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ABSTRACT

The integration of distributed generation is one of the biggest changes facing the power
industry, with greenhouse gas mitigation and the smart grid initiative. With result of the
increasing penetration of grid-connected distributed generators, such as solar photovoltaic (PV)
sources the system voltage regulation becomes challenging. Specifically, capacitor banks and
step voltage regulators that normally boost voltage slightly may push utilization voltages either
above or below the adopted ANSI voltage limits because of the variable nature of PV sources.
This can adversely affect the expected reliability requirements for the utility and also decrease
the life span of voltage-regulating equipment due to excessive operations. This thesis work
studies the effects of large-scale penetration of distributed PV sources using several IEEE radial
distribution test feeders. Based on the simulation results, tap-changer excessive operations,
voltage fluctuations, and voltage rise in the feeders are identified, and the additional capacity of
reactive power control of inverters to minimize the voltage fluctuations is analyzed.
With the presence of a communication infrastructure, it is expected that distributed
generators could be more efficiently operated, especially the inverters, which will be able to
perform several grid support functions including voltage regulation and reactive power support.
Therefore, this work also focuses on developing a power loss minimization technique while
utilizing the additional benefits of dispatchable reactive power from a cluster of distributed
resources. The proposed technique is tested using IEEE 13- and 34-node test feeders, and the
results show that the proposed technique will minimize the real power loss in the radial
distribution feeders.
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CHAPTER 1
INTRODUCTION

1.1

Background
Smart grid initiatives in different regions of the world have three common emphases:

energy security, reliability, and efficiency. These emphases, along with increasing environmental
concerns about mitigating greenhouse gases, adapting to climate change, and ensuring the
availability of water, have the potential to change the way power systems are operated. For
example, the state of California has established renewable portfolio standards to adapt to these
changes and even phase out the use of once-through cooling systems [1]. Furthermore, some
countries, such as Japan and Germany, have enacted laws to decommission nuclear power plants
[2]. In the latest annual energy outlook prepared by the United States, the Energy Information
Administration predicts that renewable energy is expected to grow exponentially, and coal’s
share of generation will continue to decline [3]. Although all renewable technologies show a
potential increase in their capacity levels over the next 25 years, only solar power is expected to
grow 500 percent (20 gigawatts) from existing capacity levels [3]. Since solar energy will likely
become a serious contender for meeting future energy needs, especially at the distribution level,
numerous challenges must be addressed in order to determine the best interconnection policies
and methodologies under high-penetration scenarios.
1.2

Distributed Generation
Popular grid-connected solar generation technologies include concentrating solar power

systems, large inverter-based photovoltaic (PV) systems, and small-scale photovoltaic distributed
generation (DG). Among these technologies, the cumulative installed capacity for inverter-based
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PV plants is higher [4], and recent energy policies and tax incentives are conducive to the growth
of roof-top-distributed PV installations.
While large generating stations always remain critical to offset base load and maintain
system operating equilibrium, distributed generation complements these facilities by providing
potential economic benefits with relatively low capital investment. By effectively managing the
grid-connected renewable DG sources in the presence of a communication and control
infrastructure, DG’S has the potential to defer upgrades to the transmission and distribution
system infrastructure, improve power quality, provide ancillary services, microgrid benefits, and
cope with environmental problems. Therefore, renewable DG is becoming popular with various
entities in the deregulated market, such as customers, power distributors, and researchers.
1.3

Organization of Thesis
The content of this thesis has been partitioned into six chapters. Chapter 1 introduces the

present initiatives and future vision in integrating renewable resources and the potential benefits
of renewable distributed generators. Chapter 2 presents an overview of the research work and a
literature summary of the distribution system voltage regulation standards and methods, impacts
of distributed PV sources, and benefits of reactive power capability of these inverters. Chapter 3
provides a short description of test systems and modeling of the system for time-series analysis.
Impact analyses and results using the test feeder are also presented in Chapter 3. Chapter 4
illustrates the modeling of the feeder for power-loss analysis along with the proposed
optimization model. A numerical analysis using IEEE 13- and 34-node test feeders is presented
in Chapter 5. Finally, concluding remarks and possible extension of this work in the future are
given in Chapter 6.
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CHAPTER 2
LITERATURE REVIEW

2.1

Voltage Regulation Requirements
The basic function of voltage regulation in a distribution system is to provide the system

with steady-state voltage within an acceptable range at all times. Since the load on a feeder
varies, utilities have the responsibility to regulate the service voltage supplied to customers
within acceptable limits. In North America, most utilities follow the ANSI C84.1 guideline,
which is shown in Figure 1. This guideline specifies utilization voltage, referring to voltage at
the line terminals of equipment, and service voltage, referring to voltage at the point where the
electrical system of the supplier and the electrical system of the user are connected. Furthermore,
Range A is recommended for normal operating conditions, and Range B corresponds to unusual
operating conditions.

