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Abstract

This paper presents new methodologies for modeling static VAr compensators (SVCs) in the power flow problem. The
proposed formulations utilize sigmoid functions to model the control equations that describe the steady-state behavior of
SVCs. The first methodology introduces reactive power injection as a new state variable, while the second methodology
utilizes the thyristor firing angle. These steady-state SVC methodologies were applied to the power flow problem using the
full Newton formulation, which incorporates the control equations into the system of nonlinear equations. One of the main
contributions of these proposed methodologies is that they eliminate the need for alternating adjustments concerning the
operational limits of the SVC during the iterative power flow process. The implementation of a power flow program was
tested on both small-scale tutorial systems and the medium-scale IEEE Nordic system. The presented results validate and

demonstrate the effectiveness of the proposed methodology.
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1 Introduction

Modern research and operation of electrical power systems
heavily rely on power flow as a fundamental analytical tool.
Its application provides vital information about bus volt-
ages, active and reactive power flows in system components,
as well as reactive power generation for a given load and
generation scenario. This analysis, combined with network
topology, allows for in-depth studies on various topics of
interest such as electrical system operation, planning opera-
tion, and planning expansion [1]. Based on these analyses,
an important issue for the operation of modern power sys-
tems relates to voltage control. Maintaining a consistently
regulated voltage magnitude throughout the entire network
is crucial for ensuring reliable power system operation. This
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objective can be achieved by effectively controlling the
injection, absorption, and flow of reactive power within the
electrical system [2].

Static VAr compensators (SVCs) shall receive a notable
mention among the electric devices capable of actively par-
ticipating in voltage regulation. SVCs are one of the most
popular Flexible AC Transmission System (FACTS) devices
that, of the multiple benefits it can provide to a network,
enhancement of voltage stability margins can be highlighted
[3, 4]. Therefore, it is crucially important to develop and
implement precise modeling of this device during power flow
analysis to achieve results as realistically as possible.

SVCs are the research focus of many works found in the
literature. In [3], it evaluated power systems voltage stability
improvements in the presence of SVCs. Steady-state model
of the SVC for power flow and optimal power flow studies
is proposed in [2]. Focusing on optimal power flow, work
[5] proposes the implementation of partitioned ant lion algo-
rithm to improve SVC modeling. Additionally, in [6] the
SVC operates with wind power generators to enhance voltage
compensation. The reference [7] presents an approach to con-
trol power systems with several FACTS devices, including
SVC. A comparison of an optimal power flow formulation,
with and without FACTS devices such as SVC and thyristor-
controlled series capacitor (TCSC), in terms of cost saving
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and loss reduction in a smart grid scenario is presented by [8].
Different methods of bio-inspired optimization techniques
are addressed in [9] to find out the most favorable location
and firing angle of SVC in power systems.

Considering the complexity of modeling SVC in the
nonlinear power flow problem, this paper explores the use
of sigmoid functions to introduce new solutions strate-
gies. In terms of considering control limits and saturation
effects approximations, the sigmoid function characteristic
fits within the requirements of smooth functions for stud-
ies related to voltage stability and bifurcations [10-12].
Therefore, traditional control devices methodologies, such as
synchronous machines operative limits, HVDC links opera-
tive limits, transformer’s on-load tap and phase shift controls,
and shunt devices compensation control, all can be reformu-
lated considering the implementation of sigmoid functions.

From this context, the main contributions of this work are
the following:

e A new methodology to represent SVC in the power flow
problem based on the equipment’s reactive power injec-
tion,;

e A new methodology to represent SVCs in the power flow
problem based on the thyristor firing angle methodology
[2], proposing a droop improvement to the model;

e A generic methodology to represent the control devices
limits and saturation effects in power systems operation
based on sigmoid functions.

The classical methodologies for representing SVC in the
power flow problem consider the change of operating region
(linear, inductive, and capacitive) by swapping the corre-
sponding equation during the iterative solution process. The
problem is that in this case, the evaluation of the operating
region is performed alternately with the iterative process,
typically using the minimum and maximum voltage values
of the linear region as criteria. Thus, one of the main con-
tributions of this work is the proposition of methodologies
where the control region alteration is fully automatic and in
accordance with the complete Newton method, leading to a
more robust numerical process by preserving the quadratic
convergence characteristic of the Newton method.

