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Abstract

Distributed energy resources (DE) with power electronics interfaces and logic control
using local measurements are capable of providing reactive power related to ancillary system
services. In particular, local voltage regulation has drawn much attention in regards to power
system reliability and voltage stability, especially from past major cascading outages. This
dissertation addresses the challenges of controlling the DEs to regulate the local voltage in
distribution systems.

First, an adaptive voltage control method has been proposed to dynamically modify the
control parameters of a single DE to respond to system changes such that the ideal response can
be achieved. Theoretical analysis shows that a corresponding formulation of the dynamic control
parameters exists; hence, the adaptive control method is theoretically solid. Also, the field
experiment test results at the Distributed Energy Communications and Controls (DECC)
Laboratory in single DE regulation case confirm the effectiveness of this method.

Then, control methods have been discussed in the case of multiple DEs regulating
voltages considering the availability of communications among all the DEs. When
communications are readily available, a method is proposed to directly calculate the needed
adaptive change of the DE control parameters in order to achieve the ideal response. When there
is no communication available, an approach to adaptively and incrementally adjust the control
parameters based on the local voltage changes is proposed. Since the impact from other DEs is
implicitly considered in this approach, multiple DEs can collectively regulate voltages closely
following the ideal response curve. Simulation results show that each method, with or without
communications, can satisfy the fast response requirement for operational use without causing
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oscillation, inefficiency or system equipment interference, although the case with communication
can perform even faster and more accurate.

Since the proposed adaptive voltage regulation method in the case of multiple DEs
without communication, has a high tolerance to real-time data shortage and can still provide
good enough performance, it is more suitable for broad utility applications. The approach of
multiple DEs with communication can be considered as a high-end solution, which gives faster

and more precise results at a higher cost.
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1 Introduction

1.1. Background

1.1.1. Development of Distributed Energy Resources

The electrical power system grid is composed of the generation system, the
transmission system, and the distribution system. Economies of scale in electricity generation
lead to a large power output from generators. Conventionally, electrical power is generated
centrally and transported over a long distance to the end users. However, since the last decade,
there has been increasing interest in distributed energy resources (DE). Contrary to the
conventional power plants, DE systems are small-scale electric power sources, typically
ranging from 1kW to 10MW, located at or near the end users, usually in distribution systems
as shown in Figure 1.1[1]. Typically, DE includes distributed generation (DG), distributed
energy storage, and demand response efforts. These are reforming power systems.

Renewable energy technologies contribute to the development of DE. Some
distributed generations are powered by renewable fuel, such as wind energy, solar energy,
and biomass. Besides the technological innovations, the environment of power systems
deregulation, energy security, and environmental concerns all boost the development of DE
[11[41(5].

DE provides participants in the electricity market more flexibility in the changing
market conditions. First, because many distributed generation technologies are flexible in
operation, size, and expandability, they can provide standby capacity and peak shaving; and
thus help reduce the price volatility in market. Secondly, DE can enhance the system’s
reliability by picking up part or all of the lost outputs from the failed generators. Third,

because DEs supply electrical power locally, they could reduce transmission and distribution
1



congestions, thus saving the investment on expanding transmission and distribution capacity.
Fourth, DE can also provide ancillary services for the grid support both in real power related
services, such as load following, and reactive power related services, such as voltage
regulation [4]-[8].

Energy security and environmental concerns also drive the development of DE. DE
technologies generally use local renewable energy. Also, certain technologies, such as energy
storage, combined heat and power systems (CHP), and demand-control devices, help improve
energy conversion efficiency. Renewable energy and high efficiency technologies save the

consumption of nonrenewable natural resources and reduce greenhouse gas emissions.
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1.1.2. Types of Distributed Energy Resources

The most common types of distributed energy systems are summarized in this section
[L1[4]1[5].
A. Reciprocating Internal Combustion (IC) Engines

Reciprocating IC engines convert chemical (or heat) energy to mechanical energy
from moving pistons. The pistons then spin a shaft and convert the mechanical energy into
electrical energy through an electric generator. These engines can burn natural gas, propane,
gasoline, etc. The electric generator is usually synchronous or induction type, and is typically
connected directly to the electric power system.
B. Gas Turbine

A gas turbine is a rotary engine that extracts energy from a flow of combustion gas.
High temperature, high pressure air is the heat transfer medium. Air is allowed to expand in
the turbine thus converting the heat energy into mechanical energy that spins a shaft. The
shaft is connected to a series of reduction gears that spin a synchronous generator directly
connected to the electric power system.
C. Small Hydro-electrical Systems

Hydro-electric power systems can be driven from a water stream or accumulation
reservoir and convert the potential energy into electricity. They are also directly connected to
the grid without additional interfaces.
D. Microturbines

Microturbines work in a similar way to gas turbines. The majority of commercial
devices use natural gas as the primary fuel. They can also burn gasoline, diesel, and alcohol.
The generator is typically a high-speed permanent magnet generator (PMG) and produces

high frequency electricity. Hence, the generator cannot be connected directly to the grid. The



power electronic (PE) interface is used to rectify the high frequency AC to the DC first and
then convert the DC to AC which is compatible with the connecting electric power system.
E. Fuel cells

Fuel cells are electrochemical devices producing electricity continuously through the
chemical reaction between the fuel (on the anode side), such as liquid hydrogen, and an
oxidant (on the cathode side), in the presence of an electrolyte. There are several different
types of fuel cells are currently available including phosphoric acid, molten carbonate, solid
oxide, and proton exchange membrane (PEM). Fuel cells produce DC power, which requires
a PE interface to convert DC to AC that is compatible with the electric power system.
F. Photovoltaic Systems

Photovoltaic (PV) systems directly convert solar light into electricity. PV modules
consist of many photovoltaic cells, which are semiconductor devices capable of converting
incident solar energy into DC current. Like fuel cells, PV modules also need a PE interface to
convert DC power into AC power which is compatible with the electric power system.
G. Wind Systems

Wind power energy is derived from solar energy, due to the uneven distribution of
temperatures in different areas of the Earth. Wind turbines convert wind energy (kinetic or
mechanical) into electrical energy. Three basic types of wind turbine technologies are
currently used for interconnecting with electric power systems: standard induction machine,
doubly-fed induction generator (DFIG), and a conventional or permanent magnet
synchronous generator. The last two designs require a PE interface to convert the electricity
into AC power that is compatible with the electricity grid.

H. Energy Storage Systems



Energy storage can enhance the overall performance of DE systems. It permits DE to
generate a constant output, despite load fluctuations or dynamic variations of primary energy
(such as sun, wind, and hydropower sources). It enables DE to operate as a dispatchable unit
and therefore benefits power systems by shaving the peak load, reducing power disturbances,
and providing backup in the event of an outage. Energy storage systems include batteries,
ultra-capacitors, flywheels, and superconducting magnetic storage system (SMES). Energy

storage systems also require a PE interface.

1.1.3. Interconnection to Grid

The energy sources or prime movers in DE systems can be electrically connected to
the power grid via three basic interconnection interfaces [5].

Synchronous Generator — Synchronous generators are rotating electric machines that
convert mechanical power to electrical power. When connected to an electric power system,
the rotational speed of the synchronous generator is constant, which is called the synchronous
speed. The generator output is exactly in step with the power grid frequency. Synchronous
generators are used when power production from the prime mover is relatively constant, e.g.,
most reciprocating engines and high power turbines (gas, steam, and hydro).

Induction Generator — Induction generators are asynchronous machines that require
an external source to provide the reactive current necessary to establish the magnetic field.
They are suited for rotating systems in which prime mover power is not stable, such as wind
turbines and some small hydro applications. Induction generators require a supply of VARs
from capacitors, the electric power system, or PE-based VAR generators.

Power Electronics — PE systems convert power statically, which provides an interface
between a non-synchronous DE and a power system so that the two may be properly

interconnected. PE technologies are based on power semiconductor devices, digital signal
5



processing technologies, and control algorithms. Certain DE systems produce DC voltage, e.g.
fuel cells, PV devices, and storage batteries. In order to connect them with the AC power
systems, DC-to-AC inverters are required to convert the DC voltage into AC with the
frequency and voltage magnitude specified by the local utility. For a DE system producing
non-synchronous AC electricity, like a microturbine, an AC-to-DC rectifier is used to
transform AC into DC first and then convert DC to AC by using a DC-to-AC inverter.

Due to the flexible controllability both on the active power and reactive outputs plus
a fast response speed, PE interfaces have great potential to benefit interconnected power
systems. A variety of ancillary services exist in distribution systems than can be supplied by
PE-interfaced DE systems. The ancillary services include: voltage control, harmonic
compensation, load following, spinning reserve, supplemental reserve (non-spinning), backup
supply, network stability, and peak shaving [7][8]. The capability for providing additional
ancillary services makes DE systems very cost effective.

The three types of interface technologies are summarized in Figure 1.2. Although PE
interfaces add additional costs to the DE systems, they enable additional controllability and
flexibility in integrating the DE with the power systems and provide beneficial ancillary
services for the grid support. As the price of PE and associated control systems decrease, this

type of interconnection interface will become more prevalent in all types of DE systems.
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1.1.4. Voltage Regulation by DE with PE Interface

A DE with a PE interface can provide a wide range of ancillary services, including
voltage regulation which has drawn much interest because of the reactive power shortage and
transportation problems in power systems. In this section, the implementation of a PE
interface and control design for voltage regulation is introduced.

Figure 1.3 shows a parallel connection of the DE with a distribution system through a
PE interface. The PE interface includes the inverter, a DC side capacitance or v4., and a DE
such as a fuel cell, solar panel, or energy storage supplying a DC current. Coupling inductors
L. are also inserted between the inverter and the rest of the system. The PE interface is
referred to as the compensator because voltage regulation using the DE is our primary
concern. The compensator is connected, in parallel, with the load to the distribution system,

which is simplified as an infinite voltage source (utility) with a system impedance of R+jwL;.
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The parallel compensator is connected through the coupling inductors L. at the point of
common coupling (PCC). The PCC voltage is denoted as v,. By generating or consuming a
certain amount of reactive power, the compensator regulates the PCC voltage v,.

An instantaneous nonactive power theory [9][10] is adopted for the real-time
calculation and control of DE voltage regulation. Here, nonactive power can be referred to as
reactive power in the fundamental frequency plus non-fundamental frequency harmonics. In
all the following equations, all the definitions are functions of time #. For instantaneous

voltage v(7) and instantaneous current i(?):
v(t)=[v,(1),v,(0),v. (O] (1.1)
i(t) =i, (1),i, (1), 0, ()] (1.2)

Instantaneous real power p(t) and average real power P(t) are defined as:

p(0)=v i) =D v, ()i, (1) (1.3)
P(r) = TIL p(2)dz (1.4)

In a periodic system with period 7, T, is normally chosen as integral multiples of 7/2
to eliminate current harmonics.

V(%) and I(¢) are defined as:

1 F o,
V= |- Lv (T (r)dT (1.5)

ct

1= /Tlmjr»f(r)i(r)dr (1.6)
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Figure 1.3. Parallel connection of a DE with PE converter.

As pointed out in [9][10], the generalized definition of nonactive power extends the
traditional definition of instantaneous nonactive power from three-phase, balanced, and
sinusoidal systems to more general cases. This unique feature makes it easy to apply in
practical distribution systems in which there are challenges like single-phase, non-sinusoidal,
unbalanced, and non-periodic waveforms. Therefore, it is suitable for real-time control in a
real-world system and provides advantages for the design of control schemes.

A voltage regulation method is developed, based on the system configuration in
Figure 1.3, with a PI feedback controller. The control diagram is shown in Figure 1.4. The
PCC voltage, v, is measured and its RMS value, V,, is calculated. The RMS value is then

compared to a voltage reference, V;” (which could be a utility specified voltage schedule and



possibly subject to adjustment based on load patterns like daily, seasonally, and on-and-off
peak).

The error between the actual and reference is fed back to adjust the reference
compensator output voltage v.*, which is the reference for generating the pulse-width
modulation (PWM) signals to drive the inverter. A sinusoidal PWM is applied here because
of its simplicity for implementation. The compensator output voltage, v, is controlled to

regulate v, to the reference V, . The control scheme can be specifically expressed as:

1
* * *
v.o=v O+ Kp V. (=-V O)+K, (j)(vt () =V (D)dr] (1.7)

where Kp and K; are the proportional and integral gain parameters of the PI controller.
Equation (1.7) leads to reactive injection only when v'. is in phase with v,. However,
if a real power injection is also needed, it can be simply implemented using a desired phase
angle shift applied to v'. in Eq. (1.7) because of the tight coupling between real power and

phase angle.

PI Controller

Calculation

Figure 1.4. Control diagram for voltage regulation.
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1.2. Motivation

Reactive power supply is the key controller of voltage in alternating current power
systems. The supply of reactive power, as with capacitive loads, will cause voltage to rise;
conversely, the absorption of reactive power, as with inductive loads, will cause voltage to
drop. Dynamic sources of reactive power can rapidly change the amount of reactive power
supplied or absorbed. Currently, generators and solid state devices such as static Var
compensators are the most common dynamic sources of reactive power. A shortage of
reactive power may contribute to cascading outages. For example, during the blackout of
August 14, 2003, all the reactive reserves in northern Ohio were exhausted, and the voltage
continued to fall and became unstable. Reactive reserves must be available to support voltage
during contingencies. Moreover, reactive power supplied locally has much more impact than
reactive power supplied from distant generators since reactive power supplied from distant
generators must flow on transmission lines, where it is absorbed. Reactive power supplied
locally could be a major component in improving system reliability, as well as improving
system efficiency by reducing congestion. From the system reliability and safety point of
view, exploitation of the reactive power capability of DE is imperative.

Using DE for Var support/voltage regulation is also cost effective. DE have been
undergoing great developments. The total installed U.S. DE capacity, for those smaller than
SMW, is estimated to be 195GW, among which the reactive-power-capable DE are presently
estimated at approximately 10% of the total installations [6]. If DE systems were designed to
provide reactive power at the time of purchase, this amount could easily be 90% of the total
installations. The generators are typically capable of operating at a 0.8 to 0.9 power factor.
Thus, 200,000 MW of DE thus equipped could provide nearly 100,000 to 150,000 MVar of
reactive power. The power and current ratings of the power electronics interface are required

11



to be larger to provide both active and reactive power instead of only active power, while the
DE ratings should remain the same. If the power factor is 0.9, 0.48 MVar reactive power is
provided from a 1 MW DE, i.e., the reactive power is 48% of the active power. The power
and current ratings (i.e., capital costs) of the power electronics interface need to be only
11.1% larger than the no reactive power service case. If the DE can run at a 0.8 power factor,
0.75 MVar reactive power can be supplied from a 1 MW DE, and the power and current
ratings are only increased by 25%. The reactive power capability is significant when
compared to the additional costs incurred, which can create savings on the investment of
additional Var compensation equipment.

