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Abstract

Enhancing the Maximum Loading Parameter (MLP) value in power system is very significant in terms
of voltage stability. In this study, the relation between voltage and MLP in IEEE 14 buses system.
Static Synchronous Compensator (STATCOM), a device of Flexible AC Transmission System
(FACTS), is used for enhancing the MLP. Newton Raphson algorithm has been enhanced according to
the admittance and jacobian matrix. In the analysis of continuous power flow, the comparisons of the
cases without STATCOM, with STATCOM and multiple STATCOM have been done depending on
the active and reactive power equations. This comparison has been done in the buses that have the
lowest voltage profile in the continuous power flow. According to the results of this study it has been
showed that the multiple use of STATCOM is very effective in terms of voltage stability in power
systems.

Keywords: MLP, STATCOM, Newton raphson algorithm, jacobian matrix

229



IMCOFE 2017 / ROME Young Scholars Union

INTRODUCTION

The voltage stability is very effective for the operation and reconstruction of power systems. As
a result of transient cases and changing operation conditions, such instable events as changing voltage
profiles in power systems have occurred. For this reason reactive power support is needed to arrange
the bus voltages. FACTS devices are utilized to provide reactive power support for buses. When the
previous studies in literature related to FACTS devices utilized in power systems (Messina, et. al.
2003).

Various critical clearing time and maximum loading conditions have been taken as the base in
investigating voltage regulation and rotor angle stability in (Abido, 2005). (Sahoo, et. al. 2004; Soto
and Ruben, 2004) includes a feedback nonlinear controller design for a STATCOM installed in a
single machine infinite bus system, and it indicates that the proposed controller supplies a coordinated
control of ac-dc bus voltage as well as good damping under transient conditions. STATCOM
modeling for voltage and angle stability studies is included in (Canizares, et. al. 2003). The effect of
control mode of STATCOM is given in (Padiyar and Nagesh 2006) and it is shown that STATCOM
operation in damping power, synchronizing power and transient stability was of a higher limit than
control mode. Comparable results were obtained in (Norouzi and Sharaf 2005; Moursi and Shara
2006) where the optimal control schemes are given for dynamic voltage regulation. It has been
demonstrated that STATCOM plays a positive role in developing transient stability in infinite-multi
machine power systems. Certain studies on STATCOM are as follows: (Norouzi and Sharaf 2005;
Moursi and Shara 2006) deals with dynamic operation of STATCOM under various load excursions.
In the analysis of steady-state and transient stability in an infinite bus system, (Norouzi and Sharaf
2005; Moursi and Shara 2006) is used. STATCOM provides voltage support and it is effective in
damping oscillations (Gu and Jie 2007; Sahoo, et. al. 2004). Chatterjee and Arindam 2011
demonstrates the application of STATCOM in damping interarea oscillations. Trajectory sensitivity
analysis (TSA) has been instrumental in identifying optimal locations of STATCOM devices. A
method was suggested for the evaluation of first swing stability of a large power system in the
presence of STATCOM (Haque 2006). Observation of machine angles and active reactive power
changes was taken as the base in testing multi machine system. Another study deals with the effect of
STATCOM device on developing angle stability in the presence of local and interarea oscillations
(Zarghami and Crow 2008).

Voltage stability analysis besides transient stability analyses is crucial in power systems. A lot
of studies in literature are concerned with the use of STATCOM in voltage stability analysis (Sode-
Yome and Mithulananthan 2004; Kamarposhti and Lesani 2011; Shaygan and Morteza 2011).
However, the single use of FACTS devices may not suffice due to the changes in operation conditions
of power systems. Certain studies (Dominguez-Navarro, et. al. 2007; Radman and Raje 2007;
Lahagcani, et. al. 2010) dealing with static voltage stability analysis demonstrated the use of different
test systems employing newton raphson algorithm. Newton raphson algorithm used in this analysis has
been enhanced through mathematics. This enhancement process has been done by using STATCOM.
In this study, the effects of STATCOM on voltage stability have been investigated. The evaluation of
the relation between the use of multiple STATCOM and voltage-MLP in multiple buses power
systems has been done. The enhancement of voltage profiles by using multiple STATCOM has been
showed in the figures below.