Figure 1. ANSI C84.1 Voltage Standards for 120-Volt System [5].
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2.2

Voltage Regulation Methods
A typical distribution system with a primary feeder loaded along its length leads to a

voltage drop due to the product of impedance and the total line current. Figure 2 shows a typical
example of voltage ranges for primary feeder and secondary customer service points. Since the
service voltage should be maintained within the ANSI C84.1 standard and power flow is
unidirectional from the substation to the customer, there are two fundamental ways to regulate
the voltage: either by using an on-load tap-changing transformer or by installing capacitor banks.

Figure 2. Typical Distribution Primary Feeder and Customer Voltage Ranges [6].

The tap changer works with a line-drop compensator circuit, as shown in Figure 3. This is
set to compensate for the voltage drop between the regulator and the load center. For shortperiod voltage variations outside of the predetermined bandwidth, a time delay is introduced into
the circuit to prevent excessive operation of the tap changer.
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Figure 3. Line-Drop Compensator Circuit [7].
Capacitor banks act as a source of reactive power and can be placed at any point on the
feeder. The capacitor
apacitor close to the load center reduces the line current and in turn improves the
feeder voltage profile. Capacitor
apacitor banks can be fixed permanently or switched so that the supplied
reactive power matches the load;; otherwise, overcompensation of reactive power might lead to a
voltage increase on the feeder.
Since the IEEE test feeders in this study use only a tap-changing
changing transformer for voltage
regulation, the performance of the tap changer is only analyzed for high penetration of PV
sources in the distribution system.
2.3

System Impacts of Distributed Generation
The addition of grid-connected
connected distributed generators will offset the load current, thus

leading to a substantial reduction in line losses and also providing considerable voltage support
to the system. But under high-penetration
penetration scenarios, ddue
ue to the variations in PVs output power
induced by cloud transients, may impact overall system performance. Some of these
the impacts are
as follows:
•

Distribution System: Excessive switching of voltage
voltage-regulating
regulating equipment, rise in feeder
voltage, and power-quality
quality problems
problems, especially flicker and harmonics.
5

•

Transmission System: Dynamic stability issues and lack of reactive power, which may
also impact the efficiency of fossil fuel plants by sudden ramping and part-load running
to regulate frequency.
Significant work has been done to study cloud transients and location-based impacts of

PVs on an overall system [8]–[10]. Jewell and Ramakumar predicted the percentage generation
loss that a utility can expect considering the size of service area and cloud types [8]. Kato et al.,
took into account the diversity of PV penetration into a wide area and predicted 15% to be the
maximum level of penetration allowed to avoid significant power swings [10]. The problem of
voltage fluctuations resulting from the passage of clouds has also recently been addressed [11],
[12]. These increasing concerns make it necessary to study, in detail, the impacts of highpenetration distributed PV sources on voltage regulation.
2.4

Photovoltaic Inverter Reactive Power Support
With recent smart grid deployment, high importance has been placed on creating a reliable

grid-level communication infrastructure that will enable real-time monitoring and control of a
distribution system [13]. This would provide a distribution system with the capability of
improving overall system efficiency by employing an Integrated Volt/VAR Control (IVVC)
scheme and demand response programs. Even though the IVVC management system can provide
promising loss-reduction benefits, installing capacitor banks in the system might increase power
quality issues because of their transient and resonance characteristics. Therefore, managing
reactive power from installed renewable-based DG sources would help to minimize voltage
fluctuations caused by the varying nature and possibly reduce power losses [14]–[15]. Yan and
Saha demonstrated that voltage instability can effectively be solved by PV inverter reactive power
support [14]. Rizy et al., from the Oak Ridge National Laboratory, developed and tested a real-
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time control scheme for DG sources to achieve a desired voltage profile by enabling reactive
power capability [15]. Although current interconnection standards, such as IEEE 1547 and UL
1741, do not allow distributed generators to actively participate in voltage regulation, the inverterbased sources have the capability of providing reactive power to the grid in addition to the active
power generated using wind- or solar-based sources [16]. With a few more recent studies showing
the benefits, challenges, and potential solutions for reactive power support from inverter-based
DG sources [17]–[19].
2.5

Power-Loss Reduction
Early studies have found that optimal locations and appropriate sizes of distributed

generators can minimize the real power losses in distribution systems [20]–[23]. Kashem et al.
and Singh et al. have presented optimization models to evaluate DG size and the location for
improving loss minimization, and the voltage profile with a rotating machine DG model in a
radial system. Even though it is considered that distributed generation reduces loss at the installed
capacity, inherent variability of load and type of DG technologies can result in non-optimal
energy losses during operation [22] [23].
Liu et al. presented a model to minimize real power loss and to mitigate a rise in voltage
[24]. Additionally, the potential advantage of coordinating energy storage under a highpenetration DG scenario is presented in this work. Since coordinated control schemes are
expected to be part of the future smart grid, dispatchable DG reactive power can also be harnessed
to provide extra loss-reduction benefits while coordinating a cluster of DG sources. Figure 4
shows a conceptual communication-based centralized controller for synchronizing inverter-based
PV sources in a future distribution system.
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Figure 4. Conceptual Coordinated Control Structure in Future Distribution System.
2.6

