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Abstract

The production and consumption of energy in all walks of life is moving towards a greener
and more sustainable mix of energy sources away from the traditional sources of coal and
gas. With this shift, more renewable energy is expected to be integrated into the grid re-
placing conventional synchronous generators. In such conditions, the stability of the grid
becomes a major concern due to the lack of inertia with the loss of base load generators.
As a result, there is an urgent need to develop flexible solutions like Battery Energy Storage
System (BESS) to provide ancillary services. Current research tackles it with a piecemeal
approach towards frequency and voltage stability. As a result, different types of controller
topology are currently used to get each electrical parameter within the acceptable tolerance
limits.

The contribution of this thesis is to build an integrated controller based on droop control
to tackle the two parameters of voltage and frequency stability simultaneously with one con-
troller in a holistic fashion. To achieve this goal of demonstrating integrated control, different
control schemes were tested and compared in terms of performance with respect to frequency
control. The application of the above mentioned integrated control in a decentralized con-
troller environment like a virtual power plant (VPP) was also demonstrated. The testing and
design of the control schemes and BESS was done via benchmark models built for real time
digital simulation (RTDS). The results show that the control schemes employed in the BESS
can effectively contribute towards providing ancillary services in a holistic manner.
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Introduction

The production of electricity is moving towards a greener and more sustainable mix of energy
sources away from the traditional sources of coal and gas. This is due to an initiative to
facilitate the shift towards renewable sources of energy after the international agreement at
the Conference of the Parties (COP21) to cap the global temperature rise to 2 degrees Celsius
[1]. As a result, the penetration of renewable energy in the grid has been steadily increasing,
especially in developed countries. This trend is expected to accelerate in the coming decades
and expected to pose significant technical challenges.

Renewable energy production is expected to account for 85% of the total global electricity
production by 2050. Moreover, transportation and heat pump sectors are undergoing a
transition to electricity leading to higher demands on existing transmission and distribution
networks [2].The projected energy mix for the year 2050 is as shown in Figure 1.1[3]. The
stability of the electrical grid becomes a concern with increased penetration of renewable
energy based technologies coupled with the loss of synchronous generators powered by fossil
fuels.
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Figure 1.1: Net generation by plant type in EU28 in the EUCO30 scenario [3]
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1.1. Motivation

The transition to renewable energy has led to an urgent need to research and develop in-
novative flexible solutions to maintain the stability of the network [4]. These solutions have
come to be known as ancillary services. Conventionally, the flexibility of the electrical grid
comes from synchronous generators which help maintain the voltage and frequency around
their nominal values. With phased decommissioning of the synchronous generators, ancil-
lary services become essential for the successful integration of intermittent sources of energy
like solar and wind. The absence of such services will lead to greater volatility and problems
in stability and reliability and customers can experience lower quality of power supply or
even outage which is undesirable.

There are different types of technologies currently available in the market for implementing
ancillary services including batteries energy storage systems (BESS), capacitors, pumped
hydroelectric storage, compressed air storage, flywheel storage, superconducting magnetic
energy storage, and thermal energy storage. With the advancement of power electronics
and battery technology, BESS is also becoming more economically viable to compete with
the other solutions as the price of batteries fall due to economies of scale. It also provides
alternatives to conventional storage like pumped hydro since it can store off peak energy and
discharge during peak times. Moreover, BESS is ideal for providing ancillary services due
to it’s fast response time and high ramp rates. This helps defer and possibly eliminate the
capital investment necessary for transmission or distribution lines and also helps reduce the
stress on existing generation sources. In addition to providing grid connected services, BESS
can also help off grid setups by facilitating black start services [5][0].

Coordination of BESSs becomes vitally important with the increasing use of DER. The
capacity of each DER is not enough to provide ancillary services on it’s own but they can
be aggregated to participate in the market. Coordination becomes important when it comes
to dealing with multiple BESSs due to risk of regulation failure when some BESSs exhaust
their energy capacity before others. This thesis explores and demonstrates the possibility of
using the integrated control algorithm to engage and coordinate multiple DERs to provide
frequency support services without the need for a centralized control system [7].

