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ABSTRACT

POWER FLOW CONTROL WITH

DISTRIBUTED FLEXIBLE AC TRANSMISSION SYSTEM (D-FACTYS)

DEVICES

By

David Alan Krieger

Master of Science in Electrical Engineering

Climate change, energy crisis and financial crisis are some of the issues that affect the
transformation of power and the power industry. [13] Distributed FACTS or D-FACTS
devices are being used today to help correct inefficiencies within the current power grid.
These devices can help a utility save money by transferring load off a power line near its
thermal limits to one that is lightly loaded. While using D-FACTS devices, each MWh of
power that does not have to go into power generation with coal can prevent the
introduction of approximately 1 ton of pollution into the atmosphere. The potential of
using Distributed FACTS devices in a power network should bring it into more

widespread adoption.
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Introduction
FACTS devices and the Smart Grid are two tools in dealing with many of the energy
problems mankind has now and will have in the future. Climate change, energy crisis and
financial crisis are some of the issues that affect the transformation of power and the
power industry. [13] The goal of the United States and many other countries are to
ultimately get off the oil standard and to go toward more of a low carbon economy, or to
put it plainly, just to go away from fossil fuels. The United States, the European Union
and China to name a few are seeking to go towards more green energy sources, such as
solar and wind generation. Adding newer, local sources of distributed generation will
have an impact on power transmission and distribution. Adding a new customer to an
existing power line can also have an impact on power transmission and distribution.
Whether it is adding new distributed generation or a new customer, the cost involved
with installation and commissioning can be very expensive. Even right-a-way issues can
even be very complicated or create a big expense when leasing or purchasing the land for

new power lines. This might make the building of new power lines less feasible.

The definition of a Smart Grid, by one IEEE paper has it defined as “utilizing advanced
monitoring, analysis, control and communications technologies to the electrical power
system to maximize the throughput of the systems while reducing the energy
consumptions.” [13] One could see that the system will utilize or be affected by
equipment such as high power electronics, digital protective relays, digital controls,

integrated communications and advance control centers. [6]



This paper will demonstrate the justification of using series Distributed FACTS (D-
FACTS) devices over series FACTS devices for power flow control. The acronym
FACTS stands for Flexible AC Transmission System. FACTS Controllers are devices
used to control the various parameters of power systems. It is quite clear that FACTS
devices fall under the umbrella of the Smart Grid. They can help control the interrelated
parameters that govern the operation of transmission systems some of which include

series impedance, shunt impedance, current, voltage and phase angle. [7]

Series FACTS or D-FACTS devices can allow a utility or generator to more effectively
utilize power transmission lines closer to their thermal limits for better power flow,
therefore making them more efficient. This Smart Grid technology allows utilities to load
transmission lines near their true thermal capacity and to keep large power flows in check
with more complex power systems and more power being transferred. As mentioned in
the first paragraph, it is not always feasible to build new transmission lines due to the
shear cost or the ability to get the right-a-way for new installations. Everything comes

down to money, and transmission line power flow definitely has to be accounted for.



Background Theory
2.1 System Variables
2.11 Slack Bus
A swing bus (or slack bus) is a generator bus with a generator controlling the terminal
voltage, Vi, and angle delta, 5, at the bus. It is also known as a reference bus. The
terminal voltage angle would typically be set at 0° with the voltage set at 1 per unit (p.u.)
voltage. The terminal voltage is kept constant by adjusting the field current in the
generator. With V; and the angle delta being known parameters for this bus, the two
unknown parameters are the real power, P, and the reactive power, Q. The real and
reactive power are uncontrolled by the generator, the generator supplies whatever the
system demands of it. Other system generators provide a fixed amount of real power, P.
This machine swings or takes up the slack; hence it fits its name.
2.12 Generator Bus
A generator bus (or PV) is another generator bus with a synchronous generator
controlling the terminal voltage and real power supplied to the bus. The terminal voltage
is kept constant by adjusting the field current in the generator. At the same time, this also
changes the reactive power supplied by the generator to the system. The prime mover
controls the power the generator supplies the system. The generator on this bus has a set
amount of real power, P, it provides at or near its capacity. These generators work most
efficiently at full capacity. The rest of the real power is picked up by the Swing Bus
generator. The P and the V; are the two known parameters for this bus type. The two

unknown parameters for this bus type are the reactive power, Q, and the angle delta, 3.



2.13 Load Bus

A load bus (or PQ bus) is a bus in which the real and reactive power are scheduled or
connected. These buses have no generators connected to them. They have known
parameters of real power, P, and reactive power, Q. It also has unknown parameters of
voltage magnitude, |V, and angle delta, 6.

2.14 System Branch Parameters

The system branch parameters can be typically found in a table. They are amongst the
parameters or data that go into the system model being used. The main reference system
used in this paper is the IEEE 14-Bus system. The base case model is a 3-Bus system.
The system branch parameters provide the resistive, inductive reactance, and charging
values for the network branches in a system. The values for the IEEE 14-Bus System
Branch Parameters are found under Table A1.1 in Appendix A.

2.15 System Bus Data

The system bus data can be typically found in a table. They are amongst the parameters
or data that go into the system model being used. The main reference system used in this
paper is the IEEE 14-Bus system. The base case model is a 3-Bus system. The system bus
data tells the user the minimum and maximum real and reactive power generated at the
buses. This data tells the user the bus type and the real or reactive loads that may be at the
buses. The table also lists the bus numbers. The values for the IEEE 14-Bus Data are

found under Table A1.2 in Appendix A.



2.2 Synchronous Generation

Synchronous Generation must be covered before going into Real and Reactive Power
Control. Synchronous generators are often used in power networks. A synchronous
generator consists of two main parts, a rotor which contains the field windings and the
stator (also called the armature) which contains the three phase windings. Figure 2.1
shows an equivalent armature winding and a field winding for a synchronous machine.
By observation the Direct axis is ahead of the Quadrature axis by approximately 90°; the
axis for phase ‘a’ or a-axis is separated from the Direct axis by 64. From the following
Torque Angle Delta equation (2.1), it can be observed that the 04 is closest to the a-axis of
Figure 2.1 if time, t, equals 0, therefore 64 equals 04o. From this same equation & lags 04
by 90° or 04 if t equals 0. The angle & or the torque angle plays an important role in the
network.

