ABSTRACT

SAFAYET, ALI MD. Distributed Voltage Regulation and Grid Connection of Renewable
Energy Sources. (Under the direction of Dr. Igbal Husain).

The installation of renewable energy sources in grid connected distribution network
introduces several challenges on power reliability that include voltage regulation and fault
protection. When residential renewable energy sources like rooftop solar panels produce more
energy than the local load demand, voltage rises and reverse power phenomena occurs. The
overvoltage issues can be controlled by proper management of reactive power flow. A novel
reactive power scheduler algorithm for the distributed voltage regulation with PQ inverters is
proposed in this dissertation. Based on the reactive power scheduler, a new approach to achieve
voltage regulation in grid connected distribution system through appropriate control of the
renewable energy systems has been developed. PQ inverters capable of producing the reactive
power are used to either achieve local voltage regulation or deliver the reactive power
commanded by the voltage regulator loop located in the upper hierarchy of the grid
management system. The proposed PQ scheduler and PQ inverters will work harmoniously in
the local distribution controller with minimum communication interface. The proposed control
techniques achieve efficient utilization of the PQ inverters with maximum efficiency. Also a
reactive power management based on inverter’s capacity and sensitivity to the critical bus in a
radial low voltage distribution network is presented. This method improves the voltage
regulation of distributed system with high penetration of renewable energy sources while

utilizing the inverter’s reactive power capacity more efficiently.



The control of the real and reactive power for grid connected distributed sources
requires accurate phase information of the utility voltage. For large renewable energy systems
such as solar and onshore or offshore wind or wave energy there is a need for synchronization
with the frequency and phase angle of the single phase or three-phase grid. The most commonly
used and easily implementable algorithm for grid synchronization is the phase locked loop
(PLL) technique. The power grid in rural distribution side is not clean and typically
contaminated with imperfections like harmonics. For three-phase systems, the other
imperfection of the grid that needs to be eliminated before feeding the grid voltage to PLL is
the voltage unbalance. The proposed algorithm demonstrates a method to eliminate
imperfections from both the three-phase and single-phase grid voltage to improve the steady

state performance of grid synchronization with high bandwidth PLL.

Along with the distribution system, challenges associated with the transmission of large
offshore renewable energy sources like offshore wave park of several hundred megawatt is a
challenge for renewable resources. An ocean compressed air energy storage (OCAES) system
is being considered as one of the options for utility scale energy storage for off-shore wave
energy based renewable power generation. The power transmission requirements for the off-

shore renewable energy system with storage has also been addressed in this research.
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Chapter 1: Introduction
1.1 Background

Reliability is one of the major issues when developing renewable energy systems for power
supply. As the penetration of the renewable energy sources (RES) increases in a distribution
system, problems such as over voltage, network overloading, dc current injection, harmonic
current emission become important challenges to address. In particular, voltage regulation of
the distributed generation system is of significant concern. When the grid connected distributed
energy sources (DES) produce more energy than the local load demand, excess power is
injected into the network resulting in increased voltage levels. At minimum loading conditions,
the overvoltage conditions worsens with high penetration levels of the RES which leads to the
reverse power phenomena. For solar PV system, worst case scenario occurs during midday
when the penetration level is the highest and load demand is the lowest. Also, the rapid change
in the energy production from RES causes an oscillation in the grid voltage. For example, the
irradiance to solar panels changes rapidly as clouds pass over the PV panels. Any frequency
and voltage events in the grid would cause all the inverters to trip and an unwanted transient

phenomenon occurs on the grid voltages at its various nodes [1].

The amount of reactive power injected into the network affects the gird node voltages, and
it is possible to regulate the voltage through reactive power compensation. Control devices
such as step voltage regulator (SVR) and static VAR compensator (SVC) are used to regulate
the voltage [2]. The lagging reactive power is usually compensated by introducing leading

reactive power devices into the utility, which is achieved by adding capacitors and generators



that can produce variable voltage levels. Also, Static Synchronous Compensator (STATCOM)
can be used at the distribution voltage level [3]-[6] although equipment cost is a major concern

of using STATCOM.

Another important aspect of renewable energy systems is the grid synchronization. The
increasing demand of integrating single-phase or three-phase renewable energy sources (RES)
like solar PV system, offshore or onshore wind and wave energy systems, storage of fuel cells
or hybrid vehicles to the utility grid requires proper estimation and synchronization of
frequency and phase angle of the grid voltage. Also, the control of the real and reactive power
for grid connected distributed sources requires accurate phase information of the utility

voltage.

The most commonly used and easily implementable algorithm for grid synchronization is
the phase locked loop (PLL) technique [11]. The basic algorithm of the PLL used in power
system applications is realized in the synchronous reference frame (SRF) [9], [12] where grid
voltage is decomposed in synchronously rotating d-q reference frame. The conventional SRF
based PLL (SRF-PLL) works perfectly with a grid that has no imperfections such as harmonics,
unbalanced voltage or frequency fluctuation. In reality, the power grid is not as clean and is
typically contaminated with imperfections. The challenge is to implement a robust and fast

PLL for operation in distorted utility conditions [13].

Most popular renewable technologies lend themselves to local small-scale and even
domestic distributed generation. But development of the renewable energy technology has

gradually moved from small scale distributed sources towards the large scale production such



as off-shore wind and wave energy to meet high energy demand all over the world. Renewable
energy sources on the generation side also have a strong impact in utility grid. In the past few
years off-shore power generation has received substantial interest from various researchers.
Beside off-shore wind energy, ocean wave energy has significant opportunity and could be
utilized to meet the world’s increasing energy demand [25]-[28]. Wave energy has benefits
over solar or wind energy systems. Waves are more available and more predictable with better
demand matching. Also, energy density is higher and wave energy converters can extract more
energy with smaller volume and reduced cost. However, there are a number of technical and
economic challenges in considering grid connection of large wave park [29]. Some of these
challenges include intermittency of wave generated power, storage system, transmission of
energy from offshore wave park to the onshore grid, voltage distortion, reactive power
requirement, implication of grid code requirements etc. As a part of a large multi-disciplinary
team, the challenges of power transmission, grid connection and storage system for an offshore
wave park at North Carolina coast have been investigated for the ocean energy program

through the UNC Coastal Studies Institute.

1.2 Research Motivation

Research focusing on distributed voltage regulation attributes to controlling the reactive
power injection into the network to regulate the voltage within allowable range. High
installation and equipment cost of conventional voltage regulating devices such as SVC, AVR
or STATCOM brings the focus of research towards the control of distributed sources to

produce reactive power. Power electronic inverter associated with the RES can produce



reactive power after meeting the demand of real power for the system. The active power is
produced to extract the maximum energy from the RES and reactive power is produced on

demand by utility to regulate the voltage.

One of the fundamental problems of regulating voltage of distribution system consisting of
several distributed sources and loads is the reactive power management of the sources. The
total current producing capacity of an inverter is limited by its kVA rating. Inverters have to
produce the real power commanded from maximum power point tracking (MPPT) and rest of
its capacity can be utilized for reactive power production. As the real power command varies
with the environmental changes, the inverter’s capacity of producing reactive power is also
varying. This instantaneous capacity has to be considered by the control algorithm so that
inverter can be operated within its limit and utilizing its reactive power most efficiently.
Typically distributed system consists of several RES and it is not practical to use
communication among the inverters. Therefore a central management is required to distribute
total required reactive power among the inverters using minimum communication. In this
research, a reactive power scheduler has been proposed which can detect the reactive power
production capacity of the inverters and produce reference reactive power for voltage

regulation without any communication among the inverters.

In a grid connected radial distribution system, the critical bus is an important one which is
defined as the farthest bus of a radial distribution feeder from the grid tie point. The grid tie
point is called the point on common coupling (PCC). With high penetration of solar PV units

or other renewable energy sources, the highest voltage rise occurs at the critical bus as it sees



the highest line impedance from its location to the PCC. Another important aspect for voltage
regulation of a radial distribution system is the voltage sensitivity of different bus to the critical
bus. Voltage sensitivity determines the impact of real and reactive power generation at any bus
on the critical bus voltage. Along with the inverter’s current carrying capacity, another
constraint that has to be considered for reactive power management is its power factor. The
owner of the DES has to maintain a minimum power factor limit given by the grid operators.
A central reactive power management system is proposed in this dissertation for radial
distribution system which incorporates voltage sensitivity and power factor management for

overvoltage prevention during high PV penetration.

Proper control of active and reactive power is highly dependent on the phase and frequency
tracking of grid voltage. The common technique for grid synchronization is phase locked loop.
Conventional SRF-PLL cannot appropriately track the phase and frequency when the grid is
weak. Usually distribution systems have non-linear loads connected to the PCC which are the
main sources of grid harmonics. As the number of power electronic systems increases in the
utility grid, the harmonics in the grid voltage become more pronounced. Three-phase grid may
have unbalanced voltage which worsens the performance of SRF-PLL. The estimated phase
by SRF-PLL in presence of impurity contains high error in steady state. This steady state error
can be reduced by reducing the bandwidth (BW) of the PLL loop filter. But dynamic
performance of PLL is degraded with lower bandwidth. So there is a tradeoff between steady
state performance and dynamic performance in choosing BW of the PLL. If the sources of
steady state error that include harmonics and voltage unbalance can be eliminated before

feeding the voltage measurement into PLL, the BW of the loop filter can be increased since



the steady state error will not be an issue for phase estimation. Higher BW will improve the
dynamic performance in the presence of frequency fluctuation. Several methods have been
proposed to improve to PLL performance in distorted utility conditions. In one approach,
active filters (band pass, band stop, low pass, notch and adaptive notch) are used to remove
harmonics at a preselected cutoff frequency knowing the harmonics and unbalanced voltage
pattern [14]-[18]. However, the method is complex, may not eliminate the harmonics
completely, and suffer from long computation time, filtering delay and sensitivity to the
frequency variations. Decoupled double synchronous reference frame has been used to remove
the negative sequence voltage caused by unbalanced grid voltage using two oppositely rotating
synchronous reference frame [20]-[21], but this method does not consider the harmonic effect.
This led to an alternative approach of PLL to eliminate harmonics and unbalanced voltage

effect for phase estimation in this dissertation.

1.3 Contributions

The key contributions of the dissertation are listed as follows:

1. A novel reactive power scheduler (RPS) is proposed for distributed voltage regulation.
The RPS can detect reactive power production capacity of each inverter in a distributed
system without any communication among the inverters.

2. Reference reactive power generation algorithm has been proposed for the distributed
inverters in such a way that all inverters operate in equally stressed condition based on

their capacity.



3. A Central Reactive Power Management System (CRPMS) is proposed for overvoltage
prevention of radial distribution system during high penetration of DES.

4. Proposed CRPMS addresses the limitations of existing reference reactive power
generation method for voltage regulation. It considers voltage sensitivity of different
buses on critical bus and power factor constraint.

5. An improved and robust phase locked loop algorithm for synchronization of renewable
energy sources with weak grid containing voltage harmonics and unbalanced voltage
which may be the case for rural distribution system is presented.

6. A detailed concept of system design, power transmission and grid connection of a
200MW off-shore wave-park has been presented. Some challenges associated with
power transmission, grid connection and storage of off-shore renewable energy sources

have been addressed.

1.4 Dissertation Outline

Chapter 2: The basic concepts of distributed voltage regulation with reactive power
produced by the distributed sources are explained in this chapter. The impact of power
generation from renewable energy sources in the distribution system is discussed. The effects
of environmental change on inverter’s reactive power production capacity are explained. The
motivation for adopting RPS for coordinating inverters associated with the RES are discussed.

The algorithm and operating principal of RPS are presented in this chapter. The application
of RPS for a residential and grid connected distribution system is studied; the real and reactive

power control of PQ inverter is explained; special scenarios such as real power curtailment for



RPS are discussed; the impact of RPS on voltage regulation in case of low demand and high
generation of RES are illustrated through simulations. At the end, experimental results for a
grid connected system are presented.

Chapter 3: Along with inverters’ rating there is usually a power factor constraint for
inverters connected to a distributed system and it is not desired for any distributed load or
source to operate at power factors below a certain limit which will result in the consumer being
penalized by the grid operator. In a radial distribution system, the farthest bus is considered as
the critical bus as the sensitivity to the change of real and reactive power for this bus is the
highest among all the buses in the system. In this chapter, an improved reactive power
management is proposed based on the inverters’ reactive power capacity and sensitivity of the
bus that has distributed sources and load.

Chapter 4: The development of a reactive power scheduler for voltage regulation of grid
connected distributed energy system led to the challenges of grid connection for the RES which
is addressed in this chapter. The challenges of grid connection for the RES are presented; the
basic concept and current research of the most commonly used and easily implementable
algorithm for grid synchronization method, phase locked loop (PLL), are also presented. The
performance degradation of PLL in phase angle or frequency tracking in the presence of grid
impurity is discussed. A modified cascaded block is proposed in this chapter which can
eliminate the effects of unbalanced voltage and harmonics present in the grid. The proposed
method can eliminate the grid harmonics/unbalanced voltage effects using a few trigonometric

operations on the sampled grid voltage without using any external filter. The improved



performance of the PLL is shown by simulation. The experimental verification of the proposed

algorithm is also presented.

Chapter 5: This chapter discusses the concept of system design, power transmission and
grid connection of an off-shore wave energy park. State of the art for energy storage of off-
shore power generation at utility scale is studied. Then, the viability of the ocean compressed
air energy storage (OCAES) system which is one of the recently proposed forms of energy
storage for off-shore power is discussed. The challenges of power transmission and grid
connection of a large wave energy park are presented. Approaches to mitigate these challenges
are addressed using the simulation results of a 200MW wave energy park which incorporates

the design criteria for RPS and advanced PLL method proposed earlier.

Chapter 6: The conclusions of this dissertation are presented in this chapter. In addition, the

proposed future work is outlined in this chapter.



Chapter 2: Reactive Power Scheduler for Distributed Voltage
Regulation

2.1 Introduction

Grid connected distributed energy sources (DES) like rooftop photovoltaic (PV) systems,
electric or hybrid vehicles, fuel cells, storage devices, wind power systems are considered as
the most prominent and rapidly growing technologies in the power distribution system. The
implementation of DES in low voltage (LV) distribution system can reduce the transmission
and distribution line losses and ratings. But the installation of DES in distribution network
incorporates some challenges on power reliability which are primarily voltage regulation and
fault management. For example, PV installation capacity in LV grid connected systems is
limited due to the voltage rise concerns associated with high PV penetration and low consumer
demand. There is a possibility of reverse power phenomena and overvoltage in LV distribution
feeder during high generation of solar PV systems with low demand situations. Reverse power
phenomena is more likely to occur with the solar PV systems during midday. Any frequency
and voltage events in the grid would cause all the inverters to trip and a transient behavior
would appear on the voltage profile of the system. Voltage flicker is another issue as the
penetration of DES increases. A rapid change in the energy production from DES causes an
oscillation in the grid voltage. For example, the irradiance to solar panels changes rapidly as
clouds pass over the PV panels. The transient in the power production from the solar panels

cannot be compensated by the rotating machine type generators to stabilize the system voltage.
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As the amount of reactive power flowing in the utility affects the voltage, it is possible to
regulate the voltage through reactive power compensation. Reactive power capability of the
inverters is limited by the inverters’ rating and maximum current carrying capacity of
semiconductor switches. The inverters are operated to produce as much real power as possible
which is determined by the maximum power point tracking (MPPT) algorithm. In this case,
the rest of the current capacity can be used for reactive power. The fundamental problem for
reactive power management is to determine which inverter should produce how much reactive
power. In this chapter, a novel approach to schedule reactive power for different distributed
generators is presented. By incremental perturbation of reference reactive power, the reactive
power production capacity of each inverter can be detected. Minimum communication is
required between the inverters and the scheduler for this method. The total reference reactive
power needed to keep the voltage at a desired value is then divided among the inverters

according to their capacity ratio.

2.2 Distributed Voltage Regulation

To transmit the power from primary substation to distribution network as shown in Fig. 2.1,
the voltage at primary substation (Vs pstation) Should be higher than the voltage at distribution
side (Vgistribution) considering the voltage drop across transmission line or cable. As the
distribution bus moves further from substation, the voltage drop increases due to the longer
transmission cable. The voltage difference between Vgy,pstation a0d Vyistribution €an be

approximated by (2.1) as shown in Fig. 2.2.