As mentioned earlier, a lot of research has gone into tackling the electrical parameters
such as voltage [8][9][10] and frequency control separately [11][12][13]. Solutions for voltage
control in distribution network are still in pilot stages and not standardized yet. Peak shaving
also becomes important with increasing variability in generation. This was traditionally taken
care by spinning reserves powered by fossil fuels [14].Conventionally, for droop control in AC
networks with high reactive impedance, active power depends on the the bus angles and
the reactive power depends on the magnitude of the voltage. This leads to the classical f-
P and V-Q droop control algorithm. The use of VSC in droop control for providing ancillary
services employs the concept of vector current control (dq) to achieve the required voltage and
frequency values. Delays in communication and sensing can also play an equally important
role in the controller design and needs to be thoroughly investigated. [15][16].

Current research tackles the above-mentioned challenges with a piecemeal approach to-
wards frequency and voltage stability [17]. As a result, different types of controller topology
are currently used to get the electrical parameters within the acceptable tolerance limits of
their nominal values [18]. With the number of ancillary services provided by single power
source like BESS increasing, the number of controllers would exponentially increase when
more distributed energy resources (DERs) start taking part in the market. To tackle this, it
is important to explore and develop integrated controllers to provide two or more ancillary
services with the same controller. The contribution of this thesis is to build an integrated
controller based on droop control to tackle the two parameters of voltage and frequency sta-
bility simultaneously with one controller in a holistic fashion. This is different from the
current trend of ancillary services which aims to control frequency and voltage separately
as explained above. Droop control was chosen over other forms of control to build the inte-
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grated control due to its simplicity of application. Using strategies based on communication
increase the complexity and reduce the reliability and expandability of the system by bas-
ing it on the communication links. Moreover, the droop control method is very suitable
for modular design which improves the flexibility and redundancy of the system.This helps
in maintaining a reliable and stable system which is easy to expand and use for industry
applications.[19][20][21].

1.2. Problem definition

It can be seen that there is a lack of research done in developing an integrated controller
to tackle many of the the power quality issues at the same time in a holistic fashion. The
contribution of this thesis will be to bridge that knowledge gap and develop an integrated
controller to provide ancillary services using a BESS.

1.3. Objective

To model an integrated control system based on droop control for providing ancillary services
using a BESS and to validate it using a standard CIGRE model on RSCAD. The conditions
are simulated for different levels of renewable energy penetration to reflect the short, mid and
long term nature of renewable energy integrated grids. The simulations are done in RSCAD
as it offers a safe and controlled environment to get precise results in a real time simulation
setup.

1.4. Research Questions

1. What is the effect of the BESS on the overall stability and the performance of generator
in the system?

2. How does the BESS perform in the case of black start scenarios?

3. Does the performance of a VPP improve with the implementation of adaptive SOC based
droop?

4. Is the performance of an integrated control system better than building individual con-
trols?

S. How robust is the controller when it comes to dealing with time delays in the inverter
hardware?

6. How does the controller perform for different levels of renewable energy penetration in
the grid?
1) 30 %
2) 50 %
3) 98 %

1.5. Methodology

The system and the controller was developed and tested using mathematical modelling and
real time simulation. It was carried out in a simulation setup created on RSCAD and pro-
cessed using the RTDS hardware. This approach was favoured as it enables the researcher
to test the control logic in a cost effective way without compromising the usefulness of the
study. Chapter 3 will explain this in more detail.

1.6. Thesis Contribution

The contribution of the thesis is as follows:
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1. Design and application of novel control algorithms such as peak shaving and integrated
controller model and implementation of an adaptive droop controller model for BESS in
RSCAD.

2. Robustness study of the BESS controller with respect to time delay.

3. CIGRE model in RSCAD and a comparison study of the performance of the integrated
controller with respect to individual controllers

1.7. Thesis Outline

Chapter 1 presents an overview of the situation in the electrical systems and the need for an
integrated controller for ancillary services provided by BESS. Chapter 2 explains the control
theory concept involved in the integrated controller for BESS. The implementation of the
controller is described in Chapter 3. The results are illustrated and discussed in Chapter 4
and Chapter 5 concludes the report and discusses future work.



Background

This chapter focuses on the different grid services provided by the BESS and the functionality
of the VSC. The first section will describe the common grid services provided by the BESS
with the second section going deeper into the inner workings of a VSC in terms of it’s system
architecture and control loops.