STATIC SYNCHRONOUS COMPENSATOR (STATCOM)
STATCOM, one of the FACTS devices, provides reactive power support to arrange voltage

which is connected to the bus. The enhancement of MLP takes place depending on reactive power
support. The terminal characteristics of FACTS devices have been showed in equation 1 and 4.

X, = . (%, %,V,Q,u) @
x, = f.(x,%x,V,Q) )
P=g,(x.%,V,Q) 3)
Q=9,(x,x,V,Q) 4)
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where X are the control system variables, xs are the controlled state variables, and the algebraic
variables V and 0 are the voltage amplitudes and phases at the buses at which the components are
connected, they are vectors in case of series components. Finally, the variable u represents the input
control parameters, such as reference voltages or reference power owns (Kamarposhti and Lesani
2011).

The power flow equations of the system with STATCOM connected to bus i can be given
below:

P= P+i[Vi]><[Vj]x[ij]COS(5k -65,-6,) (5)
Q :Q+ZN_:[vi]x[vj]x[ij]sin(5k —3,-6y) (6)
where P and Q are found to be:

P=Gx[V, ] ~[Vi]*[E]x[Y]cos(s, — &, — ) (7
Q=-Gx[V, | ~[Vi]*[E]x[Y]sin(5, — &, - 6) (8)

As shown in Figure 1, The STATCOM is connected in parallel with Bus i, STATCOM consist
of a voltage source converter connected to the system through a coupling transformer, therefore
modelled as a controllable voltage source series with a leakage reactance excluding ohmic losses.

Bus i

Transmission Line

\ i

X1
Vbus
Load }” Vs {)L ::+ Ve

Figure 1: STATCOM Circuit Modelling

By adjusting the magnitude of the injected voltage, the reactive power exchange can be
controlled. STATCOM connection is ac system bus. AC system voltage and the voltage-sourced
converter terminal voltage is the same. This ensures that there is sending of only reactive power and
no real power between the STATCOM and the AC system (Chatterjee and Arindam 2011). The
expressions for the current, reactive power injection, voltage and DC link voltage are given as.

Is :Vs -_Vbus (9)
X,
Q. :Vbisw (10)
Xl
Vi =MxkxV, (coso — jsin o) (11)
I, =1, + il (12)
%:ka(ldcos5+lqsin5) (13)

dt  C,
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STATIC VOLTAGE STABILITY

Static voltage stability gets the value by directly depending on reactive power change. The
spread of the loading limit of the loading bus and the operation conditions of the power system can be
enhanced by providing reactive power support. The system collapses when the reactive power support
is below the limit and the voltage drop starts to cut down. In order to prevent this, it is very important
to arrange voltage according to the reactive power. The relation between MLP of the system and
active-reactive power value of the bus has been showed in equation 14 and 15.

R =R, @+A) (14)
QL = QLO 1+4) (15)

PLo and Quo Initial active and reactive power values, P and Q. active and reactive power of the
load A MLP (Leonidaki, et. al. 2005).

Continuous Load Flow

Continuous load flow method is used for the analysis of voltage and MLP. Continuous load
flow is very effective in analyzing certain difficulties without the support of certain system models.
The voltage has the ability to automatically change against the adverse situation that may be caused by
single analysis of the system equations. The use of strategy in continuous load flow has been shown in
Fig. 2.

A2 (20, ho)

Figure 2: Continuation Power Flow Method

Here, (z1, A1) is known as balance point, A Ais used for parameter value change and Az; is used
for vector analysis. At the first stage, prediction is done. z1+ Az;+ Al values are produced initially.
These values are used for correcting z, +Az, which are the new balance points in the system profile
(Kazemi and Badrzadeh 2004).

Configuring Admitance and Jacobian Matrix through Newton Raphson

That STATCOM is connected to the line and bus, and admittance matrix is modified as in Fig.
1. The new admittance matrix is constituted through the elements which are parallel connected to the
bus. The new admittance matrix and STATCOM have been shown in equations 16 and 17.