AV = Voypstation — Vaistribution
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= IRcos(0) + IXsin(0)

— R * Vsubstationlcos(g) + X * VsubstationISin(e)

Vsubstation

RP+XQ

So, AV = (2.1)

Vsubstation

where P and Q are real and reactive power, respectively flowing from grid side to the
distribution side. The allowable range of the distribution side voltage depends on the grid code
or Electricity Supply Regulations. It is distribution network operator’s responsibility to ensure
that distribution side voltage at any bus remains within the permissible range. Considering the
voltage drop across transmission line, the substation voltage is maintained at higher level using
automatic voltage regulator (AVR), on-load tap-changing transformer and line-drop
compensator so that distribution side voltage is maintained within the allowable range [25].

+—- P

R, jX Q

P

distribution Vsubstation

Figure 2.1. Simplified diagram of grid connected distribution system

When DESs are connected to the distribution system, some of the load is supported by these
local generation. The amount of power generated by DES depends on the availability of the

sun or wind; this reduces the amount of power coming from the grid. According to (2.1), when
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real power (P) coming from the substation decreases, the voltage difference AV between
substation and distribution side also decreases if the reactive power Q remains unchanged.
Therefore, real power penetration at a distribution bus from DES results in the increase of
voltage level at that bus. The bus voltage keeps increasing with the increase of DES
penetration. When DES produce more energy than the local load demand, voltage at the
distribution side becomes higher than the substation voltage and reverse power flow towards
the substation occurs. This voltage rise issues can be counteracted by the reactive power
absorption as XQ in (2.1) which compensates the change in RP. As the amount of real power
generation from RES varies with the change of environmental condition, the amount of

reactive power required to regulate the voltage must be adjusted accordingly.

Vsubstation

j(IX)

Vdistribution

Figure 2.2. Phasor diagram of distribution system

The reactive power compensation needs dynamic control capability to regulate the voltage.
Control devices such as step voltage regulator (SVR) and static VAR compensator (SVC) have
been used to regulate the voltage [2]. The lagging reactive power is usually compensated by
introducing leading reactive power devices into the utility, which is achieved by adding

capacitors and generators that can produce variable voltage levels. However, with minimum
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load conditions and high penetration, the reverse power conditions cannot be alleviated by the
SVRs. Moreover, installation of SVC or SVR is expensive. A Static Synchronous Compensator
(STATCOM) can be used at the distribution voltage level [3]-[6], but is not very common due

to equipment cost.

Several methods have been proposed in literature for distributed voltage regulation. The
most straightforward approach is to upgrade the existing distribution network by larger cables
to reduce the impedance [33], [34]. But this approach is not economically feasible. Historically
capacitor bank has been used for VAR support from substation to maintain distribution side
voltage within a desired level. But optimal placement of these capacitor bank is still a topic of
research [98] — [100]. The application of online tap changing transformer has been discussed
in [26] and [27]. However, capacitor banks and tap changing transformer are not fast enough
to compensate the voltage fluctuation due to the transient events such as cloud passing over
the PV panel [101] — [102]. Also determining proper control setting for online tap changer is
challenging and especially during high penetration of DES [28]-[29]. The power electronic
inverter associated with the DES would have the active (P) and reactive power (Q) production
capability. The active power is produced to extract maximum energy from renewable sources
and reactive power is produced on demand by the utility grid. DES inverter has the capability
to cope with rapid and random fluctuations of environmental change. Typically voltage source
converter associated with DES takes few milliseconds to react for a voltage deviation while
online tap changer takes few seconds to react. The coordinated control with tap changing
transformer and DES is discussed in [30]. Tap changing transformer works as master during

normal operating condition but during fault ride through and over voltage situation DES works
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as master as tap change needs longer time to react. When DES hits the limit, tap changer is
also used. However according to [104], one of the main reasons of why the distributed
generators (DGs) are not allowed to control voltage with tap changing transformer is that it can

destabilize the automatic tap changing controller.

The application of energy storage during high penetration of DES is also a way for voltage
regulation [31]. The storage can be coordinated with DES inverter where excess energy of DES
can be stored in storage and DES will absorb reactive power when storage reaches to its limit.
However, when DES absorbs more reactive power, storage capacity decreases. As mentioned
above, due to high R/X ratio of the cables in distribution system, real power has significant
effect on distribution bus voltage. Therefore, real power control is also an effective way to
regulate the voltage in distribution network [35], [36]. Real power curtailment during high
penetration of DES does not require reactive power compensation device or increased ratings
of power electronic devices to compensate reactive power. But when there are several
distributed sources owned by different owners, the equal opportunity of real power
management has to be ensured in real power curtailment. The end users’ loss of benefits from
real power curtailment should be strongly considered in this approach. The characteristics of
fairness of power management have been considered as an important research area this time

[37], [38], [39].

A vehicle-to-grid reactive power support (V2GQ) strategy for optimal coordinated voltage
regulation with high penetration of DES is proposed in [103]. The proposed algorithm employs

plug-in electric vehicles (PEVs), DES and on-load tap changer (OLTC) to satisfy PEV
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charging demand and grid voltage requirements with relaxed tap operation, and minimum DG
active power curtailment. A corrective control based on Model Predictive Control has been
proposed in [105] to correct voltages out of limits by applying optimal changes of the control
variables. The control objective proposed in this paper is such that if some of the voltages fall
in the undesirable region, the controller will use the minimum control actions to bring these
voltages within the acceptable limits. As the voltages are in the undesirable region (0.98pu-
1.02pu), not in emergency yet, the controller will only use the cheapest control variables. If
some bus voltages operate in the unacceptable region, outside of the emergency limits (0.94pu-
1.06pu), the controller will use all of the available (cheap and expensive) control variables until
the undesirable region is reached. The reactive power output of the DES and OLTC are
considered as the cheap controls while the active power output of a DG unit is considered as
an expensive control and should not be requested unless emergency conditions are
encountered. However this paper does not consider the end user’s loss of benefits from active

power curtailment and delayed response of OLTC.

A real power curtailment method is proposed in [40] for overvoltage prevention caused by
reverse power flow. This paper is based on a precise active power limit prediction using the
dynamic Thevenin equivalent. However, effectiveness of this approach is significantly

impacted by the accuracy of Thevenin equivalent parameters.

Considering the facts stated above reactive power compensation is mostly used method for
voltage support at distribution network. It is straightforward to take benefit of producing as

much real power as possible. Developing a renewable energy system with integrated power
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electronics and intelligent control that has the reactive power capability can accomplish the
tasks of voltage regulation more elegantly and efficiently at a much reduced cost. A proper
reactive power management is a prime necessity of distributed voltage regulation using

inverters’ reactive power capacity.

Communication among the inverters in a distribution system consists of several DES is a
major factor for reactive power management. The need for global communication systems
seriously limits the benefits of coordinated control to small distributed systems [41].
Centralized approach of voltage regulations can ensure optimization of reactive power
management but it requires a robust communication structure. On the other hand distributed
voltage regulation approach which coordinates DES to provide proper voltage regulation can
accomplish the task with less communication requirements [103]. A two way communication
based distributed voltage regulation for smart distribution feeders has been proposed in [106].
Power line communication (PLC) has been considered for communication of this scenario as
it is the only technology that has a deployment cost comparable to wireless, since the lines are
already there. Also wireless communication for smart grid has been discussed in [107]. An
advanced communication architecture named SunWave Communicator is presented by Petra
Solar in [108]. It features two way communication to each smart energy device connected to

it, allowing both individual and system monitoring and control.

A novel reactive power scheduler has been presented in this chapter for PQ inverters for
voltage regulation. PQ inverters were used for voltage regulation previously [8]. In this

chapter, a novel way to schedule reactive power for different distributed generators is
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presented. By incremental perturbation of reference reactive power, the reactive power
production capacity of each inverter can be detected. There will be no communication among
the inverters at distribution system in this method. The total reference reactive power needed
to keep the voltage at a desired value is then divided among the inverters so that all inverter
are equally loaded with real and reactive power without getting over stressed. In this way a
balanced sharing of reference reactive power is ensured in the system. This will increase the

inverters’ life and ensure equal utilization of all inverters owned by distributed users.

2.3 System Structure

The basic representation of a single renewable energy source connected to the PCC and the

utility grid is shown in Fig. 2.3. The current delivered to the utility grid is given by

(2.2)

[ = Vsej5_Vgej0 _ Vscos8+jVssind—Vy _ Vgsind 4 (VSCOSS—Vg)
Xy XL XL XL

where Vs and § are the magnitude and phase of the DES inverter, and V is the magnitude of

the grid voltage. The total power delivered to the grid can be represented as

_ . .« VsVgsiné . Vscosé—Vy
§=P+jQ = Vit = L0 jy, (B2 2.3)
For small phase angle 6, the reactive power flow to the grid is

XL

Therefore, V; — V; can be controlled by adjusting Q.
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Figure 2.3. Interface between DES and the grid

2.3.1 Distribution System Structure

The substation associated with a distribution system may have several distributed sources
and load. Any bus in a residential distribution feeder may consist of several residential sources
like roof-top solar panel, electric/hybrid vehicle and storage devices. The difference between
the desired voltage and the dynamic voltage of a certain bus will determine the total reference

reactive power (Qrer totar) for the inverters in that bus. A PI controller can be used to calculate
the Qref totar from the voltage error [7]. A central scheduler will take Qref torqr cOmmand

from the substation as input and will produce reference reactive power (Ql-_ref) for the it"

inverter based on inverter’s reactive power capacity.

Fig. 2.4 shows the distribution system structure for the proposed scheduler. The system has
a central master scheduler for several substations which is responsible for determining the total
reference reactive power for each substation. The scheduler located at the substation monitors
the voltage error at different nodes and PCC, and the reactive power production capacity of all
the inverters. Based on those inputs, the scheduler decides the total reference reactive power

for the substation.
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Figure 2.4. Overview of distribution system
2.3.2 Control Structure

The control is implemented in the d-g reference frame. The dynamics of power and current
controls are much faster with d-g reference frame controller as the control variables are
decoupled from the utility power angle 6. Also, the d-gq reference frame enables the separation
of active power and reactive power components. The single phase current produced by the

inverter can be converted to two phase rotating reference frame components i, and i, by Park’s

Transformation [9] shown in (2.5).

iq] _2[cosp —sing] [ia
[id]_s[simp cos@ [iﬁ] (2.5)

where, i, and i, are the direct axis and quadrature axis current respectively, ¢ is the estimated

phase angle by phase-locked loop.
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i, = I,cos0; ; In phase component of single phase current.
ig =1In cos(90° + §;) = —1I,,,sin@; ; Out of phase component of single phase current.

Similarly, single phase voltage can be converted to two phase rotating reference frame

components v and v, as shown in (2.6)

Vg1 _ 2[cosp —sing Va]
[vd]_s[sin(p cos@ [Vﬁ (2.6)

where,

v, = Vj,c0s0, ; In phase component of grid voltage

vg =V, c0s(90° + 6,) = =V}, sinf, ; Out of phase component of grid voltage.

From (2.5) and (2.6),
vy = Vpp cos(6, — ) (2.7)
vy = =V, sin(8, — @) (2.8)
lqg = Ly cos(8; — @) (2.9
ig = —1I,sin(0; — @) (2.10)

Using (2.7) to (2.10), real power P = VI, cos(6, —6;) and reactive power Q =

VL sin(6,, — 6;) can be expressed as
P = vdid + quq (211)

Q = Udiq - qud (212)
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If the estimated phase ¢ is locked with grid voltage phase 8,,, v; shown in (2.8) is zero. Then

(2.11) and (2.12) can be rewritten as

P = v,i, (2.13)

Q = —v4iq (2.14)
So, the real power can be controlled by controlling i, and reactive power can be controlled by

controlling i4.

The common voltage in the utility grid can be controlled mostly by controlling the amount
of reactive power inserted into the grid. The approach to the problem uses a multi loop control
perspective. The outer voltage control, having multipoint sensors, regulates the common grid
voltage and sets the command for the amount of reactive power required from the distributed
energy sources. The inner control loop can be part of the inverter of the distributed energy
sources. The inverters would produce the amount of reactive power commanded by the outer
voltage control loop. Fig. 2.4 shows the power flow and information flow structures in the
substation. The substation has a distributed energy system with PQ inverters. The central
controller receives a reactive power or voltage profile from the upper hierarchy in the
distribution system. The central controller reports back the voltage and actual reactive power
(Qqct) to the upper hierarchy. The master scheduler distributes the reactive power command
if it receives reactive power command from the upper hierarchy. If the scheduler receives a
voltage profile, it would have to achieve closed loop voltage control itself. Actual voltage and
reactive power produced from the individual points in the substation are received to proceed

with the voltage control.

22



In order to run the RES at the maximum power extraction condition, the operating voltage
and current should be adjusted for a given environmental condition. Maximum Power Point

Tracking (MPPT) algorithm dictates the real power demand, i.e. i, for the inverters. After

meeting the real power demand, the inverter has capacity of i; for reactive power as
ig= 15— i’ (2.15)

where, I, is the rated current limit of the inverter. The difference between the desired voltage
and the dynamic voltage at the PCC will determine the total reference reactive power
(Qref_totar) for the inverters. The phase angle of the utility voltage needs to be determined

using methods such as the phase-locked loop (PLL). A PWM control scheme can be used for
generating the inverter gate signals for current regulation. Fig. 2.5 shows the overall control

structure of the PQ inverters.

Since there is a limit on the phase current based on the capacity of the inverter, the

distribution between iy and i, should be adjusted appropriately to run the inverter within its
limit. MPPT determines the amount of i ,.r to deliver as much active power as possible by
the renewable energy source. The block “iy ,..r scheduler” in Fig. 2.5 converts the reference
reactive power from the scheduler to iy ror. The “iy ,of prioritizer” block checks if the
inverter is capable of producing this i; ,.¢. If it is not capable then it would reduce the iy ,of
in favor of iy ,.¢. If an inverter produces its full capacity of iy, then it will be labeled as

saturated inverter since it cannot produce additional reactive power.
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Figure 2.5. Overall control structure of PQ inverter

2.4 Reactive Power Scheduler

The reactive power scheduler produces the reference reactive power for different inverters
based on their capacities with minimum level of communication with the inverters. It takes the
information of actual reactive power Q. produced by inverters and generates reference
reactive power for all the inverters. The information of the inverter’s rating or total current
carrying capacity is not required to be loaded in scheduler. Scheduler only requires the
information of total number of DES operating in the system. The change in environmental

condition such as sun irradiance may change the real power command for the inverters. An
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increase in real power command results in a decrease of reactive power production capacity
and vice versa. When an inverter does not have the capacity to produce reactive power then
other inverters will share the required reference reactive power demand and produce reactive
power based on their capacity. A reactive power capacity detection algorithm is proposed for
the scheduler based on the response of the individual inverters to reactive power commands
from the scheduler. The reactive power capacity of the individual PQ inverters is detected

through a scheduler perturbation technique with small transition from the normal state.

The PQ scheduler either delivers the total reference reactive power Qrer torqr required to
regulate voltage through closed loop control or gets it from the outer scheduler that resides in
the upper hierarchy in the distribution system. At the beginning of operation, the scheduler
distributes  Qrer torqr @among all inverters equally. Periodically the scheduler gets into the

perturbation state and checks if the reactive power capacity of any inverter is at the limit.
2.4.1 Perturbation State

During the perturbation state, the reference reactive power of one inverter is increased by a
A% of its steady state value at each cycle and it is checked if the inverter is saturated or not. If
the difference between actual reactive power Q,; of present cycle of any inverter and Q. of
previous cycle of that inverter is below a threshold value then that inverter is considered
saturated as Q . does not increase with the incremental perturbation of reference reactive
power. The threshold value is very small number. The reference reactive power of the other

inverters are decreased at the same time such that Q¢f torqr and Qget totq: remains the same

during the perturbation state. The reactive power capacity Q.qp of an inverter is obtained in
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the cycle when an inverter gets saturated. After reaching at saturation point, reference reactive
power of the perturbed inverter is the decreased to the value from where the perturbation was
started. Then perturbation of another inverter is started and capacity of that inverter is detected
in the similar way. Fig. 2.6 shows the state machine of the proposed capacity detection and
scheduling algorithm. Perturbation state is completed when the capacities of all the inverters
are detected and then scheduler moves into the normal state. Usually perturbation state takes
few seconds depending on number of inverters to be perturbed to detect the reactive power
capacity of all inverters. The scheduler repeats the perturbation algorithm at a certain frequency

based on the probability of changes in the environmental conditions.
2.4.2 Normal State

When the capacity of all the inverters are detected, the scheduler redistributes the total
reference reactive power among the inverters in the normal state based on their ratio of capacity
as shown in (2.16) so that none of the inverters are over stressed from producing/absorbing

reactive power.

