix will be added. The column 7 will be filled with a 1, and the
column j will be filled with a —1. Therefore, the I" rows and columns will
represent, respectively, the graph edges and vertices. The elements in I';; are

hence given as follows:

e [';; =1 when the tail of the edge ¢ is the vertex j.
e [';; = —1 when the head of the edge 7 is the vertex j.

e Otherwise I';; = 0.

11
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Under this assumption equations (6)-(10) can be extended to the whole sys-

tem as follows:

I'(vy) — 1., (ede)T Re5 (if) w LB (qu) (11)
T(vy) — L, ()" =R (iF) + w R (i5) (12)
Ly (va) — Ty () = R (i) —w Lo ()" (13)
Ly (vo) =L (e =R +w L (i) (14)
()" (5) ~ L (i) + L, (i)' = (0),, (15)
()" (12)" — Ly (i) + L, (5" = (0),, (16)

where:

e R**%: is a diagonal matrix of dimensions (np x ng), where np is the

total number of system branches. The 4y, term Rfe+B in this matrix
represents the sum of the branch resistance and the series voltage source
resistance at branch 7. If there is not a series device allocated at line 7,

then R;¢ will be set to zero.

L*“"P: is a diagonal matrix of dimensions (np x ng). The iy, term

L:“*P in this matrix represents the sum of the branch inductance and
the series voltage source inductance at branch ¢ (L + LP). If there is

not a series device allocated at line 4, then Lj¢ will be set to zero.

R isa diagonal matrix of dimensions (ny xny ), where ny is the total
number of system nodes. The iy, term th in this matrix represents

the shunt voltage source resistance at node i. If there is not a shunt

12
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device allocated at node i, then R$" will be set to a value high enough

to be considered as infinite.

o L is a diagonal matrix of dimensions (ny x ny). The iy term L3
in this matrix represents the shunt voltage source inductance at node
i. If there is not a shunt device allocated at node i, then L3" will be

set to a value high enough to be considered as infinite.

o vy, €5 e are vectors containing respectively the d component of the

voltage in the nodes and the series and the shunt injected voltages by

se

all devices. The same definition could be given for v, €;°,

eflh, but in
this case with the ¢ component.

o i, iflh . are vectors containing respectively the d component of the

current through all lines and through all shunt devices. The same defi-
B :sh

nition could be given for i,’, i;", but in this case with the ¢ component.

Equations (11) and (12) represent the KVL in all system lines including
the real voltage source in d and ¢ components respectively. Equations (13)
and (14) represent the KVL in all shunt connected elements in d and ¢
components respectively. Finally, equations (15) and (16) represent the KCL
in all nodes in d and g components. This set of equations (11)-(16) is the
linear core of the problem, and it can be stated in a real compact way being

summarized in (17):

Mz" =0 (17)

Matrix M is presented in (48) and the vector of unknowns z, containing

branch currents and shunt components currents, all the node injected net

13
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currents, the shunt and series sources voltages and all node voltages, all of

them separated into d and ¢ components are shown in equation (18).

sB :B :sh s:sh :N N

z= [i; i) iy" i;" iy i,
e e e e vy v, ] (18)

The total number of unknowns will be (8ny + 4np). Each node will add
4 voltages (the node voltages vg, and the shunt source voltages efif; in dq
components), and 4 currents (the shunt currents iflg and the net injected
currents igg in dq components). Each branch will add 2 voltages (the series
source voltages ej in dq components) and 2 currents (the branch currents
iy, in dg components).

The total number of linear equations in the expression (17) is (4ny+2np).
Besides these linear equations, each node will add two more equations (2ny),
which can be linear on nonlinear equations depending on the node type. In
Table 1, these equations can be observed for different node types. In the case
of the slack bus, no equations will be added, but the voltage value will be
specified.

We still need to define (2ny + 2np) equations or specify the values of
(2ny + 2np) unknowns. It must be remarked that when no shunt or series
devices are included in the system, the shunt and series voltages ejf and
esh and the series impedances RS and L7 will be set to zero, and all shunt
impedances R, L will be set to a value high enough to be considered as
an infinite. Even in that case the matrix M will be a regular matrix and the

system can be solved.