2.1. Grid services

The impact of BESS on the utility network is increasing and it is crucial as a solution to
stability problems. As discussed in Chapter 1, integration of more renewable sources creates
a need for balancing sources like BESS due to the intermittent nature of RES causing voltage
and frequency fluctuations in the grid network [22][23]. The installation of large storage
capacity in the grid network will enable a high penetration of wind and solar in the electricity
mix. A case study was conducted in Portugal with the case of a wind farm having an installed
capacity of 144-MW. It was seen that the wind farm was generating more off peak energy than
in peak hours making the project economically unsustainable. The addition of a 5 MW, 30
MWh BESS was proposed to shift some of the generated power from off peak to peak hours
to improve the economic aspects of the wind far. This resulted in a 2.1% increase in revenue
generated from energy tariffs[24][25][26]. The BESS contributes as an ancillary service in
many ways with some it’s common applications as follows:

* Frequency regulation — Primary control

Modern variable-speed wind turbines and large photo voltaic power plants connected to
the utility grid do not contribute to the frequency stability as much as conventional gen-
erators. This creates a new application of BESS to emulate the inertia of synchronous
generators. Moreover, BESS has the advantage of being capable of responding swiftly
and precisely to frequency deviations making it one of the best solutions for primary
frequency response.

* Reliability

The presence of a BESS improves the overall reliability of the power system. The reduced
time response of the BESS enables it to react immediately after a disturbance. For
example, it can help to maintain the stability of the network while the grid operator
re-dispatches a generator [27]. It can also improve the local resilience of the system
if there is a fault in the transmission network due to natural disasters. BESS can act
as a good emergency power supply and help with the black start of a medium voltage
network in the event of climate disasters and terrorist attacks [28]. The application of
BESS to form a grid in the event of a black start with the subsequent transition to a
grid following mode after the generator is brought online is described and illustrated in
Chapters 3 & 4.
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* Power quality

The quality of power supply is crucial in industrial processes like semiconductor man-
ufacturing. A BESS integrated at the distribution level can ensure that by smoothing
voltage variations. As discussed earlier, this holds true for black starts as well. More-
over, RES combined with BESS improves the power quality of the output by absorbing
or injecting reactive power thereby keeping the real power constant as per load require-
ments [29].

* Voltage regulation

It has been seen that integrating BESS in a power system helps to support voltage in
distribution networks. The voltage deviation can be reduced by installing a BESS in a
distribution network. The penetration levels of PV can be improved with the integration
of BESS as it can reduce energy loss and enhance voltage stability. It can also regulate
active and reactive power in the bus,improving the voltage profile in a network [30].

* Peak Load Shaving

BESS can provide peak load shaving facilities in a power system to shift the load from
peak to off peak periods. However at current prices, BESS is economical only for peak
demand periods of less than 1 hr. In a study carried out at the distribution level, it
was seen that the peak shaving performance of the BESS was directly influenced by the
location and configuration of the installed BESS [31][32][33].

2.2. Control methodology

The control methodology employed in power systems is undergoing a radical transformation
by moving away from the traditional centralized means of control to distributed and decen-
tralized schemes. This trend is facilitated and driven by the widespread adoption of RES and
BESS along with better communication and processing infrastructure

FaEq Central t \Q
// e Controller \
\

(a) Decentralised (b) Centralised (c) Distributed Multi-Agent
Figure 2.1: Control strategy architectures [34]

The traditional centralized control model does not work well for distributed networks with
multiple sources like PV and BESS. The lack of strategies to coordinate such components is
a significant factor in moving towards decentralized and distributed mechanisms [34]. The
three mechanisms are illustrated in Figure 2.1 and discussed in the following sections.

¢ Decentralized

The decentralized control strategy is a common method employed to achieve autonomous
operation of different components. The standard method is decentralized droop control,
which enables load sharing between sources without the need for any communication
links. This is similar to the primary level control used in centralized schemes but this is
practically possible only in small networks due to the high communication cost involved
[35]. Some of the common schemes are listed below:
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1. Traditional Droop Control
2. State of Charge weighted Droop Control

3. Droop Control for Heterogeneous Energy Storage Systems

¢ Centralized

In a centralized control scheme, each component of the system can be individually mon-
itored and controlled. It is the oldest form of control and can be broadly split into two
categories, secondary and tertiary control levels. Control schemes with transient ob-
jectives such as power quality regulation are considered as secondary while power flow
problems based on renewable generation are considered as tertiary. Some of the com-
mon schemes are listed below:

1. Centralized Secondary control
2. Centralized AC Micro grid Tertiary control
3. Centralized DC Micro grid Tertiary Control

Distributed

The decentralized control scheme discussed earlier is a good solution for coordination
many sources in a power system but it is not enough to fully harness the combined
power and energy capacities of the system. This led to the development of distributed
control schemes since the centralized scheme incurs a lot of communication cost along
with data privacy concerns. This control scheme involves different components of the
system controlled autonomously and is connected by a sparse communication network
as shown in Figure 2.1. It is still developing and in the nascent stage of deployment
[36][37]. Similar to centralized schemes, control strategies have been proposed for sec-
ondary and tertiary levels and are as follows:

1. Distributed Multi-Agent Secondary Control
2. Cooperative Multi-Agent Tertiary Control
3. Competitive Multi-Agent Tertiary Control

2.3. Virtual Power Plant

A Virtual Power Plant (VPP) can be considered as a flexible representation of portfolio of dif-
ferent DER sources. It acts as more than just an aggregator of the different DER components
by creating a single operating profile from a composite of parameters characterizing each
DER similar to that of a traditional transmission connected generator.

A VPP can contain many different types of sources varying from RES like solar and wind to
energy storage systems like BESS. It can also contain classical generating units and flexible
loads. The presence of units like BESS help the VPP overcome the intermittent nature of
RES achieving optimal usage of resources. In recent years, significant developments in ICT
have led to increased and efficient deployment of VPP by facilitating decentralized system
management. Commercially, VPP has been used in Belgium and Netherlands as a financial
instrument in the energy market while Germany and UK allow VPP to offer system balancing
and grid ancillary services[38].

2.4. BESS coordination

BESS in contrast to other types of DER systems are energy constrained and are therefore
limited when it comes to providing regulation service if the state of charge (SOC) limits are
hit. As a result, BESS systems need to have strategies to replenish the batteries and recover
SOCs to optimal levels during idle time (i.e., when the system frequency is within the nominal
range) [39] [40]. Many of the studies are performed for single BESS scenarios providing fre-
quency regulation. In recent years, the number of DER which are BESS have increased with
the transition to electric vehicles and and home storage devices like Tesla Power wall [41].
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Individually, these batteries are not large enough to participate in primary frequency regula-
tion. Therefore, strategies need to be developed to aggregate the capacities of multiple BESSs
and provide frequency regulation as a single unit. The challenge for multi BESS systems is
the optimal coordination of BESSs during the frequency regulation phase. The coordination
needs to be carefully done to ensure that the BESSs don’t exhaust their energy capacity be-
fore the others, which affects the total energy capacity available and can potentially lead to
unnecessary regulation failures [42].

2.5. Time Delay in power systems

Time delays are inherently present in physical processes with signal transmission, measure-
ment and control. Studies have been conducted to observe the impact of time delays in
power systems [43][44][45]. It was seen that it was necessary to consider the time delays
while analyzing the stability of power systems and designing controllers. With the advance-
ment in technology, phasor measurement unit (PMU) devices are widely deployed to control
the interconnected power system to improve its dynamic performance. Usually, the latency
is limited to milliseconds in modern power systems [46]. However, it can be get higher to
the range of hundreds of milliseconds in extreme cases. Moreover, even a small delay could
destabilize the power system under certain conditions. With increased distributed genera-
tion, it becomes increasingly important to study the impact of time delay in the design of
distributed control systems [47].

2.6. Voltage Source Converter (VSC)

This section describes the VSC layout and the functionality of a VSC in detail for the reader
to understand the inner workings of the converter. A VSC is generally used to convert the
DC power generated on one side of the converter (eg: Battery, PV, etc.) into AC power sup-
plied/consumed to/from the grid for different reasons. To enable the VSC to maintain power
balance, the voltages on both the AC and DC side are constantly monitored. The monitored
values are then adjusted using a feedback loop to ensure the required active and reactive
power input into the grid.

2.6.1. Model

It is important to understand the layout shown in Figure 2.2[48] to fully appreciate the func-
tionality of VSC. The phase reactor and the grid are important components that influence the
power supplied and consumed by the VSC. The single line diagram of the above mentioned
VSC is shown in Figure 2.3[49].