Yn'QCf _ Yii + Yio T Ystarcom =Y (16)
—Y;j —Yit VitV
1
Ystarcom = X— (17)
STATCOM

The admittance matrix between buses when the admittance matrix components are used with
STATCOM has been shown between equation 18 and 20.
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i 1 1 +§ i0 (18)
4yij * Ystarcom T35 Yio T3 ij
2 2
4 iz_ + V(2 + Yo+, 1
- yi + i ( ySTATCOI\;II- Yio + ¥jo) +§ p (19)
4y + Ystarcom + > Yio + > Yio
4y?
Y, = o (20)
4yij *+ Ysrarcom T E Yio + E Yio
The matrix presentation of the line is shown according to the equation 18 and 20.
il +Yio + Ystarcom il 1 1
4 + Ysmrcon +EYi0 +EY10 4+ Ysmrcon +EYio +Eyj'o
Ylme _ (21)

new 2

4)/5 4)’; 4y

11

4yij + Ystarcom +Eyio +E

The generator active and reactive power equations have been added to the admittance matrix

while using lines in the continuous load flow analysis of STATCOM in multiple buses power systems.

The relation of admittance matrix between buses by using multiple STATCOM has been shown in
equation 22.

Yo

11 1
Yio 4yij * Ysarcom +Ey\o +Eyjo 4y\j + Ysarcom +Eyio+§ym

Yio Vi T Ystatcom  Yin
anng\Jlltlple =1 Y Vit Ystatcom Vi (22)
Yia Yk T Ystarcom  Yin

The admittance is expanded by using multiple STATCOM in power systems. There are not any
changes while this expansion is added to the admittance of the buses.

The continuous load flow is calculated again while connecting STATCOM to the bus to arrange
voltage profile. These calculations take place in Jacobian matrix. The calculations of the buses where
STATCOM is connected have been done according to the bus voltage control. That the STATCOM
provides reactive power to the circuit and absorbs reactive power from the circuit depends on the
voltage. Therefore it is very significant to use trigger angle of the converter circuit in STATCOM
(Lahagani, et. al. 2010). The situation of Jacobian matrix without STATCOM has been shown in
equation 23.

‘R R R R

08, 95, oV, oV,
ARl | ap, P P, oP, | [Ag
AP | |35, 85, oV, oV, | |As,
= = (23)

AQ | |0Q 0Q 0Q Q| AV
AQ, | |05, 85, &V, &V, | |av

0Q, 0Q, 0Q, 0Q,
|05, 05, oV, oV, |

The matrix expression of Jacobian matrix with STATCOM use has been shown in
equation 24.

n
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R R R R, R

05, 95, 85, oV, oV,

B KR R R 45 K
AR |85, a5, 85, oV, EVR Y
AR | | o, B R, B B[ |A4
AP | | 85, 85, 5, oV, N, | | As,

Q| @ e @, @l Ay )

AQ. | |85, a5, 05, oV, v, | | Aa

n

AQ,| |0Q 9Q dQ 0dQ, IQ IQ AV,
05, 95, 05, o, 0a, oV,

Q Q R Q , X
85, 85, 095, oV, EY

While calculating the derivation of single STATCOM depending on reactive power trigger
angle, the other values becomes 0. The matrix expression of Jacobian matrix with multiple
STATCOM use has been shown in equation 25.

n

(R ® B R’ R’ , R

o5, 05, 95, 05, oV, ov,

R R B R R, , R

o5, 05, 05, 05, oV, ov,
AR Ry By Ry Ry By 0, By |4
AP, o5, 085, 95, 05, oV, v, | | AS,
ARa | | O, OB OR OB R, OR| A
AR, | | 85, 85, 06, 05, v, | | s, (25)
AQ, R QR R QR 5 R AV
AQ, o5, 85, 95, 05, oV, N, | | Aa
AQu| | Q& Q. Q. Q Q W QR R | Ay
AQ, | | @6 a5 85, a5, &, oda da, N, | |Av,

Qyq Qu 9Qu Qy Qy 0Qy Qu R

o5, 05, 95, 05, &, oa oa, o,

QR QR R, 4 K

| 05, @85, 85, a5, oV, oV,

While calculating the derivation of multiple STATCOM depending on reactive power trigger
angle, the other values becomes 0.

Qk = fld +QSTATCOM (26)

Qu = Q%" + Qsrarcoms (27)
The reactive power of Jacobian matrix depending on the trigger angle of the
STATCOM has been shown in equation 24 and 25.