0 = (ot + 040 ) = (0t + 6+ 90°) (2.1)
Figure 2.2 shows the equivalent phase ‘a’ circuit of a synchronous machine. The
equation for the phase ‘a’ field or electro-motive force is shown as the following Internal
EMF equation (2.2). The Internal EMF is proportional to the field strength as shown in
the following RMS Magnitude equation (2.3). Substituting 6 + 90° in place of 84 Yyields
an equation with cosine instead of sine due to a trigonometry identity, shown as the
Internal EMF with Delta equation (2.4). The general equation for the circuit in Figure 2.2
is shown as the equation for Synchronous Internal Voltage (2.5). It must be mentioned
that the internal resistance, R, from Figure 2.2 is typically not considered because of its
negligible impact.

e, = V2 |Ej| sin(ot + 04) (2.2)



oMgl¢

Eil = — (2.3)
e, = V2 |E;| cos(ot +8) (2.4)
E; =V, + R, +jXyl, (2.5)

There is quite a bit of theory necessary to describe the relationship between the field
windings and the armature windings. It involves mutual inductances, self-inductances,
flux-linkages and phase current to describe the relationship. It is not important to go into
the details of this, but it is important to show there is a simplified equation to sum up the
relationship between the phases of the armature and the field. This is shown by the
following DC Field Opposition equation (2.6). In Figure 2.1 this relationship is shown as
an armature equivalent winding rotating with rotor. According to Grainger, “we can,
therefore, regard those flux linkages as coming from the steady dc current ig in a fictitious
dc circuit coincident with the d-axis and thus stationary with respect to the field circuit.”
[5] By inspection, if current is lagging then 6, of the current is negative for that phase. All
three currents in the armature, i, ip, and ic would have a combined demagnetizing effect.
This means iy in the DC Field Opposition equation (2.6) would have a negative,
demagnetizing effect on the current of the field, Is. The excitation system of the generator
would have to increase the field current to counter this. The opposite holds true for
leading power factors, the demagnetizing effect on the current of the field would be

reduced, thus reducing the amount of field excitation required.

ig = —V3 I, sin 6, (2.6)
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2.3 Real and Reactive Power Control Equations and Theory

When the synchronous machine is connected to an infinite bus, its speed and terminal
voltage are fixed and unalterable. [5] Two things that are controllable are the torque on
the shaft from the prime mover and the current supplied to the generator field. The torque
delivered to the shaft by the prime mover is the normal way to vary real power. The
torque angle is J, and it is the angle between E; and V; of the generator. The angle can be

seen in the top part of Figure 2.3.

The Complex Power equation (2.7) shows real power and reactive power. The Real
Power equation (2.8) and the Reactive Power equation (2.9) are shown following the
Complex Power equation (2.7). These two equations make up the real part of reactive
power and the imaginary part of complex power. By observation, the Real Power
equation (2.8) is dependent on the torque angle. If terminal voltage, V, and real power, P,
are to remain constant, & must decrease so Ej can increase. A decrease in & and an
increase in |Ej| would also increase reactive power, Q, if it is already positive. This would

be the case when generators are operating at a fixed real power.

Real power of the machine is increased by opening the valve to a turbine. The rotor speed
will in turn increase. While holding E; and V; constant means & will increase. This also
means that |ls] X4 cosO will increase by observing the top portion of Figure 2.3. Since
there is more load on the bus from the system, the counter-torque on the prime mover
will bring the speed back down to the speed corresponding to the infinite bus. [5] This

would be how a generator feeding a swing bus would increase real power load.
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2.4 Power Flow with Static Series Synchronous Compensation

The equations for Real and Reactive Power (2.10 & 2.11), P & Q, are simplified by using
the same voltage magnitudes for sending and receiving end, Vs and V,. The difference
between the phase angles is 6. An SSSC, limited by its voltage and current ratings, is
capable of emulating a compensating reactance, X, , (both inductive and capacitive) in

series with the transmission line inductive reactance, X,. [11]

Py = V;—erinf) = %sinﬁ (2.10)
Qq = %Y= (1 - cos3) = ¥ (1 — cos 3) (2.11)

The denominator of the Real and Reactive Power equations (2.13 & 2.14) with Effective
Reactance contain the equation for Effective Reactance, Xef (2.12). This reactance is the
effective reactance between the two ends of a transmission line. Within the equation for
Xefr is a ratio of X to X which is the reactance compensation of the transmission line.
The Xq is negative when the SSSC is to be operated in an inductive mode and positive

when the SSSC is to be operated in a capacitive mode. [11]

Xer =X, (1-K) =X, (1-3%), 0=k<1 2.12)
XL
P, = YVrsing = —Y_sind 213
q Xeff sin XL, (1_X7qL) sin ( )
— VsVr _ — v?2 —
Qq = m(l cosd) = o (1 —cos)d) (2.14)

10



A SSSC increases the power flow in a transmission line. It has already been stated the
SSSC operates by emulating a compensating reactance. When it is capacitive, it can be
thought of the same way a TCSC device would be in affecting the system. For the same
end voltages the magnitude of the total voltage across the series inductance, Vx, is
increased by the magnitude of the opposite voltage, V¢ (or V), developed across the
series capacitor. The voltage added to the series line impedance is in opposite polarity to
the line current, as is the impedance of the line itself. Equation 2.15 shows a basic voltage
drop equation that emphasizes this. According to Hingorani,

“This results in an increase in the line current. While it may be convenient to consider
series capacitive compensation as a means of reducing the line impedance, in reality, as
explained previously, it is really a means of increasing the voltage across the given
impedance of the physical line.” [7]

What Hingorani was referring to was his previous discussion on TCSC devices which
insert conventional series compensation in the transmission line. When the SSSC is

emulating inductive reactance, it is the opposite case of when the device is emulating

capacitive reactance. More on TCSC devices will come later in the paper.

Ve =Vy = —jXcd = —jX,] (2.15)

The phasor diagrams in Figures 2.4 through 2.6 show the SSSC operated in inductive
and capacitive modes. Figure 2.4 is for the SSSC when operated with approximately
100% inductive reactance compensation. The current decreases from loy to l.1000%. Figure
2.5 is for the SSSC when operated with approximately 33% capacitive reactance
compensation. The current increases from loy, t0 l330%. The third phasor, Figure 2.6,

represents power transmission with no SSSC compensation.