14
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When a series device, for instance a SSSC, or a shunt device, like a STAT-
COM, are located into the system, two new equations must be added. If the
device is a combined series/shunt device, as for example a UPFC, four new
equations must be considered. In the next section, the equations that need
to be added for different kinds of FACTS will be stated as a function of their

controls.

3. Specific FACTS models

In this section, it will be explained how a shunt device (a STATCOM),
a series device (a SSSC) and a combined series/shunt device (a UPFC) can
be embedded into the system. The authors want to remark that the same

procedure could be used to model any other kind of FACTS.

3.1. STATCOM Modelling

In the STATCOM case two equations are added by the device; the op-
erating constraint and the control function. The most common case is a

STATCOM without energy storage function so the operating constraint will
be:

P-Sh — esh . ’iSh 4 esh X ’iSh =0 (19>

i ig " lig ig g

If an energy storage system is installed, then P must be defined as a
specified value or as a function of the network parameters. In the present
work, a conventional STATCOM without energy storage will be considered.

The device control will add an extra equation. In this case six different

controls were considered, but any other could be implemented.

15
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Voltage magnitude at local/remote bus:

The magnitude of the voltage at the bus where the shunt device is con-
nected or at any other bus is set to be an specified value |v;|*?*“. The device
will inject the required reactive power to keep this voltage level. In the-
ory any bus voltage can be controlled but in practice, the voltage control of
a remote bus probably won’t be possible due to reactive power constraints

violation. The equation (20) represents this control.

2

(v3)* + (v3,)" = Jvi| ™ (20)

Voltage injection of the STATCOM:

In this case no node voltage is set as an specified value, in this case the
control equation (21) fixes the magnitude of the internal voltage of the device
|esh]sPee. This control is similar to the previous one but without considering

the voltage drop derived from the device impedance.

2
2
J (eg)" + (eg) = legtvee (21)
Reactive power injection at the local bus:
This direct control specifies the reactive power that the shunt device
injects into de grid (th)smc, using the expression (22).
h _ ssh h _ :sh R spec
e — et it = (Q)") (22)
Reactive power flow in a near line:
The reactive power flow in a line connected to the same bus where the

spe

shunt device is connected (in ) °, is specified in equation (23).

16
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. . spec
Uiy By = Via Ty = (Q31) (23)

Active power flow in a near line:
This control is similar to the previous one, but in this case, the equation
(24) fixes the active power (ij)Sp “ through a line connected to the same

bus where the shunt device is installed.

v, i+, zf = (P}f)”“ (24)

Impedance of the STATCOM:

Expression (25), makes the device behave as if it was a reactance with an

spec

specific value X;*“ a negative value would represent a capacitor behaviour.

sh;sh __ _sh;sh
g d %d q spec
= X7 (25)

)+ (i)

(&

3.2. SSSC Modelling

Similar to the previous device each series type device will add two equa-
tions, the operating constraint and the control equation. For the case of
study of a SSSC the operating constraint will be:

Pre=er-il +e-if =0 (26)

As it is deducted from (26) the active power injection is forced to zero.

For the SSSC case, four different controls are proposed as follows, but

any other control equation could be implemented.

17
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Voltage magnitude control at a local/remote bus:
Similar to control expressed in (20), the use of this control (see (27))
forces the voltage of one of the nodes where the line containing the series

device is connected to be the specified value |v;|*Pec.

2

(vig)” + (i) = il (27)

Voltage injection of the SSSC:

The expression (28) specifies the magnitude of series device internal volt-

age |ege| 7

e+ (o) = pre (28)

Reactive power flow:

The active power through the line where the device is connected ( 5)5;;@(;’
is fixed using the control equation (29).
.B .B B spec
Vig ~ iy = Vig " 1, = (ng) (29)

Active power flow:
The reactive power through the line where the device is connected (PZ’]B ) e

is fixed using the control equation (30).