Voltage control with DE at local buses also helps increase the DE penetration level in
the grid. The injection of real power from DE into the grid causes voltage to rise at the PCC
bus. If the connection bus’s voltage is not controlled, the voltage will exceed the acceptable
upper limit as the injection keeps increasing. A reasonable way to accommodate more DE
capacity in the grid is to control the voltage at PCC by DE itself.

The advantages of using DE for Var support/voltage regulation have drawn much
research interest. Much research work has been done in designing PE interface topologies
and control schemes from a power electronic study point of view, which usually simplifies
the power systems as an AC source and a load. However, power systems are quite dynamic
and complicated. The different operation situations may affect the performance of the PE
based DE with embedded voltage regulation function. How to integrate them into the power
grid and make them perform properly still needs to be investigated. Therefore, in summary,
the motivation of this dissertation is to investigate how to effectively perform voltage control

with DEs from a “system” viewpoint.
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1.3. Dissertation Outline

Literature relevant to this work is briefly reviewed in Chapter 2.

Chapter 3 addresses the challenge in the gain parameters of the PE controller
introduced in section 1.1.4 and investigates, by means of simulations, what factors may affect
the appropriate range of the gain parameters. The simulation results clearly show that the gain
parameters determine the voltage regulation process, which stimulates the need for a solution
to identify control parameters in real time for easy utility application.

In Chapter 4, an adaptive voltage control method is proposed to dynamically adjust
control parameters to respond to system changes in the case of single DE regulating voltage.
Theoretical analysis shows that a corresponding formulation of the dynamic control
parameters exists; hence, it justifies the proposed adaptive control method. Both simulation
and field experiments at the Distributed Energy Communications and Controls (DECC)
Laboratory at the Oak Ridge National Laboratory were completed to test this method.

Chapter 5 addresses the application of the adaptive control methods in the case of
multiple DEs participating in voltages regulation. The challenges raised by multiple DEs
regulating voltages are identified. Theoretical analysis proves the formulation of the dynamic
control parameters also exists in the case of multiple DEs participate in voltage regulation.
Based on the availability of communications among voltage-regulating DEs, two control
methods with or without communication, respectively, are proposed. Simulation results show
that each method, with or without communications, can satisfy the fast response requirement
for operational use without causing oscillation, inefficiency or system equipment interference,
although the case with communication can perform even faster and more accurate.

Chapter 6 concludes the approach and methodology and points out the possible future
work.
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1.4.

Summary of Contributions

The contribution of the work can be summarized as follows:

It validates that the proportional-integral (PI) control parameters are critical to the
stability of the voltage regulation with the DEs.

It proposes an adaptive voltage control approach using PI feedback control for the
case of single voltage-regulating DE as well as multiple DEs without
communication. This adaptive voltage control based on local information only has
a wide adaptability and is easy to implement by practicing engineers since it does

not require detailed system data.

It presents a theoretical analysis that proves the existence of a corresponding
analytical formulation of the dynamic control parameters, KP and KI for the
adaptive approach in the case of single voltage-regulating DE as well as the case
of multiple voltage-regulating DEs. Since the theoretical formulation requires
detailed system parameters, it is not preferred for practicing utility engineers.
However, the analytical formulation shows that the adaptive approach has a solid

theoretical foundation.

The simulation and field experiment results in the case of single DE regulating
voltage show that the proposed adaptive approach satisfies the rapid response and
performance requirements needed for integration with existing system
equipments.

In the case of multiple voltage-regulating DEs, a high-end solution with extensive
communication is also proposed. This can be viewed as a benchmark for the low-

cost approach without communication. Though both approaches meet the

14



performance requirement very well as evidenced by the voltage response close
enough to the ideal curve, this high-end solution with communication performs
even faster and more accurate. Hence, it may be also useful for some special cases

requiring superior performance.
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2 Literature Review

2.1. Chapter Introduction

This chapter briefly reviews the existing works that are relevant to this work.
Discussions include voltage control in distribution systems with DEs and PE interfaces

design to implement voltage regulation. Also, the scope of the work is clarified.

2.2. Voltage Control in Distribution Systems with DEs

It is critical to maintain an acceptable voltage range at several key buses in a power
system, such as a distribution substation, where the voltage will be stepped down from the
sub-transmission level to the distribution level. The present voltage regulation is achieved
mainly by regulating transformers with under load tap changing (ULTC) equipment at the
substation and reactive-power-source devices, such as shunt capacitors, shunt reactors,
synchronous condensers, static var compensators (SVC), and static synchronous
compensators (STATCOM) [2].

ULTC transformers can regulate the voltage at the sending end and hence the voltage
along the feeder. However, ULTC does not actually supply any reactive power when the
transformer ratio adjusts, but merely re-distributes the power from the bus at the primary end
of the transformer to the bus at the secondary end. Hence, it may cause the voltage at its
primary end to drop significantly below the limit [2] [11]. Moreover, occasionally conflict in
the voltage regulation directions may occur, such as the sending end is above the upper limit

while the receiving end is below the lower limit.
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Reactive power compensation devices are technically more effective if connected near
the loads rather than at the substation. The large centralized reactive power support is easy to
operate and maintain; however, it may yield unsatisfactory results, e.g. the voltage at the far
bus is still low while the voltage at the near bus already exceeds the upper limit. Therefore,
multiple small sized var resources spread across the distribution system versus a few large
ones is more favorable [11]. Using dispersed DEs in the distribution systems for var support
may take full advantage of these characteristics regarding the var/voltage support [12].

DE systems invoke challenges on conventional operations as well as providing
benefits. With the increasing injection of active power from the DE, the voltage at the PCC
will swell and exceed the upper limit of the acceptable range. In addition, for some DE
systems with intermittent energy resources such as PV and wind, the voltage fluctuation at
the PCC, caused by the changing active power injection, needs to be addressed as well
[13][14]. How to accommodate more DE capacities in the grid and at the same time keep the
voltage stable in an acceptable range has drawn much interest [15]-[36].

Conventional voltage regulation measures are applied to integrate the DE [15]-[18].
Voltage regulation performed by ULTC calls for two parameters: the equivalent impedance
and the load center voltage. Therefore, in distribution networks with DG interconnections,
these parameters should be designed with attention not only to load variations, but also to DE
outputs. Reference [18] proposes a method for designing ULTC parameters with reference to
variations of the DG outputs. The tests on the IEEE 13-bus system and a real network
validate that the modified parameter design method is capable of maintaining the voltage at
the sending end, in the acceptable range, with respect to the varying DG outputs.

The automatic voltage reference setting techniques are proposed in [15][17]. These

methods provide a voltage reference setting for existing automatic voltage control (AVC)
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relays and OLTC transformers to increase the DG that may be connected to the feeders. The
technique measures essential voltages along multiple feeders or a statistical state-estimation
algorithm which could be used to estimate the voltage magnitude at each network node based
on limited measurement points [17]. The maximum and minimum voltages from the voltage
measurements are selected and compared to the feeder voltage limits. The results are then
used to determine a new voltage reference for the AVC relay.

As discussed previously, conventional voltage control methods may fail to satisfy the
voltage requirements along the feeders. A controllable DE should be included in the voltage
regulation practice. The unity power factor working mode cannot handle the voltage problem.
Therefore, a voltage control mode should be permitted for countering steady-state
overvoltage for distribution systems with DE to maximize their utilization [19].

The dispatch of reactive power outputs of the DE along with real power outputs is a
way to control voltage across the distribution system. This type of method typically uses a
constrained optimal power flow (OPF) as the tool to find the set points of the DE outputs and
the voltage schedule for the system [20]-[23].

Reference [20] presents a coordinated voltage control method integrating
conventional voltage regulation mechanisms with DE reactive power production, assuming
the availability of a distribution management system. The constrained OPF algorithm with
the objective of network loss reduction is used for voltage control at the distribution network
considering transformer taps, condenser switching, and DE reactive power injections as
control variables while operating limits are ensured to keep bus voltages in the statutory
range and line loading below the maximum limit for the effective integration of DE into the
power system operations. Additionally, a virtual power plant (VPP) concept is introduced,

which is the representation of the aggregated capacity of DE under one single profile
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operated as one unique entity from the viewpoint of any other power system factor. A VPP
hides the inherent complexity and make the analysis or control of the entire system easier.

A combined real power and reactive power dispatch strategy is developed in [22][23].
The proposed approach is composed of two stages: a day-ahead economic scheduler that
calculates the active power set points during the following day in order to minimize the
overall costs; and an intra-day scheduler that, on the basis of measurements and short-term
load and renewable production forecasts, updates the DE set points for both real and reactive
power every 15 minutes for optimizing the voltage profile. The implementation of this
procedure requires a centralized management as well.

Different from the conventional centralized optimization algorithm, a multi-agent
based optimization approach is proposed in [24] that solves the dispatching problem in a
distributed manner without the need for the exact system model. It models the problem as a
reactive power dispatch problem with node voltage constraints, DE var capacity constraints,
and power flow constraints. Each agent has the ability to sense its local variables to
reformulate the optimization problem. Modest communication is needed among the multiple
agents and thus the investment could be saved on the distribution management system that is
necessary for the centralized optimization methods.

Market signals could also be utilized to aggregate the DE for the voltage support. An
incentive based control for influencing active power flow with bidirectional energy
management interfaces is proposed and tested in [21], along with tests on the direct reactive
power control via the VPP approach and a parallel application of the two. The experimental
results confirm that the voltage can be influenced effectively with both approaches, but the

combination of both approaches is technically feasible and more effective.
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In the presence of a distribution control center and communication infrastructure,
optimization based methods can yield optimal solutions for the voltage regulation. However,
for systems with no communication infrastructure, decentralized methods are more favorable.

Reference [26] proposed a local, intelligent, and auto-adaptive voltage regulation
scheme for setting the voltage reference of the DE due to the lack of distribution system
communication. A desired voltage window, encompassed by the admissible voltage window,
is adaptively defined by the fuzzy logic based method. This window moves according to the
quantity of reactive power provided or absorbed compared with the physical limits of the DE
considered. The active power generation of the DG is also regulated in case the voltage
exceeds the admissible range.

A local reactive power droop control is a decentralized reactive power sharing method.
Droop functions are defined between the reactive power generation and the voltage deviation
with the relation that the reactive power generation of the DE is increased with the decrease
of actual voltage. A droop function can be linear or nonlinear [27]. Each DE operates in
correspondence with local information and does not require communications, though it may
not result in optimal solutions when compared to optimization based methods. The droop
control method is usually embedded in the PE interface design [29]-[33].

A comparison of centralized control and decentralized control is performed in [28].
Optimal power flow is used to compare the centralized voltage control or active management
and intelligent distributed voltage control of the DE. This shows that the latter one provides
similar results to those obtained by centralized management in terms of the potential for
connecting increased capacities of DE within existing networks.

The studies discussed so far are in steady state area. They address the voltage

regulation with DE from a perspective of voltage reference setting. The following researches
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[34]-[43] focus on the local PE interface designed to implement the voltage regulation

function with the DE.

2.3. PE interfaces Design to Implement Voltage Regulation

PE interface devices are used to convert DC or AC power at an asynchronous
frequency to AC power synchronized with the grid. Voltage source inverters (VSI) have been
widely used in the interface design [36]-[42]. According to their control mechanism, VSIs
can be classified as voltage controlled VSIs (VCVSIs) and current controlled VSIs (CCVSIs)
[39]. VCVSIs use the amplitude and phase of an inverter output voltage to control the power
flow, which can be viewed as a voltage source from the grid side. Coupling impedance is
used to connect VCVSIs to the grid. A CCVSI uses switching instants to generate the desired
current flow, which can be viewed as a current source. Therefore, only VCVSI can provide
voltage support. Since the coupling of real power with voltage phase angle and reactive
power with voltage magnitude, real power control can be realized through changing the phase
shift between the inverter and the grid voltage; while voltage control can be realized by
changing the amplitudes of the inverter output voltages in individual phases [36][42].

In the PE interface design from a power electronic point of view, the grid is usually
simplified as an infinite system with equivalent impedance [37]-[40]. Most work focused on
the control method structure design [31]-[44]. However, how to ensure that control
parameters for voltage-regulating DE work efficiently and effectively using a systematic
approach needs study.

Reference [45] analyzes the robust stability of a voltage and current control solution
for a stand-alone DG unit using the structured singular value based method. A linear

quadratic optimal control cost function is defined with scalar weighting which can be tuned to
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achieve the desired transient performance while maintaining the stability robustness of the
system under perturbations. Best tuning parameters are found by comparing the simulation
results of the transient performance of the controller under different tuning parameters.

In control design, usually some root-mean-square value and average value are
involved, such as the average real power in Eq. (2.1). Considering time shifting characteristic
of Laplace transform, it can be transformed into Laplace S domain as Exp. (2.2). Since the
existing of =%, it is difficult to analyze the model. First order Padé approximation,
presented in Exp. (2.3), is used in [30] to construct an approximate characteristic equation
based on small signal stability analysis. The model could be used to find a range for

controller parameters.
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The approximation method provides a way to analytically study the models involving
time shifting characteristic, though the accuracy may not meet the requirement in some
applications.

Optimal control methods could be used in the controller parameter tuning. A dynamic
model of a wind turbine with DFIG, including its converters and controllers, is presented in
[46], based on which the model for small signal stability analysis has been established. A
parameter tuning method based on partial swarm optimization (PSO) is proposed to optimize

the parameters of the controllers.
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2.4. Scope of this Work

The problem of setting controller parameters of the PE interfaced DE for voltage
regulation introduced in Section 1.1.4 is considered in this work. Several general assumptions
are taken exclusively in the work.

e The power system under study is assumed to be a three phase synchronous power
system with balanced loads and system components. Therefore, a one-line
diagram will be used for better illustration.

e An aggregated network model is adopted. For example, a distribution line will be
modeled as a resistance and reactance connected in series.

e The load is modeled as constant impedance. Future work will investigate the
dynamic impact of the load.

e The DE is modeled as a constant voltage source neglecting the additional
components on the DC voltage control since the local AC voltage control function
of DE is the main concern of this work.