Phase reactor A simple circuit of the phase reactor can be seen in Figure 2.4[49]. Phase
reactors are essentially current limiting devices which are useful in controlling the active
and reactive power between the VSC and the grid terminal. This is achieved by controlling
the voltage drop across the reactor thereby controlling the angle difference between the two
terminals (VSC and grid).

. diabc
Uc,abc — Usabe = Tlabe +L dt (21)

Grid
An infinite grid is assumed for the grid set up which is essentially an ideal voltage source
with high impedance.

2.6.2. Transformation steps

It is not easy to understand the VSC model using conventional control theory. The most
common method of industrial control is PI regulator. However, robust VSC control using
PI regulators cannot be achieved through sinusoidal input. To overcome this issue, vector
control schemes which employ a rotating dq rotating reference frame were developed. Both
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Figure 2.2: Overview of different aspects of the VSC model [48]

AC voltage and current can be transformed into the dq frame from their sinusoidal forms.
The conversion is achieved by performing Clark and Park transformation explained below.

Clark Transformation

The transformation is better explained with the aid of two Figures 2.5,2.6 below. Considering
Figure 2.5, it can be seen that each phasor represents a phase of a 3 phase sinusoidal value
separated by an angle difference of 120 degrees. The sum of the three phases is always the
rotating space vector v even though the magnitude of the individual phasors alternate. The
space vector v would be rotating with a frequency of 50/60 Hz in a conventional grid.The same
space vector is plotted on a aff frame in Figure 2.6. On a two dimensional plane, it is enough
to have two components to get the same space vector. As a result, it is possible to transform
the three phase abc signal into a two-phase aff signal using the Clark transformation.The
equations below explain in detail the transformation from abc to aff domain [50].

. 1 2 i
la] 2 2 ||,
A== 3 3| |ip (2.2)
[lﬁ 319 7 z)|i
1 = v,
Ua] 2 2 2
= — 3 3 Vp (23)
[vﬁ 3 lo BN z2| v,
di
Ucap — Usap = Tigp + L diﬁ (2.4)

Park Transformation

The transformed space vector after the Clark transformation is still sinusoidal and alternates
in magnitude during rotation. In order to convert it into a DC signal, each phase must have
a constant magnitude. To achieve this, the phasors must rotate along with vector v for an
equivalent space vector v in dq form. It can be seen that from Figure 2.7 that it is possible to
convert the stationary aff phasors into rotating dq phasors.The rotating frequency needs to
be integrated within the transformation to ensure that it rotates along with the space vector
v. It is achieved through the use of angle 8 which indicates the displacement of d-axis from
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Figure 2.3: Single Line Diagram of VSC [48]

Figure 2.4: Simple circuit of a phase reactor [48]

the a-axis at time t;.The Park transformation is explained in detail through the following
equations.

0 = wstg (2.5)
(2.6)

)5

[qu] =

= [Te] [ub

2.7)

cos(f) sin(f)
—sin(f) cos(6)

2] cos(@) cos(@—2E)  cos(8+ %)
[Te] = 3 [_ sin(@) —sin(8 — 32") —sin(6 + 32")] 29
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Figure 2.5: Phasors in the abc frame for t=t1 and t=t2 [48]
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Application

The control for the VSC is developed in the dq frame. As a result, the grid’s measurements
need to be transformed from abc to dq. Similarly, the output values from the controller are
transformed back into abc from dq frame. The sequence is explained in Figure 2.8.

Control actions are
always affecting
: the internal votlage of
the converter in terms
of amplitude and
angle

- References and
measurements
of the AC and the DC
voltages and
Currents

A

H
Control Goals:
Adjast the active,
reactive power on the
AC side

Figure 2.9: Diagram of the control architecture [48]

2.6.3. Control Loops
The control loops that process the signals are explained in this section. The main architecture
of the controller can be seen in Figure 2.9. It can be seen that the grid’s measurements
along with goals of the converter provide the necessary information for the operation of the
controller. The operation of the Phase Lock Loop (PLL) and current controller loops is vital
for the overall operation.

Phase Lock Loop Controller
The equations below show that it is beneficial to align the d-axis to the space vector as it allows
the decoupling of active and reactive power. This allows the active and reactive power of the
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inverter to be controlled separately using the d and q component of the current respectively.
The PLL is essentially a control module that uses a PI controller. The module locks the angle
delta of the grid voltage such that the g-axis component of the grid voltage is zero in the
rotating dq reference frame. In such a case, the magnitude of the grid voltage vector is equal
to the d-axis voltage. The control block of the PLL is shown in Figure 2.10[51] and it can be
seen that the angle delta is necessary for the transformation and inverse transformation of
current and voltage.