Altogether, a review and a new modeling strategy of the
main steady-state SVC methodologies is made. For the pro-
posed methodologies, a full Newton approach is considered,
implying on the automatic incorporation of control equations
throughout the power flow iterative simulation. In this case,
sigmoid function-based switches enable or disable the con-
trol equation that best describes SVCs current operational
states that will be linearized and incorporated into the Jaco-
bian matrix at each iteration. The proposed methodologies
have been tested in a small-scale tutorial system [1] and the
well-known IEEE Nordic system [13] and were validated in
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a Brazilian production-grade software developed by CEPEL
(Electric Energy Research Center).

The paper is organized as follows: In Sect. 2 is presented a
review of the main representation methodologies for SVCs’
reactive power generation in the power flow problem. The
proposed methodologies are detailed in Sect. 3. An analysis
on the proposed methodologies simulation results is pre-
sented in Sect. 4. In conclusion, Sect. 5 summarizes the main
results and contributions of the paper. The bold variables
presented in this paper are treated as functions or vectors.

2 Background of modeling control devices

The current literature describes two approaches for modeling
control devices in the power flow problem using the Newton
method as follows:

e The adjusted solution approach, where the power flow
solution is adjusted in an alternate manner from iteration
to iteration [14, 15];

e The full Newton approach, which allows steady-state
equations for each control device to be fully represented
into the Jacobian matrix in several ways [16—18].

The latter approach produces a faster and more robust
convergence. A flexible representation of control devices is
obtained by augmenting the basic Newton power flow formu-
lation, with the steady-state equations describing each control
device and the associated controlled variable, generating a
system of equations of order (2nb+nc), with nb being the
number of system buses and nc the total number of power
flow controls. This formulation leads to the following generic
augmented Jacobian matrix:

rdP dP dP
dQ dQ dQ
AQ | =749 av dx AV M
av] [ayay | [as
dé dv dx
where
AP = Psch _ Pcal (2)
AQ — QSCh _ Qcal (3)
PEYO V. x) = Vi Y Vin (Gim - cO8(Bkm)
i€y
+Bkm ' Sin(ekm)) (4)
Q]c(‘al(a’ V,x)=Vg- Z Vin - (G - Sin(Ogm)
1€y
—Bian - cos(6m)) (5)
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where the symbol €2, denotes the set of all buses connected to
bus k, including the own bus k. The terms G, and By, are the
real and imaginary elements of the nodal admittance matrix,
respectively. Asindicated in (1), the now incorporated control
equations mismatch is given by:

Ay = ysch _ ycal (6)

and corresponds not only to the expanded state vectors
A0, AV mismatches, but also to the control variables vector
Ax mismatch. The superscripts sch and cal presented in (2),
(3) and (6) denote scheduled and calculated variables.

The incorporation of control equations as shown in (1)
determines the way that control variables x change as so
to ensure that it reaches their specified values at conver-
gence. The control variables, being now an integral part of
the expanded state vector, are updated at every iteration alto-
gether with the state variables, as follows:

gD — g 4 Agh)
yhth — y) L Ay
xMHD = x4 Ax® )

where the symbol “A” denotes iteration number.

In the basic Newton power flow formulation, the conver-
gence criterion is given in terms of a tolerance for active and
reactive power mismatches. With the incorporation of con-
trol devices, an additional convergence check is needed; the
value of || Ay |lo must be smaller than a tolerance. Hence,
a production-grade Newton power flow should be flexible in
order to incorporate and remove the control equations that
best represent the control device’s behavior during the itera-
tive solution process, accurately modeling their operational
limits for all loading conditions.

The methodology for representing control devices in the
power flow problem, presented in this section, will be used
in the following sections to describe the SVC modeling.

3 SVC’s traditional methodologies

Hereinafter are detailed the most traditional mathematical
models for SVCs. These models, when incorporated into
Newton—Raphson’s numerical method, contribute to math-
ematical robustness and control flexibility [1]. Nevertheless,
precise operational results not only depend on correct math-
ematical modeling but also on a correct formulation process
[15, 19, 20].