An adaptive voltage control method has been proposed to dynamically modify control
parameters to respond to system changes. Theoretical analysis shows that a corresponding
formulation of the dynamic control parameters exists; hence, the adaptive control method is
theoretically solid. Simulation and field experiment test results in the case of single DE
regulating voltage at the Distributed Energy Communications and Controls (DECC)
Laboratory confirm that this method is capable of satisfying the fast response requirement for
operational use without causing oscillation, inefficiency, or system equipment interference.
Since this method has a high tolerance to real-time data shortage and is widely adaptive to

variable power system operational situations, it is quite suitable for broad utility applications.
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3 Challenges of the Control Parameters for Voltage-Regulating

Distributed Energy Resources

3.1. Chapter Introduction

The implementation of the voltage control with the PE interfaced DE introduced in
Chapter 1 is tested by simulation in a radial system. The factors affecting the dynamic

performance of the controller are explored.

3.2. Factors Affecting Dynamic Performance of Controller for Voltage
Control

The control method introduced in Chapter 1 is based on feedback control and the error
between the PCC and reference voltage is the feedback signal. A simplified model
representing the control of multiple DEs interfaced to the utility network is shown in Figure
3.1.

The control signal of the PI controller is applied to the inverter to generate a voltage at
the PCC with the distribution system. Ideally the inverters generate the same voltage as their
inputs. Thus, only the distribution network characteristics affect the response of the voltage
regulation, and therefore affect the appropriate range of Kp, K. In the following study of the
impact of a distribution network on the PI controller parameters, loads are modeled as
constant impedance. The DEs including their PE interface are modeled as voltage sources.
All the buses in the system are grouped into two types: voltage source buses where there is
current injection (or absorption); and load buses where the current injection is zero. The
analysis is in the Laplace S domain and the nodal voltage equation is shown in (3.1):
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Figure 3.1. Simplified model of the distribution system with multiple controllable DEs

interfaced to it.
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where I5(S) is the vector of the current injection at the buses connected with the voltage

sources; V(S) is the corresponding voltage vector; Vi(S) is the voltage vector of the load

buses; and Ys6(S),Y61(s),Y16(S) and Y;;(S) are the sub matrix of the admittance matrix.

After network reduction, we acquire the voltages at the load buses as shown in Eq.

(3.2), which includes the PCCs. It shows that the PCC voltages are a function of the network

structure, line parameters and loads, and support from the voltage sources. Since the voltage

at each PCC is the feedback signal, the parameters Kp, K; of each PI controller are hence

determined by those factors.

—_ -1 *
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3.3. Simulations on Voltage Control with PE Interfaced DE

In this section the impact of Kp, K; on the dynamic response of the voltage regulation
and factors determining the range of Kp, K; are tested in a radial distribution system with one
DE and two DEs, respectively. The system diagram is shown in Figure 3.2. It is a typical
radial distribution network with two DEs with a PE interface connected at bus 2 and bus 5,
respectively. The only difference between the two cases is the omission of the DE at bus 5 for

the single DE testing case.

3.3.1. Impact of KP and KI on Voltage Regulation

A. Single DE Test Case

The first case is the system shown in Figure 3.2 with only one DE at bus 2. Its PE
controller was tested with different combinations of Kp and K;. The different responses are
shown in Figure 3.3. The straight green line is the reference voltage while the blue curve is
the voltage at the PCC. The PCC voltage was 263 V before regulation and the reference
voltage is set at 268 V for regulation. From 0 to 0.3s, there is no regulation and from 0.3s to
1.5s the compensation is performed. As shown in Figure 3.3, there is a stable range of Kp and
Ky; Figure 3.3(a) shows a desirable dynamic response with a well designed Kp, K;. If the
systems is outside of this range, it becomes unstable, as is shown in Figure 3.3(b). Even in the
stable range, inappropriate values for Kp and K; may cause an undesired response; the
compensation speed is too slow due to a too small value of K; value as in Figure 3.3(d) or an

overshoot and oscillation at the start, as shown in Figure 3.3(c).
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Figure 3.3. Voltage regulation with different control parameters-single DE case.
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B. Two DEs Test Case

Next, the distribution system with two DEs was tested with different combinations of
Kp and K. The test results are shown in Figure 3.4. The figures in the left column show the
voltage response at bus 2 with respect to differing Kp and K; while those in the right column
show the voltage at bus 5 for the same changes in the gain parameters. Prior to 0.3s, there is
no regulation and from 0.3s to 1.5s the compensation is performed. Similar to the single DE
case, the value of Kp and K; determines the response of the voltage regulation. However in
the case with two DEs, the range of Kp and K; becomes different, which is clearly
demonstrated by comparing Figure 3.3(c) with Figure 3.4(b1) and Figure 3.4(b2). Even with
the same value of Kp and K, the two DE case is unstable while the one DE case is stable.
This suggests that the parameter range suited for a single DE case may not be directly used
for voltage regulation with multiple DEs. In order for both cases to work together correctly, a

coordinated design of the controller parameters for the multiple DEs is required.
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3.3.2. Impact of DE Location on Voltage Regulation

From the previous analysis of the factors determining the controller parameters, we
can see that the locations of the DEs affect the grouping of the buses; hence, they affect the
structure of the reduced network and finally affect the appropriate range of the controller
parameters. In this section, the results of the two cases with respect to DE location are
investigated, respectively.

A. Single DE Test Case

Figure 3.5(a) and Figure 3.5(b) show the voltage responses corresponding to the DE
at bus 2 and at bus 5, respectively. A more dynamic oscillation exists when the DE is
connected at bus 5, although the responses are quite similar and both eventually reach the
steady state.

B. Two DE Test Case

In this case, the impact of the DE’s location on voltage regulation dynamics is made
more obvious by a comparison of Figure 3.6 and Figure 3.7. Figure 3.6 shows the voltage
responses where the DEs are connected at bus 4 and bus 5. Figure 3.7 shows the voltage
responses where DE1 is moved to bus 2 with all other conditions unchanged.

As is shown, the change of the DEI1 location not only affects the voltage regulation of

DElitself, but also affects DE2 at bus5.
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Figure 3.6. Voltage response when DE1 at bus 4 and DE2 at bus 5.
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Figure 3.7. Voltage response when DE1 at bus 2 and DE2 at bus 5.

3.3.3. Impact of Loading Level on Voltage Regulation

The voltage regulation is also affected by the loading. In this study, the loads are
modeled as constant impedances. Again the two cases with one DE and then two DEs are
investigated to test the impact of the amount of the load, respectively.

A. Single DE Test Case

Figure 3.8 shows the impact of the load amount change on the voltage regulation
response. For Figure 3.8(a), the load at bus 3 and bus 4 is 3.4kW+j2.2kVar and
50kW+j40kVar, respectively. For Figure 3.8(b) the load at bus 3 and bus 4 has been changed
to 17kW+j0Var and 66.6kW+j40kVar. The difference caused by the load change is clear. In
Figure 3.8(a) the voltage eventually reaches the desired steady state while, as shown in Figure.

3.8(b), the voltage oscillates into instability.
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Figure 3.8. Voltage responses with different amount of load-single DE case.
B. Two DEs Test Case
Figure 3.9 and Figure 3.10 show the voltage regulation responses before and after the
real load at bus 3 increases by 13.6 kW. The gain parameters are the same for both load
conditions: Kp;=0.21, Kp,=0.15, K;;=0.15, Kp=0.5. Comparing the voltage responses before
and after the load change, the unstable system, before the load change, becomes stable after
the load increases with the gain parameters fixed. The comparison clearly demonstrates that

loading affects the voltage dynamic responses with DEs in the distribution system.
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3.4. Chapter Summary and Discussion

The simulations clearly show that the PI controller parameters greatly affect the DE
dynamic response for voltage regulation and that incorrect parameter settings may create an
inefficient (slow), oscillatory, or worse, unstable response that can lead to system instability.
Logically this raises an interesting issue, especially if a large amount of DEs with voltage
regulating capabilities are deployed in the future:

How to ensure that control parameters for voltage-regulating DE work

efficiently and effectively using a systematic approach?

It is not feasible for utility engineers to use a trial-and-error method to discern suitable
parameters when a new DE is connected. Hence, an autonomous approach is needed. To
address the parameter setting issue, a control scheme using intensive centralized
communications may be possible such that commands from the substation are continuously
sent to the DE for it to adjust its settings. Due to the uncertain and dispersed locations, and
the expected high customer-based DE penetration, this centralized, intensive communication
approach may be costly to install, maintain, and secure. Also, the contingency of a
communications outage and how it impacts DE control, especially for major system
conditions, would need to be considered. A stability analysis or optimal control based
parameter tuning approach [30][45][46] may require detailed system parameters and real-
time system information, and thus, fast communications. It may not be suitable for a real,
large distribution system application.

Therefore, an autonomous and adaptive approach is much more advantageous for
adjusting control parameters to regulate voltage with no or minimal communications (such as
a voltage schedule provided with low-cost communications), especially for major system

conditions, would need to be considered.
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4 Adaptive Voltage Control with a Single DE

4.1. Chapter Introduction

An adaptive voltage control method, which does not require construction of a detailed
dynamic model of the power system, is presented. Theoretic analysis, simulations, and field

tests justify the proposed method.

4.2. Implementation of Adaptive Method for DE Controller

As shown in Chapter 3, if Kp or K; is not chosen appropriately, the system response
may be poor and at worst, create instability. So preventing a poor system response and
optimizing the response speed are what is desired from the PI controller design. Thus the goal
is to create an adaptive PI design that can dynamically adjust the PI controller in real-time
based on the system’s behavior and configuration. The proposed adaptive PI control method,

inspired by the generic adaptive control method in [3][47][48], consists of three procedures:

o Determine the DC source voltage of the DE;

o Set the initial controller values, Kp and K;; and

o Adaptively adjust the controller parameters according to real-time system

conditions.

4.2.1. Determine the DC Source Voltage

The DE’s PE interface with the utility is a VSI and the PWM method is used to

convert the DC source voltage to an AC supply.
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Figure 4.1 shows the relationship between N /Vdc and the modulation index m,,
where V7 is the peak voltage of the fundamental-frequency component of the compensator
output voltage V. and v, is the voltage of the DC supply.

As shown in Figure 4.1, for a given V. v? varies linearly with the modulation index

m, when it is 1.0 or less. It also shows that Ve should be less than for any m,, even if it

iXA
T 2

is under the saturated square-wave region. This means that y, -~ determines the DE’s ability to
dc

provide voltage regulation. To reduce the DE harmonic injection, m, is chosen to be no

greater than 1. Accordingly, we have:

V, 22V =2/2xV. (4.1)

ZVCF / th‘

Linear region

Lo | L. / Over-modulation

ERES

|

Square-wave

N
v

—_

Figure 4.1. PWM voltage control by varying modulation index m,.
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Hence, if the DE needs to perform a voltage regulation to meet a certain scheduled
voltage profile, there is a minimum DC supply voltage requirement. The requirement depends
on the system requirement for V,, i.e., the scheduled AC voltage profile. The approach to
obtain an effective and acceptable voltage profile can be a separate research topic and will
not be covered in this chapter. Instead, we simply assume that pre-defined, reasonable voltage

schedules are available.

4.2.2. Set the Initial PI Controller Gains

Lower gain parameters, Kp and/or K, are typically chosen initially and only increased
after confirming that they do not cause any of the above mentioned poor response and
instability problems. In the following discussion, a method to initialize the gains is proposed.
A. Set the Initial Kp Value

At the initial time 0O, (immediately after a voltage transient), the reference

compensator output voltage ¢ can be expressed as (4.2), since the contribution of the

&

integral controller is 0:
v, = v O+ K, (V, (1) =V, (1)] (4.2)

To keep the PWM modulation index, m,, no greater than 1, the peak value of - needs

c

to be less than the peak value of the triangle carrier signal, which is () 5.y, . Hence, we
. de

have:

S 1 (4.3)

where AVO =V () =V (1) 15 the initial RMS voltage deviation at time 0,. This can be chosen

as, and usually is, the maximum voltage deviation from the reference voltage at PCC.
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Similarly, yop can be accordingly chosen as the peak value of the voltage, | , at time 0,.

Conservatively, the initial value of Kp, Kpy, can be empirically set to half of the RHS value
defined by (4.3), when considering efficiency and error tolerance. Certainly, more research
may be preformed regarding the choice of Kpy other than half of the RHS value in (4.3).
Nevertheless, the initial value is only important for the initial transients and will be adjusted
by the adaptive control when the system condition changes, as discussed next.
B. Setting the Initial K; Value

The voltage response time of the controller for a voltage transient is set to 0.5 seconds
in order to not interfere with the conventional utility voltage control. As can be seen from the
simulation in Chapter 3, in an ideal voltage control process, the response of the control
system to a step change can be approximated as an exponential decay curve, i.e.,

— where 7 is the time constant. Here a period of 5 times the time constant, 57, is
AV(t)=AV,e *

chosen as the response time since this is normally the time needed to reach a new steady-state

condition since ¢~ =0.007~0. Hence, we have 5; ~ () 5, for the controller. When reaching the

new steady state, the proportional part of the controller provides relatively no assistance and

therefore we have:
Vo= vt L+ K, [ AV, (] (4.4)

Since in this study, PWM works only in the linear area, the amplitude of the triangle

carrier signal is 5.y, , so for the fundamental frequency component, the compensator
: de
output voltage . defined by Equation (1.7) should be equal to |, . Replacing 4y, () with

_* and _» with , we have:
AVe Ve ¢
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where  steady is the ratio of converter output voltage to the voltage at the PCC which equals

steady
v

v~ 1n the steady state. y steady CAN be calculated in the worst-case situation, which assumes a

t

maximum voltage variation ,, such as the under peak load condition. The initial value of
t0

K, K, is set to half of the RHS value in (4.5) to be conservative for the same reason as Kpy.

4.2.3. Adaptively Adjusting the PI Controller Gain Parameters

The controller with a fixed Kp and K; may not always reach the desired and acceptable
response in power systems since system load and other conditions are constantly changing.
Without a centralized communication and control system, the controller has to utilize a self-
learning capability to adjust Kp and K; dynamically. Using the case of local voltage requiring
an increase as an example, if the control logic shows that the voltage has increased too
rapidly, then Kp and K; will be adjusted to lower values. On the contrary for when it is too
slow, Kp and K; will be adjusted to higher values. Certainly, this needs additional logic to
check the present voltage response with respect to the desired voltage response.