Qica
Q; = Sa— % Qref,total (2.16)

n
21':1 Qi,cap

Normal state of the inverter is much longer than the perturbation state. The duration of the
normal state is typically 30 seconds to few minutes depending on the environmental condition
of a particular area so that the real power reference does not change to frequently during this

state.
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Scheduler moves between perturbation state and normal state periodically and change the
reference reactive power set point for different inverters based on their capacity. In this way,
no communication is required among the inverters. The scheduler only takes actual reactive

power produced or absorbed by different inverter and the voltages at different node.

Perturbation
State

Perturbation Index x

i=1n

Qi_ ref{ k- 1)

Normal State

Qx_act(k)'ax_ac[(k']) >e
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Y
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Figure 2.6. State diagram of the reactive power scheduler

2.5 Simulation Results

The reactive power scheduler algorithm presented in section 2.4 has been simulated using

MATLAB/Simulink. The scheduler periodically enters in the perturbation state and normal
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state. Same grid connected distribution system has been used in both simulation and

experiment to verify effectiveness of the scheduler in voltage regulation.

2.5.1 Distribution Network

The grid connected distribution system used for simulation and experimental verification
of the proposed RPS is shown in Fig. 2.7. The system consists of three identical DES with a
capacity of 1 kVA each and a distributed load connected to the bus closest to the grid. The
nominal voltage of the system is 120 V rms. The voltage, power and line parameters for this
system are summarized in Table 2.1. The objective is to regulate the voltage across the load.
ANSI C84.1 [109] expects equipment to operate at service voltages between 95% and 105%
of the nominal value. Therefore, total reference reactive power is generated by the RPS
according to (2.1) to maintain the load bus voltage between 114 V and 126 V. This section
shows the simulation results while experimental verification using the same system is

presented in the next section.
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Figure 2.7. Grid connected distribution system

Table 2.1. Distribution system parameters

Nominal voltage 120V

Inverter rating 1 kVA

Maximum Load 1 kW

Line impedance (0.38 + j0.26) ohm/km
TL1 3 km

Line length TL2 I km
TL3 1 km
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2.5.2 Scheduler Algorithm and Distributed Voltage Regulation

In this sub-section simulation results for RPS and effect of RPS on distributed voltage
regulation will be presented. Initially, RPS equally distributes the total reference reactive
power among the inverters. If any inverter in the system exceeds its capacity, that inverter is
operated at maximum reactive power and the deficiency of reactive power from the saturated
inverter is equally distributed among the other inverters in the next operating cycle. The RPS
periodically changes between perturbation state and normal state and updates its commands in
each period to compensate for a change in the load profile or environmental conditions. In this
simulation it is assumed that the RPS update period is 0.5 sec. Therefore, every 0.5 sec RPS
goes into the perturbation state. In perturbation state the reactive power capacity of each
inverter in the system is detected and in the normal state a reference reactive power for each

inverter is generated based on the detected reactive power capacity.

Fig. 2.8 shows the generated i, value which represents the real power generation of each
inverter. From 0 to 0.8 sec the reference i, for the three inverters are assumed to be 6.2, 6.8

and 8.1 A respectively. The real power generation is changed for all inverters at 0.8 sec to
resemble a change in the environmental conditions such as a cloud passing over PV of inverter

2 which was previously assumed to be on PV of inverter 1 since it had the lowest value of i,.
At this time reference i, for the three inverters is considered to be 7.5, 6.2 and 6.8 A
respectively. At 1.38 sec there is another change in real power generation for inverter 1 and i,

for this inverter increases to 9.6A resembling high solar irradiation on PV 1.
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Figure 2.8. Reference i, for different distributed inverters

Fig. 2.9 shows the i; command from RPS to each inverter for reactive power control and
the detected capacity at the end of the perturbation state for each inverter. The first perturbation
state starts at 0.4 sec and ends at 0.5 sec as shown in Fig. 2.9. Also Fig. 2.9 shows the reactive
power capacities represented as i, capacities of the three inverters in this perturbation state
which are 7.846, 7.332 and 5.864 A respectively. Total reference i; required for voltage
regulation in this stage is calculated by the RPS to be 11.5 A. In normal state this total reference
i4 1s distributed among the inverters according to (2.14) and (2.16). Therefore in normal state
reference i; for the three inverters are 4.288, 4.007, and 3.205 A respectively. As the three
inverters are identical, the inverter which is producing higher real power has the least reactive
power capacity and vice versa. As the update time period of RPS is 0.5 sec, second perturbation
state starts at 0.9 sec and ends at 1.0 sec. Once again the change in reactive power capacity is
detected in this perturbation state as a result of a change in the real power generation. Reactive

power capacities measured as i, capacities of three inverters in the second perturbation state
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are 6.614, 7.846 and 7.332 A respectively. Consequently, in the following normal state the
total required i; of 10.858 A is distributed among the three inverters by the RPS as 3.296,
3.909, 3.653 A respectively. Before the third perturbation state, which is started from 1.4 sec
and ends at 1.5 sec, inverter 1 becomes saturated with reactive power due to the high
penetration of real power and it operated at i; = 2.8 A which is its maximum capacity with

iqg = 9.6 A. During the third perturbation state its capacity is detected as 2.8 A and total

reference reactive power is readjusted for three inverters in similar way.

ref id of
invertert (A)

ref id of

ref id of

id capacity
of inverter3 (A) of inverter2 (A)of inverter! (A) inverter3 (A) inverter2 (A)

id capacity

id capacity

Figure 2.9. Reference i, for each inverter and i; capacity detection for different inverters
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Fig. 2.10 shows the resulting voltage across the load with and without the RPS. It can be
seen from Fig. 2.10 that when the RPS is present, the voltage across the load is maintained
below 126 V rms at all times even during the time when inverter 1 is producing the highest
real power after 1.38 secs. The RPS is able to track reactive power capacity of all inverters and
it can identify if there is any saturated inverter. The reference reactive power is generated for
each inverter based on detected capacity so that no inverter is over stressed by reactive power

generation and voltage is maintained within the allowable range.
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Figure 2.10. Load voltage with and without RPS

However, when RPS was not present, total reference reactive power is equally distributed
among the inverters. Therefore, the system was unable to identify that the inverter 1 being
saturated and redistribute reference reactive power command for inverter 2 and 3 during that

time. As a result, load voltage increases and exceeds the allowable upper limit of 126 V after
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1.38 secs. Also equal sharing of total reference reactive power regardless of their capacity limit
sets an extra stress on the inverters with low capacity such as on inverter 3 from 0 to 0.8 sec.

Simulation results are summarized in Table 2.2.

Table 2.2. Summary of simulation results

Time ig (A) iq capacity (A) ig (A) Voltage
SEC . . . . . . . . .

(sec) lg1 | lg2 | 143 | ld,cap1 | td,cap2 | ld,cap3 la1 laz las 1.048pu
0-04 6.2 | 6.8 | 8.1 |N/A N/A N/A 1.048pu
04-0.5 PERTURBATION STATE
05-08162 |68 |8.1 4288 |4.007 | 3.205 1.048pu

7.846 | 7.332 | 5.864
08-09 (75162 |68 4.049 | 3.784 | 3.026 1.048pu
09-1.0 PERTURBATION STATE

1.0-14|75 162 |68 |6.614 | 7.846 | 7.332 | 3.296 |3.909 | 3.653 1.045pu

14-1.5 PERTURBATION STATE

With

RPtS 1.044pu
1.5-191]196 |62 |68 |28 7.846 | 7.332 | 2.258 | 3.322 | 5.908

Without

RPS 1.054pu

2.6 Experimental Verification

The experimental work using the same distribution network shown as in Fig. 2.7 is
presented in this section. Three inverters are considered for experimental demonstration of the
advantages of a PQ inverter equipped with reactive power scheduler algorithm. The

experimental setup of the grid connected system is shown in Fig. 2.11. The dc bus voltage of
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the inverter is 170V. Considering the rating of the devices for experimental setup, the nominal
voltage is scaled down to 90V rms. The current rating of inverter 1 and inverter 2 are
considered as 4 A and of inverter 3 as 3.2A. In the first experiment, system was tested with
only real power generated by the inverters. The real power component of the inverter current
i4 for three inverters are 1.9, 1.9 and 2.0 A, respectively. The load voltage in this condition is
95.7V which is 6.33% higher than the nominal value. This condition is shown in Fig. 2.12. In
the next experiment, RPS is incorporated and real power penetration from the three inverters
are considered to be the same as in the last condition. In the perturbation state of RPS reactive
power capacity of the three inverters represented by i; capacity are detected as 3.52, 3.52 and
2.52 A respectively. Total reference reactive power required to regulate the voltage is
determined by (2.1) and calculated reference i; is 2.43 A. In normal state RPS generates
reference reactive power for each inverter and divides total reference reactive power among
the inverters based on their reactive power capacity ratio. Therefore, reference i; for the
inverters generated by RPS in normal state are 0.89, 0.89 and 0.64 A, respectively. Fig. 2.13
shows the voltage across the load and current generated by the inverters. It can be seen that the
load voltage is 91.8V which is 2.1% higher than the nominal voltage. The rms value of the

inverter currents are determined as follows.

22
fq1tltar V19240892 _

a1 rms = 5 = 1.5 (2.17)

P2 :2
. _ Jlaztlaz V19770897
lazrms = VZ - vz =

15 (2.18)
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) \/%3”33 V2.02+0.642
iagms = Lo = O = 1 5 (2.19)

The load voltage and inverter current wave shapes shown in Figs. 2.12 and 2.13 are zoomed
in Fig. 2.14(a) and 2.14(b) respectively for better demonstration of the effect of reactive power
from RPS. Fig. 2.14 shows. The inverter currents are lagging from the load voltage because of
the line inductance and filter inductance between the inverters and load. Therefore, peaks of
the currents from three inverters are shifted to the right of the peak of load voltage in Fig.
2.14(a) when there is no reactive power. When inverters absorb reactive power commanded
from RPS the current waveforms shifted to the left from its original position which is shown

in Fig. 2.14(b).
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Figure 2.11. Experimental setup
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Figure 2.12. Load voltage and inverter current without RPS. Ch.1: load voltage (95.7V rms),

Ch.2: inverter 1 current (1.34A rms), Ch.3: inverter 2 current (1.34A rms), Ch.4: Inverter 3
current (1.45A rms)
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Figure 2.13. Load voltage and inverter current with RPS. Ch.1: load voltage (91.9V rms),

Ch.2: inverter 1 current (1.48A rms), Ch.3: inverter 2 current (1.51A rms), Ch.4: Inverter 3
current (1.50A rms)
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(b)

Figure 2.14. Load voltage and inverter current zoomed in to half cycle. (a) Without RPS, (b)
first experiment with RPS

In the next experiment, it is considered the real power penetration by the three inverters are
changed to resemble the change in environmental condition. The reference i for three
inverters are 1.5, 2.0 and 2.0 A respectively. Inverters’ rating are same as it was in previous
experiments. Reactive power capacities of the three inverters represented by i; capacity are
detected in perturbation state as 3.71, 3.46 and 2.52 A, respectively. As the real power
penetration from inverter 1 decreases in this case, higher reactive power capacity is detected
for this inverter. Similarly, inverter 2 has higher real power penetration and has lower reactive
power capacity. Real power generated by inverter 3 is unchanged from the previous condition,
therefore its reactive power capacity remains same. Total reference i,; is determined as 1.04A

to regulate the voltage within specified limit. The reference i, for three inverters generated by
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RPS based on the i, capacities of the inverters are 0.4, 0.372 and 0.27 A, respectively. The
rms value of the inverter currents can be determined using the same equations shown in (2.17)
—(2.19). Fig. 2.15 shows the load voltage and rms current of the inverters for this condition. It
can be seen that the load voltage is 91.8V and voltage rise is regulated to 2% of the nominal
value. Also load voltage and inverter currents are zoomed in Fig. 2.16. It can be seen from this
figure that the current peaks are at different position compared to Fig. 2.14(b) because the
inverters are absorbing different amount of reactive power for the changed condition.

Experimental results are summarized in Table 2.3.
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Figure 2.15. Load voltage and inverter current with RPS for change in environmental
condition. Ch.1: load voltage (91.8V rms), Ch.2: inverter 1 current (1.09A rms), Ch.3:
inverter 2 current (1.45A rms), Ch.4: Inverter 3 current (1.43A rms)

Figure 2.16. Load voltage and inverter current zoomed in to half cycle for second experiment
with RPS for change in environmental condition
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Table 2.3. Summary of experimental results

Ref | . c " Ref i ) ] Load
) i apaci [ l i
Experiment | Inverter iq d.cap P oy “Hla | Tpeak ™ms | vyoltage
(4) ratio (A) (A) (A)
(4) (pu)
No No
" Inverter 1 1.9 RPS RPS 1.9 1.34
experiment No No
(without Inverter2 | 1.9 RPS No RPS RPS 1.9 1.34 1.0633
RPS)
No No
Inverter3 | 2.0 RPS RPS 2.0 1.45
Inverter 1 1.9 3.52 0.89 2.1 1.5
2nd

experiment | Inverter2 | 1.9 3.52 | 1:1:0.716 | 0.89 2.1 1.5 1.021
(with RPS)

Inverter3 | 2.0 | 252 064 | 2.1 1.5
rd
3 Inverter 1 | 15 | 3.71 04 | 1.55 | 1.09
experiment
(w1;1111(I1{PS Inverter2 | 20 | 346 | 1.003.076| 037 | 2.034 | 143 1.02
changed 2.0 2.5
condition) Inverter 3 0.27 2.018 1.43

2.7 Contribution

¢ A novel reactive power scheduler has been proposed for distributed voltage regulation.

e The reactive power capacity of distributed sources, which may vary with the change of
environmental condition, can be detected periodically by the proposed RPS.

e The balanced way of generating reference reactive power for different distributed sources
using RPS has been presented. In this way, inverters associated with the DES share reactive

power based on its dynamic reactive power capacity detected by RPS. Therefore, total
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reference reactive power for voltage regulation is distributed among the inverters without
overstressing any inverter.

o RPS ensures equal usage of the inverters owned by users of distributed systems and
increase the inverters’ life by reducing the stress.

e The task of voltage regulation of the distributed system has been accomplished using no

global communication among the inverters.

2.8 Conclusion

The voltage at distributed system can be regulated using proper management of reactive
power from the distrubted inverters. The concept of PQ inveters and the utilization of their
reactive power production capacity for grid management is shown. The reactive power
production capacity of the inverters is detected considering dynamic changes in the operating
conditions and without any additional sensor elements. Inverters are operated such that all of
them work harmoniously to produce the total commanded reactive power with minimum stress

on each of them.
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Chapter 3: Power Management for Overvoltage Prevention with
High PV Penetration in a Radial Distribution System

3.1 Introduction

Grid connected photovoltaic (PV) systems are considered as the most prominent and rapidly
growing technology among the renewable energy sources. The implementation of rooftop PV
in distribution network improves the efficiency of providing electric power to the consumer.
Along with the benefits of reducing transmission line loss and cost, customer owned PV has
the advantages of upgradeability and decrease of dependence on fossil fuel.  But the
intermittent nature of solar irradiation imposes some challenges on power reliability. PV
installation capacity in low voltage (LV) grid connected systems is limited due to the voltage
rise concerns associated with high PV penetration and low consumer demand. As mentioned
in the previous chapter, there is a possibility of reverse power phenomena and overvoltage in
LV distribution feeder during high generation of solar PV systems and low demand situations.
The management of real power curtailment for overvoltage prevention of grid connected
distributed sources has been discussed in [37], [39]. There are several options available to
address the overvoltage situation, although not all of them are attractive. An adaptive active
power control strategy for large grid-connected PV power plants has been presented in [40] to
maintain PV terminal voltages within a specified range. This chapter is focused on the
improvement of reactive power management for voltage regulation of a low voltage
distribution system incorporating inverters associated with PV or other renewable energy

sources (RES) that can absorb or produce reactive power. This chapter introduces the critical
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bus concept with the previously mentioned reactive power scheduler algorithm and addresses

the power factor issue in voltage regulation using reactive power capacity of the inverters.