Vig 10 vy, 1D = (PR)T (30)

iq ij

18
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294

Impedance of the SSSC"

In this case, the equation (31), forces the series device to behave as a

spec

specified reactance X;’““; negative values would make the device act as a

capacitor.

€feiB _ _,se;B

iq “id iq "iq _ Xispec (31)

S (i)

3.83. UPFC Modelling

This device is a combination of a series device and a shunt device, so it
will add one operating constraint and two control equations. The operating
constraints are specified in the equations (32) and (33). They are based on
the assumption that there is no energy storage, so the active power consumed

by the shunt device has to be provided by the series one or viceverse:

PiSh o Pisje =0 (32)

P-Sh . (Pish)spec -0 (33)

7

Five different control types will be proposed (equations (34)-(42)), but

any other control will add two equations to the problem.

Active and reactive power flow control in the line where the series device is
installed:

This is one of the most typical controls that allows to specify the net active
and reactive power flow ((Pi?)Sp “ and ( 5)81? “ respectively), through the
line where the series part of the UPFC is connected. Obviously the required

active power to be injected by the series device to make such regulation should

be extracted from the node where the shunt part of the UPFC is connected,

19
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313

fulfilling the expression (32). The proposed control can be implemented
adding the expressions (34) and (35).

. . spec
(I Zfz + vy, - zi = (PZ?) (34)
iy 1B = vy i = (QE) (35)

Power flow control by voltage shifting:

The expression (37) imposes that the voltage magnitud at both sides of
the line where the UPFC is installed must be the same. In this case, for
obtaining an active power flow matching with the specified value (P;;)*“ by
means of the equation (36), the angles of the voltages at both sides of the
line must be shifted.

Vig 10 vy, 1D = (PR)T (36)

iq ij

VO + (0)* = 0. + (1,)° (37)

Voltage injection control:

This case is very similar to the one described in the expresions (21) or
(28), in such cases, the FACTS was only composed by one series device or
one shunt connected device. For this reason, only the magnitude of the
internal voltage can be controlled. In this case, the FACTS is composed by
two devices, one in series and the other one shunt connected. For this reason
we can control the internal voltage of one of them in magnitude and angle.
The expressions (38) and (39) fixed the magnitude and the angle of the series

device internal voltage, (|ef¢|*P*“ and 6°P°“ respectively).

20
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327

Ve + (ex) = e (38)

se
2]

arctan (eif) = §°ree (39)

Phase shifting regulation:
This control is similar to the one expressed in equations (36) and (37).
In such case the voltage magnitude at both sides of the line was the same
and the angle should be shifted a required amount to obtain the desired
active power flow. In this case, the expressions (40) and (41) indicate that
the voltage magnitud at both sides of the line where the series part of the
UPFC is connected must be the same, but the shift angle between the two

voltages 0°P°¢ is specified also, so now the active power flow is an output of

the problem.

v; or
arctan (ﬂ> — arctan (ﬂ) = °Pe (41)
Vig Yja

Line impedance compensation:
This last case, makes the line to behave as a given impedance, the resistive
part R;*7°“ and the inductive part X;*’° can be specified, a negative value

of this last makes the line behave as a capacitor. The equations to run this

control are (42) and (43).
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339

340

341

342

343

344

345

Qs el — el
7 lq

_ id td "iq — X, spec (42)
B2 2 i
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In section IV an Optimal Power Flow problem is employed to solve the

defined system of equations.

4. OPF Approach

For the OPF approach, the authors will use just the equations describing
the operating constraints. These equations were defined for the STATCOM,
SSSC and UPFC cases in (19), (26) and ((32)-(33)) respectively.

The control equations will be omitted in order to give the system the
required degrees of freedom to minimize the target function. In the case of
the UPFC we also deactivate the operating constraint given in (32), allowing
the problem to calculate optimum energy transfer between the series and the
shunt device. The use of a constrained OPF problem is recommended in this
case . The most usual constraints in this kind of problems are the maximum
and the minimum node voltages, the maximum and the minimum active and
reactive powers injected by the generators and the maximum apparent line
powers.

