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ABSTRACT

The overall objective is to perform a cost benafialysis of the solid-state-
transformer (SST)-based volt-var control (VVCTyvo methods to improve the system
power quality, or volt-var solutions are explorajiachieving a unity power factor at all
the load buses, and b) improving the system volptaigile to meet a desired voltage
regulation requirement of 0.9¥%,<1.05 p.u. at all the buses of the distribution tes
system, for a given annual load profile. The tesugation is performed using the Open-
DSS (Open-Distribution System Simulator) softwaneao IEEE-34 bus and its extended
meshed test bed system. A cost benefit analyslseqgiroposed VVC solutions compares
the relative annual cost advantages of implementiage solutions with respect to the
base case system. The base case system is theabligft E-34 radial and the extended
meshed system without any compensation deviceséigacitor banks, voltage

regulators etc. and without the proposed VVC im@etad.
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NOMENCLATURE

VVC - Volt-VAR Control

SSTs — Solid State Transformers

p.u. —Per Unit

UPF — Unity Power Factor

Base Case — The original IEEE-34 mesh extendedéessystem without SSTs
NERC — North American Electrical Reliability Coraion

ERCOT - Electric Reliability Council of Texas

PQ — Power Quality



1. INTRODUCTION TO SOLID STATE TRANSFORMERS

1.1. SOLID STATE TRANSFORMERS

Transformers are electrical equipment used to foamsthe field voltage or
current from one level to another in power netwoflksey are composed of steel or iron
cores, and copper or aluminum coils. They contdimeral oil, which can serve as both a
coolant and a dielectric medium. However, solidesteansformers (SSTs) are not the
same as the traditional transformers. Thereforeégim SST is somewhat a misnomer. A
solid state transformer is new type of power etsutr transformer, which can be made
coil free, self-regulating, and can also be usetbtoect power quality problems in power
systems. They are also somewhat insensitive todr@osm and can prevent harmonic
propagation in the power system. Moreover, therebeaa significant reduction in
individual size and weight of transformers with eglent ratings. The basic structure of

a solid state transformer is depicted in Figure[111:

Grid

v

Power Electronies

s

High Frequency Transformer

AAA
Y Y Y
E

Power Electronics

v

Lead

Figure 1.1: Basic structure of a solid state tramaer [11]

The SST converts the grid voltage into a high A€gjérency voltage. Similarly,
the voltage is converted to the power frequencyage through power electronics on the



secondary side of the high frequency transforneeoptain the load side low voltage
[11].

Until recently, solid state transformers were degingoractical for use in utility
power applications due to the power limitationsh&f semiconductor materials.
However, these limitations have been overcome thighdevelopment of SiC
semiconductor switches [7]. Thus, the use of ssifide transformers in modern power
networks can radically change the way power igibisted in power systems by

providing active control via power electronics [11]

1.2. POWER QUALITY IN POWER SYSTEMS

Power quality is an important concern in modern @osystems. This is mainly
due to the diverse nature of loads, such as athlesspeed drives (ASD) and power
electronic equipment, information technology equapitnike computers, printers,
laptops, energy efficient lighting, and PLCs, whinhy cause degradation of line power.
Due to the nonlinear nature of these loads, volteaeeform distortion frequently occurs.
The availability of good quality power is critical industrial, commercial, and residential
customers. Some of the crucial sectors are themamis process industry and the IT
industry. A power disturbance in either of theset@®s can have financial implications
through loss of productivity and competitivenessm® of these consumers require a
higher level of power quality than is provided imaern electrical power networks,
requiring the need for measures to be taken teeaeha higher power quality level. With
NERC requirements for voltage limits on transmisssgstems and for maintaining high
a power factor at load buses, it has become eatemstudy how a higher level of power

quality can be achieved in power systems using mmo@ehnology such as SSTs [10].