Figure 4.2 shows the overall logic of the adaptive control method. The key processes

of this approach are:
o The voltage deviation of the ideal response Ay, () = AV,oef is used as the reference.

In every step, the actual voltage deviation and desired voltage deviation are

monitored and a scaling factor , _ dctualvoltage deviation g cqlculated. Here the
g r,
ideal voltage deviation
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Figure 4.2. Adaptive Control of the Voltage Regulation.

actual voltage deviation is the voltage difference between the measured V, and
reference V' ; and the ideal voltage deviation is the difference between the
exponential voltage curve and the reference V.

o Next, Kp and K; are multiplied by the scaling factor r,. When the actual response
is faster than the desired exponential curve, it will be slowed when Kp and K; are
multiplied by r,<1. Similarly, when the actual response is slower than the desired
exponential curve, it will speed up when Kp and K; are multiplied by r,>1. This
approach avoids the possible issues of slow response, overshoot, oscillation, or
instability.

The method of adaptive control is illustrated in Figure 4.3. Certainly, a threshold can

be applied when scaling Kp and K; to avoid having too frequent updates. For instance, if the
scaling factor r, is very close to 1.0, no updating is needed and thus the controller can impose

the maximum and minimum limits for r, to avoid unnecessary updates.
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Figure 4.3. The desired and actual response of the controller.
The first feature of this algorithm is the dynamic adjustment of the control parameters
Kp and K; for voltage regulation. Another advantage in addition to performance is the
elimination of an extensive and expensive centralized communications system because the
parameters track the locally defined ideal voltage response curve. The high frequency
sampling rate of modern power electronics and sensors ensures this as demonstrated in the

simulations and field testing. Hence, the approach is termed ‘“adaptive voltage control”.

4.3. Analytical Formulation of the Adaptive Method

The previous section presented the fundamental idea and algorithm for a dynamic Kp
and K; adjustment based on a desired exponential response. Because of the fast data sampling
rate, such as 12.5 kHz, in the PI control implementation, this adaptive approach can be very
effective, as shown in the following simulation and field experiments in Sections 4.4 and 4.5,

respectively.
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The adaptive method in Section 4.2 may raise the issue of its validity and thus the

question: Can the adaptive algorithm be expressed in an analytical formulation to provide a

theoretical foundation? If so, it can be generalized to work in other systems. This section will

present a theoretical approach for the rigorous formulation of Kp and K; as functions of time
or time-dynamics. The dynamic Kp and K; values can be calculated from equations and thus
the heuristic approach of the adaptive method of the previous section can be benchmarked for
verification and validity.

Figure 4.4 shows a system with a single DE regulating its terminal voltage.

First, the DE source, v., is modeled as a voltage source connected to Bus i, as shown
in Figure 4.4. Without losing generality, it is assumed there may be a voltage source
(substation) at each bus. The voltage source, vy (I=1~n), can be set to 0 if no source exists. In

the Laplace (S) domain, the nodal voltage equations can be expressed as:

R, o ]
L,
Vs1
z ° | Network
L. . :
VC VSI ¢
o n
R,
L,
VSI’I

Figure 4.4. A schematic diagram of a network and sources.
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Vi (5)

_vrl(s)_ Rl + SL1
: v.(s . v (s
Y($)| v, (s) |= ;2 ) + R 1(52 4.6)
|V, (8) ] vm.(s)
R, +sL,

where Y(s) is the admittance matrix of the system; v,(s) is the voltage at Bus #; vy(s) is the
voltage source at Bus [ (I=1~n), excluding the DE source; R;+L; is the equivalent impedance
for the electrical connection from the voltage source vy to the terminal buses /; v (s) is the DE
source; and L. is the inductance for the DE to the terminal Bus i connection. From Equation

(4.6), we can derive the voltage’s vector as:

B _ vsl (S)
v, (8) R, +5L,
: v (5) . v..(s)
' — Z c + si )
S S “.7)
Vv, (8) vy, (8)
R, +sL,

where the impedance matrix is Z(S) = [Y (S)] . From Eq. (4.7), we can obtain the regulated

voltage at Bus i as follows:

3 v.(5) N v, (s)
Vi) =297 +§zﬂ(s)—Rl+sLl (4.8)

where Z;;(S) and Z;(S) are the corresponding elements of the matrix Z(S), which only depends
on the network parameters.

Given the desired voltage at Bus i, we can calculate the support voltage requirement

for the DE from (4.8) as:
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v, (s)

v (=37, (5)

v (s)= =1 R, +sL, s, 4.9)
Z.(s)
And . defined by (1.7) should be equal to , , that is:
K
v, (8)-[1+(K,(s)+ ﬂ)AVﬁ ($)]=v.(s) (4.10)
s

where AV (s) is the deviation of the RMS value of the voltage at Bus i from the reference

RMS value . . The PI controller gains are time variant, so they are expressed as Kp(s) and
V.(s)
f

K](S).
Since in the adaptive approach, Kp(s) and K;(s) follow the same pattern for adjustment,

we let K,(s)=mK ,( 5)° where m is K;o/Kpy, the ratio of the initial values of K; and Kp.

When we substitute this into (4.10), we have:

mK,(s)

v, (8) -1+ (K,(s)+——)AV.(s)]=v_(s) 4.11)
Ry
Hence:
ve(s)
K, (s)=—"t (s) (4.12)

AV, (s)(1 +’?)

Since v (s) has a zero-crossing value, the ratio of the RMS values of ) over
ti

v.(s v, (s)
is used to replace the ratio of the instantaneous values. This is reasonable as we only have the

fundamental element. Thus, Eq. (4.12) can be rewritten as:

V.(s)
V. (s)

1
K, (s)= (4.13)

AV, (s)(1 +%)
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Based on the assumption that the ideal voltage response is an exponential response,
we have:

A
AV, (s) :h

4.14
s+1/7 ( )

where ,,, is the magnitude of the voltage step change and 7 is the time constant, which

can be defined according to the users’ requirement for response speed.

Hence, the voltage at Bus i can be derived as:

v, (1) = (v; —AV,_e 7)cos(2aft + §) (4.15)
and
AV
V,(5)=(v, ——mm) (4.16)
nwo s+1/7t

where ¢ is the phase angle of the voltage at terminal Bus i, and 7 is the fundamental

frequency.
By substituting Egs. (4.9), (4.14), and (4.16) into (4.13), we can finally calculate Kp(s)
and hence, Kj(s). They are given as:

A
AT (4.17)

s AV -1
V —_ HdA

.
KP(S): Alv S+1/Tm
max (1+7)

s+1/t s

A
z,5) " (4.18)

1
max
‘/ [

o541/
Ky () =m—g o

max )

s+1/T' s

MS(
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< v, (s)
A=v. — 7. s
where: vii(8) ; 1 (5) R, +sL, (4.19)
# L " v, (s)
=V .—-AV__e 7)cos(2aft + —EZ.S”—
( t max ) ( ﬂf ¢) P 11( )Rl +SLZ

Thus, we have proven that theoretical formulations for both Kp(s) and Kj(s) exist for
the ideal, exponential response of the voltage regulation. These formulations will be used to
confirm that the heuristic approach for adaptive control is equivalent to using Kp(s) and K/(s)
in Egs. (4.17) and (4.18).

However, in most application cases, we do not have enough data to calculate Kp(s)
and Kj(s). Even if we do, it is tedious and error-prone work to perform since multiple
distribution system parameters are involved. However, given the reference voltage and the
desired response speed, Kp and K;can be automatically adjusted, as shown in the adaptive
algorithm in Section 4.2, to track the defined ideal response.

Figure 4.6 shows a comparison of the value of KP calculated by the theoretical
equation (4.17) and by the adaptive algorithm in Section 4.2. The simulation is performed on
the system as shown in Figure 4.5 with the DE modeled as an ideally controlled voltage
source. A load increase is applied at 0.2s to mimic voltage sag. The desired compensator

response time is 0.5s so it must reach the original voltage schedule at 0.7s. The solid blue line

1 2 3 4 5 6

Substation l
bus

CONTROLLER INVERTER

i

Figure 4.5. A radial test system.
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is Kp calculated theoretically using (4.17) and the dashed red curve is Kp generated by the
adaptive control approach. As can be seen, these two curves are extremely close, thus
verifying the heuristic approach with the theoretical formulations. Similarly, Figure 4.7
shows the comparison of K;for the two methods, which again shows an extremely close
match. In addition, Figure 4.8 shows the voltage regulation results by adjusting Kp and K;
with the two methods. The dashed red line is the defined ideal response. The solid blue line is
the voltage response of the adaptive control approach and the dash-dot black line is the
voltage response with Kp and K; calculated using Egs. (4.17-4.18). The dotted red (flat) line is
the reference voltage.

The results in Figures 4.6-4.8 verify the equivalence of Equations (4.17-4.18) with the
adaptive algorithm of Section4.2, thus verifying the heuristic approach with a theoretical
foundation. The ideal response, defined as an exponential response, can be achieved by

dynamically adjusting Kp and K.

0.045 - ]
0.04 -

0.035 |
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S 0.025
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— — Kpgenerated by adaptive method |

| Kp caculated theoretically
0.01+ ) using(4.17)

0.3 04 05 0.6 0.7 0.8 09 1 1.1 1.2
time(s)
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Figure 4.6. Comparison of the value of Kp generated by the two methods.
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Figure 4.8. Tracking ideal response by adjusting Kp and K; with the two methods.
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4.4. Simulation Results

In this section, a step-by-step example is shown to illustrate how to implement the
heuristic adaptive algorithm for voltage regulation as discussed in Section 4.2. The system in
Figure 4.5 is used again for illustration.

4.4.1. Initial Parameter Setting

As before, the DE is connected at Bus 3. The line-to-line voltage on the consumer
side of the infinite bus is assumed to be 480 V (RMS). The total load of the system is
70.18kVA (59 kW, 38kVar). We assume that the heaviest load condition is when the loads at
Bus 4 and Bus 6 increase by 20.93kVA (20.3 kW, 5.08 kVar) and 27.94kVA (27.1 kW, 6.8
kVar), respectively. The desired phase voltage profile at Bus 3 is 271.65 V (line-to-neutral,
RMS); however, the phase voltage at Bus 3 for the peak load condition is 267.2 V. From this
information, we can determine the DE requirements for voltage regulation.

1) Calculate the DC voltage requirement of the DE (V).
Here the DE and substation bus can be viewed as the voltage resources. Hence, the

voltage at the load buses, such as Bus 3, can be expressed as follows:

Vi=a, Ve + 0305V, (4.20)

where ‘7is the voltage at Bus 3; vV is the voltage at the substation bus, which can be
3

sub

viewed as a constant; ‘715 the output voltage of the DE; and the coupling coefficients

3,sub

and represent the sensitivity between the two bus voltages (i.e., _ and __ ,
a; pe av, Vy
a‘7sub 8‘7(

respectively), which can be calculated with network parameters.

In this case, we have:
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4.21)

+(0.1278—0.055%)V.,

V, = (0.8359+0.022i)V,,

and
4.22)

\’A%
P=—"Csin(a, — ;)
a)l,c [é 3

where ¢ and o, are the phase angles of \Zand ‘Zrespectively. Since the regulation goal is to

maintain a voltage schedule at v, =271.65 V, we calculate vV, =286.9 V.

Then, consideringv >oyP =2 \/EXV as shown in Equation (4.1), we can determine
de = c c

that the DC voltage for the DE should be no less than 811V, thus we choose 900 V.

2) Initialize Kp.
The initial value of Kp can be calculated based on Equation (4.3):

(4.23)

V.
“ 900/2

2 -1 _
0,p
(A2X212___ )
271.65-267.2

K,, =0.5x% IAV“

t

Initialize K;.

3)
The initial value of K; can be calculated based on (4.5):

er('ady
R |
steady _
Ko =05x—t—— =5x— 20092716571 5y (4.24)
[ AV war ["@7165-2672)¢ “1ar

4.4.2. Simulation Results of the Adaptive control Approach.

The adaptive control approach is tested on a DE with an inverter interface. After

detecting a large voltage deviation at 0.2s, the difference of the two voltages is checked at

every quarter cycle for the possible adjustment of Kp and K.
Figure 4.9 shows the voltage regulation with an adaptive adjustment of Kp and K.

The dotted blue line is the desired voltage response while the solid red line is the actual
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voltage response. As indicated, the actual voltage tracks the desired voltage response and
satisfies the 0.5s response time requirement. Figure 4.10 shows the comparison of the desired
and actual voltage deviations. The actual voltage response matches the reference voltage
except at the very beginning of the adjustment. The reason for the relatively large difference
at the very beginning is due to the initial high sensitivity of the voltage and the dominance of
the proportional part in Eq. (1.7) over the integral part. Hence, any small inaccuracy tends to
lead to a relatively large difference. However, when time approaches 0.3s, the proportional
part has less weight and the integral part has more effect. Therefore, the actual voltage
response curve is controlled very close to the desired curve.

In addition, Figures 4.11 and 4.12 are the real and reactive power injections,
respectively, during the voltage regulation. It should be noted that the P injection in Figure
4.11 remains constant except for small ripples around 0.2-0.4 s. These occur simply because
of the terminal voltage dynamics.

For verification purposes, Figure 4.13 shows the non-adaptive voltage regulation with
gains fixed to their initial values of Kpy and Kjy. The response is much slower when compared
to the adaptive control approach. Instead of 0.5s, it takes more than 1s to reach the voltage

reference. Thus, the proposed adaptive control approach provides greater response efficiency.
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Figure 4.9. Voltage regulation with adaptive adjustment of Kp and K.
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Figure 4.10. Comparing the desired and actual voltage deviations.
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Figure 4.12. Reactive power injection.

54




269 Actual voltage response
68l | — — Voltage reference
e Desired voltage response

0.2 0.4 0.6 0.8 1
time(s)

Figure 4.13. Non-adaptive voltage regulation with Kp and K; fixed at the initial values.

4.5. Field Experiment Results at ORNL

The field experiment in this subsection is performed primarily by researchers at
ORNL including Dr. Yan Xu, Mr. D. Tom Rizy, and Mr. John D. Kueck. The results are
included here for the completeness of this dissertation, while credit should be attributed to
them.