For FACTS devices the constraints included in the present OPF approach
have to do with the maximum and minimum injected voltage and current as

it is stated in the next equations.
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-se |min . 2 . 2 -se|max
i s\/ (i8)" + (i8) < Jire (45)

. 2
et < J () (esh) < Jeghpes (46)

. 2
|ifh|mzn < \/(if:)2—|— <Zi§l> < |Z-fh|max (47)
5. Test Cases

To test the proposed formulation, the IEEE 14 node system standard [51]
has been chosen (see figure 2). The authors adopted all specified data in the
standard excluding the loads, that have been increased in 250% in order to
obtain a lower voltage profile and an overloaded scenario. All the calculations
have been carried out in per unit (pu.) system.

Under these assumptions, the obtained results for the base case with no
embedded FACTS can be observed in Tables 3 and 4. In Table 3, voltages
at nodes 1,2,3,6 and 8 have been omitted because node 1 is a slack bus
with voltage reference of 1.06pu, and the others are PV nodes with voltage
references 1.045,1.010,1.070 and 1.090 pu respectively. In the base case a
low voltage profile is obtained and the minimum voltage is achieved in node
14 (0.92pu), the total system losses for the base case are 117TMW (see Table
4).

When a shunt or series device is activated the values of its resistance and

reactance are set respectively to 0 and 0.06 pu.
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In Table 2, all test developed are described. The first column is the code
of the case that will be the same in the Tables 3 and 4. The second column
specifies the device location, the shunt connetected devices node, the series
connected devices line and the combined devices node and line. Column 3
shows the used control according to the described controls in section III. In
column 4, the control references can be observed. Take notice that when
using the OPF approach, no control is selected for the device and the OPF
target will be the total loss minimization. In columns 5 and 6 the obtained
injected voltages can be seen. Finally, columns 7 depicts the injected reactive
power when a series or shunt device is used, or the active power exchanged
between the series and the shunt devices when an UPFC is employed.

The authors have validated and tested the proposed method by means
of a commercial software package PowerFactory by DigSilent. More than
200 cases were tested, activating a maximum of 6 series devices and 6 shunt
devices at the same time. In this work, for the sake of simplicity, 22 tests are
presented. The first 10 cases correspond to 3 STATCOMs in three different
locations and different control, the next 9 cases used SSSCs at 4 different
locations and the last 3 cases are simulations with UPFCs.

In case 1 a STATCOM is located at node 14 controlling the voltage at
that node with a voltage reference of 1.01pu. To increase the voltage level
from 0.92 (base case) to 1.01 pu, the device need to inject 43.84MVAr. This
reactive power injection causes the increasing of all voltage level profile in the
system. The apparent power flowing through the lines is not substantially
modified being the highest variation located at lines 17 and 14. In line 17 the

apparent power increases due to the STATCOM injection. As a consequence,
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the apparent power through line 14 is reduced. The total amount of losses is
reduced in 2MW.

In case 2, the voltage in node 10 is controlled by using an STATCOM
located at node 14. In this case the voltage reference at node 10 is 1.0 pu and
the amount of injected power by the device is higher than in the previous
case (114.6 MVAr). The difference is that in this case the total losses are
increased in 3MW when comparing with the base case.

In case 3, the STACOM is located at node 4 with an injected voltage
reference of 1.0 pu, and the device injects 40 MVAr.

Case 4 fixes the injected power in node 4 in 100 MVAr. As it was expected,
the voltage is increased when comparing to previous case and the total losses
are reduced 4AMW. Cases 5 and 6 place the device in node 10 controlling
the reactive and the active power flow in line 18 respectively. In the case 6
the active power flow through line 18 is reduced to 0, however, to do that,
the device has to inject more than 300 MVAr increasing the whole voltage
profile, the apparent power through line 18 and the total losses in 20MW.
Obviously, such reference could not be used in case of a constrained power
flow, because the voltage at node 10 achieves values of 1.32pu.