Scope of This Work
This study evaluates the impacts of distributed PV source power variability on voltage

regulation in a distribution system, and analyzes the reactive power control of inverters to
improve and regulate the feeder voltage profile. Also presented is a coordinated control scheme
to reduce real power loss by dispatching distributed PV sources along the feeder. To incorporate
the unbalanced loading of a typical distribution system, each phase is modeled separately using a
power-loss model. A constrained optimization approach is proposed for the model and is used to
find the real and reactive operating currents for a cluster of PV sources. Finally the proposed
technique is tested using IEEE 13- and 34-node test feeders.
The models presented in this work represent the beginning of an effective coordinated
control scheme; therefore, this work assumes a negligible voltage variation due to reactive power
injection. However, voltage violations are analyzed, and a worst-case scenario is depicted for a
time-series simulation.
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CHAPTER 3
PART 1: IMPACT ASSESSMENTS ON VOLTAGE REGULATION

3.1

System Description
IEEE Power and Energy Society (PES) 13-, 34-, and 123-node distribution test feeder

systems, in addition to a 6-node model radial distribution test feeder system developed by the
author, were used in this study. The reasons for choosing these systems are as follows:
•

The IEEE 13-node test feeder is short and relatively highly loaded with unbalanced spot
and distributed loads. The feeder voltage is regulated by one substation voltage regulator
and two shut capacitor banks, and this feeder is used to study the excessive tap changes
caused by PV sources.

•

The IEEE 34-node test feeder is a very long feeder with two-step-type voltage regulators
and capacitor banks to satisfy the ANSI voltage standards. This feeder is used to study
the voltage rise and voltage fluctuations at a remote node for a given day.

•

The IEEE 123-node test feeder is a very large system consisting of overhead and
underground single-phase, two-phase, and three-phase laterals, along with step voltage
regulators and capacitor banks. Since it represents a typical distribution system, it is used
for snapshot studies at a particular moment to identify the overall system voltage
imbalance and voltage violations caused by PV sources.

•

The 6-node test feeder developed by the author is a very simple system consisting of a
service transformer with unbalanced spot and distributed loads, as shown in Figure 5. The
overall system is 1.75 miles long with a single phase lateral from nodes 4 to 6. This
feeder is used to analyze the reactive power control of an inverter to regulate and improve
its terminal voltage.
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Figure 5. One-Line Diagram of Model System.
For all IEEE test feeders, the given load data was assumed to be peak load for the
corresponding node (1.00 per unit), and the time-series load-shape multipliers were developed by
using the actual 15-minute energy meter data for residential and commercial customers obtained
from a North American utility [25]. This data was then converted to per unit and interpolated to
obtain the every-minute time-series load shape for a particular day in the month of July. The
loadshape is shown in Figure 6.
Daily Load Profile
Residential Load

1.0

Commercial Load

Power(P.U.)

0.8
0.6
0.4
0.2
0.0
0

500000

1000000

1500000

Time (ms)
Electrotek Concepts®

TOP, The Output Processor®

Figure 6. Time-Series Load Profiles (One-Minute Interval).
3.1.1

Solar Irradiance and PV System Data
In this work, PV capacity was computed as a given percentage of the cumulative peak

load of corresponding line section or feeder with a unity power factor. This was in accordance
with the IEEE 1547 standard [26]. The actual solar irradiance data was very vital to effectively
simulate the PV power variability during different cloud patterns like squall lines or cumulus
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cloud conditions. The time-series actual solar irradiance data used in this study, shown in Figure
7, was obtained from an NREL one-minute PV resolution database [27].
Daily PV Profile
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Figure 7. Time-Series PV Profiles (One-Minute).
3.2

System Modeling
In order to run the time-series simulations and to monitor the movement of the substation

transformer tap changer on an IEEE 13-node test feeder, the following assumptions were made:
•

In the base case, the regulation point given in the test feeder was used, and the bandwidth
was set to 1 V with a time delay of 60 seconds.

•

For the case with high penetration PV sources, the bandwidth was increased to 2 V with a
time delay of 150 seconds to minimize tap changes.

•

PV sources with 40% penetration were assumed to be connected at nodes 611, 646, and
671. The entire PV system and node loads experienced the same load shape and PV
profile shown in Figures 6 and 7.
Similarly, the IEEE 34-node test feeder was modified, and a PV source with 30%

penetration level was connected at the remote node (852) to monitor the voltage rise and voltage
fluctuations occurring during the time-series simulation.
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The existing load points in the system were assigned a PV source only in the IEEE 123node test feeder used to study the spatially based PV source impacts. Approximately 30% of the
substation load was considered as the PV penetration level, and this capacity was randomly
distributed among the PV sources. The one-line diagram of the test system is shown in Figure 8,
with orange circles indicating PV sources.