A reactive power scheduler was proposed in the previous chapter where reactive power
capability of the inverters was limited by their rating and maximum current carrying capacity
of semiconductor switches. The inverters are operated to produce as much real power as
possible which is determined by the maximum power point tracker (MPPT). In this case, the
rest of the current capacity can be used for reactive power production. However, along with
inverters’ rating there is usually a power factor constraint for inverters connected to a
distributed system and it is not desirable for any distributed load or source to operate at power
factors below a certain limit. Operating below the limit will result in the consumer being
penalized by the grid operator. This limit varies with a country’s grid code [96].

The fundamental problem for reactive power management is to determine which inverter
should produce how much reactive power. The objective of voltage regulation is to regulate
all the bus voltages in a distribution feeder within a range by effectively utilizing the reactive
power capability of the inverters such that no inverter is overstressed or violates its power
factor and total current carrying capacity limitations. However, uncoordinated reactive power
generation or absorption by the inverters may cause additional losses. Therefore, efficient use
of inverter’s reactive power capability is a desirable feature for the PV inverter which is
addressed in this chapter.

In a radial distribution system shown in Fig. 3.1, the farthest bus from the grid tie point is
considered as the critical bus. With the high penetration of PV sources, maximum voltage rise

occurs at the critical bus. Therefore, the objective of the voltage regulation of a radial
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Figure 3.1. Radial distribution network

distribution system is to keep the critical bus voltage within its limits. ANSI C84.1 [109]
expects equipment to operate at service voltages between 95% and 105% of the nominal value.
The sensitivity of other inverters’ real and reactive power on the critical bus voltage is
important to determine reference reactive power of the other inverters [96]-[97]. The proposed
method in [97] produces a reference reactive power for the inverters such that the power factor
(PF) of the inverters with higher voltage rise is lower while making sure that the PF of each
inverter does not go below a certain limit. Therefore, during high PV generation the reference
reactive power for the critical bus inverter will be higher and may go beyond its capacity which
is not addressed in this approach. A central scheduler of reactive power has been proposed in
the previous chapter [110] which can detect the reactive power production capacity of different
distributed sources without any communication among the inverters. However, in this
approach, the critical bus and PF limitations are not considered by the scheduler. A reactive
power management algorithm has been proposed in [111] for microgrids with high penetration
of single phase induction motors in fault induced islanding case. Two states for reactive power

generation have been proposed in the method where DES produce maximum reactive power

45



in the maximum reactive power (MRP) state, and voltage is supported by providing a reactive
power from DES based on sensitivity in the sensitivity-based distributed Q compensation
(SBDQC) state which is calculated by an optimization algorithm. However, with this approach
the MRP state does not consider the PF constraint, which may be acceptable for few cycles

during fault situation, but should be considered during normal operation of the DES.

In this chapter, an improved reactive power management system for radial distribution
system is proposed which regulates the bus voltages within the permissible limit during high
penetration of PV by utilizing the inverter’s reactive power capacity more efficiently [113].
The proposed method considers the sensitivity of reactive power of the inverters at different
location relative to the critical bus. This method enables other inverters close to the critical bus
to effectively utilize their capacity which can reduce the inverter KV A rating when considering

highest penetration during the year.

3.2 Voltage Sensitivity

Voltage sensitivity analysis provides the most efficient way to determine reference reactive
power for the distributed inverters [97]. Voltage sensitivity matrix is derived by solving the

power flow equation shown in (3.1) and (3.2). The solution is given by (3.3).
P, = X7 IVil|V;|Yij cos(8y; + 6; — 6;) (3.1)
Qi = XjIVilly;|Y;; sin(8;; + 6 — 8) (3.2)

[AS Ssp Saq] [ (33)

AV Svp Sve

46



where P; and Q; are the active and reactive powers from bus 7, Y;; <8 is the admittance between
bus i and j, V; and V; are voltage magnitude, §; and §; are voltage phase angles, Ssp and Ss,

are the sensitivities of the bus angles to the change in real and reactive powers, and Syp and
Syq are the sensitivities of the bus voltages to the change in real and reactive powers,
respectively. The voltage sensitivity matrix shown in (3.3) is derived by solving two non-linear
equations shown in (3.1) and (3.2) using Newton-Raphson method. The system Jacobian
matrix is updated in each iteration and inverse of this Jacobian matrix results the sensitivity
matrix. The real and reactive power variations of the inverters located farther from the grid tie
point will have a higher impact on the critical bus voltage. Therefore, inverters closer to the
nt" bus in Fig. 3.1, i.e., (n — 1)** inverter, would have a higher impact on the critical bus
voltage than that of inverter 1 or 2. Therefore, when DES produces more real power than the
local load demand, the critical bus voltage increases more than other bus voltages. As a result,
the critical bus inverter and other inverters close to it should be operated with lower PF to

regulate the voltage below the permissible limit.
3.3 Reference Reactive Power Generation

Reference reactive power generation method for the inverters in the system should be based
on sensitivity of the inverters. In the cos@(P) method shown graphically in Fig. 3.2(a),
reference reactive power is produced based on inverter’s real power generation [96]. In this
method, with an increase of real power generation, PF of the inverter decreases. However,
when both generation and local load demand is high, inverters may not need to operate at lower

PF as the voltage rise will be lower in this case. Moreover, this method generates location free
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reference reactive power which does not consider the sensitivity of the inverter. Fig. 3.2(b)
shows the Q (V) method where sensitivity of the inverter is considered in reference reactive
power generation. Inverters with higher voltage deviation are operated with lower reactive
power in this method. Inverters close to the grid absorb negligible, sometimes zero, reactive
power as the voltage rise is very small in these inverters. As a result, the total amount of
reactive power absorption in the system may be lower compared to the cos@ (P) method. On
the other hand, sometimes the critical bus voltage may rise over the permissible limit without
other inverters contributing to support the critical bus voltage. One way so solve this problem
may be through the use of communication among the inverters to switch from Q (V) method
to cosg(P) method. However, this is not considered as an efficient solution. The
cos@(P,V) shown in Fig. 3.2(c) combines the previous two methods to generate reference
reactive power for the inverters [96]. The lower limit of the PF C, of each inverter is varied
with the voltage and PF is varied with the real power generation. In this way, other inverters
can also support the critical bus voltage by absorbing reactive power without communication
among the inverters. However, during high penetration of PV at the critical bus, PF is fixed at
the lowest value of 0.9. As a consequence, the ratio of real and reactive power (tang) is also
fixed during high penetration which results in high reference reactive power for the critical
bus. As the inverter’s reactive power capacity is limited by its rating, and with high real power
generation, this capacity being even lower, at some stage the reference reactive power may go
beyond the inverter’s reactive power capacity. One way to address this situation is to set the
inverter’s current rating based on the highest yearly power generation and demand profile of

the area, which results in an increase in the inverter cost.
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Figure 3.2. (a) cos@(P) method, (b) Q(V) method, (¢) cos@ (P, V) method

In the perturbation state of RPS described in the previous chapter, reactive power capacity

is detected by small incremental perturbation of reactive power and in the normal state inverters

are operated with reference reactive power set by the scheduler based on the ratio of the

inverter’s capacity. In this way, inverters have communication only with the scheduler and no

communication is required among them. However, the downside of this method is that it does

not consider the critical bus voltage and sensitivity of the inverters. Scheduler considers only

the capacity of the inverter and total reference reactive power required by the system.
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3.4 Proposed Method for Reference Reactive Power Generation

The objective of the proposed reference reactive power generation method is to regulate the
critical bus voltage by effectively utilizing reactive power generation capacity of other
inverters with high voltage sensitivity to the critical bus while maintaining sufficient PF
requirements. A central reactive power management system (CRPMS) similar to the one used
as reactive power scheduler in previous chapter is incorporated in the cos@ (P, V) method to
overcome the limitations stated in the previous section. In this method, the inverters do not
have any communication among them.

Usually during high penetration of PV with low consumer demand, the critical bus inverter
requires high reactive power absorption to bring down the critical bus voltage and maintain it
within acceptable limits. With the increase of the real power penetration, reference reactive
power for the inverter increases if the load demand remains fixed. However, during high
penetration period, inverter’s reactive power capacity decreases as most of its volt-amp
capacity is utilized to produce real power. As a result when a high reference reactive power is
generated for the critical bus inverter during high penetration, the inverter may not have the
capacity of absorbing that reference reactive power. With cos (P, V) method, other inverters’
reactive power absorption is lower than the critical bus inverter as the voltage rise in other
buses is less than that of the critical bus. Therefore, when critical bus inverter is saturated with
reactive power, other inverters reactive power capacity can be utilized to regulate the critical

bus voltage.
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If the n*" bus in a radial distribution feeder is considered as a critical bus as shown in
Fig.3.1, then n'" inverter associated with the n*" distributed energy source (DES n) has the
highest sensitivity of reactive power to the voltage at the critical bus. The (n — 1)*"* inverter
will have the next highest sensitivity to the critical bus voltage and similarly sensitivity of each
inverter becomes lower as it gets closer to the grid and farther from the critical bus.

When the critical bus inverter is saturated with reactive power during high penetration of
PV, cosp(P,V) method no longer remains a viable option for voltage regulation at this bus.
In the proposed method, for this situation, the CRPMS partially disregards the cos@(P,V)
method and generates new reference reactive power for all inverters. When critical bus inverter
reaches its capacity, it requires support from other inverters to regulate the voltage within
allowable range. The CRPMS detects this support requirement. In this case, critical bus
inverter absorbs as much reactive power that its capacity allows after meeting the real power
command. The (n — 1) inverter is first considered by CRPMS to provide support for the
critical bus inverter since it has the next highest sensitivity to the critical bus voltage. The new
reference reactive power for (n — 1)t" inverter is set so that it is operated at PF = 0.9 which

)" inverter is

is the highest reactive power it can provide within allowable PF range. If (n — 1
incapable of absorbing reactive power at 0.9 PF or if its maximum possible reactive power is
not sufficient to regulate the critical bus voltage, CRPMS will consider the next inverter with
the highest sensitivity to operate at PF = 0.9 and support the critical bus inverter. All other

inverters will be operated under cos@(P,V) method in this case. By using this method,

unutilized reactive power capacity of the distributed inverters can be effectively used without
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increasing the current rating of the critical bus inverter. Fig. 3.3 shows the flow diagram of the

proposed reference reactive power generation method.

Generate Q. from coso(P,V)
method

1

Is critical bus inverter capable to
absorb reference reactive power?

Jff

Operate critical bus inverter at Qmax

YES

b

Operate next inverter with highest
sensitivity at PF = 0.9

Is this inverter capable to absorb
reference reactive power?
Or
Is critical bus voltage within allowable
range?

Figure 3.3. Proposed Central Reactive Power Management System
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3.5 Simulation Results

A small distribution system has been considered which consists of three distributed inverters
and loads at different bus locations of the feeder. The one line diagram of the system is shown
in Fig. 3.4. Bus 3 is the critical bus for this system as it is the farthest one from the grid tie
point. The voltage, power and line parameters for this simulation are summarized in Table 3.1.
The lower limit of the PF is considered as 0.9 in this simulation. The allowable voltage range
is between 95% and 105% of the nominal value according to [109] and the nominal voltage is
120 VAC. Therefore, the allowable range for service voltage at which utility delivers power to

each homeis 114 - 126 V.

120V,
3kVA -

Grid Critical Bus
Line Bus 1 Line Bus 2 e Bus 3

load 1 PV1 Load 2 PV 2 Load 3 PV3

Figure 3.4. One line diagram of radial distribution feeder for simulation
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Table 3.1. Radial feeder parameters

Base voltage 120V
Base power 3KVA
Line impedance (0.1581 +j0.1121) pu
Each load 200 W

Since in this configuration bus 3 is the critical bus, PV3 is considered as the DES at critical
bus. The control of the distributed inverters is implemented in the d-g reference frame since
this enables the separation of active power and reactive power components. The park
transformation used for the conversion of single phase current produced by the inverter to two

phase rotating reference frame components i, and iy is shown in (3.4).
[l:q] _2 [cgsgo —singo] [la] (3.4)
igl 3lsing cose ||ig
where i, and ig are in phase and 90° out of phase component of single phase current
respectively and ¢ is the estimated phase angle by phase-locked loop. By this conversion, real

and reactive power can be controlled by controlling i, and iy, respectively. The rated current
limit for the distributed inverters are considered as 8A.

Fig. 3.5 shows the real power variation of PV3 commanded by MPPT of the respective PV
with the change of solar insolation and different bus voltages of the radial distribution feeder.

The change in real power is shown as the change of i,. The bus voltages are shown in per unit

(pu) based on nominal voltage 120V. All the inverters are operated in cos@ (P, V) method at
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normal operation. A change in PV penetration occurs at bus 3 at 0.3 second. From 0.3 second
to 0.6 second the critical bus i; = 6A which is 2.5 times higher than the local load demand. It
can be seen that the critical bus voltage (at bus 3) during this time increases to 4% of its nominal
value. At 0.6 second, the penetration of PV3 is further increased to 3.3 times of the local load
demand with an i; = 7.9A4. In this case reactive power capacity of the PV3 inverter measured
by i, capacity is 1.26 A but the reference reactive power generated by cos@ (P, V) method for
this inverter is 3.77 A. Therefor PV3 inverter does not have the capacity of absorbing reference
reactive power calculated by the cos@ (P, V) method. As a result the critical bus voltage rises
to over 5% of its nominal value which is beyond the allowable range. After 1.0 second PV
penetration decreases which brings the critical bus voltage down to allowable range.

Figs. 3.6 and 3.7 show the effect of incorporating the proposed CRPMS for voltage
regulation during high PV penetration. Fig. 3.6 shows the comparison between generated
reference reactive power by cos@ (P, V) method and the proposed method. As seen in Fig. 3.5,
support is required for PV3 inverter to regulate the voltage at bus 3 from 0.6 to 1.0 second
when PV3 penetration is high and cos@(P,V) method is not sufficient enough to keep the
critical bus voltage within allowable range. Fig. 3.6 shows that when reactive power support
is required from PV2, which is the next DES with the highest sensitivity after PV3, the
calculated reference i; of PV2 and PV3 from the cos ¢ (P, V) method are 1.45 A and 3.77 A
respectively. Since voltage rise in bus 2 is lower than the voltage rise at bus 3, reference i,
generated for PV2 inverter is lower compared to the PV3 inverter. The i; capacity during this

time for these two inverters are 7.86 A and 1.26 A respectively. Therefore while PV3 inverter
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is saturated with its capacity while PV2 inverter is underutilized with low reference reactive
power generated by cose (P, V) method.

In the CRPMS method reference i; of PV3 inverter is reduced to 1.26 A during high
penetration time which is the maximum available reactive power Q,,,, for PV3. Also PV2
inverter is operated at PF 0.9 for which reference i, for this inverter is calculated as 2.9 A. In
this way reactive power capacity of PV2 inverter is utilized when critical bus inverter is
saturated. Fig. 3.7 verifies that the critical bus voltage remains within allowable range i.e., the
voltage rise is not over 5% for the same high penetration of PV3 with the proposed reactive

power management. Table 3.2 summarizes the simulation results.