_,,4:q 4 _ o d;
P =udijgr +ulif, = udid, (2.9)

Q =udif, +udify = —ulil, (2.10)

0=aw1

Figure 2.10: Control Block of the PLL [48]

For the accurate operation of the controller, it is vital that the PLL operation is stable and
robust. If the PLL becomes unstable, the transformations are no longer accurate leading to
the controller being subsequently unstable leading to a tripping of the VSC as it cannot follow
the angle of the grid voltage anymore. The presence of grid harmonics is a common cause of
PLL instability.

Figure 2.11: Operation of PLL[48]

Inner controller
The inner controller in the VSC controller is a current based controller. The output current of
the VSC is controlled through the control of internal voltage as shown in Figure 2.12.A more
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stable way of applying the controller is through looping the output current iy,. This can be
done by regulating the internal voltage of the converter U._4, through an inner controller to
achieve the set point current iy, as shown in Figure 2.13.

d(ia)

Ugg — Usqg = Tig — wLiyg + L—— =iy — wliz + sLig

Ucq

—Ugq =Tig —wlig + L

dt

d(ia)
dt

=rig + wliy + sLiy

Ueq — Us_qg + wLiy

i, =

d r+sL
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Figure 2.12: The open Loop VSC [48]
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Figure 2.13: The closed loop VSC [48]

(2.11)

(2.12)
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Outer Controller

The active and reactive power references define the reference values for the dq currents i; and
iq. The active and reactive power references are in turn obtained from the grid requirements
as explained below in the equations. The combined control loops is as shown in Figure 2.14

re ki
ig” = (kp + ) (Prey = P) (2.15)
re ki
g = (ky + ) (Qrer — @ (2.16)
* r-—é—

=

Quter Controller

Inner
Controller

a °q

Figure 2.14: Overview of the control loops of the VSC [48]






Methodology and Implementation in
RTDS

3.1. CIGRE Model

3.1.1. Background

The CIGRE model used in the thesis is a benchmark model developed by CIGRE Task Force
C6.04.02 [52].The diverse nature of the distributed energy systems is a significant challenge
for the testing and integration of DER and Smart Grid technology. The intention of the bench-
mark model is to provide a framework for analysis and validation of the developed methods
and techniques for Network Integration of Renewable and Distributed Energy Resources.

Electric power system

o

Network nodes Network branches

Resource side

benchmarks
Dlstrlbutlon Transmlssmn
High voltage
transmission network
benchmarks
Low voltage Medium voltage
distribution network distribution network
benchmarks benchmarks

Figure 3.1: Hierarchy for identifying benchmarks [52]

The framework was developed by defining a hierarchical structure of four levels as depicted
in Figure 3.1. This framework helps to distinguish transmission networks and distribution
networks. However, the nature of the distribution networks can vary based on the voltage
levels and local preferences.The model developed helps the researcher analyze the operation
and control of distributed energy resources with increasing integration at lower voltage levels.
With more intermittent renewable energy, it become more important to develop new methods
and techniques to configure things like optimal power flow, unit commitment, energy man-
agement, security, frequency control, and voltage control.This benchmark was developed

17



18 3. Methodology and Implementation in RTDS

in order to study the effects of interconnecting renewable and distributed energy resources
with electric power systems and for detailed analysis of specific resource-side topologies and
control strategies. For this purpose, a single benchmark configuration is desirable. This
configuration can be adjusted using the recommended data to study resources with power
ratings ranging from a few kW on low voltage distribution systems to hundreds of MW on
high voltage transmission systems.

3.1.2. Medium Voltage Network Benchmark

The real life network used to develop the medium voltage (MV) network benchmark is a phys-
ical MV network in southern Germany which powers a small town and it’s surrounding rural
area. The model was tweaked by reducing the number of nodes for the benchmark network
to enhance user friendliness and flexibility while fully maintaining the characteristics of the
network. The resulting benchmark model can be taken as a representative of a typical phys-
ical network in Europe.Some of the characteristics of the European MV Network Benchmark
is as follows:

* Structure: The distribution feeders in the MV network is usually three phase with a
nominal voltage of 20 kV and a system frequency of 50 Hz. The benchmark enables the
configuration to either be a meshed or radial structure which is a feature of distribution
networks.