Figure 8. One-Line Diagram of IEEE 123-Node Feeder.
In the 6-node test feeder system, the PV sources were connected at the remote nodes with
a 40% penetration level, and the control strategies were analyzed by modeling the inverter to
operate in a unity power factor mode, fixed power factor mode, and variable power factor mode.
Settings for the fixed power factor mode may direct the inverter to inject or absorb capacitive
VAR’s depending upon the power factor setting. In the variable power factor mode, the terminal
voltage fluctuations at the point of common coupling (PCC) were minimized by providing a
variable reactive power output, that is not only dependent upon the output of the PV inverter but
also the feeder impedance at the PCC [28]. In this case, a low R/X  ratio was chosen, and the line
configuration is given in Table 1.
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TABLE 1
CONDUCTOR DATA FOR 6-NODE MODEL SYSTEM

3.3

Configuration

Phasing

Phase

Neutral

Node

Overhead

BACN

556,500 26/7

4/0 6/1

1–3

Overhead

ACN

1/0

1/0

2–5

Underground

AN

1/0 AA, TS

1/0 cu

4–6

Test Feeder Analysis
To evaluate the dynamic voltage regulation associated with the interaction of varying PV

output with the changing system load, the movement of the substation transformer tap changer
was first recorded for the base case without PV sources, as shown in Figure 9. Only Phase C was
plotted since it is the heavily loaded phase with all single-phase PV sources and shares the rest of
three phase sources as well. The base case shown in Figure 9 is very typical of many residential
feeders with evening peaking loads.
BASE CASE
LOAD PROFILE

1.0

TAP CHANGES

SITE1-VA_WF (V)

SITE1-VA_WF (V)

0.8

0.6

0.4

0.2

0.0
0

500000
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1500000

1000000
Time (ms)

Electrotek Concepts®

TOP, The Output Processor®

Figure 9. Results of Tap Operations and Load Profiles.
Results from cloud transient simulations, shown in Figures 10 and 11, indicate a number
of regulator tap changes over an entire day that would likely have not occurred without PV
sources.
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Typical Day: In Figure 10, it can be seen that even though the cloud pattern is varying,
the tap change is normal by stepping down when generation is high and stepping up when
generation is lost. This is due to the increased time delay in the tap-change controller.
Cloud Cover Day: The worst-case scenario is shown in Figure 11. Initially the cloud
pattern causes a voltage drop as the PV power output ramps down, and it remains low, longer
than the time delay; therefore, the controller reacts to boost the voltage leads to excessive
operations than in the previous case.
BASE CASE WITH PV
PV LOADSHAPE
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Figure 10. Results of Tap Operations with Solar Profile 1.
BASE CASE WITH PV
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Figure 11. Results of Tap Operations with Solar Profile 2.
Based on observations of the simulations using one-minute solar irradiance data, a 21%
increase in tap operation for a typical day is shown in Figure 10 and a 37% increase in tap
operation for a day with cloud cover is shown in Figure 11, compared to the base case.
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Therefore, such impacts will increase wear and tear of the tap-changer mechanism and thus
decrease the life span. This analysis does not take into account any tap changes due to voltage
changes on the primary side of the transformer; otherwise, the tap change can be higher.
Simulation results for the IEEE 123-node test feeder are found in Figure 12, showing the
baseline voltage profiles along the feeder without PV sources and the subsequent voltage drop
from the substation to the remote single-phase buses. This profile represents the peak loading
hours, and the location of regulators is clearly seen at the point of discontinuity in the voltage
plot. Also represented are the unbalanced conditions in the overall system.

Figure 12. Base Case Feeder Voltage Profile.
The primary voltage along the feeder for each phase with 30% PV source penetration is
shown in Figure 13. This profile illustrates the voltage rise seen at the remote end of the feeder.
Also, due to the spatial distribution of PV sources, unbalanced conditions are reduced near the
substation but increase towards the remote end of the feeder, compared to Figure 12.
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Figure 13. Feeder Voltage Profile with 30% PV Sources.
Figure 14 shows the voltage profile for the base case and for the base case with PV for 24
hours, with one-minute time-step simulations on an IEEE 34-node test feeder. This profile
represents a wide range of voltages at the remote node (852), which was located approximately
11 miles from the voltage regulator. The addition of a high penetration PV source resulted in a
fair amount of voltage rise, with significant voltage fluctuations due to the varying power output.
Furthermore, severe voltage fluctuations could be observed if the solar irradiance data is sampled
at a higher rate to capture the fast changes in inverter output.

Base Case

With PV

1.02

Voltage (P.U.)

1.01
1
0.99
0.98
0.97
0.96
0.95
0

5

10

15

Time (Hour)

Figure 14. Time-Series Results of Phase B Voltage.
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3.4

Approach to Mitigate Voltage Variations
Due to lack of control mechanisms at the distribution feeder level, the present

interconnection standard (IEEE 1547) did not allow the inverter to actively control the voltage
[26]. However, a larger penetration of distributed generation with smart grid initiation would
require active voltage management at the distribution level. Therefore, to further analyze the
different modes of operation of PV inverters on a cloudy day, the primary feeder voltage (i.e.,
node 1) from the 6-node test feeder was used. From the time-series analysis shown in Figure 15,
the base case and PV at unity power factor (UPF) mode shows a significant voltage rise and
fluctuations. In the fixed power factor, the inverter was operated at 0.9 leading power factor,
since voltages in the base case are well below 1.00 per unit. Even though this maximum reactive
power support mode helped to increase the transformer capacity, it aggravated the voltage
fluctuations, as clearly shown in Figure 15.
Finally, the inverter utilizing a variable power factor (VPF) mode behaved as expected by
injecting reactive power and absorbing as well as minimizing the terminal voltage fluctuations
by 42%, compared to the base case.