Table 3.2. Summary of simulation results

Time PV3 PV3 Ref i,
(sec) Ref i, i cos@(P,V) method CRPMS
Capacity | vy PV3 PV2 PV3
0.3-0.6 6A 529A |  1I8A | 1.5A 1.I8A | 15A
0.6-1.0 79A | 126A | 145A| 377A| 29A 1.26A
1.0-1.6 6A 529A |  LI18A | 15A 1LISA | 15A
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57



6. 6  — E— \\\\6. [ [ [ 6 | T 6
~ ~ I I I ~ | | | ~ | | ~
I N BN R I R S =
IS L EENRN NS RIS NI VR R >
N S RS SUN U TN S
““““ - B - ST N A D - N e I K-
| o o o o | o | | e
e © bl i L _—
B | s ¥ ] oS | R |
L] < | & < | R | |
N LA L |
L o~ \ ey
| | o | | | o |
" " Lo |
(an) 1 0
TN Wol poylaw (A'D)Psoos  poyjow (A'D)Ps0d  poyew SNdHD  PoudW SWNAYHD
Hoddns kq(v) prsei znd  Aa(v) prjei end  Aq(v) pryed gad  Aq(v) pryal ead

58

time (sec)

Figure 3.6. Reference reactive power measured by i; for PV2 and PV3 calculated by
cos@(P,V) method and proposed CRPMS
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3.6 Experimental Results

The same radial distribution network shown in Fig. 3.4 for simulation work is used for
experimental validation of the proposed algorithm. The experimental setup is shown in Fig.
3.8 which is implemented with three distributed inverters and loads at different bus location.
Three inverters have been connected to the grid for parallel operation. Considering the ratings

of the devices for experimental setup, the nominal voltage is scaled down to 90V rms.

The inverters are operated in cos@ (P, V) method in the first experiment. The real power
produced by the critical inverter which is PV3 is 3.3 times higher than its local load demand.
Also the closest inverter to the critical bus which is PV2, produces real power 1.5 times higher
than its local load demand to resemble a high PV penetration with low load demand situation.
The current ratings of each inverter is considered to be 4A. The experimental results for this
case are shown in Fig. 3.9. It can be seen from the results that the critical bus inverter (PV3) is
not capable of absorbing reactive power commanded by cos (P, V) method in this scenario
since it is producing high real power. Therefore, the critical bus voltage (97.1V) increases by

7.89% of the nominal voltage which is beyond the allowable range.

In the second experiment, the inverters are operated by the proposed CRPMS method. Fig.
3.10 shows the voltages and currents of bus 3 and bus 2 for the CRPMS method. In this method,
PV2 is operated at 0.9 PF and critical bus inverter is operated at maximum reactive power with
0.98 PF. It can be seen from the results that the bus 3 voltage is 94.4 now. The voltage rise at

critical bus is maintained at 4.89% of the nominal value which is within the allowable range.
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Table 3.3 summarizes the real and reactive power components of the inverter currents, and the

voltage increase for both methods.

Table 3.3. Summary of experimental results

Method Parameter PV3 PV2
Current rating i, 4A 4A
iq 3.95A 2A
cosp(P,V) iy capacity 0.63A 3.46A
iy reference 0.88A 0A
Voltage rise 7.89% 6.67%
Current rating i, 4A 4A
iq 3.95A 2A
CRPMS iy capacity 0.63A 3.46A
i4 reference 0.63A 0.968A
Voltage rise 4.89% 3.78%
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Figure 3.9. Bus voltages and inverter currents by cos@ (P, V) method. Ch.1: bus 2 voltage (96
V rms). Ch.2: critical bus voltage (97.1 V rms). Ch.3: PV2 current (1.44A rms). Ch.4: PV3
current (2.97A rms)
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Figure 3.10. Bus voltages and inverter currents by CRPMS method. Ch.1: bus 2 voltage
(93.4V rms). Ch.2: critical bus voltage (94.4V rms). Ch.3: PV2 current (1.56A rms). Ch.4:
PV3 current (2.97A rms)

3.7 Contribution

e A Central Reference Reactive Power Management System has been proposed for voltage
regulation of the radial distribution system during high PV penetration.

e The CRPMS addresses the limitations of the existing methods and improves the voltage
regulation of distribution system with distributed energy sources.

e The proposed CRPMS considers not only the inverters total current capacity but also the

power factor constraint given by the grid operator.
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e Effective utilization of reactive power capacity of the inverters at buses with high
sensitivity to critical bus has been ensured during high penetration of distributed PV
inverters.

e The improvement of the voltage regulation compared to existing method has been

presented both in simulation and experiments.

3.8 Conclusion

A new method of CRPMS has been proposed in this chapter which addresses the limitations
of the existing methods and improves the voltage regulation of a radial distribution system
during high penetration of DES. This method is based on inverters capacity and sensitivity to
the critical bus and allows effective utilization of reactive power capacity of the inverters with
high sensitivity to the critical bus. Simulation and experimental results are presented to validate

the improvement of voltage regulation by the proposed CRPMS
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Chapter 4: Grid Synchronization in Presence of Grid Impurity

4.1 Introduction

The increasing demand of integrating single phase or three-phase renewable energy sources
(RES) like distributed solar systems, electric or hybrid vehicles, storages, offshore or onshore
wind and wave energy systems to the utility grid requires proper estimation and
synchronization of frequency and phase angle of the utility voltage. The control of the real and
reactive power for grid connected distributed sources requires accurate phase information of
the utility voltage. Therefore, voltage regulation algorithm for grid connected distributed
system using reactive power control presented in last two chapters is highly dependent on the
accurate estimation of phase angle of grid voltage. Also the operation of different power
electronic devices and drives for motor control application is highly dependent on the accuracy
of phase estimation. The most commonly used and easily implementable algorithm for grid
synchronization is the phase locked loop (PLL) technique [11]. The basic structure of the PLL
used in power system applications is realized in synchronous reference frame (SRF) [9], [12].
The conventional three-phase SRF based PLL (SRF-PLL) works perfectly with a grid that has
no imperfections such as harmonics, unbalanced voltage or frequency fluctuation. In reality
the power grid is not as clean and typically contaminated with imperfections. The challenge is

to implement a robust and fast PLL for operation in distorted utility conditions [13].

The harmonics in the grid voltage are considered as disturbances by the phase-locked loops

(PLLs) whose effect should be eliminated [42]. An accurate estimation for the grid phase is
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needed to estimate the harmonics, but the existence of harmonics on the grid voltage
deteriorates the phase estimation accuracy. If the utility grid has significant amount of
harmonics, PLL suffers from steady state error in phase estimation. The estimated phase or

frequency has oscillations in this case.

Three-phase utility grid has another imperfection along with voltage harmonics and that is
unbalanced voltage. Voltages of three phases may get unbalanced by magnitude or by phases.
The steady state performance also suffers from unbalanced voltage effect of the grid. Along
with the steady state performance, dynamic performance of PLL is equally important. The
dynamic performance of PLL worsens in case of any frequency fluctuation. Poor dynamics of
PLL may result in instability in the system and cause severe damage to the power electronic

devices.

This chapter demonstrates a simple and robust technique to eliminate both the harmonics
and unbalance effect of the grid voltage to improve the steady state performance with high
PLL bandwidth. The approach is to first eliminate the harmonics or unbalanced voltage effect
present in the grid. Then, the harmonic-free signal can be used by the PLL to estimate the phase
of the grid voltage. The theoretical basis of the algorithm along with the simulation and

experimental results are presented in this chapter.

4.2 PLL Grid Synchronization

The objective of the PLL is to detect the instantaneous phase angle of the grid voltage. The

phase angle is the integral of instantaneous angular frequency of the grid voltage. The phase

66



angle information is required for synchronization of DES inverter to the grid. Also the
operation of current controller to regulate real and reactive power at the reference value as
presented in chapter 2 uses the grid voltage phase angle and frequency information to generate
reference voltage for space vector PWM in digital signal processor (DSP). If the PLL output
is erroneous, the control over real and reactive power will not be accurate enough which may
lead to voltage oscillation, over voltage scenario, distortion of inverter output current or
instability of the system. Therefore PLL plays an important role in grid connected distributed

energy system.

Figs. 4.1(a) and 4.1(b) show the block diagram of single phase and three-phase SRF-PLL
respectively. Accuracy of the phase estimation depends on the bandwidth (BW) of the loop
filter shown in Fig. 4.1. If the utility grid has significant amount of harmonics and/or voltage
unbalance, PLL suffers from steady state error in phase estimation. The estimated phase or
frequency has oscillations in this case. Lower BW loop filter improves the steady state error,
but worsens the dynamic performance in case of any frequency fluctuation. Thus, there is a
tradeoff between steady state error and dynamic performance when PLL is used for a polluted
grid. If the sources of steady state error that include harmonics and voltage unbalance can be
eliminated before feeding the voltage measurement into PLL, the BW of the loop filter can be
increased since the steady state error will not be an issue for phase estimation. Higher BW will

improve the dynamic performance in the presence of frequency fluctuation.
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Figure 4.1. (a) Single phase SRF-PLL (b) Three-phase SRF-PLL

Several methods have been proposed to improve to PLL performance in distorted utility
conditions. In one approach, active filters (band pass, band stop, low pass, notch and adaptive
notch) are used to remove harmonics at a preselected cutoff frequency knowing the harmonics
and unbalanced voltage pattern [14]-[18]. The approach used in [44]-[46] uses a group of

bandpass filters whose outputs are sinusoidal signals synchronized with the grid voltage
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harmonics. However, for effective harmonic injections, the harmonics needed to be estimated
in the dg rotating reference frame. Therefore, developing harmonic estimators that give their
outputs in the dq reference frame is required for this approach. Also, the method using filter is
complex, may not eliminate the harmonics completely and suffer from long computation time,
filtering delay and sensitivity to the frequency variation. Delayed signal cancellation method
is used for the same purpose, but negative sequence current and a large cascaded system is
required for the implementation [19]. Decoupled double synchronous reference frame has been
used to remove the negative sequence voltage caused by unbalanced grid voltage using two
oppositely rotating synchronous reference frame [11]-[12], but this method does not consider
the harmonic effect. In [43], one PLL block per harmonic is used, but redundancies are

involved in this approach when the frequency of each harmonic is estimated independently.

The objective of proposed approach is to operate PLL at high bandwidth of loop filter. As
mentioned previously, the existence of the harmonics and unbalanced voltage in the grid
disturbs the phase estimation. However, elimination of harmonics and unbalanced voltage
effect from the input of PLL ensures accurate phase estimation. There is no requirement to use

a special PLL algorithm. The proposed algorithm will be presented in the following sections.

4.3 Single Phase PLL

4.3.1 Single Phase SRF-PLL Structure

The basic structure of the single phase PLL is shown in Fig. 4.1(a). For single phase system,

the grid voltage is decomposed into two phase stationary reference frame by using a memory
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block [42]. One of the two phase voltages v, is equal to the grid voltage v, and other voltage
is previous a-period value of v, multiplied by (-1). So the stationary frame voltages can be

expressed as
v, =V, cos(8) 4.1)
vg = —Vsin(0) (4.2)
where, V},, is the peak value and 6 is the actual phase angle of the grid voltage. Then voltages

are converted from stationary reference frame to synchronously rotating reference frame by

the following Park Transformation,

Vgl _ [cosgo —simp] [Va]

[vd] "~ |sing cosp ||Vg (4.3)
where, @ is the estimated phase angle by PLL and v, and v, are quadrature and direct axis

voltage respectively. Replacing (4.1) and (4.2) in (4.3), v, and v, can be expressed as
Vg = Vipcos(0 — @) (4.4)
vg = —Vppsin(@ — @) (4.5)

When estimated phase ¢ of PLL is equal to the actual phase 6, direct axis voltage v, is equal
to zero. Therefore v, is compared to zero and error is passed through the loop filter to estimate
the grid frequency w as shown in Fig. 4.1(a). Hence, the PLL frequency @ and phase ¢ can
track the utility frequency o and phase angle 0, respectively, by the proper design of the loop
filter. The loop filter can be a proportional-integral (PI) type controller which can be given as

1+st

F(s) = K, -

(4.6)
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where, K, is the proportional gain and K, /7 is the integral gain. The loop filter and integrator

together forms a second order system. The linearized model [12] of the SRF-PLL is shown in

Fig. 4.2. The transfer function of this second order closed loop system can be derived as

H(s) = —Vm_ (4.7)

- S+F(s)Vm
The transfer function given in (4.7) can be rewritten in the generalized second order system

format as

H(s) = _28wpstwn? (4.8)

$2+28wpSs+wyn?

wWn

Comparing (4.7) and (4.8), the bandwidth is w,, = / K,,TVm, and the damping ratio is § = ?Vm =

. The settling time to within 2% of the final value is Ts; = ;Tg.

n

/T*Kp*Vm
2

+ A(s) Loop Filter d(s)
0(s) - F(s) —1 1/s

Figure 4.2. Linearized model of SRF-PLL
4.3.2 Single Phase SRF-PLL in Polluted Grid

The single phase grid voltage could be contaminated by higher order even or odd harmonics.
The error between estimated phase and actual phase of the grid voltage is significantly high in

presence of harmonics. Bandpass filters can be used to attenuate the harmonics in the grid
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voltage signal, but these filters may not remove the harmonics completely and their
implementation could be computationally demanding. Therefore, an efficient method is
required that eliminates the higher order harmonic effects from the sampled single-phase grid
voltage using simple arithmetic operations. The single-phase grid voltage v, that is distorted

by up to the n™ order harmonics can be written as
n
vy(t) =V sin(wt + ¢) + Z Vi sin(kwt + ¢y) (4.9)
k=2

where V., kw, and ¢, are the magnitude, frequency, and phase of the £ harmonic component.
4.3.3 Harmonic Elimination Method

In this sub-section a harmonic elimination method has been proposed with some simple
arithmetic operation. The following operation can be used for elimination of all even harmonic

components:

T
Vg0 () = 1, (t) — v, (t - Z) (4.10)

=V, sin(wt + ¢) + zn: V. sin(kwt + ¢,,) —V; sin ((u (t - g) + ¢) - zn: V, sin (k(u <t - g) + ¢k)
k=2

k=2

n n
=V, sin(wt + ¢) + Z Vi sin(kwt + ¢y) +V; sin(mr — wt — ¢p) + Z V. sin(km — kwt — ¢y)

k=2 k=2

Since k is an even number, V, sin(kmr — kwt — ¢y) = =V} sin(kwt + ¢;). Then,

n n
Vgo(t) = 2V, sin(wt + ¢) + z Vi sin(kwt + ¢y) — Z Vi sin(kwt + ¢y)
=2 k=2
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Vgo(t) = 2V sin(wt + ¢)

Therefore, there is no even harmonic component in vy, (t) after the single operation of (4.10)

and fundamental component can be recovered from the grid voltage contaminated by even

harmonics of any order.

No single operation like the one in (4.10) exists to remove all odd harmonics. In fact, every
single odd harmonic needs a separate operation. In the following discussion, the derivation is

only devoted to the odd harmonics. Let us define vgo_i, i, i,....i,,) s the processed vgo(t)

after removing it", i¢", i ... ..., it" odd harmonics. The proposed operation to remove the

h" harmonic (4 being an odd number) is given by
A
Vgo—( () = Vgo(t) + Vg0 (t - E) (4.11)
= V; sin(wt + ¢) + V}, sin(hwt + ¢) + V; sin (w (t - %) + ¢) + Vy, sin (hw (t - %) + d)h)
=V, sin(wt + ¢) + V;, sin(hwt + ¢y) +V; sin (wt — % + d)) — V sin(m — hot — ¢y)
=V, sin(wt + ¢) + V;, sin(hwt + ¢) +V; sin (wt - % + ¢) — Vy, sin(hot + ¢y)
=V, sin(wt + ¢) + V; sin (wt — % + ¢)

Here V}, is the amplitude of ht" harmonic component. After the operation of as shown in (4.11),
ht" harmonic component goes away from Vgo(t). Accordingly, to remove different harmonics,

the following operations can be used:

Vg0-(3)(£) = v40(t) + Vg0 (t — %) (4.12)
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Vg0—(3,5) (t) = Ugo—(s)(t) t Vgo-(3) (t - 1) (4.13)

5w

Vg0-(3.57)() = Vgo-(a.5)(t) + Vgo-(as) (t — =) (4.14)
T
Vg0-(357.9) (1) = Vgo-(3,5,7) (1) + Vgo-(35,7) (t - g) (4.15)

After removing m numbers of odd harmonics from the sampled grid voltage, the processed

signal becomes

m m
T _ T
Vg0-(3,57,..2m+1) (£) = 2™ (H Ly 2) * Vy sin <wt +¢ - ;4k n 2) (3.16)

This signal represents the fundamental component of v4owith some gain and a phase lag. To
recover the original phase, the phase obtained by the PLL should be corrected by adding an

amount of Z}(’Llﬁphase shift to it. The harmonic elimination block diagram is shown in

Fig. 4.3.