* Symmetry: The physical network is usually built to be symmetrical by balancing the
low voltage inputs along the MV lines. However, unbalances exist in reality and the
benchmark enables the user to test that resilience of the network by introducing sources
to create unbalance if necessary.

* Line types: The line types in the distribution network are modelled as underground
cables. They are XLPE with round, stranded aluminum conductors and copper tape
shields.

* Grounding: The nature of grounding depends on local preference and varies from coun-
try to country. It is generally modelled as ungrounded or impedance grounded.
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3.1.3. Topology of MV benchmark network

The topology of the network used in the thesis is as shown in the Figure 3.2. The default
CIGRE network has been tweaked a little to suit the needs of the project. It contains only
one feeder operating at 20 kV with the switch S1 open. The details regarding the distribution
network is provided in Table 3.1[52].
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0 | |

110/20 k\-"é 110/20 kV é

Feeder | % 22km o rFDcdl.rE o
T_‘j’
4.4 km 4.9km
0.6 km v
4

| 1.3 km
l 53

06km | 0.5km

|
|
|
I
I
|
|
| s 1
|
I
|
|
|
|
|

0.3 km
10 8
l Q l Sl 2.0 km
0.8 kaO.S kim) 1.7 km
| 7
l s — — — —
0.2 km — Load
I-_ 6 ) .
1.5 km @ Transformer
— Bus

—— Switch/CB

Figure 3.2: Topology of European MV distribution network benchmark 6.2.2 [52]
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Line Node | Node | R’,h X', h B’,h R’, X B’, |

Segment | From | To (Qkm) | (Ukm) J (u S/km) | (Q/km) | (/km) | (« S/km) |} (km)
1 1 2 0.501 J§0.716 | 47.493 0.817 | 1.598 | 47.493 2.82
2 2 3 0.501 | 0.716 | 47.493 0.817 | 1.598 | 47.493 442
3 3 4 0.501 | 0.716 | 47.493 0.817 | 1.598 | 47.493 0.61
4 4 5 0.501 | 0.716 | 47.493 0.817 | 1.598 | 47.493 0.56
5 5 6 0.501 | 0.716 | 47.493 0.817 | 1.598 | 47.493 1.54
6 6 7 0.501 | 0.716 | 47.493 0.817 | 1.598 | 47.493 0.24
7 7 8 0.501 J§0.716 | 47.493 0.817 | 1.598 | 47.493 1.67
8 8 9 0.501 | 0.716 | 47.493 0.817 | 1.598 | 47.493 0.32
9 9 10 0.501 | 0.716 | 47.493 0.817 | 1.598 | 47.493 0.77
10 10 11 0.501 | 0.716 | 47.493 0.817 | 1.598 | 47.493 0.33
11 11 4 0.501 J§0.716 | 47.493 0.817 | 1.598 | 47.493 0.49
12 3 8 0.501 | 0.716 | 47.493 0.817 | 1.598 | 47.493 1.30

Table 3.1: Connections and line parameters of European MV distribution network benchmark Line [52]
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Figure 3.3: Benchmark network on RSCAD
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The topology of the network described in Figure 3.2 was modelled on RSCAD and is as
shown in Figure 3.3. This model includes the following:

1. A Diesel generator explained in detail in Generator model section
2. Two PV sources explained in detail in PV model section
3. Three battery sources explained in detail in the Battery model section

The sources mentioned above (PV/DG/Battery) are modelled as average models instead of
the small time step models usually associated for power electronic interfaces at the grid level.
Small simulation time steps (less than 4 micro secs) are normally used to accurately model the
high switching frequency transients in modern power electronic interfaces. In a distribution
network with many distributed energy resources (DERs), the computational burden of such a
detailed small time step model places a limitation on the size of the distribution network that
can be simulated. To overcome this problem, DERs were modelled as DC/AC average models
as shown in Figure 3.4. The DC/AC average model enables the user to integrate a DC source
like PV or BESS to the AC grid. It sufficiently depicts the real and reactive power profile of the
converter even if it neglects the effect of the switching devices. As a result, the average model
requires much less computational resources than the fully switched small time step models
and enables the user to build large scale distribution networks without much limitation.