As FACTS devices began to develop due to advances
in power electronics technology, the operation of electri-
cal power systems became more reliable and efficient [21].
The SVC integrates FACTS device’s family as a shunt-

HVAC Bus

T~

Fig. 1 Static VAr compensator fixed-capacitor thyristor-controlled
reactor configuration

connected variable reactance, which is able to generate or
absorb reactive power while connected at a high-voltage
alternating current (HVAC) power network bus [22] within
a fixed and continuous range. Despite its limited capacity,
it offers faster control response and enables quicker reac-
tive power compensation, voltage regulation support, and an
enhancement in system stability margin [2—4]. Among the
electrical configurations available in the literature, the fixed-
capacitor thyristor-controlled reactor (FC-TCR), as shown in
Fig. 1, is one of the most commonly adopted in researches
and in real-life operations.

A traditional steady-state SVC model was first introduced
in [22, 23], treating the control device as a synchronous con-
denser. The proposed modeling is acceptable for operations
within the reactive power generation limits; otherwise, it can
lead to inaccurate results. Departing from this consideration
and Fig. 1 topology, [2] proposes a new model based on the
SVC variable shunt susceptance characteristic and the thyris-
tor firing angle value. Although the aforesaid methodology
improves the SVC representation in the power flow problem,
a simplification on the control device droop is still carried
out.

An alternative model based on the control device’s charac-
teristic Q V-curve is presented, which takes into considera-
tion the SVC droop in the linear region of operation and better
representing the realistic operation condition of the control
device. To detail the differences, the following subsections
describe the representations on which each methodology is
based.

3.1 SVC'’s thyristor firing angle methodology

The SVC’s thyristor firing angle methodology proposed by
[2] is better represented by the set of graphics in Fig.2.
The thyristor firing angle o« is taken as the new power
flow state variable, varying between its limits (90° < o <
180°) and adjusting the equipment’s equivalent reactance and
susceptance values in accordance with Egs. (9) and (10),
respectively.

In the proposed methodology, the SVC reactive power
generation is calculated via the equivalent susceptance
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Fig.2 SVC a equivalent
reactance and b equivalent
susceptance as functions of the
thyristor firing angle. Adapted
from [2]

40

20 -

—-204

—404

Equivalent Reactance [Q]
o

A a°=113.83"

Equivalente Susceptance [U]
o

because its continuity, shown in Fig.2b, configures a better
numerical behavior when linearized into the Jacobian matrix
in contrast to the SVC equivalent reactance [2]. Numeri-
cally, (9) presents a steady-state firing angle resonance that
depends on the equipment’s X¢/X ratio, as illustrated in
Fig.2a, which its discontinuity configures an unrealistic reac-
tive power generation by the SVC.

The reactive power injected or absorbed by a SVC con-
nected in a generic bus “k” which controls the voltage
magnitude of abus “m” is given by (11) [1,4]. The aforemen-
tioned equation considers the SVC reactive power injected
into the network to be positive.

X1, (@) = Xiom ®)
e [2-(r —a) +sin 2a)]
Xeg(@) = Xc - Xu ©)
X2 (1 — @) +5sin Q)] — X,
Xc .
2 2 (r —a)+sinRa)] — X
Byl =~ IS a0
06, = Vi Beq (@) (11)

According to Fig.2b, for values of « smaller than o the
equipment characteristic is inductive, whereas for values of o
bigger than , the characteristic is capacitive. This method-
ology [2], therefore, only defines two operational regions for
the SVC which are separated by «” value, and is able to ide-
ally control the voltage magnitude at reference value of a
specified control bus “m” (characterizing a droop simplifi-
cation). For the proposed illustrative example, the capacitive
and inductive reactances are considered equal to 50 2 and
25 @, respectively.
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Fig.3 SVC reactive power generation per voltage characteristic

3.2 SV(C’s reactive power injection methodology

In contrast to the thyristor firing angle methodology, the
SVC’s reactive power injection methodology is based on
the equipment’s controlled bus voltage magnitude per reac-
tive power generation characteristic (QV-curve) illustrated
in Fig. 3. In this methodology, the reactive power generated
by the SVC is taken as the new state variable and, therefore,
is no longer equivalent to Eq. (11).