Field tests were conducted at the Oak Ridge National Laboratory (ORNL)’s
Distributed Energy Communications & Controls (DECC) Laboratory, which is interfaced to
the ORNL distribution system and receives its power from the Tennessee Valley Authority
(TVA)’s bulk transmission system, as shown in Figure 4.14. The inverter of the DE test
system, which is rated at 150A, is connected to a 480V/600A power panel fed from circuit #2

of the 3000 substation of the ORNL distribution system.
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A sudden load change of 20 kW (from 80 to 100 kW) and 37.5 kVar (from 37.5 to 75
kVar) is applied which causes a voltage sag in the system. The load change results in a
sustained voltage drop if there is no voltage regulation. The PCC voltage of the inverter (an
average RMS of all three phases) is shown in Figure 4.15 and occurs when there is no voltage
regulation. The voltage drops 1.5V because of the load increase.

Figure 4.16 shows the PCC voltage (at Panel PP3 in Figure 4.14) using the DE to
provide voltage regulation with the non-adaptive approach. The same load change is applied
during the voltage regulation test and the response time is 2.42s. By applying the same
sudden load change as shown in Figure 4.15, the adaptive voltage regulation control is

implemented and the test results are shown in Figure 4.17.

56



TVA Transmission
System

\L/ 161kV/13.8kV

ORNL Substation
J\—/ 13.8kV/2.4kV

/T\ Transformer
ORNL 3000
Switch 4-S Switch 2-5| Substation

E LONC NG Log

= =4

s Switch 4-2-S =

Q N

NO
Qther Circuit Other Circuit
Loads Loads
2.4kV/480V A A 2.4kV/480V
750kVA A A T750kVA
Transformer Y YN Transformer
¥ Y
Panel PP2 | Panel PP3
6 Loads
A
Induction 150A
Motor Inverter
300 kVar SC

Figure 4.14. ORNL’s DECC Laboratory.
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Figure 4.15. PCC voltage at the inverter without voltage regulation.
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Figure 4.16. PCC voltage (in RMS) with non-adaptive voltage regulation.

58



The response time is significantly shortened to 0.44s without any overshoot or
oscillation, or instability problem. Figure 4.18 shows the actual voltage deviation from the
experiment (the blue line with ripples) and the desired voltage deviation under the ideal
exponential response (the smooth red line). The actual deviation decay time closely matches
the 5t decay time of the ideal curve (0.5 s). The experimental result verifies the advantage of

the adaptive control approach.
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Figure 4.17. PCC voltage (in RMS) with adaptive voltage regulation.
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Figure 4.18. Comparison of the desired and actual voltage deviations.

4.6. Chapter Conclusion

An adaptive voltage control approach using PI feedback control, which is based on
the local voltage variation and non-active power theory [10], is developed. The approach has
a wide adaptability and is easy to implement by practicing engineers since it does not require
detailed system data. Simulations and field experiments both show that the adaptive approach

satisfies the rapid response and performance requirements needed for integration with

existing system equipment.
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5. Voltage Regulation with Multiple DEs

5.1. Chapter Introduction

In this chapter, the challenges of voltage regulation with multiple DEs are discussed.
A theoretical calculation of the controller parameters of the adaptive method in multiple DEs
voltage regulation is presented. Based on the availability of the communications among the
voltage regulating DEs, a high-end with communication implementation and low-end without
communication implementation of the adaptive control method are proposed, respectively.
Simulation results show that in both implementations, DEs can track the desired response

curve closely and yield satisfactory regulation results.

5.2. Challenges in Voltage Control with Multiple DEs

When multiple DEs connected in the systems participate in the voltage regulation, the
interference among these DEs makes the voltage control process more complicated. As
shown in the simulations in Chapter 3, the controller parameters suited for voltage regulation
with a single DE may fail to generate satisfactory performance in voltage regulation in the
two DEs case. The problem of coordination among all the DE controllers needs to be
considered as the DEs have similar response time that may cause them to chase each other
which could lead to instability or oscillations.

Note that in a practical operation, we may choose only a limited number of DEs for
voltage control, similar to the practice in AGC control. DEs with voltage regulation ability
can bid for providing this service such as in the ancillary service market. This should reduce
complexity while maintaining an acceptable efficiency. However, the exploration of how to

implement the process of choosing voltage regulating DEs in a large distribution system is
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beyond the scope of this research and therefore will not be discussed in this dissertation.
Instead, it is assumed that the locations of the voltage regulating DEs are known.

In the following simulations, it is assumed that two DEs are installed at bus 3 (DE1)
and bus 6 (DE2), respectively, as shown in Figure 5.1. The five simulation scenarios can be
categorized into two types: only one DE offers the voltage regulation (Scenarios 1 and 4) or
both DEs participate in voltage regulation (Scenarios 2, 3, and 5). In all the scenarios, the
voltage reference at the PCC of DE2 remains fixed and the voltage reference setting of DE1
is varied in order to investigate the impact of the voltage regulation of DE1 on that of DE2.
The simulation conditions of each scenario are listed in Table 5.1.

Figure 5.2 shows the voltage responses of bus 6, where DE2 is connected, when the
voltage regulation settings of DEI are varied. The controller parameters remain fixed with

Kp=0.04 and K;=1.2 for both DEs in all the simulation scenarios. The red solid flat line is the

Table 5-1. Simulation conditions of the test scenarios.

Scenario | If participating in voltage regulation | Terminal voltage reference (v)
No. DEI DE2 DE1 DE2

1 No Yes 270.2

2 Yes Yes 270.6 270.2

3 Yes Yes 271.0 270.2

4 Yes No 271.2

5 Yes Yes 271.2 270.2
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voltage reference of DE2. The blue curve is the voltage response of DE2 in Scenario 1. The
magenta dash curve is the voltage response of DE2 in Scenario 2 and the green dot curve
shows the voltage response of DE2 in Scenarios 3. A comparison of voltage responses of
DE2 in the three scenarios shows that the voltage regulation behavior of DE1 affects the
terminal voltage response of DE2.

Figures 5.3 and 5.4 show the voltage responses of DEl in Scenarios 2 and 3,
respectively. As seen in Figures 5.2 to 5.4, when the voltage reference of DEI is set to 271yv,
both DEs try to bring the voltage up and inject reactive power, which make the regulation
process of DE2 faster than the case when there is only one DE to regulate the voltage; while
the voltage reference of DE1 is set to 270.6 v in Figure 5.3, DE1 reduces the voltage, which
is the opposite direction to the voltage change of DE2. This slows down the regulation

process.

:

CONTROLLER |— INVERTER CONTROLLER — INVERTER

- m

DER OER

Figure 5.1. A radial test system installed with two DE:s.
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Figure 5.2. Voltage responses of DE2 in Scenarios 1, 2, and 3.
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Figure 5.3. Voltage regulation of DEI in Scenario 2.
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Figure 5.4. Voltage regulation of DEI in Scenario 3.

Besides changing the response speed of the other DEs, the voltage regulation
behavior of one DE may cause the wrong regulation direction problem of the other DEs. This

is demonstrated in the following discussion.
Recall that

t
k * ES
v =v (Oll+ Kp v -V +K, (j)(vt (1) =V (0)dr]. (5.1)

This is the reference voltage required for a DE to produce during the regulation
process. For fixed control parameters Kp and K; with a positive value (usually K; is greater
than Kp), if the reference voltage V(1) is higher than the terminal voltage V,(¢), the DE will
increase its output voltage and attempt to bring the voltage up to the reference. On the other
hand, if Vl*( t) is less than Vi(t), the DE will reduce its output voltage and reduce the actual
voltage. When only a single DE regulates the voltage, the positive or negative sign of the
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error between V, (7) and V(1) provides a correct regulation direction for the DE. However, in
the case of multiple DEs participating in the voltage regulation, due to the other DEs’
simultaneous compensation, the sign of the error between V,*(t) and V,(t) may not produce
correct information on which direction to move.

In Figure 5.5, the blue solid curve shows the terminal voltage response of DE2 in
Scenario 4, when only DEI regulates its own terminal voltage. As can be seen, it exceeds the
voltage reference (the red flat line) and DE2 needs to reduce the voltage to bring it down to
the voltage reference if DE2 also participated in the regulation. However, the magenta dashed
curve shows that in Scenario 5 when both DEs regulate the voltages, DE2 still tries to
increase the voltage before reaching the reference at 0.3 s and only after the overshoot
happens begins to reduce the voltage. The reason is that it begins to absorb the reactive power
and bring the terminal voltage down only when the terminal voltage is higher than the
reference voltage. Therefore, the overshoot is inevitable in this case.

In short, in the case of multiple DEs regulating voltages, one DE may be required to
absorb reactive power to offset the excessive compensation from the other DEs, even when
its terminal voltage is less than the reference voltage. In this situation, the sign of the error
between the reference voltage and actual voltage fails to provide the right direction on
whether the DE should increase the voltage output or decrease it, and accordingly, the

overshoot occurs.
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Figure 5.5. Voltage response of DE2 in scenario 4 and scenario 5.

From the simulation results of the five scenarios, we can conclude that:

o  When multiple DEs participate in the voltage regulation, they interact with one
another. The terminal voltage response of each DE is the result of all the DE’s
regulation behavior, and therefore, its speed may be increased or decreased by the
other participating DEs.

o The voltage correction of the other DEs may result in excessive compensation at
one DE’s terminal bus, which makes the sign of the error between the reference
voltage and actual voltage fail to indicate whether the DE should increase output
voltage or decrease it without a voltage overshoot. To avoid this problem, a new

signal should be introduced to provide the correct regulation direction for the DE.
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The interaction among the DEs raises additional challenges for voltage control. The
control algorithm needs to consider the impact from the other DEs and avoid the overshoot
problem caused by the misleading information from the voltage error signal. However, we
also can observe from the simulation results that the local terminal voltage measurement
reflects the impacts of the other DEs’ regulation on one specific DE. This information can

still be used as the feedback to adjust the controller parameters.

5.3. Theoretical Formulation of the Parameters for Multiple Voltage-

Regulating DEs with Adaptive Control Method

In Chapter 4, the formulation of the controller parameters in the case of a single
voltage-regulating DE with the adaptive algorithm has been explained. When multiple DEs
participate in the voltage regulation, as shown in Figure 5.6, it is interesting to investigate
whether the adaptive control algorithm can still be applied to each voltage-regulating DE and
the desired voltage response curve of each DE can be defined independently. This section
will answer these questions and present a theoretical formulation of the controller parameters

for multiple DEs with an adaptive algorithm.
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Figure 5.6. A schematic diagram of a network and with multiple DE sources.

Assume the DEs are connected at bus 1 through bus m, as shown in Figure 5.6. The

nodal voltage equation can be expressed as

i v, (s) N v, (s)
~ _ sL, R, +sL
vrl(s) E
: v, (8) v, (s)
. + >
R RO I .
Ky = .
Vi () Vs (5) 62
. Rm+1 + SLm+l
L Vi (s) | :
v, (s)
i R, +sL, |

where Y(s) is the admittance matrix of the system; v,(s) is the voltage at bus i; vy(s) is the
voltage source at bus / (I=1~n), excluding the DE source; R;+L; is the equivalent impedance
for the electrical connection from the voltage source vy to the terminal buses [; v(s) is the

output voltage of the DE source connected at bus k (k=1~m); and L., is the inductance for the
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DE to the terminal bus k connection. From Equation (5.2), we can derive the voltages vector

as
i vcl (S) + vsl (S)
~ _ sL,, R, + 5L,
v, (s) :
; Von(5) |V (8)
Vi (5) 265) sL, R, +sL, 53
= S .
vtm+.1 (S) Vsm+1 (S)
: Rm+1 + SLm+1
v, (s) :
i ) v, (8)
i R, +sL, i

where the impedance matrix Z(S) = [Y (S)] . From Equation (5.3), we can obtain the vector

of the regulated voltage as follows

v, (s) R, +5sL, Ve (9)
|- z —v“':(s) Z,(s)-A |
vtiFs) =Z,(s) R +sL +Z,(s)- A(s) vcz.(s) (5.4)
v, (5) v (9 v, (5)]
_Rn +sL, |

where Z;(S) is the sub-matrix of Z(S) formed by rows [ to m; Z,(S) is an additional sub-
matrix of Z(S) formed by rows / to m and columns / to m; and A(S) is the diagonal matrix

defined in Equation (5.5)

1/sL,, 0
A(s) = - (5.5)
0 1/sL,,

From Equation (5.4), the vector of the DE output voltages can be expressed as
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- - [ va(s) ]
Ve (9) v, ($) R, +sL,
v () |2 A6 2y || v9) - 2,0) ) (5.6)
Cl: 2 n: 1 Ri_lsti .
v, (9)] v, (9)] V()
i _Rn+sLn 1]

Based on the assumption of the adaptive control method, we have

Avti max

AV,.(s)=————and 5.7
s+1/7
* A‘/tz max

V,(s) = (v ——limny, (5.8)
nos+l/7t

Therefore, we have

V(= V=AY, e T)cosaft+ ) (5.9)

where Vj;(s) is the RMS of the voltage at bus i; AV,(s) is the error between V;; *. the reference
voltage at bus 7, and V;(s); @; is the phase angle of the voltage at the terminal Bus i, and fis
the fundamental frequency. @; is known as the pre-disturbance condition or what can be
obtained by the steady-state power flow calculation in the simulation.

By substituting Equation (5.9) into Equation (5.6), we can obtain

va(s) (V! = AV, e )eosQi+4) R +5L,

v ‘(S) =A(s)"Z,(s)" - * _% —Z.(s) v”—(s)
i 2 (V”, —AV, € . )cos(2aft + @) 1 R +sL
Ven (5) (V" AV, e T eosi+,) a9
- - | tm tm_max m ] | Rn + sLn 1]

(5.10)

For any bus i (i=1~m), where the DE is connected, we have
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m _t 1 1)
va(s)=sL, - D T,|(V, —AV, e ")cosQai+¢,)-> Z, Vals)
= ) o R +sL
(5.11)
where Tj;is the element at row i and column j in Z(S )'1 and Zj is the element of row j and
column / of Z(S).

From Section 4.3, recall that

V()
V., (s)

1

K, (s)= (5.12)

AV, (5)1+)
s
where m is Kjy/Kpy, the calculation of which has been discussed in Section 4.2. For the DEs
having the same DC voltage ratings, it can be assumed that the values of m are the same for
simplicity.