1.3. THE IEEE-34 RADIAL TEST BED SETUP

Figure 1.2 shows a diagram of the IEEE-34 bus fali#ibution test bed
system. This system, as well as an extended mesnsidn, will be used to validate the

proposed VVC. Subsequently, simulations on thereldd meshed test bed system



would be performed. The data for the test systexsammarized in Tables 1.1 through

1.7.
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Figure 1.2: The IEEE-34 bus radial test bed digtrdn system [6]

Table 1.1 Overhead line configurations [6]

Spacing
Config. Phasing | Phase | Neutral ID
ACSR | ACSR

300 BACN 1/0 1/0 500
#2

301 BACN 6/1 #2 6/1 500
#4

302 AN 6/1 #4 6/1 510
#4

303 B N 6/1 #4 6/1 510
#2

304 B N 6/1 #2 6/1 510




Table 1.2 Line data for IEEE-34 radial system [6]

Line

Segment

Data

Node A Node B | Length(ft.) Config.

800 802 2580 300
802 806 1730 300
806 808 32230 300
808 810 5804 303
808 812 37500 300
812 814 29730 300
814 850 10 301
816 818 1710 302
816 824 10210 301
818 820 48150 302
820 822 13740 302
824 826 3030 303
824 828 840 301
828 830 20440 301
830 854 520 301
832 858 4900 301
832 888 0 XFM-1
834 860 2020 301
834 842 280 301
836 840 860 301
836 862 280 301
842 844 1350 301
844 846 3640 301
846 848 530 301
850 816 310 301
852 832 10 301
854 856 23330 303
854 852 36830 301
858 864 1620 302
858 834 5830 301
860 836 2680 301
862 838 4860 304
888 890 10560 300




Table 1.3 Shunt capacitors data for IEEE-34 rasliatem [6]

Node
Ph-
A Ph-B Ph-C
844 KVAr KVAr kVAr
848 100 100 100
Total 150 150 150

Table 1.4 Distributed load data for IEEE-34 radigdtem

[6]
Distributed
Loads
Ph- Ph- Ph-

Node Node | Load 1 Ph-1 2 Ph-2 3 Ph-3

A B Model | kW | kVAr | kW | kVAr | KW | kVAr
802 806 Y-PQ 0 0 30 15 25 14
808 810 Y-l 0 0 16 0 0
818 820 Y-Z 34 17 0 0
820 822 | Y-PQ | 135 70 0 0
816 824 D-| 0 0 5 2 0 0
824 826 Y-l 0 0 40 20 0 0
824 828 | Y-PQ 0 0 0 0 4 2
828 830 | Y-PQ 7 3 0 0 0 0
854 856 | Y-PQ 0 0 4 2 0 0
832 858 D-Z 7 3 2 1 6 3
858 864 Y-PQ 2 1 0 0 0 0
858 834 | D-PQ 4 2 15 8 13 7
834 860 D-Z 16 8 20 10 110 55
860 836 | D-PQ | 30 15 10 6 42 22
836 840 D-l 18 9 22 11

862 838 Y-PQ 0 28 14

842 844 | Y-PQ 5 0 0

844 846 | Y-PQ 0 25 12 20 11
846 848 Y-PQ 0 23 11 0 0
Total 262 133 240 120 | 220 | 114




Table 1.5 Spot load data for IEEE-34 radial sysfeln

Spot
Loads

Ph- Ph- Ph-
Node | Load | 1 |Ph1| 2 |Ph2| 3 | Ph4a

Model | kW | kVAr | kKW | kVAr | kW | kVAr
860 Y-PQ 20 16 20 16 20 16

840 Y-l 9 7 9 7 9 7

844 Y-Z 135 | 105 | 135 | 105 | 135 | 105
848 D-PQ | 20 16 20 16 20 16
890 D-I 150 75 150 75 150 75
830 D-Z 10 5 10 5 25 10
Total 344 | 224 | 344 | 224 | 359 | 229