11



V;=V,=V
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Figure 2.5 - Line with Capacitive SSSC Compensation [11]
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Figure 2.6 - No SSSC Compensation [11]
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The Expressions for Normalized Power Flow and the equation for Normalized Effective
Reactance of the transmission line are shown in equations (2.16) and (2.17) respectively.
Figure 2.7 shows the effects of the normalized power flow with compensating reactance.
When Xq is inductive both Py and Qq decrease as X increases. When X is capacitive

both Pqand Qq increase as Xesr decreases.

Pqg _ Qq 1

fa _ Xa _ 2.16

= (216)
X

1- YqL) (2.17)

Inductive Region Capacitive Region

Po/P = Qy/Q = 1/( 1-Xy/X. )

Ku{f!"KL ={ l'xqf{KL]

4 _"}:q/xL
R 0 1

Figure 2.7 - Effect of Compensating Reactance on Power Flow and X [11]
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2.41 Basic Static Series Synchronous Compensation Circuit

A DSSC module is essentially a small, self-contained package system. According to
Divan, “DSSC modules consist of a small rated (~10 KVA) single phase inverter and a
single turn transformer (STT), along with associated controls, power supply circuits and
built-in communications capability.” [1] The module is broken down into two parts than
can be clamped around the power line conductors. The magnetic circuit is formed after
the module and the mechanical parts are clamped around the conductor or cable. Figure
2.8 shows a basic schematic of a DSSC module. Since the DSSC module weight and size
are small, they can be suspended along power lines. The device floats at the potential of
the power line; it does not need the insulation of a device that would see phase-to-phase

voltage which helps with the weight of the device.

The STT current provides excitation for the dc control power supply transformer. The
normally closed switch Sy, consists of a mechanical switch and a thyristor pair that both
keep the unit in bypass mode until the inverter is powered up. When the line current
reaches 100A the module can be turned on by the dc power supply. Divan also mentions,
“A simple single-switch pre-regulator is used to control the dc voltage of the control
power supply. As the switch Sy is turned off, the inverter dc bus is charged up and
inverter operation is initiated.” [1] The inverter would be now ready to inject a quadrature

voltage into the power line.

14
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2.5 Power Flow with Thyristor-Controlled Series Capacitor

Most of the information about power flow and the SSSC applies to the TCSC device. The
power equations apply as well as the normalized expressions. The Impedance of TCSC
equation is shown in equation (2.18). It is the steady-state impedance of a parallel LC
circuit. By inspection, it is a parallel circuit with a capacitive reactance in parallel with a
variable inductive reactance adjusted by a. The symbol a is the firing angle and will be
adjusted through power electronics. The inductive reactance, X, (o), of the TCSC circuit
equation (2.19) is affected by the four modes of basic circuit operation. Figure 2.10 will
help the reader in understanding the modes. To further explain this, Glanzmann
interpreted operation of the TCSC from Song’s book as, “

15



e Bypass mode (o = 0°): Thyristor valve is triggered continuously. The basic circuit
behaves like a parallel connection of the series capacitor and the inductor.

e Inductive boost mode (0° < a < oes): For o below the resonance angle the
equivalent reactance, Xeq, is positive corresponding to an inductance.

e Capacitive boost mode (a5 < a < 90°): If the firing angle is larger than the
resonance angle, the equivalent reactance is negative resulting in capacitive
behavior.

e Blocking mode (a = 90°): Thyristor is not triggered and therefore kept in non-
conducting state. Simply the fixed capacitor contributes to the reactance. * [3] [12]

Xc(a)XL

Xrese() = L

(2.18)

X (0) = X —— X, < Xp (o) < o (2.19)

nm-2a-sina’

i C i~ i)
: | :
iL(u}H L
Na'a2s

%‘ﬁ
e

Figure 2.9 - Thyristor-Controlled Series Capacitor [7]
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2.6 Modeling the Series Devices

To simulate an actual SSSC in a power network, the network would have to be modeled
differently. A SSSC device cannot be modeled as simple impedance in series with the
transmission line with the utility power programs used in this paper. The branch or line
will be separated from one of the buses and attached to a new, separate bus to model
SSSC compensation. The branch impedance would not be modified for the system being
compensated. Voltages would have to be modified to simulate a SSSC in the system.
Figure 2.11 shows what SSSC compensation would look like in a 3-Bus network. The 3-
Bus network with this compensation looks a lot different than the 3-Bus, Base Case

networks of Figure 3.10 or Figure 3.11 which will be explained later.

17



Modifying the network this way creates issues. Looking at Figure 3.10, the reader can
see only a small difference at Bus 3 in this figure compared to the & at Bus 3 of the SSSC
compensated network. If many SSSC units are added to the transmission line, this opens
up the issue of how would the variables at the new inserted buses be handled? There
would be discontinuities in power flow to model the SSSC devices. This is especially the
case since many would be used in series for Distributed FACTS. Power flow in the
transmission line comes down to effective impedance and the SSSC mimics inserting a
reactance in the transmission line. The SSSC impact will be handled by simply modifying

the transmission line impedance for Xeg.

TCSC compensation does not need to be modeled with special symbols in the network.
Only the branch impedance has to be modified to show the impact of the TCSC
compensation on that branch. If TCSC compensation was being used in the 3-Bus
networks of Figure 3.10 or Figure 3.11 the network models would look the way they are
now. A series capacitive reactance could possibly be shown, but it is not necessary.
Additional calculations have to be performed to give the true impact of any series
impedance. They are the calculations to solve for the transmission line ABCD

parameters.

18
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Figure 2.11 - SSSC Compensated 3-Bus Network with PowerWorld Simulator

2.7 Transmission Line Impedance Calculations

Transmission line parameters are needed to help calculate the effective impedance, Xess,

of the transmission lines. The parameters are referred to as the ABCD parameters (also

known as the generalized constants). The parameters will be used in conjunction with the

compensation to calculate the X of the transmission lines. There are three general

classifications of transmission line lengths:

o Short-length transmission lines that are less than 50 miles long
o Medium-—length transmission lines that are between 50 and 150 miles long
o Long-length transmission lines that are greater than 150 miles long
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Different calculations follow the different transmission line lengths with long-length
calculations being the most accurate. Short-length transmission lines are modeled as
simple series AC circuits with series line impedance. Medium-length transmission lines
introduce the shunt admittance of the line. Medium-lengths transmission lines are
modeled as a nominal 7. The total shunt admittance of the line is divided into two equal
parts and placed at the sending and receiving ends of the line. [5] The long-length
transmission line calculations take into consideration the uniform nature of the
impedance and admittance along the transmission line. They are modeled without bulk
values as in the previous models. The long-length calculation can be used for any length

of transmission line, but they are mainly used for the long-length calculations.