Base case

PV at UPF

PV at fixed Q

PV at variable Q
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Figure 15. Time-Series Results of Phase C Primary Voltage.
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Figure 16 shows the secondary voltage fluctuations for a worst-case scenario with the
inverter operating at VPF mode. As a result of the inverter increasing the reactive power
capacity, the 6-node test feeder primary voltage seemed to get regulated during the earlyafternoon period on a cloudy day. Results also indicate that the VPF mode had the additional
benefit of improving feeder voltage response to normal load changes.
PV at UPF
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Figure 16. Results of Feeder Voltage with VAR Capacities.
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CHAPTER 4
PART 2: COORDINATED DG CONTROL SCHEME

4.1

Approximate Power-Loss Model
A distribution system power loss can be computed by the sum of the primary and lateral

feeder losses. Figure 17 shows a single-phase equivalent of a generalized system with n laterals,
with each lateral having n non-uniformly spaced loads.

Figure 17: Radial Distribution Feeder
Lateral loads are aggregated at the primary feeder by finding the equivalent lateral current (ILi)
with respect to the corresponding node voltage (VLi). The lateral current can be given as
m

∑ ( ( Pij + Ploss,ij ) − jQij )
I Li =

j =1

(1)

VLi

where Ploss,ij is the power loss in the lateral i. For a given time t1 when the lateral real-power load
is Pij(t1) and Qij(t1) is the approximate power loss, Ploss,ij is computed using the following
relationship:
2

max
Ploss,ij = Ploss
,ij

2

( Pij (t1 ) ) + (Qij (t1 ) ) × VLimax
2
2
( Pijmax ) + (Qijmax ) × VLi (t1 )
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(2)

where Pijmax and Qijmax are the historical real and reactive power consumptions, respectively,
when power loss (Ploss,ijmax) is maximum. Lateral voltage at the time is |VLimax|.
Furthermore, the primary feeder with the lumped lateral currents is shown in Figure 18.
The term Rn is the resistance of the corresponding line segment. If the loads are distributed
laterally, then they are assumed to be uniformly distributed and lumped at one-third distance to
give the same equivalent loss [7].

Figure 18: Radial Distribution Feeder with Lumped Lateral Loads
For the lumped lateral model, the total power loss can be computed using the following
relationship:

I eq 2 Req = R1 ( I L1 + I L 2 +  + I Ln )2 + R2 ( I L 2 +  + I Ln )2 +  + Rn I Ln 2

(3)

By fixing the location of the lumped load, the equivalent resistance Req would be fixed. Using the
fixed Req, the equivalent current Ieq can be computed by
I eq 2 =

R1 ( I L1 + I L 2 ++ I Ln )2 + R2 ( I L 2 ++ I Ln )2 ++ Rn I Ln2
Req

(4)

The equivalent system model is shown in Figure 19.

Figure 19: Lumped Model of Feeder
Similarly the distributed PV sources were modeled as negative load, and for the same
resistance Req, the available lumped generation current (Ig) were computed. The PV system was
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modeled as a simplified current source because the inverter current injection could be regulated,
even though the distribution system offers a certain level of voltage variations [29]. The proposed
lumped load and generator model is shown in Figure 20.

Figure 20: Lumped Model of Feeder with Distributed Sources
4.2

Generation Distribution Model
The next step was to determine the optimum generator operating currents for the cluster of

generators. The method for determining the optimum generation is described in Section 4.3
From Section 4.3, the obtained optimum lumped generation and the individual operating
current values for the cluster of PV sources can be computed by using the allocation factor (AF).
Since this model assumes that all PVs would operate at the same power factor, the AF could be
used to find only the active components of the current. The AF was determined based upon the
optimal active component of the generator current and the total connected rated current of the PV
system in phase x (∈ {a, b, c}) . The allocation factor is given by

AF =

I agx
x
I total

(5)

x
where Itotal
is the sum of the current ratings of all PVs in the system for phase x, which is given

by
n

x
Itotal
= ∑ ( I rx,n )
i =1
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(6)

where I rx, n is the rated current of the nth PV unit connected to phase x. Based on this model, the
allocated optimal operating currents for each PV system are determined by

I agx ,n = AFn × I rx,n

(7)

With the evolving smart grid initiatives, distribution utilities across North America
continue to expand their deployment of the advanced meter infrastructure (AMI) throughout the
system. Recently, Thesing discussed the benefits from accessing AMI data for distribution
automation and management systems such as volt/VAR control [30]. Therefore, with the growing
solutions for the problems of integrating AMI data with distribution automation applications, this
work assumes that the equivalent current Ieq used in this model can be computed. Similarly, the
determined individual optimal operating current and PF set-points from the centralized controller
can be delivered to the cluster of inverter-based sources for a given interval.
4.3