Table 1.6 Transformer data for IEEE-34 radial sys}é]

Transformer
Data
R- X -
kVA kV-high kV-low % %
Substation: 2500 69 -D 24.9 -Gr. W 1 8
24.9 - 4.16 - Gr.
XFM -1 500 Gr.W W 1.9 | 4.08




Table 1.7 Regulator data for IEEE-34 radial sysfém

Regulator Data
Regulator ID: 1
814 -
Line Segment: 850
Location: 814
Phases: A-B-C
Connection: 3-Ph,LG
Monitoring Phase: A-B-C
Bandwidth: 2.0 volts
PT Ratio: 120
Primary CT Rating: 100
Compensator
Settings: Ph-A Ph-B Ph-C
R - Setting: 2.7 2.7 2.7
X - Setting: 1.6 1.6 1.6
Volltage Level: 122 122 122
Regulator ID: 2
852 -
Line Segment: 832
Location: 852
Phases: A-B-C
Connection: 3-Ph,LG
Monitoring Phase: A-B-C
Bandwidth: 2.0 volts
PT Ratio: 120
Primary CT Rating: 100
Compensator
Settings: Ph-A Ph-B Ph-C
R - Setting: 25 25 25
X - Setting: 1.5 15 15
Volltage Level: 124 124 124




1.4. EXTENSION OF THE RADIAL TEST SYSTEM TO A MESHED SYSTEM

Figure 1.3 shows a meshed system extension oEBE-B4 radial bus test
system. For the extended system, the load datgivae in Table 1.8 while the line data

are given in Table 1.

EE‘J EBE

Figure 1.3: Meshed system extension of IEEE-34atddst system

i

E&Es EhEn Ei=

1

Table 1.8 Load data for extended meshed system

Spot
Loads

Ph- Ph- Ph-
Node | Load | 1 |Ph1| 2 |Ph2| 3 | Ph4a

Model | kW | kVAr | kW | kVAr | kW | kVAr
866a Y-PQ | 75 38 75 38 75 38
866b Y-PQ | 75 38 75 38 75 38
868a Y-PQ | 75 38 75 38 75 38
868b Y-PQ | 75 38 75 38 75 38
870a Y-PQ | 75 38 75 38 75 38
872a Y-PQ | 75 38 75 38 75 38
872b Y-PQ | 75 38 75 38 75 38
Total 375 | 190 | 375 | 190 | 375 | 190




Table 1.9 Line data for extended meshed system

Line

Segment

Data

Phase-A/B/C
Node A Node B Length(mi.) | R(Ohms/mi) | X(Ohms/mi)

802 866 9 1.9156 1.3827
866 868 9 1.9156 1.3827
868 870 9 1.9156 1.3827
870 872 9 1.9156 1.3827
816 868 6 1.9156 1.3828
840 872 6 1.9156 1.3828
866 866a 0.2094 1.9156 5.65526
866 866b 0.1397 1.9156 5.65144
868 868a 0.1862 1.9156 5.6532
868 868b 0.1397 1.9156 1.3827
870 870a 0.1397 1.9156 5.65144
872 872a 0.2094 1.9156 5.65526
872 872b 0.1397 1.9156 5.65144

The resistance and reactance values of the conddotoeach line in Ohms/mile
are the same as shown above for each of the pAagsand C. The test system is

implemented in the Open-DSS software.
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2. THE OPEN-DSS SOFTWARE AND THE BASE-CASE SIMULATION

2.1. INTRODUCTION AND A BRIEF OVERVIEW OF THE OPEN-DSS
SOFTWARE

The Open Distribution System Simulator (Open-DSSimply DSS), is a
simulation software platform for electrical poweastdbution systems. It is open source
software, and it is available to the general pulilics available in both standalone
versions (it can be run independently), or it cardbiven by an external software such as
MATLAB, Visual Basic, through its COM interfaceslexecutable version has a text
based interface, with which users can develop/vgatets and view solutions. The
software supports the RMS steady state or the émgyudomain analysis usually
performed for the planning and analysis of utidtgtribution systems. It also supports
many types of analyses designed to support futeeeswith the advent of smart grids
and utility level deregulations across the glode [8

Many of the software’s features were incorporatethéet the needs of
distribution generation analyses. Its other featame harmonic analysis, smart grid
applications and energy efficient analysis of srgad applications [8].