For purpose of this paper, the calculations for medium-length lines will be used. The
medium-length transmission line calculations are acceptable for this paper, the

transmission line lengths are assumed to be medium- length lines.

2.71 Medium Length Transmission Line Equations

Equations (2.20) through (2.22) are the core equations for the parameters of medium-
length lines known as the ABCD parameters. The parameters A and D are dimensionless
and will be equal will be equal to each other if the line is the same when viewed from
both directions. [5] The units for the parameter B is ohms and the units for parameter C is
siemens or mhos. When ABCD parameters are solved, they form a 2x2 matrix that is
instrumental in solving for the effective line impedance. The matrix they form is similar

to the first one found in equation (2.36).

20



A=Dp=211 (2.20)

B=17 (2.21)
7Y

c=vx(1+2) (2.22)

To solve for the impedance, Z, and susceptance, Y, of these parameters, two groups of
calculations have to take place first. One group is used in solving the inductance of a
transmission line and the second group is used in solving the capacitance of a

transmission line. These two groups of calculations follow this paragraph.

2.72 Inductance Calculations

Equations (2.23) through (2.25) cover several conductor bundle types of the Equivalent
Geometric Mean Radius, GMRg, of a transmission line. They are three standard bundle
types of two, three and four conductor bundles in that order. The equation GMRgq
contains Ds being the conductor’s self GMR which can be found listed under the
parameters of the transmission cable in Table B1.1 of Appendix B. The GMRq equation
contains d which is the distance between conductors in the bundle. Figure 2.12 shows
examples of standard power cable bundle arrangments. They are two, three and four

conductor arrangements from left to right.

Equation (2.26) is the Geometric Mean Distance between transmission conductor
bundles. The GMD equation contains dyn Which is the distance between phases of a
transmission line. Equation (2.27) or L is simply the inductance of the transmission line.
One must ensure the units of GMReq and GMD are the same before solving for L. One

must take note that N for GMReq and GMD is simply the number of conductors in the
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bundle for a transmission line phase. The equation (2.28) provides the inductive reactance

of the transmission line with f or frequency being 60 Hz here in the United States.

GMR22 = /(D * ) = /D, d (2.23)
GMRZY = Vi/(Dg * d * d)3 = /Dy » &2 (2.24)
GMRE) = NU(DS x+d*d*v2xd)*=1.09 /D * d3 (2.25)
GMD = T/dpp * dpn * 2 * dppy (2.26)
L=2%10"7 *log (G‘;’:fq) 2.27)
Xp=2mxf* L1000 (2.28)

o
e
o,

Figure 2.12: Standard Power Cable Bundle Arrangements

2.73 Capacitance Calculations

Equations (2.29) through (2.31) cover several conductor bundle types of the Equivalent
Geometric Mean Radius for capacitance, GMRCceq, Of a transmission line. They are three
standard bundle types of two, three and four conductor bundles in that order. The
equation GMRCq contains r being the conductor’s radius found listed under the
parameters of the transmission cable in Table B1.1 of Appendix B. The GMRc.q equation
also contains d which is the distance between conductors in the bundle. Figure 2.12

shows the examples of the standard bundle types.
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The GMD from the previous section is used when calculating the Capacitance to neutral
in F/m for C, in Equation (2.32). The capacitance of the transmission line is product of
length of transmission line, Iy, and of result of Equation (2.33). Equation (2.34) would
provide the susceptance of the line in siemens, S. It is the variable Y to be used in the
ABCD parameters. Equation (2.35) provides S/mile for the transmission line. Equation

(2.36) is the capacitive reactance of the line and it is simply the reciprocal of the line

susceptance.

GMRcZ = Naxd)Z=Vr=d (2.29)

GMRZ = /(v dxd)? = Vrr @ (2:30)
4

GMRE = " [(red+d*vZ+d)*=1.09Vr*d® ° (2.31)

q
C = zn:s:(ssg;lt)o‘)“) (2.32)
GMRceq

Cline = Cn * lrun (233)

Y = 27 % f % Gy (2.34)

Y. = lrzn (2.35)

1
xe=(2) (2.36)

2.8 Effective Line Reactance

Figure 2.13 shows a simple transmission line with a single FACTS device. Inserting a
series device on the line changes the ABCD parameters. Equation (2.37) is for Matrix
Multiplication with Single FACTS Device. The matrix output contains the transmission

line Xes in the B value of the output matrix.
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Bus A Bus B

L2 L/2 |
| FACTS |
DEVICE

Figure 2.13 -Transmission Line with Single FACTS Device

A B A B
K = [ B [0 o] [ By @3

Ci/2 Dip Cij2 Dip

Figure 2.14 shows a simple transmission line with multiple D-FACTS devices. Inserting
several series devices on the line will change the ABCD parameters. Equation (2.38) is
for Matrix Multiplication with Multiple D-FACTS Device. The matrix output contains

the transmission line X in the B value of the output matrix.

Bus A Bus B
L4 | S Y R Y |
BN
FACTS
DEVICES

Figure 2.14 - Transmission Line with Multiple D-FACTS Devices

Ko = [A1/4 B1/4]*[1 xq]*[Am 81/4]*[1 xq]*[Am 31/4]*[1 Xq
Ci/a Disa 0 1 Ci/a Dia 0 1 Ci/a Dia 0 1
[A1/4 B1/4] (2.38)
Cia Dija '
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System Application
3.1 Justification of Using D-FACTS over FACTS Devices
Figure 3.1 is a series TCSC FACTS device platform located in Imperatriz, Brazil. It is
part of the North-South Interconnection of the 500kV network in Imperatriz. The TCSC
is rated at 550kV, 1500A, 107 nominal MVAR with a 5% nominal degree of

compensation. This would be expensive anywhere for installation and commissioning.