Analyzing Fig. 3, three distinct operating regions are high-
lighted. The SVC capacitive operational region is superiorly
delimited by the equipment’s maximum reactive power value
(Qgi") and the controlled bus minimum voltage magnitude
(VMin) On the other hand, the inductive operational region
is inferiorly delimited by the minimum reactive power value
(Qrgik“) and the controlled bus maximum voltage magnitude
(V#%). There is also a linear region, in between the capac-
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itive and inductive regions, that is characterized by a droop
which adjusts the SVC controlled bus voltage according to
the network behavior, varying around a referenced value
(V.

In an ideal world, the linear operational region would not
have droop, and the SVC would be able to control the voltage
at a referenced value. However, as mentioned by [22], the
droop must be considered in the SVC’s modeling in order for
current, susceptance, and reactive power vary accordingly,
adopting to it values between 1% and 5%.

The droop variable is proposed to be implemented into
the SVC’s thyristor firing angle methodology, to improve the
modeling of this device during power flow analysis.

4 Proposed methodologies

The proposed methodologies are incorporated into the
traditional Newton—Raphson problem formulation (12) as
described in Sect. 2, where the power equations and control
equations are synthesized as follows:

f@O,V,x)=0 (12)

For each control equation y considered in the power flow
problem, itis employed a set of switches based on the sigmoid
function equation defined in (13):

1

[ eet0 (13

sig(x) =

where a represents the sigmoid function slope and c is the
x-axis point where the inflection happens.

The smoothness is, therefore, introduced in function f by
the employment of sigmoid switches with high slope values
in control equations modeling. Although the adoption of high
slope value approximates the sigmoid curve to a step curve,
it avoids sigmoid function outputs different than O and 1.
Therefore, the sigmoid function is able to eliminate the action
of control equations models that are set to be inactive and
consider only the action of the control equation model that
should be active at the given operation state of the SVC. The
so-called non-smooth transition between control equations
is transformed into a smooth transition with the adoption of
sigmoid functions.

The following subsections will detail the respective for-
mulations proposed to model SVCs’ reactive power gen-
eration. Firstly, the sigmoid switches will be employed to
model the SVC reactive power injection model. Afterward,
the sigmoid switches will be employed to propose anew SVC
thyristor firing angle modeling based on the one developed
by [2], proposing also an improvement to incorporate the
droop variable into the model. At the end, a set of succinct

Table1 SVCs’ sigmoid switches operation and control equation output

SVC operational region swl  sw2 Ay

1 Inductive 1 0 (V2 - Bina — Qc;)

2 Linear 0 0 (Vs +r - Q6 — Vin)
3 Capacitive 0 1 (V& Bewp — Qa,)

observations comparing the proposed SVC models will be
pointed out in Sect. 4.3.

4.1 SVCs'reactive power injection methodology

For this methodology, two sigmoid switches are employed
to model SVCs reactive power generation. The switches are
labeled sw1 and sw2, and their expressions are given by (14a)
and (14b), respectively. Taking into account that the SVC pur-
pose is to inject or absorb reactive power in order to control a
specified bus voltage magnitude at a referenced value (Vnrff),

the switches are centered at lim:up and limj ., respectively.
1= ! 14
W o (W — Ty (14a)
1
SW2 = T o (e T (14b)
where:
F U : sch X 2 v
o lim},, isequalto (Vo™ + 7 Bing - V) + 1ol
e lim! . isequalto (Vnsfh +7 - Beap - sz) —tol?

max

Beap = Bumax = B(a = 180°) = —Ck (15)
P min 2
(V)
Qmin
Bind = Bmin = B(@ = 90°) = — % (16)
(Vkmax)

Combining the sigmoid switches with the SVC’s opera-
tional regions equations, in (17) it is presented the control
equation of the SVC taking Q¢, as the new state variable to
be updated at each iteration process.

y = swl-(Qg, — V¢ Bind) +sW2 - (Qg, — Vi - Beap)
+ (1 —swl) - (1 —sw2) - (Vi — vseh . 0¢,) (17)

Inaccordance with (17), itis determined in Table 1 the con-
trol equation residue for each operational state of the SVC. It
is worth noting that the condition on which both keys present
high binary value is never achieved.

On account of the control equation (17) and consequently
the new state variable, the Jacobian matrix shape is redefined.
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A new line and new column will be appended to the original
matrix formation for each SVC connected on the electrical
system, as determined in (1).