By substituting Equation (5.7), (5.8) and (5.11) into (5.12), we have

m _L n
RMS(sL, Y T,|(V,=AV, e *)cosQafi+¢,)-> Z, Vals)
Jj=1 - =1 Rl +SLI
* AVtt’_max
i
KPi(S): s+1/7
i _ max m
+)
s+1/7 s
(5.13)
and
m 71 n vs[(s)
mRMS(sL,, Y T;| (V, —AV, ..e ")cosQaft+p,)—» Z , —1——
A ) UOE T R4sL |
* A‘/tifmax
i
K,(s)= - s+l/t
i _ max (1+ﬂ)
s+1/7 s
(5.14)

Equations (5.13) and (5.14) provide the formulations to calculate the parameters of

the adaptive voltage controller when multiple DEs participate in the voltage regulation. If
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only one voltage-regulating DE exists in the system and we assume it is connected at bus i, T};
should be equal to 1/Z; then Equations (5.13) and (5.14) are the same as Equations (4.17) and
(4.18).

We can calculate the controller parameters with which the terminal voltage follows
the exponential decay pattern, provided that the network parameters are known, using
Equations (5.13) and (5.14). In the situation that one of the DEs needs to absorb the reactive
power in advance when its voltage is still below the reference to prevent the voltage
overshoot, and it is highly interesting to investigate what the controller parameters would be.
To investigate this phenomenon, the controller parameters in Scenario 5, listed in Table 5.1,
are calculated by Equations (5.13) and (5.14). The results are shown in Figures 5.7 ~5.12.

Figures 5.7 and 5.8 depict the terminal voltage responses of DEl1 and DE2,
respectively. From the two figures, we can observe that after a disturbance occurs at 0.2 sec
which causes the voltage drop, the voltage at both buses follows the exponential decay
pattern to reach the reference voltages. Different from the response of the fixed parameters
control, no overshoot occurs at the terminal bus of DE2. This means that the timely
regulation direction information can be achieved by following the defined ideal voltage
response (i.e., the exponential decay pattern), instead of comparing the actual voltage with
the fixed reference voltage. The Kp and K; parameters of the controllers will change during
the regulation process to generate the exponential-decay-pattern response. Those parameters
are shown in Figures 5.9 ~ 5.12. It should be noted that both DEs are assumed to have the
same DC voltage rating, and therefore, have the same value of K;/Kp, which is calculated in
Section 4.4. The Kp and K; of the controller of DE1 are shown in Figures 5.9 and 5.10. They
vary with respect to time during the entire regulation process. Similar to what we observed in

the simulation results of the single DE case, both of the Kp and K; parameters increase
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gradually to reach a stable positive value. However, from the Kp and K; values of the DE2
controller, shown in Figures 5.11 and 5.12, we can observe that the values of the parameters
Kp and K; reduce to negative. It should be noted that the sign of the values of Kp and K;
reflect the voltage regulation direction. To avoid voltage overshoot at the terminal bus of
DE2, the voltage output of DE2 needs to be reduced to absorb reactive power, even when the
actual voltage is lower than the reference voltage. Therefore, the Kp and K, values have to be

negative to reduce the voltage output of the DE2.
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Figure 5.7. Terminal voltage of DEI1 - Scenario 5.
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Figure 5.8. Terminal voltage of DE2 — Scenario 5.
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Figure 5.9. The calculated value of Kpof DEI1 in adaptive control - Scenario 5.
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Figure 5.10. The calculated value of K;of DEI in adaptive control - Scenario 5.
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Figure 5.11. The calculated value of Kpof DE2 in adaptive control - Scenario 5.
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Figure 5.12. The calculated value of K;of DE2 in adaptive control - Scenario 5.

The previous analysis and simulations prove that a unique solution for the control
parameters under any specific operation condition exists. They also prove the existence of a
unique solution of the dynamic, time-varying control parameters that will lead to the ideal
voltage response.

To control the voltage regulation behavior of multiple voltage-regulating DEs in the
grid, two possible solutions exist: control with communication or control without
communication.

1. A high-end, with communication solution: Communications among the DEs

enable each voltage-regulating DE to have the necessary information to make the
control decision. The terminal voltage of each DE which participates in the

voltage regulation is broadcast among the voltage regulation DE groups or is
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reported to the control center. Then each DE voltage controller or the control
center has sufficient information to make the right control decision. This high-end
solution requires a continuous communication that may incur additional cost and
create reliability issues. It should be noted that this work assumes the
communication is ideal. Hence, the discussion of the actual communication is
ignored while the focus is on the investigation of the control method.

A low-end solution with no communication: Methods with or without light
communication are more preferable. In section 5.2, we have observed that the
voltage at one DE’s terminal bus also reflects the simultaneous impact from the
other DEs’ voltage regulation behavior. So, when compared with the desired
response pattern, the local voltage measurement can still provide accurate and
timely information of the regulation direction. With the suitable adjusting step size
and timely adjustment, it is still possible for each DE to track its desired voltage

response pattern closely and finally reach the reference voltage.

In the following subsections of this chapter, both the voltage regulation approaches, with

and without communication, will be investigated and the results will be compared. Features

of each approach are discussed.

S54.

Voltage Regulation with Communication

The communication among the voltage-regulating DEs or with the control center

provides the real time information of the whole system, including the terminal voltage at the

other DE buses and the output voltage of every DE.

At any time ¢, we have
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where Y is the admittance matrix Y;=G;+jB;; and \./,,» =V. 45, (i=1~n).

Equation (5.15) is the discretization of function (5.2). For any bus, i, which is

connected with DE, from Equation (5.15) we can obtain

Va(£6,(1) Vi (1)Z3,(1)

) G. +jB.)V. ()L, (1) =—2 i=1~m
IZ_;( ! J U) tj() j() .]Xci Rsi+szi l
i . V ()£, (1) .
G, +jB))V.()ZLS.(t) =222 =(m+1) ~n.
JZ_;( i HIBV, (1) Z£0,(1) R+ X, i=( )
(5.16)

By splitting Equation (5.16) into real part and imaginary parts, we have

+ source _r,(t),

3GV, (1)cos(8, (1)) - BV, (1)sin(3, (1)) = ~+ s;(n(‘s”' ©)

i=1~m.
-V _.(t)cos(d,, (1))
X

3GV, (1)sin(8, (1) + B,V, (1) cos(8, (1)) =
j=1

+ source _i, (1),
ci

i=1~m.

iGUVU (t)cos(9,(1)) — BV, ()sin(d, (1)) = source _r,(t), i=m+1~n.

3G, V., (1)cos(S, (1)) — B,V, (1)sin(, (1)) = source_i (1), i=m-+1~n.
j=1

(5.17)
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where source_rt) and source_ii(t) are the real and imaginary parts of V(1) Z£8,(t) °
R‘vi + jX‘vi
respectively. They are constants because the voltage sources from the substations are known,
as is typically assumed.
Considering the real power output of DEs, we have

Vci (;)-Vﬁ (t) sin(é‘d (l‘) _ é‘l(t)) = Pi(t), i=1~m. (5.18)

In the adaptive control method, the terminal voltage response of each DE, Vi(t),
i=1~m, is predefined, so we have 2n+m unknown variables remaining. These 2n+m
unknowns include:

¢ The phase angles of the bus voltage 5 () J=1~n;

e The magnitudes of the voltage at the other buses, excluding DE terminal buses,
Vi(t), i=m+1~n;

* The phase angles of the DE output voltages, g (1)’ i=1~m; and

e The magnitude of DEs output voltages, V,(f) , i=1~m.

There are total of 2n+m equations in (5.17) and (5.18), which matches the total
number of the unknown variables. Hence, at any moment #, given the terminal voltage of DEs,
Vi(t), i=1~m, there are corresponding DE output voltages V,(t), i=1~m.

V., )= f.(V,(t),--V (1), i=1~m. (5.19)
From ¢, to ty+At, if AVi(t) is very small and Function (5.19) can be linearized to

acquire the approximation of V,(#)+At) as

V.(t, +AD) =V (1,) + Z% o V(1 +AD =V (1)), i =1 ~ m.(5.20)
=19V,
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where o, is assumed to be constant in the small range and can be calculated by the local
8_Vj =ty
measurement in real time.

At 1y, to+AL, tp+2At, ..., ty+mAt, without the loss of generality, we can set the output
voltages of DE at bus i are V,; (ty ), V. (to+At ), Vi (tp+2At ), ..., V. (to+mAt ), respectively,
where i=/~m. The corresponding terminal voltages, V; (19 ), V; (to+At ), Vi (tp+2At ), ..., V;
(to+mAt ) , where j=1~m, at the buses which have DE connections can be measured. Hence,

for any bus i which has a DE connection, we have the following equations

AV =V (1, + A=V, (t,) = z% AV
j=1

J

AVP =V (1, +2A1) =V (t, + At) = Z% AV®
e (5.21)

AVI™ =V (1, + mAt) =V, (t, + (m—1)Ar) = Z% AV™

J=1 J

WhEre Ayt —y (1, + kA =V, (ty + (k= DAD), k=1~m,i=1~m, j=1~m"

Equation (5.21) can also be expressed in matrix form as

T
AV Tav AV oAV ] v,
AVO | [AV®  Av® . oav® | Y
Sl : : 1A (5.22)
AV [ AV AV AV o,

We can derive the coefficient vector as
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-
W, | Tav® av® . AvO AV

il lav® av® o av® | lav®

v, [=| . Do : (5.23)
o, | LAV AV AV || AVY

| dV,, |

By Equation (5.23), we can obtain the linearized relation in a small range between all
DE output voltages and the voltages at all the DE terminals.

In the adjustment process, once the coefficient vectors have been calculated by (5.23),
we can easily calculate how much the DE output voltage needs to be for the next adjustment
step based on Equation (5.20) in order to achieve the voltage response matching the desired

response. When the voltage matches the desired response, it follows the pattern below

)
AV, =V (1, + A =V, (1,)
_I+At

* — * -
=V ~AV, e T =, —AY, e ) (5.24)

t t+At

=AV, L (eT—e 7)

J _max (

from ¢, to tp+At; and

t+At _t+2At

Avjm=Vj(lo+2At)—Vj(to+At):AV;,-,max(€ T —e 7)) (5.25)

from ty+At to ty+2At.
For two consecutive voltage changes, we can obtain the ratio of the two by dividing

(5.25) by (5.24),

A _H2A At 2Ar
2 E— =
AV./() AV, e 7 —e T ) et —e T
TAav T e - J=1~m. (5.26)
! AV, ule T —e 7)) l-e *

tj _ max
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Provided that the fixed step size, At, of the parameter-adjusting process, the ratio is
constant and remains the same for each DE terminal voltage. Therefore, from Equation (5.20),

we have

AV P =V _(t, +2A1) = V_(t, + Ar)

= Za_f t:t0+ArAVj(2) = Z af t=t, Avi(l)
j=1 aVI ’ j=1 an ’ . (5.27)
& of M M
=r) —|,., AV, =rAV,
; aVI 1=t J

We can conclude that the DE output voltage required to generate the desired response
should follow the following rule:

The ratio of two consecutive adjustments is constant and equal to the ratio of

the corresponding two consecutive terminal voltage changes.

So, after the terminal voltage response matches the desired response, the DE output

voltage can be adjusted according to this rule to make the voltage response follow the desired

response. In the following adjusting process, the coefficient vector o of o T
{avl v, ""’aVJ

does not need to be calculated, and actually, Equation (5.23) does not exist when the voltage

follows the desired exponential decay paten because AVD AVD o AYO will
1 2 m
AV®AVP AV
1 2 m
AV™ AV AV

become singular in this condition.
The regulating algorithm discussed so far can be generalized into three steps:
1. Increasing the DEs voltage output by a fixed step to calculate the coefficient

vector af, af, af, T,
ov, oV, oV,
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2. Setting the DE voltage outputs according to Equation (5.20) to ensure each DE

terminal voltage to match the desired response.

3. Updating the DEs voltage output according to Equation (5.27).

A more detailed algorithm flow chart is shown in Figure 5.13.

In the following discussion, the simulation results of the adaptive voltage control
method with communication on the system in Figure 5.1 will be shown. The real power
injection of DE1 and DE2 is 30 kW and 10 kW, respectively, and remains constant. The
voltage references for bus 3 and bus 6 are 275.85 v and 275.70 v. Assume after a load
increase, the voltages at bus 3 and bus 6 drop to 270.85 v and 270.70 v, respectively. The
adjustment cycle is 1/60 s (i.e., the adjustment frequency is aligned with the electricity

frequency).

1. Calculating the coefficient vector o o, o, T,
ov, oV, oV,
V(o):[270.85, 270.51%, VC(O):[271.1726, 270.1228]". Increase DE output voltage by
AV.V=10.1,0.1]" and AVC(Z):[O.1,0.15]T in two consecutive adjustment processes.
Then, we have V,"'=[271.2726, 270.2228]" and V,?=[271.3726, 270.3728]". The
. . 1)_ T 2)_
corresponding terminal voltages are VIP=1270.8758, 270.5267]" and V¥=[270.9074,

270.5598]" . According to Equation (5.23), for DE1 we have

% — _1

ov, | AV AV AV

Y| Tlav® av® ] [ave

oV,
[ 270.8758-270.85  270.5267-270.5 ] [0.1
- 270.9074-270.8758  270.5598 —270.5267 | | 0.1
[ 66.7170
-60.7167
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Initialize the ratio between
controller parameters according
to Egs. (4.3) and (4.5)

If | Vier-Vacwal>threshhold

Yes

v

Detect the maximum voltage deviation
and record current Vc and Vt

]

the number of the measurements equals the
number of the voltage-regulating DEs

Calculate the coefficient
vectors

A
Set Vc according to Eq.
(5.20),and record
corresponding Vt

A

Calculate AVe, AVt and
ratio r

A
Update Vc according o
Eq.(5.27)

If | Vier-Vacruall>threshhold

No

> End

\
Increase Vc by fixed step
and record corresponding Vt

No 3

Figure 5.13. Adaptive voltage adjusting algorithm with communication.
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For DE2, we have

% — _1

aV3 B AV3(1) AV6(1) AVC(ZI)

9| AV Av® | [ Av]

v,
[ 270.8758-270.85 270.5267-270.5 | [ 0.1
2709074 -270.8758  270.5598-270.5267 | |0.15
_[-70.8723
| 72.2351

Adjusting DE output voltages to make terminal voltage match the desired

response.