Figure 3.1 -Transmission Line Series ABB TCSC on Platform [16]

As of 2009, the cost is around Rs. 12000/KVA or $234.78 in India for a FACTS
installation and commissioning. It would be Rs. 4000/KVA or $78.26 in India for a D-
FACTS installation and commissioning. The D-FACTS installation is only a third of the
cost. The 107 MVAR, TCSC installation would then cost around $25.12 million dollars
in India. If that same TCSC were to be constructed in the United States it most likely
would cost more with right-a-way issues or the labor rates in the U.S.
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Both FACTS devices and D-FACTS devices can be placed almost anywhere. With
FACTS devices such as a TCSC device, once they are installed they will most likely
remain. The FACTS devices have a bulk, single point of effect in the system. If there are
unforeseen system changes the lone FACTS device might be limited in what it can do in
the system. For instance, if there is a parallel pair of unbalanced power lines, the FACTS
device will only be able impact one of the lines. Without a big FACTS installation in the
other power line, the problem might remain. If one of the lines is at its thermal limit, the

more lightly loaded line could be limited.

Distributed FACTS devices can be placed anywhere, anytime. The previous paragraph
talks about a parallel pair of power lines with a FACTS device on one of them. D-FACTS
devices could be moved onto the other line without the need for breaking the line or the
need for a platform. An SSSC module is broken down into two parts that can be clamped
around the power line conductors. The magnetic circuit is formed after the module and
the mechanical parts are clamped around the cable as shown in Figure 3.3. Figure 2.8
shows a basic schematic of a DSSC module. Since the DSSC module weight and size are

small, they can be suspended along power lines as shown Figure 3.2.

D-FACTS MODULES
/ R

Figure 3.2 — Distributed FACTS on Power Lines [1]
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Figure 3.3 — Distributed FACTS Module [1]

Both D-FACTS devices and FACTS devices can provide savings in not having to install
new local distributed generation which prevents new pollution sources. A lot of power
generation pollutes the atmosphere. The following table illustrates this based on coal
pollution in generation. By observation, it is easy to see why new ways to reduce
pollution have to be found. If 50 MW were to be saved with D-FACTS, it could possibly
prevent approximately 50.3 tons of pollution per hour from entering the atmosphere if the
country does not have environmental protection requirements such as air scrubbers.

Table 3.1 — Coal Pollution [9]

Major Pollutants Emission
g/KWh
Carbone dioxide (CO,) 991.0
Sulphur dioxide (SO) 7.6
Nitrogen oxide (NO) 4.8
Suspended Particulate Matter 2.3
(SPM)
Total Emission 1005.7
g/KWh
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Having multiple D-FACTS devices can ensure compensation is still available if one or
more devices fail. If a FACTS device fails the system would lose its bulk compensation.
D-FACTS devices are superior in this regard. The introduction of D-FACTS is huge in
making a transmission network more efficient. They can be placed all over a network for
power flow control. A FACTS device has mainly a single point of effect on a
transmission line such as with the TCSC Platform shown in Figure 3.1. Putting them all
over a network would be far more costly making D-FACTS the better choice in this
regard. D-FACTS devices such as the one shown in Figure 3.3 do not need to have a
break in the transmission line when it is being installed. A FACTS device will and that
make D-FACTS the better choice again. This paragraph sums up the main justification

of using D-FACTS over FACTS devices.

3.2 D-FACTS Device Size Consideration Example

A given 138kV transmission line with has an impedance, X, of 0.79 Q/mile with a
thermal capacity of 770A at 184MVA. [1] If 2% reduction of line impedance is required
for a desired power flow, appropriately sized D-FACTS module would need to be
installed. A simple calculation of 2% of 0.79 Q/mile results in 0.0158 Q/mile. The result
of 0.0158 Q/mile is inserted into Equation (2-28) and the equation is re-arranged to show
inductance is 41.9 uH. This results in a reactive load of 9.367 KVAR and dividing by
770A vyields in approximately 12.16V of injected voltage. The unit size falls below the
typical 10kVA rating mentioned earlier. The engineer or designer must always keep
target size in mind when calculating the desired power change. The utility can then install

the units per length as required.
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3.3 Example 2-Bus Applications
3.31 First 2-Bus Application Example

Figure 3.4 shows two parallel transmission lines with one line already its 770A thermal
limit. In Table 3.2 Divan illustrates the usage of D-FACTS modules to increase power
flow through a pair of transmission lines as in Figure 3.4. By inspection, it is easy to see
the Transferred Power increased by as much as 70.2 MW. The X were matched which
provided a greater throughput of power. This could have prevented the need in building
new, local distributed generation near a customer or community. This could also prevent

the need to add new transmission lines. Both of these options would be very costly.

Line 1: 20 mi TT0A
13820° 34416~~~ T L 1382£-9.07°
& s a
LI 5.14524
ine 2: 30 mi S13.5A

Figure 3.4 — Basic Example with 2-Bus System [1]

Table 3.2 — Increase in Power Transfer [1]

Line Reactance | Line Currents | Load Angle | Line Power | Transferred Power

() (A) (Deg.) (MW) (MW)

X1=16 1,.=770 6=-9.07° P1=176.5
294.2

Xo=24 1,=513.5 P,=117.7

X1=19.2 1,.=770 6=-10.81° P1=171

364.4

X2=19.2 1,=756 P,=169.4
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3.32 Second 2-Bus Application Example

Figure 3.5 is the reference two-bus network in this example. This example is a discussion
of simulations performed by Porate. [9] The power available to be transmitted between
the buses was 1200 MW. There was 1089.4 MW received from the reference bus to the
other with a loss of 110.6 MW, 9.22%, in the system. The lines currents are shown as

1064A and 798A in the system schematic with a power angle of & = -54.04°.

Line 1: 600Km 1064A
400£0°kV 186j1962~~~ T | 4002-54.04°kV
AN >
M-’l 8+j261.6
+
24.8 +261.6
Line 2: 800 Km TORA

Figure 3.5 -1200 MW 2-Bus System [9]

Table 3.3 — Line Parameters [9]

Parameters Rating
Length, Line 1 600 km
Length, Line 2 800 km

Sending & Receiving 400kV

End Voltages

V1:V2:V
Line Impedance 0.31+j0.327
Q/Km
Line Thermal 1064A
Rating I Maximum

If the network of Figure 3.5 had 1275 MW of power available to be transmitted, the top
branch would be past its thermal limit of 1064A. The power losses would be 156.44 MW
(12.27%). Using simulation software the author diverted approximately 75 MW from the

overloaded line to the other using 9% compensation on each line. Taking 9% of 0.327
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Q/Km results in 0.0294 Q/Km. The top branch at 600 km would be an require an
insertion of 17.64 Q and the bottom branch would require an insertion of 23.52 Q. By
inspection this results in 33.28 KVAR/km and 31.32 VV/km for the top branch. For the
bottom branch this results in 26.8 KVAR/km and 23.48 V/km for the bottom branch.
Both branches would require approximately 3-10KVA compensation units per phase per
km if the series SSSC units are available. The two following figures show the system
with the two types of effective compensation, passive and active compensation. The
system sends over 1144 MW of power with a loss of 131 MW, 10.27%. The new line
currents are shown as 1064A and 954.4A in the system schematic with a power angle of
6 = -59.28°. The losses went down to 10.27% from 12.27%. Table 3.4 shows the

Compensation Data for this example in a separate table for reader reference.