Some applications of the Open-DSS software areg@sasuch as distribution
planning and analysis, general mydhiase ac circuit analysis, analysis of distributed
generation interconnections, annual load and gaoersimulations, riskbased
distribution planning studies, probabilistic plamgistudies, solar PV system simulation,
wind plant simulations, nuclear plant station aiaxyl transformer modeling, distribution
automation control assessment, protection systemlation, storage modeling,
distribution feeder simulation with AMI data, dibution state estimation, ground
voltage rise on transmission systems, geomagnigticeluced currents (GIC), EV
impacts simulations, esimulation of power and communications Networkslgsis of
unusual transformer configurations, harmonic atertharmonic distortion analysis,
neutralto-earth voltage simulations, development of IEEE fiestler cases, phase shifter

simulation, arc furnace simulation, impulse loach (Crushers, etc.) and more [8].
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The software has many buitt solution modes, such as a) snapshot power flow,
b) daily power flow, c) yearly power flow, d) harmos, €) dynamics, f) fault study, and
g) Monte Carlo fault studies [8].

A COM interface allows diverse users to perforniettént types of studies,
providing flexibility and multiple diverse optionBor example, it can be driven through
MATLAB, C#, Python, R, or VBA of the Microsoft Offe. Its various custom solution
modes can be executed through the COM interfacetddl is equipped with excellent
mathematical capabilities, as well as graphicat ugerface for viewing results. Users
who need to repeatedly use a particular featureacaess it with built-in solution control
module as well as the text base command interiice |

The COM interface can be used to directly accessetktbased command
interface and the various methods and propertieadoessing many of the Open-DSS'’s
models. The input can be routed to a text file. dhgut results can be retrieved either
through the COM based interface, or through varmutput files. Many output/export
files are written in comma separated value (CS¥ihit which can be easily imported
into tools such as Microsoft Excel, or MATLAB faurther analysis and processing [8].

The structure of the Open-DSS software is as showigure 2.1:

o YO £ .
o]

cOoM
Interface

Main Simulation Engine ii]:

Userwritten Dit's

Scripts,
Resulis

—

Figure 2.1: Open-DSS structure [8]
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2.2. THE BASECASE SYSTEM SIMULATION IN OPEN-DSS

2.2.1. System Setup for Base Case Simulation in Open-DSS. The intention for
the base-case scenario is to simulate the fulgdddEEE-34 bus radial test system and
the extended meshed test system in Open-DSS Witk kdads, but without
compensating devices, including capacitor banksvaitdge regulators, which help to
improve the system power factors and voltages. pitusedure defines the worst case
scenario, i.e. the worst voltages and power fadt@swould result from a fully loaded
system. The base case analysis is based on thalammulative load data in the ERCOT
(Electric Reliability Council of Texas) region f8013 [9]. This data provides annual
load data with hourly active and reactive poweratams.

A base case was established a) on the IEEE-34ablied test system, and b) on
the extended meshed test system. The inclusidmeaheshed system is to verify the
applicability of the proposed VVC on both meshed eadial systems.

For the system power quality solutions exploretheanext chapter, the solid state
transformers are used to inject VARSs into the systignamically at each hour when the
load changes, unlike the static compensation dswidech are traditionally installed to
provide fixed VAR compensation at all time. Thisplementation of SSTs is compared
to the base case to measure the performance of @8he system without other VAR
compensation devices. The cost differences bettfeehase case and the SST case are
then determined.