3x1/60

The desired voltage at bus 3 is 27585—5¢ 01 =272.8173 V, and at bus 6 is

3x1/60

2757 -52¢ 01 —2725460 V- According to Equation (5.20), the voltage

adjustments need to be

I
AVC(13) _ 8V3 aV6 AVS(_3)dexired
AVC(; ) ai aﬁ AV6(E)desired
v, v,

3 [ 66.7170 —60.7167 |[272.8173 -270.9074
| -70.8723  72.2351 | 272.5460—270.5598

_[6.8265
81155

After the adjustments, the output voltages of two DEs are

4% 712703728 +8.1155 | | 278.4883

{le”} [271.3726 + 6.8265} ~ [278.1991]
The corresponding terminal voltages are %S =[272.8061, 272.5350]T, which are very

close to the desired response.

For the next adjusting process, we have the desired response as
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_4x1/60

v@ | 275855 o _{273.2829}
desired ~ axi1/60 | =
275.7—52¢ Ol 273.0302

To match the desired response, the DEs output voltages need to be

) 9 9
Vc(14) — VC(13) + aV3 aV@ AV3(_40)lesired

_‘/L( 23 ) aﬁ aﬁ AVéf;axired

v, v,
[278.1991 N 66.7170 —60.7167 | 273.2829 —-272.8061
| 278.4883] |—70.8723  72.2351 | 273.0302—272.5350

[279.9373
| 280.4736

The actual voltages are Vt(4):[273.2768, 273.0242]". The voltage responses at both
buses follow the desired response.

Similar patterns will be repeated for the following processes.

Adjusting DE output based on the ratio of voltage change between two
consecutive adjusting steps.

If the voltage responses perfectly follow the desired responses without any error, the

ratio of the two consecutive voltage changes can be calculated by applying equation

(5.26) as
A A 160 2/60
e T —e T e 0.1 —e 0.1
r= = e = 0.8465.
l—e * l—e 9

i
ed

The actual needed ratio can be calculated as: r = AAV%

=< . For multiple DEs, we can

take the average value of all the DEs to neutralize the random errors. In this case, we

have

_(273.6770—-273.2768 4 273.4401-273.0242
273.2768 —272.8061 273.0242-272.5350
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And hence, the DE output for this step should be

V.(f) V,(f” AV,(f” 279.9373 1.7383 281.4152 |
I P O L +0.8502 =
VC<25> Vc(24) Avfz“) 280.4736 1.9853 282.1614
The corresponding terminal voltages are Vt(5):[273.6760, 273.4392]T. The actual

voltages closely follow the desired responses. For the following adjusting steps, this

operation will be repeated until the actual responses reach the voltage references.

Figures 5.14 and 5.15 show the comparison of the actual voltage responses and
desired voltage responses in the whole process. The voltage drop occurs at 0.2 sec. At the
beginning of the regulation process, the voltage response does not follow the ideal response
because the DEs’ output voltages are controlled to increase in the fixed step size to calculate
the coefficients between the DEs’ output voltage changes and the terminal voltage changes.
After obtaining the coefficients, the voltage responses successfully catch the ideal responses
and going forward follow the ideal responses very closely until reaching the reference
voltages. The maximum difference of the ideal voltage and actual voltage is 0.0112 V for
DE1 and 0.0111 V for DE2 in the process. Figures 5.16~5.19 show the values of the Kp and
K; parameters of the DE1 and DE2 controllers, respectively, in the adjustment process. Figure
5.20 shows the average value of the ratio of the two consecutive voltage changes, which is
close to the ideal value 0.8465.

This method is also tested in the case that one DE needs to absorb reactive power.
Figures 5.21 and 5.22 show the voltage responses at terminals DE1 and DE?2, respectively,
when only DEI1 regulates its terminal voltage. The terminal voltage of DE2 finally reaches
275.48 V. If the reference voltage at the terminal of DE2 is set to 271.10 V, DE2 needs to

absorb reactive power. Figures 5.23~5.29 show the simulation results when both DEs
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regulate the voltage, when the reference voltages of DE1 and DE2 are 275.85 V and 275.10
V, respectively. The terminal voltage responses of DE1 and DE2 can closely track the ideal
responses except at the very beginning, as shown in Figures 5.23 and 5.24. After obtaining
the coefficient vector, the maximum tracking errors are 0.0576 V and 0.0566 V, respectively.
The values of Kp in the DE1 and DE2 controllers are shown in Figures 5.25 and 5.27,
respectively. The Kp of DE2 decreases to a negative value to make the output voltage of DE2
less than the terminal voltage and therefore, DE2 absorbs the reactive power while its
terminal voltage is still below the reference. The average value of the ratio of the two
consecutive voltage changes during the regulation process, shown in Figure 5.29, is close to
the ideal value 0.8465 as well. These simulation results show that this tracking method can
also work well in the case where the DE needs to absorb reactive power even when its
reference voltage is higher than its terminal voltage.

The control approach with the communication can directly calculate how much the
DEs output voltages need to be in order to match the desired response curve and hence can

track the desired response quite closely.
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Figure 5.14 Voltage response of DE1 using the with-communication method when the

reference voltages of DE1 and DE?2 are 275.85 V and 275.70 V, respectively.
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voltage(v)

Figure 5.15. Voltage response of DE2 using the with-communication method when the

reference voltages of DE1 and DE?2 are 275.85 V and 275.70 V, respectively.
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Figure 5.16. Kp of DE1 using the with-communication method when the reference voltages of

DEI and DE2 are 275.85 V and 275.70 V, respectively.
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Figure 5.17. K; of DE1 using the with-communication method when the reference voltages of

DEI and DE2 are 275.85 V and 275.70 V, respectively.
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Figure 5.18. Kp of DE2 using the with-communication method when the reference voltages of

DEI and DE2 are 275.85 V and 275.70 V, respectively.
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Figure 5.19. K; of DE2 using the with-communication method when the reference voltages of

DE1 and DE2 are 275.85 V and 275.70 V, respectively.
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Figure 5.20. Ratio of the two consecutive voltage changes using the with-communication
method when the reference voltages of DE1 and DE2 are 275.85 V and 275.70 V,

respectively.
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Figure 5.21. Voltage response of DE1 - only DE1 regulating voltage.
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Figure 5.22. Voltage response of DE2 - only DE1 regulating voltage.
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Figure 5.23. Voltage response of DE1 using the with-communication method when the

reference voltages of DE1 and DE?2 are 275.85 V and 275.10 V, respectively.
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Figure 5.24. Voltage response of DE2 using the with-communication method when the

reference voltages of DE1 and DE2 are 275.85 V and 275.10 V, respectively.
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Figure 5.25. Kp of DE1 using the with-communication method when the reference voltages of

DEI and DE2 are 275.85 V and 275.10 V, respectively.
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Figure 5.26. K; of DE1 using the with-communication method when the reference voltages of

DEI and DE2 are 275.85 V and 275.10 V, respectively.
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Figure 5.27. Kp of DE2 using the with-communication method when the reference voltages of

DEI1 and DE2 are 275.85 V and 275.10 V, respectively.
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Figure 5.28. K; of DE2 using the with-communication method when the reference voltages of

DEI1 and DE2 are 275.85 V and 275.10 V, respectively.
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Figure 5.29. Ratio of the two consecutive voltage changes using the with-communication
method when the reference voltages of DE1 and DE2 are 275.85 V and 275.10 V,

respectively
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5.5. Voltage Regulation without Communication

When communications among the DEs and/or with the control center are not available,
each DE can only use its local information to regulate voltage. However, it is already shown
by the simulation results in Subsection 5.1 that the terminal voltage of each DE also
implicitly reflects the other DEs’ voltage regulation behavior almost instantaneously.
Moreover, the ideal response curve instead of the reference voltage, which is fixed during the
regulation process, provides a timely signal of the adjusting direction. So it is possible to
adaptively modify DE’s output for voltage regulation to catch the ideal response and finally
reach the fixed reference by using only the local information with a higher frequency
adjustment.

The heuristic adaptive method is used in Chapter 4 to track the ideal response. In
chapter 4, a scaling factor is defined to adaptively modify the control parameters. In the
single-DE voltage-regulation case, the gain parameters are always positive since the DE
output voltage changes its direction (increase or decrease) in accordance with the direction
that the terminal voltage is required to change. However, in the case of multiple DEs, as
shown in the previous discussion in this Chapter, the gain parameters may be negative for
several DEs because the same direction rule in one DE case does not always hold true in this
case. Thus, the scaling factor will not work to generate the negative gains. An alternative
updating scheme which can generate either positive or negative gains is preferred. In the
updating scheme, two factors need to be considered: the direction and step size of the

adjustment.

A. Direction of the adjustment
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The comparison of the actual voltage with the ideal voltage provides the information
for the adjusting direction. The change of DE output voltage caused by the adjustment of the

gain parameters can be expressed as

AV, =14 K, ()Y, =V () + K, () 0V, =Vt [V ()

—@+meww—Vm»+meﬂwg—vmmﬂvm>

(5.28)
Since at every adjustment, the change of the terminal voltage is very small, V(z,) is

approximately equal to V(¢;). Also, the difference between .,
pp y €q (1) I V., V()i

0

f can be neglected. Therefore, we have
[| W, —vnar

AV, = [AKP (Vi =V ) +AK, [V, =V (1))dr }V(tl) (5.29)

When the actual local terminal voltage (V(z;)) is higher than the desired terminal voltage
(Vigesirea), @ DE needs to reduce its output voltage (V,) to reduce the actual terminal voltage
and AV, should be negative. Hence, according to Equation (5.29), to obtain a voltage
reduction, i.e., a negative AV,, AKp needs to be positive if a voltage deviation beyond the
reference occurs (i.e. V,r< V(t)); or AKp needs to be negative if a voltage deviation below the
reference occurs (i.e. Vs> V(t)). To the contrary, when the actual local voltage is lower than
the desired voltage, the DE needs to increase its output voltage to bring the actual voltage up
and AV, needs to be positive.

At any given time instant, it is not clear whether the DE should really bring the
voltage up or down because of the impact from other DEs, even though the DE’s local
voltage is lower (or higher) than the reference voltage. Therefore, based on these discussions,

the updating scheme of Kpis proposed as a gradual change towards the desired direction. This
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can help avoid the dramatic change of Kpthat may lead to an undesired voltage response. The

new updating scheme of Kpis defined as
Ky =Ky +AK, (5.30)

AI{P =ax (_I)S X (‘/ideal (t) - ‘/acrual (t))’
0, when voltagedip s to be corrected ; (5.31)
and S =

1, when voltagerise is to becorrected.

where « is a positive value, which is the adaptive scaling factor and will be discussed next.
B. Step size of the adjustment

When the deviation of the actual voltage from the ideal voltage is large, a large
adjustment is expected; when the deviation is small, a small adjustment is desirable. Thus, it

is reasonable to define an adaptive scaling factor as

a=kx(L+V () s =V O g (5.32)

actual
where k is a fixed step size.

Since the ideal response is defined as an exponential decay curve, the largest step
change of the terminal voltage should occur at the first adjustment, as shown in Figure 5.30.
Additionally, in this adjustment, the corresponding DE output voltage change, AV,, should

also be the largest. The relationship between AV, and AV can be linearized as

AV, =Y ¢,AV, (5.33)

=1

where ¢, AV, <c AV, 1#i’ and ¢, <1’ because the voltage change of the source produces

less impact on the voltage of the buses with longer electrical distance from the source. And

we can obtain

AV, =3 ¢, AV, <mc, AV, <mAV,, (5.34)

=1

Therefore, for the largest change of terminal voltage and DE output voltage, we have
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AV»(D

m

<AV, . (5.35)

where AV is the voltage change of bus i in the first adjustment and it should be

A v . The LSV of (5.35) can be set as a limit to the step change of AV..

_ideal i_actual

Applying this limit in the first adjustment, we have

( '(1') _ '(0)
— Vl(t)) Vl(t) S i_ideal i _actual (536)

m

AV, =~ AK (V.

i_ref

Combining Equations (5.31) and (5.32) with Equation (5.36), we have:

(0) (eY) D (0) N (0) (0)
k X (1 + ‘V - V‘_ideal )>< (Vi_ideal - Vi_actual )X (_ 1) X (Vi_ref - Vi_actual )X Vi_actual

i_actual i
(1) (0)
< Vi_ideal - i_actual
B m
(5.37)
Therefore, we can obtain the upper limit for the fixed step size k as
k< s ) <11> ) ) (5.38)
m(_l) (1 + abs (Vifacrual - ‘/ifideal ))(Vifref - ‘/ifacrual Vi?acrual

The procedure of this method is generalized in Figure 5.31.

AV A

AV,

AV,

v

Figure 5.30. Ideal voltage deviation from the reference in the regulation process.
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Initialize the ratio between
controller parameters according
to Egs. (4.3) and (4.5)

If | Vier-Vacwal>threshhold

Yes

v

Detect the maximum voltage
deviation and record current
Vc and Vt

v

Calculate k according to
Eq. (5.38)

»
.

A
Calculating the adaptive
scaling factor
a =k( 1 +abS(Videul_Vactual))

v

Calculate AKp
A KP=a (Videal' Vactual)

A
Updating parameters
Kp=Kp+ YAN KP;
K1=pr

If | Vier-Vacwal>threshhold

No

End

4

Figure 5.31. Adaptive voltage adjusting algorithm without communication.
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In the following discussion, the simulation results of the adaptive voltage control

method without communication on the system in Figure 5.1 will be shown. The system

condition is identical to what has been described in Subsection 5.4. The frequency of the

adjustment is 3000 Hz. This is reasonable since the actual sampling device can be as fast as

12.5 kHZ. The reference voltages for DE1 and DE2 are 275.85 V and 275.7 V, respectively.

1.

Calculation of the upper limit of k.
Since V?=[270.85, 270.50]" and the reference V'¥=[275.85, 275.70]%. For the

first adjustment the ideal voltage is

_ 173000 173000

V) =[275.85-5¢ O 275.7-52¢ °*' 1" =[270.8666,270.5173]" -

So, we have AV =v® _yv©® =10.0166,0.0173 1" . According to Equation
(5.38), we can obtain k for both DEs as

1 1
k=] , 1"
2x5x(1+0.0166)(—1)°270.85 2x5.2x(1+0.0173)(-1)°270.5
=[3.6318 x107*,3.4942 x10~*]"

Updating the gain parameters.
According to Equations (5.31) and (5.32), we can obtain the gain parameter

changes for both DEs as

P

_|3.6318x107 x(1+0.0166)(—1)° (0.0166) | | 6.1433x107°
3.4942x107* x (1+0.0173)(-1)°(0.0173) | [6.1512x10°°

. |0 16.1433x10° | |6.1433x10°°
KP: + 6|~ 6 .
0] |6.1512x10" 6.1512x10"
6.1433x107° | |3.7152x107
6.1512x107° | [3.7200x107°

K, =mK, = (0.127/0.021)[
Generating the DE output voltage
Recall that
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V=14 Ky V@) + K, [V, =V Vo).
In the first adjustment we have

270.5087

o | 1+6.1433x107° X540
© | 146.1512x10° x5.2

{270.8583} .