Problem Formulation

4.3.1

Objective
The objective in the problem formulation is to minimize the real power loss for a period t,

utilizing the power-loss savings equation given by Haque [31]. It is assumed that the hourly
available generation from the distributed generation could be predicted at least a day in advance.
Furthermore, the expected demand for consumers could be determined a day in, based on the
smart meter infrastructure and active consumer participation. Therefore, the ideal length of the
period could be a day. Based on this argument, the total real power loss in phase x (∈ {a, b, c})
for the model shown in Figure 20 is given by
t

) ((

J ( I agx , I rgx ) = min ∑ ITxi 2 R = I alx i - I agx i
i =1

(

22

2

) + (I

x
rli

- I rgx i

) )R
2

x
eq

(8)

where I al i is the active component of load current at given time i, I rl i is the reactive component
of load current at time i, I a g i is the active component of the generator current at time i, and

I rg i is the reactive component of the generator current at time i.
4.3.2

Constraints
Limiting Current Generated: The absolute value of the generator current should be

always less than or equal to its corresponding available generation limit (Igmax) for the given time
i. This work assumed that the distributed generators were not integrated with any storage, but if
they could not supply power to its available capacity, then the difference between available
generation and grid supply could be locally utilized for any time-elastic loads, such as for a
washing machine. Therefore, the capacity constraint is given as
2

(I ) + (I )
x
agi

x
rgi

2

≤ I gx maxi

2

(9)

Reactive Power Generation Limit: Since distributed generators are expected to maximize
the real power generation, this work assumed a limit on the maximum reactive power that could
be generated by the solar PVs. This was enforced by the current practice where the distributed
generators are paid based on the net real power injected into the system. However, this work
assumed that if the risk was minimized by active voltage regulation (reduction in number of tapchanging operations of regulators) and power-loss minimization, then the distributed generators
could be compensated for reactive power supply. The reactive power limiter constraint could be
given by

I rgx i ≤ I agx i tan θmax
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(10)

where Ѳmax is the maximum allowed power factor angle for the generators. This work assumed
that all distributed generators operate at the same maximum power factor angle, which would be
determined based on a contract between the utility and the DG operators (customers).
4.3.3

Optimal Power-Loss Computation
To compute the final objective function for the optimization problem, the Lagrange-

multiplier approach was used. Thus, the Lagrangian function, which includes the total real power
loss and inequality constraints for the phase x, is given by

(

) (( I

L I agx i , I rgx i , λ1x , λ2x =

x
ali

− I agx i

(

2

) + (I
2

x
rli

− I rgx i

)

2

)R

2

eq

2

)

−

λ1x I gx maxi − ( I agx i ) − ( I rgx i ) −

(

λ2x tan θ max ( I agx i ) − I rgx i

(11)

)

The constraint is multiplied by a variable, λ , called the Lagrange multiplier, and now the
final objective function can have a stationary point, which can be a local minimum or maximum.
To ensure that the developed constrained optimization problem is a convex function, the
bordered Hessian matrix was constructed. Thus, the Hessian matrix for equation (11) is
expressed as
 2 ( Req + λ1x )

0


H=

0
2 ( Req + λ1x ) 

Since the determinant of the Hessian matrix is positive definite, the critical point would
be a local minimum. Furthermore, to solve this nonlinear programming problem the KarushKuhn-Tucker (KKT) condition was utilized. Therefore, the KKT condition for the above
Lagrangian, which would minimize power loss, is given by the following:
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Stationarity Conditions:

(

)

2 I alx i − I agx i Req − 2λ1x I agx i + λ2x tan θ max = 0

(

)

(12)

2 I rlxi − I rgx i Req − 2λ1x I rgx i − λ2x = 0

(13)

)=0

(14)

Complimentary Slackness:

(

2

2

λ1x I gx maxi − ( I agx i ) − ( I rgx i )

(

2

)

λ2x tan θ max ( I agx i ) − I rgx i = 0

(15)

Primary Feasibility:

I gx maxi

2

2

( ) − (I )

− I agx i

x
rgi

( )

2

≥0

(16)

tan θ max I agx i − I rgx i ≥ 0

(17)

λ1x ≥ 0, λ2x ≥ 0

(18)

Dual Feasibility:

The convergence for the above problem can be achieved for any combination of slack
variables (λ1, λ2). Table 2 shows the global optimal solutions obtained for the possible
combinations of slack variables. Each condition for the slack variable is valid only under certain
limitations of the known parameters. Corresponding limitations for each condition are given in
Table 3.
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TABLE 2
OPTIMAL SOLUTIONS FOR LOSS-REDUCTION PROBLEM
x *
ag

x *
rg

Combinations

(I )

(I )