Q _ e n Qsratcom (28)
oa Oa oa

0Qu _ i N Qsratcoms (29)
oo, Oy oo,

While active powers become 0 by adding STATCOM to the Jacobian matrix, reactive power
values are obtained as derivations depending on trigger angle. The trigger angles of the STATCOM
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are used synchronous. By using STATCOM several times in power systems, operation conditions
have been improved. The STATCOM is connected to the buses that have weak voltage profile so
reactive power support is completely provided.

ANALYSIS APPROACH

The load flow analysis is required for static voltage stability analyses. The results of the load
flow are important for making decision in determining the location of the STATCOM. The following
steps are considered in analyzing static voltage stability effects of the system with multiple
STATCOM.

Level 1) Perform load flow

Level 2) List the buses from the lowest voltage to the second lowest voltage based on the load

flow results.

Levels 3) Without STATCOM continuous load flow.

Level 4) Locate a STATCOM on the bus with the lowest voltage.

Level 5) Locate a STATCOM on the bus with the second lowest voltage.

Level 6) Comparison of different scenarios on continuous load flow.

CASE STUDY

A modeling and simulation study has been carried out on IEEE 14 bus system shown in Fig. 3.
The system has 1 slack bus (bus 1), 9 load buses (buses 4, 5, 7, 9, 10, 11, 12, 13, 14) and 4 generator

buses (buses 2, 3, 6, 8).
@ GENERATORS X 3
Erppemee, J{r

Figure 3: IEEE 14 Bus System
A load flow analysis is performed to determine the buses with the lowest voltage and second
lowest voltage (Milano 2005). While determined bus 8 has the lowest voltage, determined bus 8 has
the second lowest voltage. Without STATCOM, with STATCOM and multiple STATCOM devices in
the system are simulated and effects are analyzed through observing voltage-MLP.

SIMULATION RESULTS

Firstly, the continuous load flow analysis has been done in IEEE 14 buses power system.
According to the results of this analysis it is understood that the 5" and 14" buses have the lowest
voltage value. It is also observed that 4™ and 9" buses have the low voltage level as well as 5" and 14"
buses. The relation between voltage-MLP and 4™, 51 9" and 14" buses has been shown in Fig. 4 and
5.
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Figure 4: 4 and 9 Number Bus Voltage-MLP without STATCOM
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Figure 5: 5 and 14 Number Bus Voltage-MLP without STATCOM
According to the result of continuous load flow in 14 buses power system of IEEE, MLP value
is obtained as 3.8927. In consequence of continuous load flow, the lowest voltage is on the 5" bus.
The relation between voltage-MLP and 4™, 5 9" and 14" buses as a result of connecting 100 MVA
STATCOM to the 5" bus has been shown in Fig. 6 and 7.
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Figure 6: 4 and 9 Number Bus Voltage-MLP with STATCOM
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Figure 7: 5 and 14 Number Bus Voltage-MLP with STATCOM
According to the result of continuous load flow in 14 buses power system of IEEE by
connecting STATCOM to the 14" bus, MLP value is obtained as 4.01. In consequence of continuous
load flow, the lowest voltage is on the 5" bus. The relation between voltage-MLP and 4", 51 9" and
14" buses as a result of connecting 100 MVA STATCOM to the 5" and 14" buses has been shown in

Fig. 8 and 9.
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Figure 8: 4 and 9 Number Bus Voltage-MLP with Multiple STATCOM
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Figure 9: 4 and 9 Number Bus Voltage-MLP with Multiple STATCOM
According to the result of continuous load flow in 14 buses power system of IEEE by
connecting STATCOM to the 5™ and 14" buses, MLP value is obtained as 5.3022.

The power flow has been utilized in IEEE 14 buses power systems for optimal placement of
STATCOM. According to the load flow analysis, 5™ and 14" buses have the lowest voltage profile.

CONCLUSIONS

In this study, the effects of STATCOM on static voltage stability in IEEE 14 buses power
system have been investigated. The analyses of continuous load flow without STATCOM, with
STATCOM and with multiple STATCOM have been evaluated. The admittance matrix and Jacobian
matrix in Newton Raphson algorithm have been enhanced mathematically according to the
STATCOM. As a result of this study, it has been seen that the relation between connecting
STATCOM to the buses and voltage-MLP gives relatively good results. It has been also seen that
STATCOM increases all load bus voltages. It has been shown in this study that the use of multiple
STATCOM in larger power systems gives effective results in terms of stability in power systems.
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