Vrid Vg0 Vs0-(3)

Delay Delay Delay

T m/w e || T r m/Nw
+ +

Figure 4.3. Harmonic elimination block
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4.4 Three-Phase PLL

441 Three-Phase SRF-PLL Structure

Three-phase PLL structure is shown in Fig. 4.1(b). Three-phase grid voltage is converted to

two phase stationary reference frame voltage v, and vg by the following transformation.

1 1 Vincos(8)
Ve 2 1 _5 _E VmCOS(H - 2_1'[) (4 17)
Vel s 0 _B 2311 '

2 2 1|V,cos(6 + ?)

where, V,, is the peak value and 6 is the actual phase angle of the grid voltage. After

simplification of (4.17), v, and v can be expressed as
v, =V, cos(6) (4.18)
vg = —Vysin(6) (4.19)

The expression of v, and v for three-phase system shown in (4.18) and (4.19) is same as

the expression for single phase system shown in (4.4) and (4.5). Therefore transformation from
stationary reference frame to synchronously rotating reference frame and loop filter design is

same as shown for single phase PLL in section 4.4.1.
4.4.2 Modified SRF-PLL for Polluted grid

Three-phase grid voltage may contain another impurity along with voltage harmonics and
that is voltage unbalance. This section will demonstrate the modified structure of SRF-PLL in
presence of harmonics and unbalanced voltage. The typical non-linear loads connected to the

point of common coupling (PCC) are three phase full bridge line frequency rectifiers. For this
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kind of loads, the even and triplen harmonics are negligible and they can be considered to be
zero [14], [22]-[23]. Instead of a balanced set of harmonic free grid voltage, let us consider the

grid voltage as follows

v Vicos8 — Ve cos(560) + V, cos(760) — Vi, cos(118) + ---
[UZ] —| A+p) (V1 cos (6—2?”)—V5 cos (5(9—2?"))4_... (4.20)
v, 1+vy) (V1 cos (9+2?”)—V5 cos (5(9+2?"))+...

When 6 approaches ¢, it can be assumed that (6 — ¢) is a small quantity. Let (6 — ¢) =
6 and (0 + @) = 26. After transforming (4.20) from three phase to synchronously rotating

reference frame, v, becomes

vg = E46 (3+y+ﬁ) + E4E,, cos(26 — W) + \[(VS + ;) cos 69 + \[(Vn

V,s) cos (129 + %) 4o 4.21)

where E; = \EVl
= (52" + (42

i B
¥ = tan <\/§(V—ﬁ)>

Therefore, the disturbance in the grid voltage pollutes the direct axis voltage as shown in

(4.21). Equating (4.21) to zero, it can be shown that

p=0+ ﬁ o €05(20 — ¥) + L cos (66 + 5) + %cos (120 +2)+-  (4.22)
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Therefore, it can be concluded that the estimated phase has a certain amount of ripple if the
grid voltage is not ideal. In other words, the voltage v; will have harmonic components of the
order 2, 6, 12 etc. The odd harmonic terms existing in the three phase voltages appear as even
harmonic terms in dq reference frame. Thus, 5® and 7" harmonics in three-phase grid voltage
bring 6" harmonic term in (4.22). Similarly, 11" and 13 harmonics in (4.20) appear as 12
harmonic in (4.22), and so on. Unbalanced three-phase voltage is responsible for 2" harmonic
component in d axis voltage, and hence, in the estimated phase in (4.22). Thus, if even
harmonic terms do not exist in grid voltage, then there will be no odd harmonic component
inv;. Even harmonic components can be eliminated from v; by a minimum number of
cascaded even harmonic elimination blocks [112]. If all the even harmonics can be removed
from (4.21) and feed it into PLL, then effects of voltage unbalance and grid voltage harmonics
will be eliminated, and accordingly the phase can be tracked with higher BW for better

dynamic performance.
4.4.3 Even Harmonic Elimination Algorithm

Odd and even harmonic elimination method for single phase PLL has been presented in
section 4.4.3 where even harmonics can be eliminated using only one network and there is no
need for any cascaded system. However, for odd harmonics individual harmonic elimination
blocks in a cascaded set-up need to be used. This is advantageous for three phase SRF-PLL in
polluted grid since the direct-axis voltage, and hence, the estimated phase contains only the

even harmonic components as shown in the previous section. However, unlike the single-phase

3+y+p

system scenario, a DC component E; 8§ ( ) has to be recovered from the even harmonics
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instead of the fundamental sinusoidal component. The even harmonic elimination (EHE) block

has been modified from the previous section to accommodate this.

Let v4q represent the dc and the even harmonics up to nt" order which can be written as

n
Vga(t) = vgc + Z V cos(kwt + py) (4.23)
k=2

where £ is an even numbers up to n. The first block of modified EHE can be represented as

gao(®) = 0.5 [vga(®) + va (¢ = 5] (4.24)

n n
T
= 0.5 [vg, + KZ; Vi cos(kwt + py) + vge + KZZ V} cos (ka) (t - %) + pk)]

n n
Vgao(t) = 0.5 [2v4, + z Vi cos(kwt + py) + Z Vi cos(kim — (kwt + py))] (4.25)
k=2 k=2

here k; = S If k, is an odd number, 2™ and 3™ terms of (4.25) are eliminated and only the dc

term remains. But if k;is an even number, v, cannot be recovered. For negligible even and
triplen harmonics in the grid, (4.24) cannot eliminate the grid harmonics of order (6k + 1)
where k=2, 4, 6... i.e., even numbers, since these grid harmonics appear as even multiples of
6" harmonic in v,. Usually, 11" 13™ or other higher order (6k + 1)™ harmonics are not
dominant in the grid, but for generalization two additional harmonic elimination blocks
cascaded with (4.24) are required to remove these higher order harmonics from (4.21). These

blocks are represented by (4.26) and (4.27).

vg1(t) = 0.5 [vg () + v, (t - L)] (4.26)

12w

78



vg,(t) = 0.5 [vg (t) + v, (t — ﬁ)] (4.27)

Odd multiples of 12" harmonics presented in (4.21) are removed by (4.26) and odd

multiples of 24™ harmonics are removed by (4.27). If the EHE algorithm expressed in (4.24),

3+y+p
3

(4.26) and (4.27) is applied to (4.21), the DC quantity E;6 ( ) can be extracted. PLL can

track 6 with higher BW that ensures better dynamic performance when the two main sources
of steady state error in phase estimation, grid voltage harmonics and voltage unbalance, have
been eliminated from v,. Fig. 4.4 shows the block diagram for SRF-PLL with harmonics and
unbalanced voltage effect elimination where D;, D, and D5 represent the blocks for (4.24),

(4.26) and (4.27), respectively.
0 .+ Error Loop Filter w ¢
. » L o 15—

D; j¢—— D, |4 D [}

abctodq je—
-
EHE Block Va * * *
V. Vi, V.
Grid \/boltage

Figure 4.4. Modified SRF-PLL with harmonics and unbalanced voltage elimination

Table 4.1 lists the appropriate harmonic elimination block required to remove a particular
grid voltage harmonics. Grid harmonics up to 37™ order are considered in Table 4.1 for
generalization, although it is unlikely to get harmonics of that high order in the three-phase

grid voltage; higher order harmonics beyond the 37" order are ignored.
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Table 4.1. Harmonic elimination block for grid harmonics

Possible harmonics

ky = k EIirSIinaI;cion

Three phase | vy (k) 2 oc

5% and 7% 6'h 3 D1
11" and 13% 12h 6 D2
17" and 19 18" 9 Dl
23 and 25% 24t 12 D3
29" and 31% 30 15 D1
35Mand 37 36 18 D2

4.5 Simulation Results

The proposed method of harmonics and unbalanced voltage effect elimination has been

simulated in MATLAB/Simulink. In the following sub-sections, the improvement in SRF-PLL

performance has been presented in presence of impurity in grid voltage.

4.5.1 Single Phase PLL

The single-phase grid voltage considered is given by

V; = 70 cos(wt) — 10 sin(wt) — 14 cos(3wt) — 40 sin(3wt) + 1.8 cos(5wt)

(4.28)

The fast Fourier transform (FFT) components of this signal are shown in Fig. 4.5. In Fig. 4.6,

the harmonic elimination block output is compared with the original voltage. Fig. 4.6 shows

that the proposed harmonic elimination method is quite effective in eliminating the higher

order harmonics.
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The effect of the harmonic elimination in the PLL operation is shown in Fig. 4.7, where the
harmonic elimination algorithm is activated at 0.8 s. The existence of the harmonics causes
ripple in the PLL frequency estimation, but after the elimination algorithm is enabled; the

frequency estimation becomes accurate at 377 rad/s.
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Figure 4.5. FFT analysis for the grid voltage
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Figure 4.6. Simulation results for the harmonic elimination
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Figure 4.7. Simulation results for the harmonic elimination effect on frequency estimation.
4.5.2 Three-Phase PLL

The performances of the PLL for two different bandwidths are shown in Figs. 4.8 and 4.9.
For both cases, damping ratio ¢ is chosen as 0.707. The bandwidths are chosen as 188 rad/s
and 377 rad/s respectively. The peak of the utility voltage is considered as 170V. The
comparison of results in Figs. 4.8 and 4.9 shows that the dynamic performance is better with
higher BW.

Figs. 4.10 and 4.11 shows the error between actual frequency and estimated frequency when
the three phase grid voltages are unbalanced. The voltages of phase b and c are 110% and 90%
of the phase a, respectively. The phase estimation error, and hence, the estimated phase
contains 2" order harmonics as discussed in section 4.4.3. Also, the results show that the phase
estimation error increases with BW. The phase estimation error for BW of 188 rad/s is almost

50% less than that of BW of 377 rad/s.
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Figure 4.8. Dynamic performance of PLL with BW of 188 rad/s
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If odd harmonics exist in grid voltage, it appears as even harmonics in direct axis voltage v,
which causes an error in frequency or phase estimation. As shown in Fig. 4.12, the grid voltage
contains 5™ and 7™ harmonics of magnitude 5% and 3% of the fundamental. These harmonics
appear as 6 harmonic in v,.

The amount of phase deviation (6 — ¢) increases with the increase of harmonic content in
the grid voltage. In Fig. 4.13, the phase deviation of conventional SRL-PLL is shown for
different amount of 5" harmonic content in grid voltage. As it is seen from this figure, the
phase deviation is higher for higher 5® harmonic content. Also phase deviation for different
harmonic content is quantified and shown in the bar chart of Fig. 4.13. Here the amount 5,
7% 11" and 13™ harmonic content are considered to be 8%, 5%, 5% and 3% of the fundamental
component respectively. Bandwidth is set as 377rad/s for both operation of SRF-PLL.

Fig. 4.14 shows the direct axis voltage v, before and after the harmonic elimination when
grid voltages are unbalanced and have 5" and 7" harmonics at the same time. The harmonic
elimination block extracts v, out of 2™ and 6™ harmonics and the loop filter makes it zero to
match the actual phase. Fig. 4.15 shows the estimated frequency and phase angle using
harmonic elimination with BW of 377 rad/s. It is evident from Fig. 4.15 that the frequency
estimation error is negligible with harmonic elimination while it is significant without

harmonic elimination as shown in Fig. 4.11.
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4.6 Experimental Results

The proposed algorithm for single phase and three phase PLL is verified experimentally
using Microchip DSP dsPIC33FJ256MC710A and Microchip Explorer-16 development board.
Programmable AC voltage source is used to generate single phase and three phase voltages

with harmonics and voltage unbalance.
4.6.1 Single Phase PLL

A single phase voltage of amplitude 120V rms at fundamental frequency 60Hz is
considered. The voltage signal contains 3™ harmonic of 21.21% of the fundamental
component. Harmonic elimination method presented in section 4.4.3 is used to this signal. The
original 3™ harmonic contaminated grid voltage is passed through the 3™ harmonic elimination
block shown in Fig. 4.3 and then fed to the PLL. Fig. 4.16 shows the grid voltage before and
after the harmonic elimination method is used. As seen from Fig. 4.16, harmonic elimination
block can extract the fundamental component and gives output of pure sinusoidal voltage of

60Hz.
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Figure 4.16. Single phase voltage signal before and after harmonic elimination

4.6.2 Three Phase PLL

In the first experiment of three phase PLL, proposed algorithm is tested with a harmonic
contaminated three phase voltage of amplitude 120V rms at fundamental frequency 60Hz. This
voltage signal contains the 5 and 7™ harmonics of 2.42% and 7.39% of the fundamental
component respectively. The three phase voltage is shown in Fig. 4.17. A 6™ harmonic
component appears in the direct axis voltage v, due to the 5% and 7™ harmonic component in
three phase voltage. Therefore harmonic elimination block D1 is used as shown in Fig. 4.4 to
remove the 6" harmonic component from v,. The effect of harmonic elimination from v, is
shown in Fig. 4.18. As seen from Fig. 4.18, direct axis voltage v, is free of 6" harmonic
oscillation after the harmonic elimination and close to zero which indicates the estimated phase

is locked with the actual phase. Fig. 4.19 shows the frequency estimation error before and after
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the harmonic elimination. The estimated frequency before harmonic elimination has ripple of
more than 5% based on actual frequency 377 rad/s due to the 6™ harmonic component in v,.

On the other hand, frequency estimation error is below 0.5% after the harmonic elimination.
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Figure 4.17. Three phase voltage contaminated by 5" and 7™ harmonics

In the second experiment proposed three phase PLL is tested with an unbalanced three phase
voltage. The amplitude of phase ‘a’ is considered as 120V rms while the amplitude of phase
‘b’ and ‘c’ are considered as 110% and 90% of phase ‘a’ respectively. Fig. 4.20 shows the

unbalanced three phase voltage for this experiment.
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Figure 4.19. Frequency estimation error from three phase PLL for harmonic contaminated
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Fig. 4.21 shows the direct axis voltage v, for unbalanced three phase voltage with and
without harmonic elimination. As seen from this figure, a second harmonic oscillation appears
in v, due to the unbalanced voltage in three phase. Therefore harmonic elimination block D1
is used as shown in Fig. 4.4 to remove the 2" harmonic component from v,4. Also v, is close
to zero after harmonic elimination which indicates phase locked loop can accurately track the
phase angle of the grid voltage. Fig. 4.22 shows the frequency estimation error with and
without harmonic elimination from v;. Frequency estimation error is negligible and PLL
works perfectly when 2" harmonic term is eliminated from v, using the proposed harmonic

elimination block D1.
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Figure 4.20. Three phase unbalanced voltage
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4.7 Contribution

¢ A harmonic elimination method has been proposed for single phase PLL to eliminate any
harmonics by using cascaded harmonic elimination blocks.

¢ A method of removing three phase grid voltage harmonics and unbalanced voltage effect
has been presented to improve the three phase PLL performance in weak grid. The
proposed method incorporates a harmonic elimination method in direct axis voltage v, to
remove the impurity effects.

e The harmonic elimination algorithm for both single phase and three phase PLL is
implemented using trigonometric operations and does not require any external filters. It is
easy to implement and does not suffer from filtering delay.

e As the sources of steady state error is eliminated, single phase or three phase PLL can be
operated at high BW to ensure better dynamic performance in case of any frequency
fluctuations.

e Simulation results and experimental validation have been presented to ensure better PLL

performance for weak or distorted grid.

4.8 Conclusion

Grid synchronization for renewable energy source requires advanced algorithms when
impurities such as harmonics and unbalanced voltage conditions are present in the grid. Real
and reactive power control for DES is highly dependent on performance of PLL. For single

phase grid, odd or even harmonics in grid voltage degrades the steady state performance of the
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conventional SRF-PLL. A harmonic elimination method has been proposed to improve the
performance of the single phase SRF-PLL in presence of harmonics. The proposed harmonic
elimination technique incorporates cascaded blocks to eliminate both odd and even harmonics
present in the grid. The processed voltage signal free of harmonics is fed into the PLL for af8

and dq transformation.