2.2.2. Explanation for Highest Active Power L ossesand L owest System
Voltages. For the base case simulation, the active powerurned at each phase of the

load bus is given by:

P =V =1 % cos(d) (2)

where

P - Total active power consumption at the load Imusansideration
V - Voltage at the load bus
I - Current consumed by the load kW
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cos(¢d) - Power factor at a given load bus

The reactive power consumed at each single phasiedlas is determined by:

Q =V *I=xsin(d) 2

where

Q - Total reactive power consumption at the loasl inuconsideration

Due to the heavy loads being consumed at the loaeshand to the voltage drop
along the distribution feeder (due to the linestsices and reactances), the voltages at
the end of the feeder may become unacceptablyAts®, since reactive power is being
consumed at each load bus, the power factor dbtebuses may be much less than
unity. Since the active power being consumed &t &zad bus is fixed, then from
equation (1), the currents drawn by the load boi fthe substation will be obviously
higher when there is significant reactive loadiflgese higher currents lead to higher
system losses, and larger voltage drops alongistebdition feeder.

2.2.3. Plotsof Total Active Power L osses, Voltages at Selected Buses and
Substation Power Factor Versus Time. Figure 2.2 shows the plots of the total active
power losses versus time for the base case simmlfr the meshed system. During
hours of high load, the active and reactive poveeisamption is high at the load buses.
This basically causes higher currents to be drawm the substation. This means higher
line losses during hours of peak load. Figuresti@ugh 2.6 show the plots of voltages
at selected buses versus time. The higher curcantse higher line resistance and
reactance drops, resulting in lower voltages atdhd buses. Figure 2.7 shows the power
factor of the entire system observed at the substaersus time for the base case
scenario. It is observed that power factor valulasas 0.875 are reached at the
substation during peak load hours. The resultsiddarom the base case scenario

would be compared with the VVC solutions to illagé the effectiveness of the control.
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2.2.4. TheProblem of Low Voltages. The system power losses for the base case
are higher at each hour due to the reasons distussarlier section. Figures 2.3 through
2.6 capture the voltage profiles at selected laggkb that result in the base case. It is to
be noted that these voltages are unacceptably mbywdoring peak load hours (when the
current consumption is high which cause greatervVioltage drops), but have healthy
values during off-peak hours. Figure 2.7 captunespower factor at the substation,
which becomes as low as 0.875 during peak loadsh@upower factor below 0.9 p.u.
lagging is considered low for a substation. Itesidable that power factors of 0.95 p.u.
lagging and above are maintained at the substki@h. These indicate power quality
problems in the system, which need to be addreabsedgh dynamic VAR compensation
by SSTs.
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3. VOLT-VAR CONTROL STRATEGIES

3.1. UNITY POWER FACTOR CONTROL CASE SCENARIO

The low power factors at distribution buses areaxied by installing SSTs at
each load bus, to locally compensate the reactweep This achieves unity power factor
at each load bus.

3.1.1. System Setup for Achieving UPF at Each Load Bus. For the unity
power factor (UPF) solution, as the load variesrdaetive power consumed at each hour
is sensed at the load bus, and is fed back toddieated SST. The SST then injects the
same level of reactive power back into the systaaintaining unity power factor at load
bus. This action is completed almost instantangdirsithe order of a few milliseconds).

3.1.2. Explanation for L owest Active Power Losses and I mproved System
Voltages. The UPF approach has several advantages. Fitstlyotal active power

losses in the system are at their minimum.

For the unity power factor case scenario, the agiwer consumed in each

phase of the load bus is given by the equation:

P=VxI (3)

where

P - Total active power consumption at the distribatbus in consideration

V - Voltage at the distribution bus

I - Current consumed by the load

Note the absence of the tetos(d) here, because at unity power factor,
cos(p) = 1. In the base case scenario, the majority of tlseesy voltages were
unacceptably low due to i) heavy loads at the ithistion buses and ii) the magnitude of
the voltage drop along the distribution feeder (ttuthe resistance and reactance of the

lines). In contrast, in the unity power factor casenario, the reactive power
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consumption at each distribution bus is locally pemsated by SSTs, thus decreasing the
current drawn by the loads and thereby reducinydfiage drop along the feeder.