λ1x = λ2x = 0

I alx

I rlx

I alx ∗ I gx max

I rlx ∗ I gx max

I alx 2 + I rlx 2

I alx 2 + I rlx 2

x
1

x
2

λ ≠ 0, λ = 0

x
1

 I x + I x ∗ tan θ
rl
max
tan θmax ∗  al
2
 (1 + tan θmax )


I alx + I rlx ∗ tan θ max

λ1x = 0, λ 2x ≠ 0

(1 + tan θ )
2
max

I gx max

x
2

λ =λ ≠0






I gx max ∗ tan θmax

(1 + tan θ )

(1 + tan θ )

2
max

2
max

TABLE 3
CORRESPONDING KKT CONDITIONS
Combinations

λ1x = λ2x = 0

x
1

x
2

x
1

x
2

λ ≠ 0, λ = 0

λ = 0, λ ≠ 0

x
1

x
2

λ =λ ≠0

Limitations

g = (I

x
al

) tan θ

h = I gx max

2

max

− I rlx ≥ 0

− I alx 2 − I rlx 2 ≥ 0

g = ( I alx ) tan θmax − I rlx ≥ 0
h = I gx max

2

− I alx 2 − I rlx 2 < 0

g = ( I alx ) tan θmax − I rlx < 0
f = ( I alx + I rlx ∗ tan θmax ) − I gx max

(1 + tan θ ) ≤ 0
2
max

g = ( I alx ) tan θmax − I rlx < 0
f = ( I alx + I rlx ∗ tan θmax ) − I gx max

(1 + tan θ ) > 0
2
max

Since the function is strictly convex, the solution is unique and an algorithm to solve the
above optimization problem was developed. This is shown in Figure 21.
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Figure 21. Flowchart Algorithm for Computing Generator Operating Current.
Current
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CHAPTER 5
PART 2: NUMERICAL ANALYSIS

IEEE 13-node and 34-node feeders [32] were used in this work to illustrate its validity.
For both feeders, the provided load data was assumed to be peak load for the corresponding
node. The demand curve from a utility was used to develop time-series load-shape multipliers for
every 15 minutes [25]. Furthermore, the total PV penetration was taken as 30% of the total
substation load. The PV penetration was randomly divided along the feeder. The time-series
load-shape curves for PV availability and two different load types are shown in Figure 22 for
illustrative purposes. Load profile 1 is used in the 13-node feeder, and load profile 2 is used in
the 34-node feeder.

Power (p.u.)

Load1

Load2

PV

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

4

8

12

16

20

24

Time (h)

Figure 22. Times-Series Load and PV Profiles (Every 15 Minutes).
The proposed model was used to find the lumped equivalent models for both IEEE 13and 34-node test feeders. Computed lumped equivalent model parameters for all three phases are
provided in Table 4.
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TABLE 4
COMPUTED MAXIMUM VALUES

Ph-a

13-Bus
Ph-b

Ph-c

Ieq (A)

449.78 +
j237.3

329.20 +
j216.7

Req (Ω)

0.1408

Igmax (A)

110

Ph-a

34-Bus
Ph-b

Ph-c

491.95 +
j311.0

35.699+
j21.779

34.849+
j20.800

31.14+
j19.440

0.1408

0.1408

49

49

49

162

170

18

12

8

Using the appropriate load-shape multipliers, the optimum operating values of the PV
generator (Ixagi) were obtained using the developed algorithm. Figure 23 shows the optimum PV
generation for each phase for the 13-node feeder.
Iag-a
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Iag-c
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18

Figure 23. Active Phase Currents for 13-Bus Feeder (Unity Power Factor).

The PV sources were placed in the feeder proportional to the loading on each phase;
therefore, Phase C received the maximum PV penetration. The operating power factor was set at
unity, and this case was considered the base case. With the maximum power factor set at 0.9, the
proposed algorithm was used to determine the optimal generation for each phase. The same
conditions as in the unity power factor case were repeated, and optimal generation was
determined, as shown in Figure 24. Since PV penetration in Phase A was less, Phase A saw
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similar operating conditions as the unity power factor case, but the other two phases saw
significant differences.
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Figure 24. Active Phase Currents for 13-Bus Feeder (0.9 Power Factor).
The individual operating values for the cluster of PV sources was found by using the
allocation factor. Using the allotted generator current and operating power factor, time-series
generation information was developed for each generator. Finally, using a distribution-level
power-flow analysis simulator, OpenDSS [33], a time-series simulation was performed and
losses computed for the 0.9 and 0.95 PF operating limits.
Because the main objective of coordinating a cluster of PV sources was to reduce the real
power losses, a comparison of percentage decrease in real power losses between the base case
and the cases where reactive power was controlled centrally is shown in Figure 25. As can be
seen, in all time steps, power losses were reduced; especially during the midday period for the
13-bus feeder, a reduction as high as 85% could be achieved because of the light load during that
period. Similarly, for the 34-node feeder, the time-series results from optimization for different
reactive current limit set-points are shown in Figure 25. Even though that feeder is very long, a
considerable amount of real power loss was reduced.
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Figure 25: Percentage Decrease in Power Loss for 13- and 34-Bus Feeders
The overall power loss for unity, 0.95 and 0.9 power factor scenarios, for a given day for
both 13-bus and 34-bus feeders is provided in Table 5. In the IEEE 13-bus feeder for the given
load and generation profile, the increase in the distributed generator operating factor from unity
to 0.9 PF results in 9% total reduction in power loss. Thus, in a future distribution system,
customers could be compensated for additional reactive power injection based on the percentage
decrease in power loss.
TABLE 5
OVERALL POWER LOSS FOR PERIOD (DAY)
Unity PF