The odd harmonics present in the three-phase grid appear as even harmonic components
and unbalance grid voltage creates 2" harmonic component in the direct axis voltage v; when
the three-phase grid voltage is transformed into dq rotating reference frame for PLL
implementation. A modified SRF-PLL has been developed to enhance the robustness and
accuracy of three-phase grid synchronization. The even harmonic elimination algorithm with
minimum number of cascaded blocks applied to v; removes the impurity effects of the grid to
enable the PLL to track the phase and frequency with a loop filter of higher bandwidth.
Simulation results and experimental verification for both single phase and three-phase PLL

with high bandwidth have been presented.
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Chapter 5: Electrical System Design and Grid Connection of Off-
Shore Wave Energy System

5.1 Introduction

The research and development activity on energy harvesting from the ocean has been
limited despite its vast potential for renewable energy. One advantage of wave power over
wind power is the low profile of wave energy devices relative to the ocean surface, which
results in less aesthetic impact. Renewables such as wind and wave present challenges due to
their diurnal variability and weather dependence. The intermittency of energy sources poses a
great challenge for their dispatch on the electric grid. The intermittency of the renewable
energy sources is a significant drag on the economic value of these renewable energy resources
compared to base-load fossil sources of energy. In addition, offshore renewable energy
generation parks are typically located away from the shoreline, which poses transmission, grid
interconnection and control requirements. These concerns are addressed in this research by
analyzing an electrical system design concept of power generation by wave energy converters

with bulk storage.

The integration of wave energy to the utility grid introduces significantly different
challenges to the most other renewable technologies such as solar photovoltaic, onshore wind,
hydroelectricity, biomass etc. [79]. All the renewable energy sources have unique nature and
scalability. Most of the aforementioned technologies readily lend themselves to local small-

scale and even domestic distributed generation. Some of the challenges associated with the
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control and grid integration of distributed energy sources have been addressed in the previous
chapters. However, development of the renewable energy technology has been gradually
moved from small scale distributed sources towards the large scale production of off-shore
wind and wave energy. Also, designing an off-shore wave park is economically viable only
when it is of the utility scale. The deployment of such large scale power generation introduces
economic and technical challenges on the transmission and grid integration. The grid code for
distribution system sets regulatory limits on the technical performance of generators connected
to the distribution network. If the power levels of wave park are several hundreds of megawatt,
connection points of such wave park migrate to the transmission network. The grid code for

transmission systems will then become the appropriate regulatory documentation.

One of the major challenges of the transmission of wave energy is to overcome the
requirement of high reactive power due to the cable capacitance of high voltage submarine
cable. Also power smoothing is an important concern for grid connection in order to reduce
the impact of intermittency of wave energy. One way to smooth the power fluctuation is to use
external storage. In order to reduce the impact of intermittency of renewable energy sources,
applications have been suggested to make the economics of these resources more attractive;
for example, an offshore wave energy generation has been proposed to drive desalination
plants [47]. Controls techniques have also been proposed to reduce the effect of intermittency.
Rotational speed control of the generator reacts with the short term changes of the turbine
speed and average power can be adjusted accordingly [48]. A promising approach for energy
storage is ocean-based compressed air storage system (OCAES) [54]. The primary approach

of OCAES is to use the energy generated by an ocean energy source to compress air and store
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it in tanks located on the sea floor. The compressed air is later used to generate electricity
when it is needed. A key aspect of this concept entails the control of not only randomly
oscillating power output of the ocean energy devices but also the flow of power to and from

the OCAES.

This chapter discusses the electrical power transmission, grid connection and control
aspects of the OCAES. Preliminary sizing issues from electrical aspects are also addressed.
System design concepts, control strategies adopted and system simulation results are presented

in this chapter.

5.2 Ocean Renewable Energy Generation

The extractable power from wave park is highly variable both in the short term and in the
long term [80]. The short term variation is related to seconds or hourly variation, while long
term variation means monthly to yearly variation. . However, wave energy is relatively more
predictable than the other renewable energy sources such as solar or wind. The short term
fluctuation of wave generated power has to be processed before transmission and grid
connection since, otherwise, it may pose serious concern when it comes to the delivery of the
power to electrical network. The use of a large number of wave energy converters (WEC) to
form a wave park reduces the average power to peak power ratio [49], [80]. Appropriate spatial
distribution of the WEC is proposed in [50] such that one WEC in the wave park can produce
power when other produces zero power. An experimental result from aggregated WECs has

been presented in [84]. To quantify the smoothing effect of aggregation of power, two of the
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WECs at the wave energy research site outside Lysekil were operated during 88 min in a sea
state of 4.6kW/m during 25 May 2009. It has been found that the electric power from array of
directly driven point absorber is smoother than that from individual array members. It has been
shown that the standard deviation reduces with the number of WECs in the array up to three
WECs and that standard deviation of array power seems to be independent of sea state
parameters for sea states above ~2kW/m. Also energy storage techniques have often been
suggested as the means for load-levelling. At the utility scale, battery energy storage and
compressed energy storage are popular emerging technologies [52]-[54]. Two simultaneous
storage devices of battery and super capacitor have been used in [51]. Super capacitor removes
the instantaneous or short term fluctuation of power while batteries remove the long term
fluctuation of power. Therefore, power smoothing can be accomplished by the use of any or

all of following means [79]:

a) Power extraction device can be designed to be capable of using its inherent storage
such as hydraulic accumulators [81] or reservoirs [82].

b) Inertial storage through variable speed generator control in conjunction with system
inertia.

c) Natural power smoothing by using large number of WECs and proper spacing of them.

d) Use of super capacitor at the power electronic conversion stage to remove the short

term fluctuation of wave energy.

Electrical system configuration and grid connection of multi-megawatt off-shore wave park

has been presented in [83]. A comparison of the permanent magnet generators (PMG) and
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induction generators (IG) has been presented for wave energy extraction. PMG has been found
more attractive option than IG, because of its smaller size (with multiple poles) and no
requirement for a step-up gearbox considering the relatively small velocity of wave. A detailed
analysis on different machines and drives used for wave energy generation and oscillating
application has been presented in [77]. It has been found that the efficiency of the machine
increases in oscillation while the efficiency of the drives decreases. But the increase in
efficiency in oscillation for the machines is greater than the decrease for the drive, resulting in

a net increase in system efficiency in oscillating operation.

For transmission of wave generated power from off-shore wave park to onshore grid,
transmission voltage has to be boosted up to 33kV or 132kV. This requires an off-shore
substation close to the wave park. The design, construction, deployment and operation of an
offshore underwater substation have been discussed in [85]. One of the major issues related to
the design of offshore substation is the cost. Also placement or anchoring the substation is a

big challenge.

The ultimate goal of the wave energy research is to transmit the power to grid. A significant
design and cost consideration have to be dedicated to subsea transmission of electric power
from offshore wave park to onshore grid. A cost effective and reliable transmission system is
required for grid integration of offshore power. The design of electrical transmission system
affects the initial cost, maintenance cost, and electric loss of the system [85]. For large offshore
wind or wave farms, two transmission options are available — one is high voltage alternating

current (HVAC) transmission and another is high voltage direct current (HVDC) transmission.
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A number of studies are there for the comparison between these two options [86]-[89]. HVAC
transmission is more efficient and economic up to a certain distance [85] and HVDC is for
longer transmission distance. The topology for HVAC [89]-[91] requires an offshore
substation, subsea transmission cables, an onshore substation, reactive compensation, filters,
and switchgear. Most of the existing transmission systems are HVAC and also the required
reactive compensation devices, filters and switchgears are also available for HVAC
transmission. The primary disadvantage of the HVAC transmission is the decreasing capacity
to transmit active power at long distances because of the high voltage submarine cable’s
capacitance. This requires additional reactive power compensating devices. HVDC system
consists of an offshore converter station, subsea DC cables, and an onshore converter station
[92], [85]. The primary advantage of HVDC transmission over HVAC is the lower cable losses
for long distances, improved fault response, and control over active and reactive power. The
main disadvantage of the HVDC application is approximately 2% loss in each conversion stage
[89], [93]. Moreover HVDC switchgear and protection scheme is still a vast area of research.

Another interesting research on offshore transmission is the optimization of transmission
capacity. For offshore wind or wave energy, transmission system faces zero power
transmission for a significant amount of time throughout the year. California offshore wind
farms could generate zero power for over 1000h per year and wave farms for over 200h [85],
[94]. A combined transmission for offshore wind and wave is proposed in [85] which not only
reduce the zero power transmission duration over the year but also costs associated with
submarine cables by proper optimization. Due to the relative proximity of the conductors and

the dielectric insulator separating them, HVAC submarine cables have a much higher
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capacitance per unit length compared to conventional overhead lines [95]. This high
capacitance requires high reactive power compensation which cannot be supported by the
distributed WECs alone. In [95], a combined approach of using reactive power from both
distributed WECs in wave park and reactive power compensation devices at offshore

substation has been proposed based on cost optimization.

5.3 State of Art for Ocean Energy Storage

The storage technology plays an important role to tie the renewable energy sources to the
grid. There are several well established and also some developing technologies for energy
storage. The storage should be economically viable, robust, and efficient to overcome the
challenges of energy fluctuations delivered by the offshore renewable generation. The
characteristics of bulk storage for offshore wind or wave energy are discussed in [63]. The
energy storage technologies can be divided into four categories, namely, mechanical, electrical,
thermal and chemical storage types [64]. The mechanical energy storage option includes
storage in terms of potential and kinetic energy. Compressed air energy storage (CAES) is
based on the elastic potential of the compressed air. Compressed air energy storage has the
minimum investment risk to the cost per kilowatt generation; also, the levelized cost for CAES
is low [65]. Capital cost of the CAES system depends on the volume of the air energy storage
and infrastructure. Underground CAES system is the most economically viable option for
offshore wave energy extraction that has the potential to store energy up to 400 MW at 8-26

hour of discharge [64], [66]. However, long construction time, large capital cost requirement
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and low energy density make it suitable only for large scale and long transmission systems

[67], [68].

Underground pumped hydro is another attractive option for large scale energy storage [69],
[70]. It is based on pumping water from one reservoir to another at higher elevation during low
power demand and releasing it to lower reservoir through hydroelectric turbine during high
demand of power. It has outstanding robustness, high longevity and cycle efficiency of 80%
[63]. However, it also has low energy density like CAES and the response time is

approximately 15sec which is good for smoothing long term fluctuations.

The storage technologies of battery, fly-wheel, and ultra-capacitor have good energy density
and fast response time [65], [71], [72]. Quick charge-discharge time is expected to smooth out
short term fluctuations. The expected charge-discharge time for short term fluctuation is about
5-20 seconds and for long term fluctuation it is about 4-6 hours [73]. Therefore, different

storage technologies should be considered to address the two different fluctuation patterns.

There are utility scale land-based compressed air energy storage systems that are currently
in operation in Europe and USA. However, the ocean based version is a relatively new concept
that has not been studied in detail nor proven feasible. As such there is no OCAES either
currently being designed or in operation anywhere. The OCAES concept was proposed by
Seymour in 1998 [54]. The concept proposes to use the energy generated off-shore from ocean
wave energy device or offshore wind turbines to compress air and store the compressed air in
containers (bags or concrete tanks) on the ocean floor. On the ocean floor at certain depth, the

air pressure would be in equilibrium with the water pressure, and therefore, the differential

103



pressure is almost zero and the dominant load is buoyancy. Therefore, these containers do not
need to be pressure vessels, which is advantageous for their design. However, there are several
other design challenges including anchoring, storage capacity, site selection, turbo machinery
selection, pipeline design, etc. Also, during the compression stage, heat is generated and there
is need to evacuate this heat from the system. On the other hand, during expansion, the air is
cooled and there is need to add heat to the system prior to using the air for electricity
generation. These issues and related challenges are the subject of intense current research and

are not addressed here [63]-[65]. The focus of this chapter is on the power transmission aspect.

5.4 Conceptual Overview

The grid connection is an important component of the OCAES system because the stored
energy is ultimately converted to electricity. In this regard, the experiences in the connection
of offshore wind are important lessons. Indeed, offshore wind and ocean wave energy
converters are the two major sources of ocean renewable energy source for the OCAES. The
power electronics enabling technologies for transmission and grid interconnection of these
energy sources are practically similar, but there are some differences between these energy
sources that present different challenges for grid inter-connection. For example, while wind
generators use mostly conventional generators, the current commercially proposed wave
energy converters (WECs) use conventional generators and unconventional generators such as
linear generators for their power take off. Also the intermittency of wind output and WEC

outputs are significantly different, and therefore, the power processing requirements of these
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sources need to be considered separately. Fig. 5.1 shows the overall conceptual diagram of the
interconnection of the OCAES. There are two main interfaces that connect the storage system

to the grid on one end and to the energy sources on the other end.

Control
interface Storage Block

GRID interface

Ocean Energy
Source

Turbo Machinery

GRID Dispatch
Reguirement

Compressed air
storage bag

Figure 5.1. Conceptual configurations of transmission and grid connection system of the
OCEAS

The arrows in the figure denote transmission lines of various design features such as length,
voltage type, etc. The energy source control interface considers the issues involved in
processing the output of the renewable energy source. The issues of interest here include the
intermittency and power output processing requirements, power transmission to turbo
compressor and/or grid, transmission distance (land or sea based turbo-machinery), system
losses and VAR support, response time and storage duration. Some of the issues listed are not
obvious from Fig. 5.1 but they become apparent if the interface is further expanded. Fig. 5.2
shows a further breakdown of the energy source control interface, showing banks of sources

with Source Bank #1 further expanded into generating units.
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Figure 5.2. Conceptual configuration of energy source control interface of the OCEAS
system

For example, Bank#1 could be a wave park of renewable energy sources as conceptualized
in [55] or a series of generating units in close proximity. Each generating unit denoted with G
is also an aggregation of several small devices as shown under “OWEC aggregate details’’.
Here, the output of the devices is rectified to a dc bus. The inverter converts the power on the
dc bus into ac power and the output is transformed by the unit transformer T2. It can be noted
that in Fig. 5.2 there are a number of devices aggregated into a generating unit for a given
source. This arrangement is important because the WEC devices are currently of modest rating

compared to wind turbines. The largest unit output of a commercial device is about 750kW,
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reported for the Pelamis [56]. Other devices that have been sea tested or are at the commercial
deployment stage have lower output. It is the opinion of the investigators that in the near term
unit outputs might be lower rather than higher for various reasons. The optimal storage
capacity is one of the subjects of research investigations. However, in order to create a storage
system that would be economically competitive the capacity should be large — perhaps of the
order of several megawatts. Because of this, it is needed to aggregate a large number of units
to obtain a utility scale economic output that would be required for the OCAES. These units

may not be physically located at one point in the ocean and would have to be interconnected.

One way of connecting the units together is through a ring circuit. With the ring circuit,
one or more units can be taken out easily without impacting the operation of the rest of the
units, thereby ensuring high availability. The ring circuit configuration is one of several
alternative configurations depending on the capacity of the source bank. Radial connections
are often a good start for the configuration which can be expanded into ring circuits when the
number of units contributing to the source increases. The WECs indicated could be
representative of a large number of devices that are radially connected to busbars forming the

MYV network.

The transmission requirements of the energy source control interface are described by
blocks Tx-1 and Tx-2 of Fig 5.2. The requirements for transmission block Tx-1 depends on
the location of the turbo machinery which can be on land or in the ocean. If the turbomachinery
is located on land, the transmission distance from the energy sources to the turbomachinery

would be longer than if it was offshore. The location of the turbo machinery for a particular
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geographical location is a subject of detailed investigations. In this research, the turbo
machinery location is assumed offshore, rather than on land, since the generating devices and
storage tank are both located offshore. In this case, the transmission distance from the ocean

energy source to the turbo-machinery would be relatively small.