4.2 SVCs’ thyristor firing angle methodology

Differently to the previous methodology, four sigmoid
switches are employed to model SVCs reactive power gen-
eration based on [2]. The switches are labeled sw3 through
sw6, and their expressions are given by (18a) through (18d),
respectively. Considering that the SVC reactive power gen-
eration depends on the equipment’s thyristor firing angle,
switches sw3 and sw4 are centered at lim{, and limJ, ,
respectively. Accordingly, switches sw5 and swo6 refer to the
controlled bus maximum and minimum voltage magnitude

imV imV
and are centered at limg,, and limy .

1
sw3 = [ o (e — iy (18a)
5= ! 18b
WO =1 4 oS (V — Timi,) (18b)
4 = ! 18
SWa = 1+ e+slp-(a — lim}; ) (18¢)
6= ! 18d
W = L IV — T (18d)
where
e lim{,, is equal to 180° — tol*
e lim7. is equal to 90° + tol*
o limY,, is equal to (Ve + r - Beq(90°) - V2) + tol”

lim},; is equal to (V" + 7 - Beq(180°) - V2) — tol”

These switches are used to design the control equation
that models SVCs’ reactive power generation and that will
be added to the power flow nonlinear system of equations.
The control equation takes « as the new state variable to be
updated at each iteration process and is given by (19).

y =swh-sw5- (@ —90°) +sw3 - sw6 - (o — 180°)
+ [sw4 - (1 — sw5) + sw3 - (1 — sw6)
+ (1 —swd) - (1 —sw5) - (1 —sw3) (1 — sw6)]-
(Vm oyt QGk) (19)
where Qg, is givenin (11).

In accordance with (19), it is determined in Table 2 the
control equation residue for each operational states of the
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SVC. It is worth noting that the condition on which switches
sw3 and sw4 present high binary value is never achieved.
The same stands for switches sw5 and swo6.

Once more, the Jacobian matrix shape must be redefined,
by which a new line and new column will be appended to
the original matrix formation for each SVC connected on the
electrical system, as determined in (1).

4.3 Observations on SVC methodologies

The droop implementation in the thyristor firing angle
methodology is set clear in (19), where the droop variable
“r” multiplies the terms of the reactive power variable Qg,
given in (11). With this consideration, the improved thyris-
tor firing angle methodology returns the same results as the
reactive power injection methodology. In order to illustrate
the droop implementation, Fig. 4 presents the SVC controlled
bus voltage variation per reactive power generated and per
thyristor firing angle.

In both figures, the SVC thyristor firing angle with 0%
droop implementation refers to the methodology proposed
by [2]. Although the SVC 0% droop model is able to control
the bus voltage magnitude at the referenced value, this oper-
ation is in fact idealized and does not occur due to physical
operational limitations of the equipment. By adopting other
values for the droop, a more realistic operation by the control
device is obtained [22].

For both methodologies, to avoid direct transition between
inductive and capacitive regions, a step through the linear
region is performed, equaling the controlled bus magnitude
to its schedule value and the specified state variable to result
in null reactive power by the SVC. For the thyristor firing
angle methodology, if « is within limits when the controlled
bus magnitude V), violates one of its limits, then « value is
fixed at V,,,’s corresponding limit.

5 Simulation results and discussion

The proposed methodologies for SVC’s reactive power gen-
erations were applied in two systems. The firstis a small-scale
tutorial system [1]. The second is the well-known IEEE
Nordic system [13], and a medium-scale network with more
than 70 buses and 100 lines. As a evaluating tool, it is
employed the power flow continuation method [24], which
combines the power flow system of nonlinear equations (12)
with a given increase on the system’s loading parameter vari-
able A, as shown in (20).