0.95 PF

0.9 PF

IEEE 13-Bus

694.64 (kW)

645.59 (kW)

632.66 (kW)

IEEE 34-Bus

4500.8 (kW)

4375.1 (kW)

4319.8 (kW)

Figures 26 and 27 show the system voltage impact of the proposed model for a worstcase scenario (when PV penetration is maximum). From these figures, it can be seen that voltage
variation was negligible for the time-series simulation. However, further analysis is required for
the case with significant PV penetration or on a light-load day.
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Figure 26. Phase-C Voltage Profile for 13-Bus Feeder at Maximum PV Penetration.
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Figure 27. Phase-A Voltage Profile for 34-Bus Feeder at Maximum PV Penetration.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1

Conclusions
The first part of this work focused on analyzing the impacts of high-penetration

distributed solar resources on voltage regulation. Several IEEE radial distribution feeders were
used as a test system for this study, and the impacts of the PV sources on system performance
was analyzed. The entire distribution feeder modeling with PV inverters was carried out in
OpenDSS for 24 hours with one-minute time-step simulations. Actual load and solar irradiance
data was used to simulate the impact of cloud-induced transients on the test system for several
PV penetration levels. This work also analyzed the reactive power capability of the PV inverter
and its effectiveness to mitigate secondary voltage fluctuations. The conclusions of the impact
studies are as follows:
•

Simulations on the IEEE 13-node test feeder for both typical and cloud-cover days
resulted in 21% and 37% increases, respectively, in the number of transformer tap
changes, which will likely reduce the life span of the mechanism.

•

The voltage profile analysis on the IEEE 123-node test feeder for a 30% penetration of
PV sources distributed throughout the system resulted in a voltage rise and violations at
the remote end of the feeder. Due to the location of the PV sources relative to the
customer loading, the unbalanced conditions were reduced near the substation but
increased toward the end of the feeder.

•

The cloud-induced transient simulation on the IEEE 34-node test feeder for a commercial
PV deployment located 11 miles from the regulator resulted in significant voltage
fluctuations at the point of common coupling with a fair amount of voltage rise.
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•

The benefits of utilizing the inverter variable power factor mode were apparent in all
simulations, thus providing reduced terminal voltage fluctuations and improving the
power quality as well. The simulation proved that inverter reactive power capability can
influence the voltage profile and mitigate cloud-induced transients.
The second part of this thesis presented a coordinated control scheme for the real power-

loss reduction by dispatching reactive power from a cluster of PV sources. An approximate
power loss model was developed for the modified IEEE 13- and 34- node test feeders with 30%
penetration of PV sources. For the developed models, an optimization algorithm was proposed to
determine the optimal generator operating current. This algorithm was implemented in
MATLAB to compute the generator operating current for a 12-hour period with 15-minute time
steps of load data and generation limits. The allocation factor method was used to obtain the
individual operating current for the cluster of PV sources. The simulation case study using
OpenDSS verified the advantage of the proposed control as follows:
•

There was significant reduction in power losses on the 13-node feeder when reactive
power injection was included from the PV sources. With an increase in the operating
power factor from unity to 0.9, there was a 9% reduction in losses for a 12-hour period.

•

In the 34-node feeder throughout the simulation period, there was a subsequent reduction
in the system’s real power loss, especially during the midday period where a reduction as
high as 22% was achieved.
The key conclusion drawn from this work is that system power losses can be reduced

through reactive power injection from a cluster of installed PV sources. As demonstrated by the
simulations, the PV inverter reactive power capability improves the terminal voltage profile to
overcome cloud-induced transient issues.
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6.2

Future Work
This works presents the impacts of high-penetration distributed PV sources on voltage

regulation and discusses the benefits of reactive power capability of these inverter-based sources
to minimize voltage fluctuations and power loss. These studies could be expanded to include a
more sophisticated inverter volt/VAR control algorithm to monitor its own terminal voltage and
respond with a predefined VAR response. Furthermore, an optimization model using a genetic
algorithm could be developed to include feeder voltage limits and energy storage to improve the
distribution management system under smart grid initiatives. A few more areas of work could be
the following:
•

Utilizing dispatchable reactive power from distributed sources during night hours to
determine the effects on system real power.

•

Using voltage support from local distributed resources to prevent motor stalling during
temporary faults on the subtransmission and distribution systems.

•

Finding the advantages of integrating electric vehicles with distributed resources and any
detrimental impacts on the existing system.
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