3.1.3. Plots of Total Active Power Losses, Voltages at Selected Buses and
Substation Power Factor Versus Time. Figure 3.1 shows the plot of the total active
power losses versus time for the unity power faciase scenario obtained for the meshed
system. Figures 3.2 through 3.5 show the voltagseslacted buses versus time. Figure
3.6 shows the power factor at the substation vemses The plot of power factor versus
time indicates that near unity power factor atghbstation. The power factor at the
substation is not identically unity due to the lstigeactive power losses in the feeder.
Note, however that unity power factor is exactlitiaged at each distribution bus due to

local compensation of reactive VARSs through the §ST
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3.2. VOLTAGE REGULATION CONTROL CASE SCENARIO

While unity power factor control improves the budtages, there is no direct
control of bus voltages and they may still becoaeehigh or too low depending on the
bus load. The UPF control provides some improvenmetite distribution bus voltages
compared to the base case scenario. However, ttegygomprovement is not always as
desired, as it is not regulated within specifiedits. Moreover, voltages below 0.9 p.u.
are still considered undesirable, although theynatauncommon in distribution systems.
The lowest voltages seen for the unity power fac&se scenario are slightly above 0.8
p.u., which is a cause of concern. Therefore, eeradvanced scheme using volt-var
control (VVC) is required to maintain the bus vgka within a predetermined range.

3.2.1. System Setup for Voltage Regulation Control Case. The voltage
improvement control algorithm aims to improve tlgstem voltage through reactive
power control. For this case, the system is assumbd initially operating at unity
power factor (through the use of dedicated load3%is for the UPF case scenario).
Thus, the voltage regulation control case is im@eted over the UPF case scenario as a
platform. Apart from the dedicated load bus SSTEtalted in the system for achieving
unity power factor, the three phase SSTs eachsa880 and bus 890 are considered to
be pilot buses in the control scheme. These SSTdeaticated specifically for the
voltage control action. The SSTs at the distrinuthuses dedicated for UPF control
inject VARs into the system in response to chamgésad, compensating for the load
reactive power to maintain a unity power factorfev seconds (30 seconds to a minute)
after the load changes and the voltages stabihieepilot SSTs perform their VAR

control action. A flow chart showing the pilot bU¥'C is shown in Figure 3.7.



24

celect = Bus

\ Voltsge

C K

Anj= (Hnj=
\\ Q=11 —ﬁ.lpha H-J"' 1} "'JF'|'|=I

;/ lncrement

R - i ™,
\ Solution Hoar # ( =1 Ation
“ m=arl
-
T
.,
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where

Q(n) - Reactive power injected into the system bylat 8ST at theith hour

Q(n — 1) - Reactive power injected into the system at(the- 1)th hour.

Alpha — Fixed reactive power by whigh(n — 1) is incremented if voltage at the

pilot bus exceeds 1.05 p.u., or decremented ifigeltat the pilot bus falls below

0.95 p.u.

It is important to have the requisite time delayd0fseconds to 1 minute between
the UPF control and the voltage control to allow tus voltages to stabilize before the
voltage control action is implemented.

This system could be considered as a double fekdlmentrol system, analogous
to current mode controlled power electronic dc-diowerters. The requisite time delay is

analogous to the frequency bandwidth that is tallmsved between the voltage control



25

action of the external loop and the current coration of the internal loop, necessary
for proper control action.