SO, V,x, 1) =0 (20)

Both systems were simulated in Python programming
code and validated via the aforementioned production-grade
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Table2 SVCs’ sigmoid

switches operation and control SVC operational region sw3 sw4 sw5 sSW6 Ay
equation output 1 Inductive 0 1 1 0 (90° — )
2 0 1 0 0
3 Linear 0 0 0 0 (VSh 47 V2 - Bog (@) — Vi)
4 1 0 0 0
5 Capacitive 1 0 0 1 (180° — @)
software. Since SVCs in the given software are modeled via Vo
reactive power injection methodology, only the SVC thyristor 1Y PQ
firing angle sigmoid methodology will be applied in Python 0.34095 + j3.9751 % 534 %
simulations. Ysh — 4.152 pu @D J
5.1 Tutorial system P =T7.177 pu P, =0pu Ps=4pu
Q1= —1.44 pu Vseh =1 pu Q3 =0 pu
This small-scale tutorial system represents a high-voltage Vit =1 pu Q5" = —2 pu Bsp =1 pu
network that is used in studies of power systems maximum 01 =0 pu QY =2 pu

loading condition [1]. The system topology along with the
bus and line data is shown in Fig.5.

For this system, the generator connected at Bus B, oper-
ates as a synchronous condenser. Analyzing the network
behavior through power flow continuation, it is seen that Bus
B3 has the most critical voltage profile. Hence, the analysis
of Bus B3 voltage magnitude variation is proposed in respect
of generator or SVC connected at Bus B, with simulations
results being highlighted in Figs. 6 and 7, respectively. The
continuous lines refer to the implementation of the proposed

Fig.5 Small-scale tutorial system topology. Adapted from [1, p. 968]

methodologies in Python, and the circles refer to the values
obtained via the production-grade software.

In Fig. 6, the orange line represents Bus B3 voltage profile
that is controlled by a synchronous condenser connected at
Bus B;. As it can be seen, the equipment is able of correctly
controlling Bus B3 voltage magnitude at the referenced value.

141

121
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0.0 1 o @ o a
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Fig.4 SVC controlled bus voltage magnitude a per reactive power generated and b per thyristor firing angle
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Fig.6 Bus B3 voltage magnitude variation by network load increment
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Fig.7 Bus B; reactive power generation by network load increment

A similar voltage profile is depicted in the blue color, with
the generator being substituted by a SVC with equal range
of reactive power generation. In this analysis, the SVC is
modeled without droop as proposed by [2] and is also able
to control Bus B3 voltage magnitude at the referenced value.

Despite the same results, it is observed that the syn-
chronous condenser and SVC tend to vary in the nonlinear
regions. The main reason to it is because the reactive power
injected/absorbed by the synchronous condenser stays fixed
at the violated limit, while the SVC, in turn, only the equiva-
lent susceptance stays fixed at the corresponding limit (¢ =
90° or « = 180°). This situation is better represented by
(21), as pointed out by [2]:

By applying different droop values to the SVC methodol-
ogy, a better bus voltage magnitude profile is obtained which

is closer to SVC realistic operation. In Fig. 6, the 1%, 3%,
and 5% droop implementations in the SVC thyristor firing
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angle methodology can be seen in red, purple, and brown
colors, respectively.

Consequently, each implemented methodology results in
different reactive power generation profile as shown in Fig. 7.
Within each profile, it is certified that the droop value weights
on the reactive power generation in terms of the equipment’s
maximum or minimum generation limit. This situation indi-
cates that, depending on the adopted droop value in the
steady-state SVC model, the control device will have broader
range of reactive power generation within the linear opera-
tional region until it reaches its limit.

Analyzing the tutorial system example, in Fig.7, model-
ing the SVC with 5% droop gives the control device a broader
range of reactive power generation within the linear opera-
tional region. Additionally, the characteristic highlighted in
Eq. (21) is also depicted in Fig. 7, better emphasized by the
synchronous condenser and SVC with 0% droop models.

5.2 Nordic system

Given the Nordic system topologies detailed in [13], in this
paper only topology A will be studied. Hence, the Nordic sys-
tem topology A is shown in Fig. 8, whereas the bus and line
data are available at [13]. Analyzing the network behavior
through continuation power flow [24], itis seen that Bus 1041
has the most critical voltage profile. Therefore, the afore-
mentioned bus voltage magnitude control variation will be
evaluated in respect of a generator or SVC connected to itself.

For this case, the continuation power flow simulation
results are presented in Figs.9 and 10. Figure 9 displays Bus
1041 voltage magnitude variation default condition, when
there is no equipment connected, as well as for a synchronous
condenser or SVC operating connected at the bus. As it can be
seen, the presence of a synchronous condenser or SVC con-
nected at Bus 1041 not only enhances its voltage magnitude
profile, resulting in a smaller variation, but also contributes
to a larger network load increment.