In case 7 an impedance reference is used when the STATCOM is located
at node 4. Cases 8,9 and 10 are solved with the OPF approach, placing the
device at nodes 4, 10 and 14 respectively, the constraints were activated and
the controls deactivated using just the operational constraints. The voltage
constraints in all nodes were set to 0.85 and 1.10 pu. In all OPF cases, the
total losses were reduced with respect the base case. However, case 10 is

quite similar to case 1. Case 8 is similar in terms of losses to case 7, just
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435

a difference of IMW, but the voltage profile of case 8 is higher. The same
conclusion could be achieved when comparing the cases 5 and 9, they are
similar in terms of losses, but the voltage profile of case 9 is slightly higher.

In cases from 11 to 16, an SSSC has been activated in lines 8,9, 10 and 13
but with different controls. In all of these cases, except the cases 11 and 12,
when the device was activated in line 9, the total losses has been increased.
Even when the OPF approach was tested, the total losses reduction was very
low, and in case 17 the total losses increased with respect the base case even
when they are much lower than the case 13, when the device was activated
in the same line with a fixed control.

Finally, several UPFC were carried out with different node/line combina-
tions. In cases 20,21 and 22, we can observe 3 of the better combinations.
In case 20 a loss reduction of 11MW was achieved. This is a curious case
because a the shunt part of the UPFC is connected to the node 6, which is
a PV node, so the device cannot vary the voltage in it. However it absorbs
active and reactive power from this node and inject them into the line 13,
thus increasing the voltage of node 13 until the constrained limit of 1.1 pu is
achieved. Something similar happens when the UPFC is connected to node 6
and line 11 (case 21). The device cannot rise the voltage at node 6, however
it is able to increase the voltage at node 11, where line 11 is connected, until
the limit is reached, in this case, the loss reduction is 17MW. In the last case,
the shunt device is connected to node 4 and the series one to line 8, in this
case a reduction in the total losses of 25MW is obtained with a low voltage

profile. In this case, the lower voltage constrain is reached at node 14.
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6. Conclusions

In the present work, the authors have proposed a versatile formulation
that allows FACTS models to be embedded in power systems models in a
simple and fast way by using the node incidence matrix (I") approach and
a rectangular synchronous reference frame. As it was demonstrated, the
number and location of devices can be modified without changing the linear
core of the problem. As a consequence, the dimension of the problem does
not vary, even when the number of active devices does. This fact allows
the authors to avoid the tedious tracking routines to search which variables
corresponds to which devices (for instance i5},, always be the d component
of the current in the shunt device connected to node 10 and its position in
the solution vector is fixed, if no shunt device is connected to such node,
this value will be zero). Finally, all the expressions were referred to the
dq reference frame, simplifying the controls modeling and using the same

reference frame for the controls and for the rest of power flow equations.
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Type Specified | Unknowns Equations
N ‘N _
‘N N
PQ Bus P, Q; Vid;Vigyiq-Yiq N N
Vig * biq — Vid * g — Qi =0
‘N ‘N _
Vid * g + Vig - i3y — Pr =0
‘N N
PV Bus | B, [vi| | via,Vig,iig»tiy
/.2 2 _
‘N N
Slack Bus |  viq,Viq Uiy lig

40

Table 1: Conventional PQ, PV and Slack buses description.



Case node control | reference e | e Q"
1 14 1 [va] = 1.01 | 0.68 | -0.78 | -43.84
2 14 1 |vip| = 1.0 0.74 | -0.92 | -114.16
3 4 2 lesh| = 1.0 0.86 | -0.51 | -40.00
4 4 3 Q" = —100 | 0.91 | -0.54 | -100.00
5 10 4 B =5 0.76 | -0.74 | -49.77
6 10 5 PE=0 0.97 | -1.12 | -381.17
7 4 6 Xsh = —1 0.92 | -0.54 | -114.37
8 4 OPF | Loss min. 0.97 | -0.57 | -178.87
9 10 OPF | Loss min. 0.76 | -0.76 | -67.65
10 14 OPF | Loss min. 0.67 | -0.77 | -36.75