Line 1: 600Km -
o - 1064A
+i17.66 18.6 +j196.2 :

400£0°kV : (Y 400.£-59.28°kV

-

-j23.54 248 +j261.6 =——=
954.4A

Line 2: 800 Km
Figure 3.6 — 1275 MW 2-Bus System with Passive Compensation [9]

Line 1: 600Km _
R.6+ | 1064A
18.78kV 18.6 +j196.2

40020°kV ] aass 400£-59.28°kV
18.78kV 248+j261.6 =—=

Line 2: 800 Km 954 4A

Figure 3.7 — 1275 MW 2-Bus System with Active Compensation [9]

31



Table 3.4 — Compensation Data 1275 MW 2-Bus System

Parameters Top Line Bottom Line

Injected Active / km | 0.0313 kV / km | 0.0235 kV / km

Injected Passive / km | j0.0294 Q / km | -j0.0294 Q / km

Injected Active Bulk 18.78 kV 18.78 kV

Injected Passive Bulk j17.66 Q -123.54 Q

Porate saw 6 change from -54.04° to -59.28°. According to Porate this was system
unstable. The fix was to add 20% compensation in the bottom feeder but not touch the
top. A small calculation of 20% of 0.327Q/Km results in 0.0654Q/Km. A total
compensation of 52.32Q is required for passive compensation and a total compensation
of 41.75kV is required active compensation. Only the bottom branch was affected. This
requires 41.8 KVAR per phase per km. This is approximately 4-10KVA units per phase
per km. When calculating the new compensation, the engineer or designer must not
forget not to use the original current value from the base case of an uncompensated
system. Table 3.5 shows the Compensation Data for this example in a separate table for

reader reference.

Line 1: 600Km 977.6A
. N .
Sines  186Ti962 Ty

40020°kV ® 28R 400.£-54.04°kV

-)33.32 248+j261.6 ——
Line 2: 800 Km 995.8A

Figure 3.8 — 1275 MW 2-Bus System with Passive Compensation for Instability [9]
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Line 1: 600Km - 077 6A
18.78kV 18.6 +j196.2

40020°kV u A 400.£-54.04°kV

] A
41.75kV 248 +j261.6 =
Line 2: 80{ Km 0995 8A

Figure 3.9 - 1275 MW 2-Bus System with Active Compensation for Instability [9]

Table 3.5 — Compensation Data 1275 MW 2-Bus System for Instability

Parameters Top Line Bottom Line
0.0313 kV / km | 0.0522 kV / km

Injected Active / km

Injected Passive / km | j0.0294 Q / km | -j0.0294 Q / km

Injected Active Bulk 18.78 kV 41.75 kV

Injected Passive Bulk j17.66 Q -152.32 Q

3.4 Software Base Cases

Two different utility power programs are being used to model the same 3-bus networks.
This was performed to demonstrate that the programs operate nearly identically and that
the programs are being used correctly. The following two figures both show the same 3-
Bus base cases: PowerWorld Simulator and PSS/E. Each of these 3-bus networks is
modeled with a swing bus, a voltage-controlled bus and a load bus. Figures 3.10 and

3.11 show the base cases.
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Each network had to maintain a 1.05 p.u. voltage and a delta, &, angle of 0° on each of
their Swing Buses, Bus 1 for each. Each 3-bus network had 400 MW and 250 MVVAR of
connected load on their Load Buses, Bus 2 for each. Each network had to maintain a
fixed 200 MW Dby Generator #1 and a 1.04 p.u. voltage each on each of their voltage-
controlled buses, Bus 3 for each. By inspection one can see the final values were nearly
exact. The values were taken out to several significant digits to show the programs

operated nearly identically.

1 2
SWING BUS LOAD BUS
179.3618 o o  170.9684
Generator #1 118.7343 " = 101.9475
@ <2 218.4229 400.0000 _,
) 140.8518R 250.0000
39.0611 229.0316
2771175 148.0525
1.050
0.0000 0.972
-2.6965
g v 3B
ALR
@ = @ r(S
"" )-N ™=
1.040

-0.4988

146.1766R

o
o
o
o
o
8‘

Generator #2

Figure 3.10 - PSS/E 3-Bus Network
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Generator #2

200 MW
146.18 Mvar

1.0400 pu
Bus3 -0.4987 Deg

400 MW
250 Mvar
Generator #1 1.0500 pu 0.9717 pu
0.0000 Deg -2.6964 Deg

Busl Bus2

218.42 MW
140.85 Mvar

Figure 3.11 - PowerWorld Simulator 3-Bus Network

3.5 IEEE 14-Bus Network Test Systems

The following Figures, Figure 3.12 and Figure 3.13, are based on the IEEE 14-Bus

Network. It is use as a reference model for PowerWorld Simulator and Siemens PSS/E.

The values for the IEEE 14-Bus System Branch Parameters are found under Table Al.1

in Appendix A. The values for the IEEE 14-Bus Data are found under Table Al.2 in

Appendix A. The network contains such items as generators, buses, synchronous

condensers, bulk loads and transmission line impedances. The IEEE 14-Bus Networks

were built with each software program.

The IEEE 14-Bus network will be used to demonstrate a simple application of

Distributed Facts in a transmission system. The dashed box on Figure 3.12 indicates

where the focus will be for the PowerWorld Simulation. The simulation will only be run

on the PowerWorld Simulation Software.
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Figure 3.12 - PSS/E IEEE 14-Bus Network
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Figure 3.13 - PowerWorld Simulator IEEE 14-Bus Network
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3.51 IEEE 14-Bus Network Test System Example

Power flow in a network like this is far from linear. Some iteration or trial and error has
to take place to get a desired outcome. Figure 3.14 will be used for this example. The
branches of interest are the three horizontal lines with current in amperes showing. The
top transmission line is shown as 619.20A with the bottom line shown as 260.68A. This
is from a hypothetical network in Fresno, CA. A system operator looking at his panel
noticed that the top branch is close to its thermal limits at 625A. The bottom line is far
from hitting its thermal limits since it is of the same material as the top line and it is
shorter in length. The operator wants to transfer roughly 10A or more off the top line and
add approximately that same amount on the bottom. The operator remotely operates the
compensation devices to change power flow in the transmission lines. The operator does
not bother with the middle transmission line because it can handle a lot lower ampacity

than the other two.