It is evident from the flow chart that voltagedaitribution buses are being
controlled between the limits of 0.95 p.u. and pQk These limits are based on the
NERC guidelines for transmission system voltagesae used as a reference for this
test system. The voltages at bus 840 and bus 88Qaedrop to unacceptably low values
in the base case and the unity power factor cas®asios, which justifies the selection of
these buses for performing voltage control acthma result of voltage control at these
two buses, the voltages at other distribution basesutomatically regulated within the
limits specified, as they have improved voltagestthese two buses. Thus, the selection
of these two buses for voltage regulation cons@ reasonable choice.

The VARs produced by the pilot SSTs will be injecbeto the distribution feeder.
Since the system is already operating at unity pdaaor before voltage control action,
therefore the substation injects minimal reactigev@r into the system, to compensate for
the reactive power losses in the lines.

After the voltage control action, there is excefsseactive power in the system
injected by pilot SSTs which needs to be absorbbhdse are absorbed at the substation,
resulting in leading power factors at the substatithe VARs flowing from pilot bus
SSTs to the substation take all the available pathghat the circuit is completed. They
do not flow into other radial nodes (buses) whigh@en circuit and do not lead to the
substation. The reactive VARSs help to directly io@ the system voltages, determined

by equation (2), which is repeated below:

Q =V +1 *sin(P)

Here, the reactive power injected by the pilot $Sifi addition to the

compensation provided by unity power factor contndlich maintains

Q(bus) =0 (4)
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At each load bus prior to voltage control actiofteAvoltage control, there are
positive VARS in the system.

The active power consumption is fixed at the loas, tlhowever the reactive
VARSs injected are adjusted so that the desirechgellevel is achieved, as per the flow

chart in Figure 3.7The power factor at each bus is obtained fromaHeviing equation

cos(d) = P/(P2 + Q12)°5 (5)

where
P - Active power consumed by load at the bus

Q — Reactive power available at the bus as a resulfection from pilot bus SST

The reactive power at many load buses is non-zatavay be positive, resulting
in leading non-unity power factors. Figure 3.8 shdhe plot of the total active power
losses versus time. Since power factors at manghilison buses are less than unity, as
per equation (1), the currents drawn from the siost are higher. This leads to higher
losses as compared to the unity power factor cboaige. Figures 3.9 through 3.12 show
the plot of voltages at selected buses vs tim#gh®woltage control case scenario for the
meshed system. The voltages at all the buses direegelated and within the limits
desired. Figure 3.13 shows the plot of the powetiofaat the substation versus time. As
observed, the power factors at the substationgam aon unity, but now due to
excessive VARSs in the system. Also, note that #reyleading power factors.

3.2.2. Impact of the VVC on Active Power Losses. Since the VARs improve
the system voltages at all distribution busesytiitage profiles of these buses for the
voltage control case are within their specifieditgnBut due to the increased VARS in
the system, the power factor at many distributiosds become non-unity. The active
power at a particular distribution bus is givereguation (1), which is repeated here:

P =V %1 % cos(p)
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Although the voltage at each load distribution lsusnproved, the power factor at
the bus decreases. These two effects somewhatectbal@nce each other, resulting in
currents (drawn from substation) that are lowentthee base case scenario, but higher
than the UPF case scenario. As a result, the systéae power losses are higher than
the UPF case scenario but lower than the basescasario. Figures 3.9 through 3.12
show the effect of the voltage control action. Nibt&t the voltages are between the limits
of 0.95 p.u. and 1.05 p.u. for both the radial arethed test systems at all the
distribution buses.