Case line control | reference e e Q%
11 9 1 lvg] =0.96 | -0.33|-0.47 | -61.42
12 9 1 lvg] =0.96 | -0.18 | -0.23 | -21.35
13 8 2 lew| = 1.0 0.65 | -0.76 | 218.33
14 10 3 B =0 -0.74 | -1.28 | -442.02
15 10 4 PR =30 0.78 | 0.58 | 35.56
16 13 5 X3 =0.01 | 0.03 | 0.02 | -3.80
17 8 OPF | Loss min 0.08 | -0.61 | -101.20
18 9 OPF | Loss min -0.13 | -0.15 | -11.95
19 13 OPF | Loss min -0.04 | -0.01 | -2.19

Case | node/line | contr ol | reference ese | et psh
20 6/13 OPF | Loss min 0.45 | 0.98 | 35.62
21 6/11 OPF | Loss min 0.97 | 1.01 | 68.15
22 4/8 OPF | Loss min 1.36 | 0.91 | 53.54

Table 2: Cases description. All voltages are in pu. system and active and reactive powers
in MW and MVA respectively.
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Case | vy Us U7 Vg V10 U1 V12 V13 V14
Base | 0.96 | 0.96 | 0.98 | 0.94 | 0.94 | 1.00 | 1.02 | 1.00 | 0.92
1 0.96 | 0.97]1.00 | 0.97 | 0.97 | 1.01 | 1.04 | 1.03 | 1.01
2 0971097 ]1.02|1.01|1.001.03|1.05]1.05]1.13
3 09810981099 |0.95|0.95|1.001.02 ] 1.00 | 0.92
4 1.00 1 0.99 | 1.00 | 0.96 | 0.96 | 1.00 | 1.03 | 1.01 | 0.93
5 0971097 | 101099 1.011.03|1.03]1.01]0.95
6 0991099 |1.10|1.18 132 1.19|1.04 | 1.04| 1.08
7 1.0110.99 | 1.01 | 0.96 | 0.96 | 1.00 | 1.03 | 1.01 | 0.93
8 1.03 ] 1.01]1.02]0.97]097|1.01|1.03|1.01]0.94
9 0971097 |1.01|1.00|1.04|1.041.03]1.01]0.96
10 0.96 | 097 ] 1.00 | 0.97 | 0.96 | 1.01 | 1.03 | 1.02 | 1.00
11 0.96 | 0.97 | 1.00 | 0.96 | 0.96 | 1.01 | 1.02 | 1.01 | 0.93
12 0.96 10971099 095|095 |1.001.02]1.01]0.92
13 0.80 | 0.84 | 0.43 | 0.50 | 0.56 | 0.80 | 0.99 | 0.93 | 0.60
14 1094 1092|093 ]0.83|0.82]0.91]|1.01]0.96 | 0.81
15 0.89 {091 1 0.92 | 0.87|0.870.95| 1.01 | 0.99 | 0.85
16 0.51 [ 0.44 | 0.57 | 0.46 | 0.52 | 0.77 | 0.97 | 0.90 | 0.53
17 1.00 1 0.99 | 0.90 | 0.90 | 0.91 | 0.98 | 1.02 | 1.00 | 0.88
18 0.96 |1 0971099 095|095 1.00|1.02 ] 1.00 | 0.92
19 0.96 [ 0.96 | 0.98 | 0.94 | 0.94 | 1.00 | 1.02 | 1.01 | 0.92
20 0951096099 095|095 |1.00(1.09]|1.10 | 0.96
21 0.94 1096 | 0.98 | 0.95| 0.97 | 1.10 | 1.02 | 1.00 | 0.91
22 0.97 1098 1 0.91 | 0.87 | 0.87 | 0.95 | 1.01 | 0.99 | 0.85

Table 3: Voltage magnitude in all nodes in per unit system.
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Table 4: Aparent powers in all lines iEBMVA and total system losses in MW.