0 MW i Bl e S O Tt T IETS
21 Mvar ]
41.34 MW 152,20 MW 156.47 MW
A\ ¥

) 1.03 pu
619,20 AMP -8.8595 Deg

A
A
A
w
w

b b b
P

165.02 AMP

e < e e e e a
o = o~ = o~ o]

40.45 MW/
e e
o~ =

62,58 MW 260.68 AMP 63.50 MW

A

Bus5

Figure 3.14 - Partial IEEE 14-Bus Network without Compensation
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Using equation (2-13) the per-unit, p.u., power flow for the top transmission line results
in 1.6219 p.u. Taking 10% off the top line reduces the value by 0.1622 p.u. to 1.4596 p.u.
Solving the new Xef p.u. for the top transmission line results in a final value of 0.06575
Q p.u. This would require an injection of 0.006576 Q p.u. given the original X for that
line was 0.05917 Q p.u. The PowerWorld Simulator has a voltage base value of 138kV
and an MVA base value of 100MVA. Multiplying the 0.006576 Q p.u impedance by the
base impedance calculated by equation (3-1) would make this a 1.2523 Q change. This
would be inductive 480.142 KVAR bulk injection. This would be a 775.4242V active
injection or 1.2523 Q inductive, passive injection. This would be distributed over the
length of line. Table 3.6 shows the Compensation Data for this example in a separate

table for reader reference.

_ (kvpp)?
7y = —MVA3@ (3.1)

Using equation (2-13) the per-unit (p.u.) power flow for the bottom transmission line
results in 0.6574 p.u. Adding the p.u. value from the top transmission line and adding it
to the bottom increases the bottom p.u. value to 0.8196 p.u. p.u. Solving for the new X
for the bottom line results in a final value of 0.03384 Q p.u. This would require a
negative injection of 0.0082712 Q p.u. Multiplying by the base impedance calculated by
equation (3-1) this would be a 1.57517 Q change. This would be a capacitive 107.039
KVAR injection. This would be a 410.4256V active injection or 1.57517 Q capacitive,
passive injection. This would be distributed over the length of line. Table 3.6 shows the
Compensation Data for this example in a separate table for reader reference. The values
of Injected Active and Passive values per km are shown as not applicable, N/A. This is

due to the fact that impedance and other values in PowerWorld are per-unit.
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Table 3.6 — Compensation Data PowerWorld Example

Parameters Top Line Bottom Line
Injected Active / km N/A N/A
Injected Passive / km N/A N/A
Injected Active Bulk 775.424 410.426 V
Injected Passive Bulk j1.2523 Q -11.5752 Q
Reactive Power 480.142 KVAR | 107.039 KVAR

Figure 3.15 shows a reduction in the top transmission line of 14.25A and the bottom line
increased by 14.63A. The middle line increased by small amount of 0.28A. The top

branch is further away from its thermal limits which was the desired outcome.

604,92 AMP

v
7

b

v

A
A
A

A

164.74 AMP
e a

ra

A
A

£6.35 MW

e
=< =

%
275.31 AMP

Figure 3.15 Partial IEEE 14-Bus Network with Compensation
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Conclusion

The justification of Distributed FACTS devices was explained. These devices have the
ability to transfer load from one line to another. This can provide a lot of cost savings in
not having to build new distributed generation, new transmission lines or dealing with
right-a-way issues. The introduction of new generation will bring pollution unless it is

from a renewable source such as solar or wind.

With D-FACTS bring dynamic control of a transmission network. If one transmission
line is nearing its thermal limits a system operator can lower load on one line and allow

the other lines to absorb the difference in the network.

It was mentioned in the paper that adjusting impedance on a transmission line first
requires the transmission line to be evaluated for the ABCD parameters. Once the
parameters are known then the insertion of the Distributed FACTS devices can be made.

The examples in this paper along with the PowerWorld Simulator example were done to
get the effective impedance, X, of the transmission line. The engineer or designer still
has to solve for the system parameters and utilize them in conjunction with the desired
compensation. All this would be performed during the iteration or trial and error it takes

to get the desired outcome within the network.

41



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

References

Divan, Deepak and Johal, Harjeet. “Distributed FACTS — A New Concept for
Realizing Grid Power Flow Control.” IEEE Transactions on Power Electronics,
Vol. 22, No. 6, November 2007.

Divan “Improving Power Line Utilization and Performance with D-FACTS
Devices.” Power and Engineering Society, Atlanta, GA, June 2005, Vol. 3, pp.
2419-2424.

Glanzman, G. “Using Facts Devices to Resolve Congestions in Transmission
Grids.” CIGRE/IEEE PES, New Orleans, LA, Oct. 2005, pp. 347-354.

Glover, Duncan & Sarma, Mulukutla S. & Overbye Thomas J. Power System
Analysis and Design. Stamford, CT: Cengage Learning, 2012, 5" Ed.

Grainger, John and Stevenson, William. Power Systems Analysis. Highstown, NJ:
McGraw-Hill, Inc.

Hingorani, N.G. “Facts — Flexible AC Transmission System.” Electric Power
Research Institutes, Palo Alto, CA, Sep. 1991.

Hingorani, Narain G. & Gyugyi, Laszlo. Understanding FACTS: Concepts and
Technology of Flexible AC Transmission Systems. New York, NY: The Institute
of Electrical and Electronics Engineers, Inc., 2000.

Huang, Garng. M. and Nair, Nirmal-Kumar C. “Incorporating TCSC into the
Voltage Stability Constrained OPF Formulation.” Power Engineering Society,
Vol. 3, pp. 1547-1552, 2002.

Porate, Kishor and Thakre, K.L. and Bodhe, G.L. “Distributed FACTS
Controllers as an Effective Tool for Reduction in Environmental Pollution due to
Thermal Power Plant.” WSEAS Transactions on Power Systems. Issue 3, Volume
4, March 2009.