The control interface should also be designed to allow for the direct transmission of power
from the ocean energy source to the grid, under specified conditions. The transmission
capacity of the Tx-2 line would be sized to match the percentage of the output that is
transmitted, and this percentage must be carefully chosen. On one hand, if Tx-2 is sized to
carry the full output of the source, the line may be underutilized due to the intermittency and
the direct transmission to grid undermines the benefits of storage. The direct transmission to
grid is linked from the high voltage bus as shown in block Tx-2. The direct transmission to

grid helps to meet system demand when required or to transfer energy when storage capacity

is full.

The grid interface deals primarily with transmitting the electric power generated by the
turbo-machinery back to the grid as well as the direct feed from the ocean energy sources. The
grid interface issues include the tracking of the frequency and phase angle of the grid voltage
for grid synchronization. The Phase locked loop (PLL) technique has been presented in
detailed in chapter 4. The amount of power provided by the WECs is controlled by the current
controller in the power converter. The challenges associated with transmission of power from

off-shore wave park to the onshore grid are presented in next section.
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5.5 Transmission and Grid Connection

The primary challenge of HVAC transmission is to overcome the high reactive power
requirement due to the high capacitance of submarine cables. Reactive power compensating
devices such as static VAR compensator can be used at offshore substation for reactive power
compensation. But incorporating a large VAR which is required for high power wave park
increases the installation and maintenance cost. Also it increases the weight of the offshore
substation which also increase the implementation cost of offshore collection platform. As the
size of the offshore wave park and their distance from the shore increase, HVDC transmission
can be considered. However, DC transmission comes with gigantic structure incorporating
converters and protections in offshore platform. Though extensive research is going on for
HVDC transmission in offshore power, but still the cost of transmission cable and structure
have not been dropped. Therefore, it is important to increase the capability of classical HVAC

submarine cables with increased controllability to overcome the challenges [114].

The excess capacity power electronic inverter associated with each WEC module can be
incorporated to produce reactive power as shown in chapter 2. But to mitigate the huge amount
of total reactive power, the inverter has to be oversized a lot which would not be economical
solution. But combination of VAR compensating device and distributed compensation by
inverters will reduce the device cost, inverter oversizing cost and structural cost for offshore
platform. In [95] similar approach of combined operation of concentrated compensation and
distributed compensation has been presented. This paper discusses about the optimization of

the two compensation methods to minimize the cost function. This paper considers the array
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of wind or wave energy converter and the proposed method incorporates only few of the
inverters in a column to reduce the number of variables in optimizing equations. However, this

may make some of the inverters unutilized even if they have some reactive power capacity.

5.6 Simulation of 200MW Wave Park

Models of a 2MW wave park and a 200MW wave park systems have been built and
simulated with Matlab and SimPower Systems. In the 2MW system, the effect of number of
WEC:s and their spatial distribution on the intermittency of the power production from the wave
park is analyzed. Also the control for turbo-machinery of the OACES for 2MW generation is
presented. Then the wave park of 200MW capacity has been considered for system level
simulation. The system simulation block diagram for the wave energy park is shown in Fig.

5.3. The transmission and distribution system for the wave energy park is shown in Fig. 5.4.

110



DC Collector Point

Generator

= f(ia f-q.- Vg, @)

di
dt
dig . . .
E = r I"I'q-' lg, Uq Wy )

To Grid
Via
Transform
er
&
Trans. line

Power Converters

Current
! Controller

Inverter

]
|
|
1
I

Figure 5.3. System simulation block diagram
5.6.1 2MW Wave Park System

The wave park evaluated consists of two modules, with each having four WECs placed
at different locations in the ocean. The WEC consists of a turbine and a generator. Ocean wave
power is converted to electric power and through power electronic devices and transmission
cables it goes to the turbo machinery for storage and/or grid. The size of each WEC is
considered to be capable of producing 250kW power, omitting the capacity factor. Therefore,
two modules in the transmission and distribution system shown in Fig. 5.4 are connected to

the 11kV collector point to make the output capacity of the wave park 2MW. The DC bus
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voltage is 1100V [74]. The grid can be supplied both from the wave park and the OCAES. The

transformer ratings are given in Table 5.1.
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Figure 5.4. Transmission and distribution system for the wave park
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Table 5.1. Transformer Ratings

Rating Power
690V/11kV 1 MW
11kV/33kV 2 MW
33kV/230kV 2 MW
11kV/460V 1 MW

The reference iy and i, are determind by the total real and reactive power required by the
system, respectively. An induction machine is used as turbomachinary which drives or is being
driven by OCAES depending on the amount of power generated by wave park and power
demand for grid. To demonstrate the effect of wave velocity on intermittency of the generated
power, the wave velocities shown in Fig. 5.5 have been considered on the generator of different
WECs of module 1. Wave velocities are taken as sine waves [77]. Similarly wave velocities of
module 2 are phase shifted sine waves from each other. The intermittency of the power
produced by the wave park is highly dependent on the different wave velocities. Proper spatial
distribution and high number of WECs reduce the possibility of getting low velocities on most
of the WECs at the same time. Spatial distribution places WECs in different wave conditions
with the possibility of different wave heights and phases thereby leveling the power output.
Table 5.2 shows the effect of wave velocities on power generation. Fig. 5.6 shows the variation
of the power going to grid for different phase difference of wave velocities on different WECs.

The worst case happens when phase difference of sinusoidal wave velocities on different

WECs is 1”—2 as all WECs have peak velocity almost at the same time. Here the power variation

1s calculated as
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crest value —trough value

X 100 (5.1)

Power variation =
crest value

Table 5.2. Effect of Spatial Distribution of Waves on Four WECs

Wave Total Total Power
Phase Crest Trough | Variation
Difference Power Power
(MW) (MW)
/12 0.9986 0.565 43.4%
/4 0.945 0.578 38.8%
/2 0.830 0.815 negligible

Along with the wave velocity, number of WECs in a wave park also has an effect on power
variation. If the wave park has higher number of WEC:s, the effect of varying wave velocities
on power production will be decreased. Table 5.3 shows the decrease of power variation with
the increase of the number of WECs while wave velocities on WECs follow the same pattern.

Fig. 5.7 shows the effect of number of WECs on power variation.

Table 5.3. Effect of Number of WECs in Wave Park

Number of Total Total Power
WECs Crest Trough | variation
power power
(MW) (MW)
4 0.945 0.565 43.4%
6 0.958 0.773 19.3%
8 0.955 0.935 negligible

Wave velocities can alternatively be modeled as a composition of several sinusoidal wave

of different frequency and amplitude as shown in Fig. 5.8. Random wave velocities as shown
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in Fig. 5.8 are considered for both module 1 and 2 for more practical scenario to show how
power produced by the wave park is transmitted to the OCAES and grid. The output voltage
of the AC/DC converter follows envelop of the peak of the generator AC output. The DC-DC
boost converter is controlled to produce a constant 1100V for DC bus. Fig. 5.9 shows the output

of the AC/DC converter of one WEC in module 1 and DC bus voltage of module 1.

Fig. 5.10 shows the grid voltage and current when total power produced by the Wave Park
is delivered to the grid. It has been assumed that the grid is demanding only real power. The

real power can be calculated from the voltage and current as
Protar = Pyria = V3Vyrialgriacosd = 1.89MW (5.2)

here, Vyriq and Igr;q is the RMS grid voltage and grid current, respectively. The transmission
cable draws very little amount of reactive power for 2MW system and power factor is almost

equal to 1.
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Due to the intermittent nature of the wave energy, sometimes energy produced by the Wave
Park is higher than the grid demand and sometimes lower than the grid demand. Offshore
storage system is used to supply required power to the grid using OCAES. An induction
machine (IM) drive has been used for compression and expansion of the air in the OCAES
system. Thus, the turbo-machinery is represented by an IM. When the wave generated power
is higher than the grid demand, the induction machine works as a motor and compresses the
air to store energy. But when the grid demand is higher than wave generated power, the
induction machine works as a generator. In this case, the compressed air that was previously
stored is expanded in the turbine connected to the IM to drive the machine as generator. Fig.
5.11 shows the overview of power flow to and from the storage system with the IM operating

in motoring and generating regimes.

Iwabe  Lganc 132kV
Wave o
enerE e Transformer Transmission —
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Power
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I
mabi Transformer Induction Turbo
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11kV/460V Machine Compressor/ OCAES
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Figure 5.11. Wave park power flow among WECs, grid and storage

The grid may demand both real and reactive power. The real and reactive power generated
by the wave park is controlled by the current controller. The induction machine power

controller is shown in Fig. 5.12. Depending on the grid demand and wave park generated
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power, the current command for IM is determined and the corresponding torque command is

calculated. Figs. 5.13 and 5.14 show the simulation results with IM in OCAES.
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Figure 5.12. Induction machine power controller.

All currents are measured from 11kV lines. The d-axis currents are a measure of real power
flow and g-axis currents are measure of reactive power flow. For example, in Fig. 5.13, d-axis
current from the wave park [,,,; = 704 and d-axis current going to grid which is the measure
of real power demand for grid, ;4 = 50A. Therefore, the wave park produces more real power
than the grid demand and excess power goes to the IM which works as a motor to drive the
OCAES by compressing the air. The d-axis current going to the IM in this case is I,,,; = 20A.
If grid demand increases and becomes higher than the power produced by wave park, then
additional power has to be supplied to the grid by the OCAES. This is achieved by expanding
the previously stored air to drive the IM as a generator. Fig. 5.13 also shows the sudden increase

of grid real power demand to 90A and thereby OCAES supplies additional 20A to meet the

120



demand. Here, the negative sign of I,,,; indicates that IM is working as generator as shown in
Fig. 5.13. The corresponding g-axis components of currents for this scenario are shown in Fig.

5.14.
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Figure 5.13. d-axis current when IM works as motor/generator.
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Figure 5.14. g-axis current when IM works as motor/generator

5.6.2 200MW Wave Park System

A Wave Park of capacity 200MW is considered for system level simulation. For a 200MW
Wave Park, 200 of the WEC modules presented earlier with four 250kW WECs in a module
are required. The transmission line and submarine cable capacity has to be changed to transmit
higher amount of power. Transmission cables rating and specification for both 2MW and
200MW systems are presented in Table 5.4 [75]-[76]. The main challenge with a large Wave
Park of 200MW is to overcome high reactive power requirement due to the high power
transmission at higher voltage from offshore collector point to the onshore grid. For a 2MW
system with longest submarine cable of 33kV requires less amount of reactive power as shown

in Fig. 5.4 and inverter of the wave park and OCAES could meet the reactive power
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requirement without oversizing the inverter. But for 200MW system with longest submarine
cable of 132kV requires higher amount. In high voltage transmission system cable capacitance
demands a large amount of charging current which worsen the power factor [78]. In this case
static VAR compensator has been used to produce reactive power which also regulated the

voltage at PCC. Fig. 5.15 shows the line to line voltage and phase current at grid tie point.
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Figure 5.15. Grid voltage (L-L) and current of grid connected Wave Park
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Table 5.4. Transmission Cable

System Voltage Cable Cross | Current Comment
Rating Section | Rating
(mm?) | (Amp)
2 MW 11kV XLPE 3 core 95 300 ABB XLPE cable. Larger cross
Submarine cable of section reduces the cable resistance.
Cable Copper
Conductor
33kV XLPE 3 core 95 300 ABB XLPE cable. Larger cross
Submarine cable of section reduces the cable resistance.
Cable Copper
Conductor
33kV Land | Three core 95 270 ABB land cable.
Cable cable of
Copper
Conductor
200 MW | 11kV XLPE 3 core 95 300 ABB XLPE cable. Same as 2 MW
Submarine cable of system as each module rating is still
Cable Copper IMW.
Conductor
132 kV XLPE 3 core 500 655 For 200 MW this cable carries higher
Submarine cable of current. So voltage rating is higher
Cable Copper than 2MW sgsystem to reduce
Conductor transmission loss.
132 kV Single core 500 655 Single core cables are formed in
Land Cable | cable of trefoil formation to minimize the
Copper sheath circulating currents induced by
Conductor the magnetic flux linking the cable

conductors

5.7 Conclusion

The chapter presents a new concept of ocean based energy storage system for load levelling

of offshore wave energy devices. Basic system design concepts for the electrical connection
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and grid control have been discussed. The challenges associated with the transmission have
been discussed. A detailed description of the system simulation with grid connection and
power flow control is provided. The simulation analysis provides an insight into the
configurations that are the most suitable for achieving the optimal operational performance of
the OCAES system. Although wave energy generation is used as an example in the simulation,

the system can easily applied to other renewable sources such as wind energy.

125



Chapter 6: Summary and Future Work

This chapter provides a summary of the dissertation and proposes some future work on

this research.

6.1 Summary

The present dissertation can be summarized as follows:

In chapter 2, distributed voltage regulation using reactive power from the distributed

inverters has been presented.

A reactive power scheduler (RPS) has been proposed to produce reference reactive
power for different distributed inverters based on the real power generation dictated by

MPPT algorithm.

The RPS has the ability to detect the reactive power capacity of each inverter in the
system dynamically. The reactive power capacity may change with the change in
environmental condition. In the perturbation state of RPS, this change can be monitored

and used for new reactive power reference.

The objective of the RPS is to regulate the voltage of the distribution node by using
reactive power capacity of the RES after meeting the real power demand in such a way
so that none of the inverters get overstressed and share the total reference reactive
power in a balanced way. In this algorithm, inverters among the system have no

communication with them but have minimum communication only with the RPS.
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In chapter 3, critical bus concept of a radial distribution system and sensitivity of the

distributed inverters to the critical bus voltage has been considered.

During high PV penetration critical bus inverter has to absorb high reactive power.
There is a possibility that the critical bus inverter becomes saturated with its capacity

and cannot absorb reference reactive power generated by existing methods.

An improved central reactive power management system has been proposed in chapter
3 for overvoltage protection of radial distribution system during high PV penetration

by effective utilizing the reactive power capacity of high sensitive inverters.

The control of real and reactive power presented in chapter 2 and 3 requires proper
estimation of phase angle and frequency of the grid voltage. An improved phase-locked
loop (PLL) algorithm has been presented in chapter 4 for phase detection in case of

impurity presents in the utility grid.

Grid harmonics and unbalanced voltage are common impurities of the grid, typically
for rural or distant distribution system. Impurity elimination technique has been
presented for single phase and three-phase PLL grid synchronization. The proposed
algorithm improves the PLL performance by reducing the phase estimation error even

with high bandwidth of loop filter which ensures better dynamic performance as well.

Apart from the distributed low scale renewable sources, large scale production has been
considered these days to overcome the rapidly increasing energy demand of the world.
This leads to the implementation of utility scale offshore wind or wave energy system.

As the power levels of wave parks are usually several hundreds of megawatt and may
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even increase into the future, connection points of such wave park migrate to the

transmission network.

e A detailed analysis of offshore wave energy system has been presented in chapter 5.
The technical challenges of transmission and grid connection of the energy coming
from wave park have been discussed. Also, simulation results showing some solution

for the intermittency reduction for 2MW and 200MW wave park were shown.

6.2 Future Work

e The voltage regulation work can be further extended by incorporating optimization
algorithm in CRPMS method. The reference reactive power can be generated for each
inverter in the system by the optimization of its sensitivity and remaining current
carrying capacity at a certain moment. Also power factor should not go below the
allowable range. The optimization may ensure better utilization of inverters reactive

power capacity and reduced amount of reactive power flow in the system.

e A wireless communication can be considered in RPS algorithm for the communication
between the scheduler and the inverters. Improved two way communication method
has been introduced for smart grid operation with much reduced cost. It may be worth
to investigate the feasibility of using this communication for RPS as it incorporates

only two way communication between inverters and scheduler.
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The proposed grid synchronization algorithm is capable of removing unbalanced
voltage effect from three-phase grid. In future work, fault ride through (FRT) operation

can be studied using or modifying the proposed algorithm.

In chapter 5, a large wave park of 200MW has been simulated and technical challenges
have been pointed out for transmission of high power high voltage electricity to the
grid through submarine cable. One of the solution to overcome high reactive power
requirement may be to incorporate optimization of reactive power from concentrated
sources such as VAR compensator and distributed reactive power sources. This will
reduce the size of the concentrated source in offshore substation by utilizing the current

capacity of the inverters associated with the WECs.

A cost optimization for the proposed reactive power solution can also be considered in

future research.
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