The according terminal voltage should be ;o) _ 2708515 and the difference
et 270.5068

from the ideal voltage is )  _ {0'015 2} .
difference
; 0.0105

The above process from Step 1 to 3 will be repeated until the voltage reaches the
reference. During the whole process the maximum difference between the ideal voltage and
the actual one of DEI1 is 0.0706 V; and for DE2 it is 0.0703 V. The comparisons of the ideal
voltage and actual voltage of DE1 and DE2 in the whole regulation process are shown in
Figures 5.32 and 5.33, respectively. Although the deviation from the ideal voltage is larger
than what is generated by the control method with communication, the results are still
satisfying. The terminal voltage can reach the reference with the expected speed without
overshoot or oscillation. The values of the gain parameters for the two DEs are shown in
Figures 5.34~5.37. If compared with the gain parameters generated in the method with
communication shown in Figures 5.16~5.19, they are definitely close.

The method without communication is also tested in the case where one DE needs to
absorb reactive power even when its reference voltage is higher than the post-disturbance
terminal voltage. The simulation scenario is identical to the second simulation case based on
the method with communication. The reference voltages for DE1 and DE?2 are set to 275.85

V and 275.10 V, respectively. Figures 5.38 and 5.39 show the voltage responses of DE1 and
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DE2, respectively. The maximum deviation of the actual voltage from the ideal one is 0.1420
V for DEI1 and 0.0871 V for DE2. Although these are very small deviations, they are still
larger than the maximum tracking errors in the with-communication method, which are
0.0576 V for DE1 and 0.0566 V for DE2. This is reasonable since we assume every DE
knows the other DEs’ actions in the with-communication approach. Nevertheless, the voltage
regulation of the proposed without-communication adaptive approach can still meet the 0.5
sec response time requirement, and no overshoot or oscillation occurs in the regulation.

Figures 5.40~5.43 show the values of the gain parameters in the regulation. The
tracking method can generate negative parameters to absorb the reactive power when the
reference voltage is higher than the terminal voltage, as shown in Figures 5.42 and 5.43. Next,
these values will be compared with the same parameters, but generated by the method with-
communication, as shown in Figures 5.25~5.28. The values of Kp of DE1 and DE2 in the
with-communication method are 0.0577 and -0.0327, respectively, after reaching the new
steady state; in the method without communication those values are 0.0564 and -0.0376,
respectively; and the accurate values of Kp for DE1 and DE?2 calculated by the analytical
formulation in (5.13) are 0.0622 and -0.0352 respectively. These values are reasonably close,
as the simulation results show with the close voltage response.

From these simulation results, we can claim that this self-adaptive voltage regulation
method without any communication can also effectively avoid overshoot and oscillation
problems in the multiple DEs case by tracking individual ideal voltage responses. Therefore,

its application in future utility practice is promising.
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Figure 5.32. Voltage response of DE1 using the without-communication method when the

reference voltages of DE1 and DE2 are 275.85 V and 275.70 V, respectively.
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Figure 5.33. Voltage response of DE2 using the without-communication method when the

reference voltages of DE1 and DE?2 are 275.85 V and 275.70 V, respectively.
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Figure 5.34. Kp of DE1 using the without-communication method when the reference

voltages of DE1 and DE2 are 275.85 V and 275.70 V, respectively.
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Figure 5.35. K; of DEI using the without-communication method when the reference voltages

of DE1 and DE2 are 275.85 V and 275.70 V, respectively.
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Figure 5.36. Kp of DE2 using the without-communication method when the reference

voltages of DE1 and DE2 are 275.85 V and 275.70 V, respectively.
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Figuure 5.37. K;of DE2 using the without-communication method when the reference

voltages of DE1 and DE?2 are 275.85 V and 275.70 V, respectively.
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Figure 5.38. Voltage response of DE1 using the without-communication method when the
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reference voltages of DE1 and DE2 are 275.85 V and 275.10 V, respectively.
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Figure 5.39. Voltage response of DE2 using the without-communication method when the

reference voltages of DE1 and DE2 are 275.85 V and 275.10 V, respectively.
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Figure 5.40. Kp of DE1 using the without-communication method when the reference

voltages of DE1 and DE?2 are 275.85 V and 275.10 V, respectively.
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Figure 5.41. K; of DE1 using the without-communication method when the reference voltages

of DE1 and DE2 are 275.85 V and 275.10 V, respectively.
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Figure 5.42. Kp of DE2 using the without-communication method when the reference

voltages of DE1 and DE2 are 275.85 V and 275.10 V, respectively.
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Figure 5.43. K; of DE2 using the without-communication method when the reference voltages

of DE1 and DE2 are 275.85 V and 275.10 V, respectively.
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5.6. Chapter Conclusion

In this chapter, the challenges in voltage regulation with multiple DEs were analyzed.
The formulations of the gain parameters were derived based on the theoretical analysis which
proves the existence of a unique solution of the time-varying gain parameters to meet the
desired, ideal response. Considering the availability of communications among those voltage
regulating DEs, a high-end solution which requires an extensive communication system
among all DEs and/or a control center and a low-end solution which does not require
communication, were proposed. Simulations were performed to verify both methods. From
the discussions and simulations, the following conclusions can be drawn:

o  When multiple DEs participate in the voltage regulation, the terminal voltage
response of each DE is the result of all the DE’s regulation behavior, and the local
measurement of one DE’s terminal voltage can reflect the aggregated impact.
Thus, it can still be used as the feedback information to adjust the controller
parameters.

o The voltage correction of the other DEs may result in excessive compensation at
one DE’s terminal bus. In this case, the flat reference voltage as an indication of
injecting or absorbing reactive power fails to provide a timely regulation direction
signal and overshoot of voltage is inevitable with fixed gains. A more dynamic
reference, like the ideal response curve, is preferred.

o Theoretical analysis proves that a unique, time-varying solution for the gain
parameters do exist in the case of multiple voltage-regulating DEs. The
parameters may be negative in the case that one DE needs to absorb reactive

power even if its reference voltage is higher than its terminal voltage.
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o With the presence of communication among all voltage-regulating DEs or
between them and the control center, a regulation method is proposed, which can
calculate how much DE output voltage is required based on the real time voltage
measurements without the information of load change or some other disturbances.
Simulation results show that this method can track the ideal voltage response very
closely.

o Without the presence of the communication system, a method which uses only the
local voltage measurement of an individual DE to track the ideal response is
proposed. The simulation results show that although this method tracks the ideal
response less closely if compared with the one with the availability of
communication, it can still meet the requirements of no overshoot or oscillation

with a fast response speed (within 0.5 seconds).
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6. Conclusions and Future Work

The work of the dissertation is summarized in Subsection 6.1 and possible future

works are proposed in Subsection 6.2.

6.1. Dissertation Conclusion

DEs with power electronic interfaces have the ability of dynamic reactive power
support, which can benefit the system’s reliability and safety. This dissertation explores how
to use DEs for voltage regulation from the “system” point of view. The importance of
appropriate controller parameters in voltage regulation is emphasized and challenges in
setting these parameters are discussed in the case of a single voltage-regulating DE as well as
in the case of multiple voltage-regulating DEs. An adaptive voltage control approach has
been proposed to dynamically modify control parameters to respond to system changes. The
corresponding formulation of the dynamic control parameters is derived in both the case of
the single voltage-regulating DE and the case of multiple voltage-regulating DEs. In the case
of multiple DEs, a high-end solution with the requirement of communication among the DEs
and a low-end solution without the requirement of communication are both proposed,
considering the availability of communication systems. Conclusions from the work can be

summarized as:

o Proportional-integral (PI) control parameters are critical to the stability of the
voltage regulation with the DEs. Incorrect parameter settings may cause
inefficient (slow response), oscillatory, or worse, unstable responses that can lead
to system instability.

o Many factors, including network structures, line parameters, loads, and the DE
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voltage sources, affect the appropriate range of the PI control parameters. It is not
feasible for utility engineers to use a trial-and-error method to identify suitable
parameters in a case-by-case study. In the case of multiple DEs regulating
voltages, one DE’s regulation is also affected by the other DE’s regulation
behavior. The voltage correction of the other DEs may result in excessive
compensation at one DE’s terminal bus. In this case, the flat reference voltage as
an indication of injecting or absorbing reactive power fails to provide a timely
regulation direction signal and overshoot of voltage is inevitable if with fixed
gains. Hence, an adaptive approach to dynamically set controller parameters is

preferable.

The formulation of the controller parameters proves that a unique, time-varying
solution for the gain parameters do exist in both the case of the single DE
regulating voltage and the case of multiple DEs regulating voltages. Since the
theoretical formulation requires detailed system parameters, it is not the preferred
method for practicing utility engineers. However, the analytical formulation
shows that there exists a unique solution of dynamic control parameters such that
the voltage response follows the desired, ideal curve. Also, this shows that the
adaptive approach has a solid theoretical foundation. Since the proposed adaptive
methods, based on local measurement (without communication), have a high
tolerance to real-time data shortage and is widely adaptive to variable power

system operational situations, it is quite suitable for broad utility applications.

In the case of a single DE regulating voltage, both simulation and field experiment
test results at the Distributed Energy Communications and Controls (DECC)

Laboratory confirm that this method is capable of satisfying the fast response
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requirement for operational use without causing oscillation, inefficiency, or

system equipment interference.

o In the case of multiple voltage-regulating DEs, a high-end solution with extensive
communication is also proposed using a direct calculation about how much DE
output voltage is needed. This can be viewed as a benchmark for the low-cost
approach without communication. Though both approaches meet the performance
requirement very well (within 0.5 seconds to reach the reference voltage) as
evidenced by the voltage response close enough to the ideal curve, this high-end
solution with communication performs even faster and more accurately. Hence, it

may also be useful for special cases requiring superior performance.

6.2. Future Work

The adaptive voltage control approach using DEs has been proposed and the field
experiment in the case of a single DE regulate voltage has been completed. In the future,

more research work in the following areas can be performed.

o The field experiment in the case of multiple (at least two) DEs regulating voltage

will be conducted once another testing system is in place at the ORNL DECC lab.

o The general DE model, which is a constant DC source in the present work, may be
replaced with a more detailed, actual DE model, such as the PV or distributed
wind turbine models. The impacts of the variation of the DC voltage on the
voltage control will be explored, and the approaches to stabilize the DC voltage

can be studied.
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o The adaptive control method may be extended to the constant real power injection
and reactive power injection control modes. Hence, simultaneous regulation of
frequency and voltage can be performed. This is particularly useful for the
implementation of micro-grids. The coordination between the two control

processes needs to be considered.

o The adaptive control method may be extended to other power system applications
such as the wind turbine control or STATCOM control for voltage stability under

small disturbance in the transmission study.
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Publications during Ph.D. Study

Submitted:

1.

Huijuan Li, Fangxing Li, Yan Xu, D. Tom Rizy, John D. Kueck, “Dynamic Voltage
Regulation using Multiple Distributed Energy Resources: with and without

communication” (to be submitted to) IEEE Transactions on Power Systems.

Journal papers:

2.

Huijuan Li, Fangxing Li, Yan Xu, D. Tom Rizy, John D. Kueck, “Adaptive Voltage
Control with Distributed Energy Resources: Algorithm, Theoretical Analysis, Simulation
and Field Test Verification,” IEEE Transactions on Power Systems, vol. 25, no. 3, pp.
1638-1647, August 2010.

Yan Xu, Fangxing Li, Huijuan Li, D. Tom Rizy, and John. D. Kueck, "Using Distributed
Energy Resources to Supply Reactive Power for Dynamic Voltage Regulation,"
International Review of Electrical Engineering (IREE), vol. 3, no. 5, pp. 795-802,

October 2008.

Conference papers:

4. Yan Xu, Huijuan Li, D. Tom Rizy, Fangxing Li, John D. Kueck, and Chester L. Coomer,

"Instantaneous Active Power and Nonactive Power Control of Distributed Energy
Resources with a Current Limiter," 2nd IEEE Energy Conversion Congress and
Exposition (ECCE), Atlanta, GA, Sept. 12-16, 2010.

D. Tom Rizy, Fangxing Li, Huijuan Li, Sarina Adhikari, John D. Kueck, "Properly
Understanding the Impacts of Distributed Resources on Distribution Systems," (invited)

IEEE PES General Meeting 2010, Minneapolis, MN, July 25-29, 2010.
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6. Huijuan Li, Fangxing Li, Sarina Adhikari, Yan Xu, D. Tom Rizy, and John D. Kueck,
"An Adaptive Voltage Control Algorithm with Multiple Distributed Energy Resources,"
North American Power Symposium (NAPS) 2009, Starkville, MS, October 04-06, 2009.

7. Sarina Adhikari, Fangxing Li, Huijuan Li, Yan Xu, John D. Kueck, and D. Tom Rizy,
"Modeling Stalled Induction Motors with Voltage-Regulating Distributed Energy
Resources," PowerTech Conference 2009, Bucharest, Romania, June 28-July 02, 2009.

8. Huijuan Li, Fangxing Li, Pei Zhang and Xiayang Zhao, "Optimal Utilization of
Transmission Capacity to Reduce Congestion with Distributed FACTS," PowerTech
Conference 2009, Bucharest, Romania, June 28-July 02, 2009.

9. Huijuan Li, Fangxing Li, Yan Xu, Tom Rizy and John Kueck, "Voltage regulation with
multiple distributed energy resources," (invited) IEEE PES General Meeting 2008,
Pittsburgh, PA, July 20-24, 2008.

Technical report:

10. John D. Kueck, D. Tom Rizy, Fangxing Li, Yan Xu, Huijuan Li, Sarina Adhikari and
Philip Irminger, "Local Dynamic Reactive Power for Correction of System Voltage
Problems,” Oak ridge National Laboratory (ORNL) Technical Report (ORNL/TM-

2008/158), Oak Ridge, TN, Sept. 2008.
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Significant award received during Ph.D. study:

[1]. First Place Prize Award at the Student Poster Contest (1* out of 97) at 2009 IEEE PES
General Meeting (GM09), July 2009, Calgary, Canada.

[2]. UT Citation Award in Extraordinary Professional Promise, April 2010.
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