Purchala, K., Belmans, R., Exarchakos, L. and Hawkes, A.D. “Distributed
Generation and the Grid Integration Issues.” IEEE.

Sen, Kalyan K. "SSSC-Static Synchronous Series Compensator: Theory
Modeling and Applications.” IEEE Transaction on Power Delivery, Vol. 13, No.1
January 1998.

Song, Y-H. Flexible AC Transmission Systems (FACTS). London, United
Kingdom: The Institution of Electrical Engineers, 1999.

42



[13]

[14]

[15]

[16]

Sun, Mingjie & Lin, Yufeng. "The Impact of Integrating Distributed Generation
on the Losses in the Smart Grid.” Power and Energy Society, pp. 1-6. , July 2011.

“Demo Software.”
Internet: http://www.powerworld.com/downloads/demosoftware.asp
[April 20, 2012].

“PSS®E University Order Form.”
Internet: https://www.pti-us.com/pti/software/psse/psse university request.cfm
[April 20, 2012].

“Series Compensation — SC.”
Internet: http://www.abb.com/industries/us/9AAC30200082.aspx
[April 20, 2012].

43


http://www.powerworld.com/downloads/demosoftware.asp
https://www.pti-us.com/pti/software/psse/psse_university_request.cfm
http://www.abb.com/industries/us/9AAC30200082.aspx

Appendix A. IEEE 14-Bus System Information

Table Al.1 - IEEE 14-Bus System Branch Parameters

From To Resistance Reactance Line Charging Tap
Bus Bus (p.u.) (p.u.) (p.u.) Ratio
1 2 0.01938 0.05917 0.05280 1.0
1 5 0.05403 0.22304 0.04920 1.0
2 3 0.04699 0.19797 0.04380 1.0
2 4 0.05811 0.17632 0.03740 1.0
2 5 0.05695 0.17388 0.03400 1.0
3 4 0.06710 0.17103 0.03460 1.0
4 5 0.01335 0.04211 0.01280 1.0
4 7 0.00 0.20912 0.00 0.978
4 9 0.00 0.55618 0.00 0.969
5 6 0.00 0.25202 0.00 0.932
6 11 0.09498 0.19890 0.00 1.0
6 12 0.12291 0.25581 0.00 1.0
6 13 0.06615 0.13027 0.00 1.0
7 8 0.00 0.17615 0.00 1.0
7 9 0.00 0.11001 0.00 1.0
9 10 0.03181 0.08450 0.00 1.0
9 14 0.12711 0.27038 0.00 1.0
10 11 0.08205 0.19207 0.00 1.0
12 13 0.22092 0.19988 0.00 1.0
13 14 0.17093 0.34802 0.00 1.0
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Table Al1.2 - IEEE 14-Bus Data

Bus P Q P Q Bus Q Q
No. | Generated | Generated | Load | Load | Type* | Generated | Generated
Max. Min.
(0.0) (p.u.) (p.u) | (p.u.) (0.0) (b.u)
1 2.32 0.00 0.00 0.00 2 10.0 -10.0
2 0.4 -0.424 | 0.2170 | 0.1270 1 0.5 -0.4
3 0.00 0.00 0.9420 | 0.1900 2 0.4 0.00
4 0.00 0.00 0.4780 | 0.00 3 0.00 0.00
5 0.00 0.00 0.0760 | 0.0160 3 0.00 0.00
6 0.00 0.00 0.1120 | 0.0750 2 0.24 -0.06
7 0.00 0.00 0.00 0.00 3 0.00 0.00
8 0.00 0.00 0.00 0.00 2 0.24 -0.06
9 0.00 0.00 0.2950 | 0.1660 3 0.00 0.00
10 0.00 0.00 0.0900 | 0.0580 3 0.00 0.00
11 0.00 0.00 0.0350 | 0.0180 3 0.00 0.00
12 0.00 0.00 0.0610 | 0.0160 3 0.00 0.00
13 0.00 0.00 0.1350 | 0.0580 3 0.00 0.00
14 0.00 0.00 0.1490 | 0.0500 3 0.00 0.00

* Bus Type: (1) Swing Bus, (2) Generator Bus (PV Bus) and (3) Load Bus (PQ

Bus)
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Appendix B. Conductor Table

Table B1.1 — Electrical Characters of Bare Aluminum Conductors Steel-Reinforced

(ACSR) Conductors [5]
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Appendix C. Software Primers
PowerWorld Simulator Primer
The PowerWorld Demo Software can be downloaded at the following link:

http://www.powerworld.com/downloads/demosoftware.asp. There is a pop-up window

which asks the user to input some information such as a First Name, Last Name, Email
Address and Company Name. Once this information is submitted, the student will get an
Email with the path to download the program. This version of the software is limited to

12 buses.

The following link is from the 5" Edition Power System Analysis and Design Textbook
by J. Duncan Glover, Mulukutla S. Sarma and Thomas J. Overbye:

http://www.powerworld.com/gloversarma.asp. This textbook is used in the ECE610

course taught at California State University, Northridge. There is a pop-up window which
asks the user to input some information such as a First Name, Last Name, Email Address
and Company Name. Once this information is submitted, the student will get an Email
with a link to download the program. This link leads to the simulator and files that would
be needed for the student to do the homework in the course when those problems require

PowerWorld Simulator. This simulator is also capable of running up to 40 buses.
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Several User Guides are also found on the PowerWorld Website. They are for current and
older student demo versions of the software. The PowerWorld User Guides can be found

at the following link: http://www.powerworld.com/downloads/general.asp. The User

Guides will help the student construct power networks. The student can also use the
internet to find other sources of information such as walkthroughs and examples by other

universities and students.

Siemens Power System Simulator for Engineering (PSS/E) Primer
The PSS/E University Demo Software can be downloaded at the following link:

https://www.pti-us.com/pti/software/psse/psse university request.cfm. There is a form

that is required to be filled out which asks the user to input some information such as a
First Name, Last Name, Email Address and Company Name. It requires more
information than that is required for a PowerWorld Simulator download. Once this
information is submitted, the student will get an Email with the path to download the

program. This version of the software is limited to 50 buses.

The Siemens PSS/E software has a very powerful built-in Help feature. Under the link for
Help, there is a link for Help Topics. The student simply has to simply navigate for what
he/she wants within Help Topics. It will provide the student with many documents that

will be useful in constructing power networks.
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