3.2.3. Plots of Total Active Power L osses, Voltages at Selected Buses and
Substation Power Factor Versus Time. Figure 3.8 shows the plot of the total active
power losses versus time for the unity power fac&se scenario obtained for the meshed
system. Figures 3.9 through 3.12 show the voltatjsslected buses versus time. It is
evident that the voltages at various distributiosds are well within specified limits.
Figure 3.13 shows the power factor at the substatosus time. The plot indicates a
non-unity leading power factor. Due to the non-ypibwer factor but improved bus
voltages, the currents drawn from the substatioloagt buses are higher as compared to
the UPF case but lower than base case. Consequdetiyower losses are higher than

the unity power factor case, but lower than theelzzse.
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Figure 3.8: Total active power losses versus twodage regulation control case
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4. COST BENEFIT ANALYSISOF VVC CASESVERSUSBASE CASE

4.1. SYSTEM ACTIVE POWER LOSSESAND THEIR IMPORTANCE TO
UTILITIES

It is evident from Figures 2.2, 3.1, and 3.13 thatunity power factor case
scenario has the lowest active power losses, whdhezbase case scenario has the
highest active power losses in the system. Thidbeaverified from Table 4.1. For the
voltage control case, the system active power fasein between for the voltage
control case.

Apart from the responsibility of maintaining a héglpower factor and healthy
voltages at distribution buses, utilities haveddditional burden of keeping the system
active power losses to a minimum. Each kilowatt ih@roduced costs money. Hence, it
becomes very important to keep the active poweselos the system at its minimum.

As seen from the three case scenarios, the aatiwerdosses are minimum for
the UPF case scenario, and maximum for the bagescasario. However, a
comprehensive analysis is needed to determinentimeah cost savings of VVC to which

these losses translate.

4.2. RECOMMENDED SYSTEM SETTINGS FOR PERFORMING
SIMULATION

The following are the bus settings used for allttiree simulation case scenarios:

V (source) = 1.05 p.u. (base voltage of 24.9 kV)
Base MVA =100 MVA (default)

Note that if the recommended settings are not usedpossible that the objective
of the VVC may not be accomplished, especiallyhmabsence of voltage regulators to
aid the SSTs. For example, if a source voltagemiilis used instead of 1.05 p.u., the
voltage control case scenario may not achievedteired voltage regulation of 0.95<
Vhus <1.05 p.u. at all distribution buses. Hence the afghese system settings are

recommended for successful VVC.
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4.3. COST BENEFIT ANALYSISOF VVC CASESVERSUSBASE CASE

A cost benefit analysis of performing VVC with regpto the base case scenario
is performed. The system active power losses ®ydar 2013 are recorded at each hour,
for the three case scenarios. The total active ptygses are obtained for both VVC
cases and the base case. The cost incurred disguve power losses for each case is
then calculated by multiplying the total active myosses in each case with a multiplier
of 0.1$/kW (considering a cost of 10 cents/kW a&sdbst of production). Table 4.1
compares the total system active power lossesafr ef the case scenarios. The
resultant cost benefit of each VVC case is obtalmedubtracting the costs incurred by
the losses in base case scenario, from the casts@a by the losses in the respective

VVC case scenario.

Table 4.1 Cost benefit analysis of VVC cases vebsise case

Voltage regulation

Total annual losses(kW) Base case UPF case control case
1466654.016 1075320.221 1396758.029

Total cost incurred on losses $146,665.40 $107,532.02 $139,675.80

Annual cost benefit of (UPF case | $0.00 $39,133.38 $6,989.60

& voltage regulation control
case) versus base case
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5. CONCLUSIONS

It is observed from Table 4.1 that the unity pofaetor case scenario of VVC
offers the maximum cost advantage, while providie@sonable voltage profiles at its
various distribution buses. The voltage improvenoase scenario of VVC offers limited
cost advantage, but provides the desired regulattitaiges at all its distribution buses.
Therefore, the choice of one VVC method over amatheeally a question of
prioritization between the two power quality indma: power factor or voltage. If a
particular test case does not produce voltagesvaas in the base case, then it might be
beneficial to go with unity power factor solutiddut cases where unacceptably low
voltages occur, setting reasonable voltage regulditmits (for e.g. 0.9¥/,us<1.0 p.u.)
for voltage regulation control could offer us batlheasonable cost advantage and
acceptable voltage profiles.
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