Similarly as discussed in Sect. 4.1, synchronous condenser
and SVC with 0% droop models are able to maintain the volt-
age profile at the referenced value throughout most of the
power flow continuation simulation. This operational con-
dition, however, is acceptable only for generators since the
droop between 1% and 5% must be taken into consideration
into SVCs modeling [22]. Although each droop implemen-
tation value results in a different controlled bus voltage
magnitude variation, the presence of SVC still enhances the
voltage magnitude profile and provides an increase in sys-
tem’s load margin, as shown in Fig. 9.

On a further analysis, observing Fig. 9 along with Table 3,
it is highlighted benefits that SVCs provide to the system
in terms of loading margin and critical voltage magnitude
parameters. If a minimum voltage magnitude limit is set at
0.95 p.u., for example, and simulating the continuous power
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topology [13] highlighting Bus
1041 with the most critical

Fig.8 IEEE Nc.>rd1c.: sys'tem g19 % .
voltage magnitude profile i f 4071
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flow for the desired system, differences on voltage magnitude
profile are seen when a SVC is and is not connected to Bus
1041. Not only does the control device enhance the voltage
magnitude for Bus 1041, but also does improve the system
loading margin overall.

Considering the droop in the proposed methodologies,
simulating the steady-state SVC model in the continuous
power flow can help determining the best value to adopt
to it. Taking into account loading margin and critical volt-
age magnitude as parameters and the given information in
Fig.9 and Table 3, it can be assured that modeling the SVC

with 1% droop presents the best results. In sense of transmis-
sion system expansion problem, such benefits guaranteed by

gl7; [10a1 = 1045 2 915
62 E- L E i e
—i— -q:‘: lllllll 5 glb 47
4062 . 4045 ? 51‘# 1047
4051 T

SVCs are translated into a more secure, resilient and stable
operation condition for the power network.

It is worth noting that Fig. 10 illustrates the differences in
the implementation of each droop value within the steady-
state SVC model concerning the reactive power generation
profile. It can also be noted the ranges of reactive power
generation within the linear operational region until the limit
is reached for the selected SVC droop values. Analyzing the
Nordic system example, in Fig. 10, modeling the SVC with
5% droop gives the control device a broader range of reactive
power generation within the linear operational region. For
the proposed example, the control devices limits are &£ 200
MVAr.

@ Springer
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Fig. 9 Bus 1041 voltage magnitude variation by network load incre-
ment
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Fig.10 Bus 1041 reactive power generation by network load increment

Table 3 Impacts of adopted droop values on SVC models

Default  SVC Droop
condition 1% 3% 5%

Parameters

416.07 405.65 397.36
0.9923 0.9646 0.9485

Loading margin [MW] 265.44
Critical voltage magnitude[p.u.] 0.9485

6 Conclusions

This paper has presented a review of the main methodologies
as well as new techniques for modeling SVCs in the power
flow problem. A contribution to the SVC thyristor firing angle
methodology developed by [2] is also proposed, considering
the voltage droop for the linear region of operation of the
control device.

The implementation of sigmoid function-based switches
contributes positively on the proposed representations. It
was verified that the efficiency and accuracy of all pro-

@ Springer

posed methodologies presented same precise results as those
obtained via the reference software used in a significant fewer
number of iterations.

In the modeling of SVCs, the sigmoid switches not only
enable the insertion of the control device’s exact control
equation into the Jacobian Matrix, but also enable the cor-
rect transitions through the equipment’s operational regions
avoiding extra iterations. Additionally, the sigmoid switches
avoid unnecessary bus-type re-specification during the power
flow and continuous power flow simulations, even ifa SVC’s
reactive power generation limit is reached.

Lastly, when comparing SVCs’ thyristor firing angle
methodology with the reactive power injection methodology,
it was verified that the state variable « tends to be more sensi-
tive than the state variable Q¢, . This is reassured in Fig. 2b,
in which small variations in « can provoke large variations
in the equipment’s equivalent susceptance and, consequently,
in the reactive power generation. Both models, however, are
appropriated for representing SVCs in the power flow prob-
lem efficiently, while the former is more indicated for those
studies where the assessment of firing angles may be impor-
tant.
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