+P V4 +P VA
DC DC B
N AClv N AC e

Figure 3.4: Single and Three Phase Average Models for DC sources

3.2. Underground cables

The underground cables in the distribution network were modelled as PI sections as shown
in Figure 3.5. PI section model is not the default method to represent underground cables in
the RTDS system but it is a useful tool to accurately represent a line based on the length of
the line. According to the RTDS website, if the length of the line is less than 15 km, the line
can be represented using a PI section. This is based on the distance travelled by light during
a 50 usec time step which is approximately found to be 15 km.

PI-SECTION MODEL
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Figure 3.5: Pl section model in RSCAD
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3.3. Generator model

The generator model used in the distribution network is a simple model which contains a
rotating machine along with a exciter (library model) and a governor which is user defined.
The user defined governor model enables the user to change the droop of the generator which
is a useful feature to have in comparison studies. The generator is then connected to the
distribution network through a breaker as shown in Figure 3.6.
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Figure 3.6: Generator model in RSCAD

3.4. Battery model

The battery model in the distribution network consists of a battery source modelled according
to [53] which is connected to a DC/AC converter average model and integrated with the AC
grid network with a breaker and transformer as shown in Figure 3.7 and Figure 3.3.
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Figure 3.7: Battery model in RSCAD



3.4. Battery model 23

The set points for the DC/AC battery converter is taken care by the BESS control block
as shown in Figure 3.7. The inner workings of the BESS control block is shown in Figure
C.1. A representation of the control model is shown below in 3.8

PLL

ABC to DQ » Outer Loop Control ¥ Inner Loop Controlf—3w DQ to ABC —M Inverter

Measurements ’

Figure 3.8: Battery control representation

The BESS control block has different sub blocks in it which take care of different functions.
They are as follows:

1. PLL block: This block is important to ensure that the voltage is always aligned with the
d axis of the converter as explained in Chapter 2.

2. abc to dq block: These blocks are used to convert the measured abc values in the
network to dq frame for use in the control schemes.

3. Measurement & Start up block: These blocks are used to measure current and voltage
values from the network and provide reference points for the control logic blocks

4. Outer Loop control block: This block is used to provide current reference points based
on the real and reactive power requirements from the distribution grid

S. Inner Loop dq control block: This block converts the current based reference value into
dq voltage values

6. Average Control Voltage and Current block: The dq voltages values are converter into
abc domain in this block and used as set points for the DC/AC converter.
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3.5. PV source model

The PV source model in the distribution network consists of a PV source which is connected
to a DC/AC converter average model and integrated with the AC grid network with a breaker
and transformer as shown in Figure 3.9 and Figure 3.3. The insolation and temp inputs for
the PV source are given externally as shown in Figure 3.9.

Similar to BESS, the set points of the DC/AC PV converter is taken care by the PV control
block as shown in Figure 3.9.The inner workings of the PV control block is as shown in
Figure C.2. The functions of the PV control block are similar to that of the BESS control

block explained earlier.
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Figure 3.9: PV source model

3.6. BESS Control Schemes

This section is used to explain the control schemes employed by the BESS to provide ancillary
services. The Voltage source converter for the battery can be controlled using external and
internal cascaded control loops. The reference points for active and reactive power can be
calculated by power-frequency (P-f) and reactive power-voltage (Q-V) droop as shown in Figure
3.10. They are explained in the following subsections with the help of control schemes.

Voltage - P f
g Active and Active and
Reactive Power P/Qto f/V Reactive Power Inverter
Current Calculation Q conversion v Calculation

Figure 3.10: V/F Droop Control

3.6.1. Primary Frequency Control

The control scheme shown in Figure 3.11 describes the primary frequency algorithm used
in this model. The power deviation in the grid is calculated by measuring the change in
frequency with respect to 50 Hz. The difference between the P,,.r and Py, is used to derive
the I; component. The I, component is assigned to be zero to isolate it as primary frequency
control. The RSCAD implementation is shown in C.3
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Droop
Conversion

PI Control | drer

50 Hz

Figure 3.11: Primary Frequency control

3.6.2. Peak Shaving

Figure 3.12 describes the Frequency & Peak-shaving integrated control algorithm used in
the model. It is an upgrade on the primary frequency control model. In this model, the
peak shaving component is integrated through a factor which is controlled by PS block. The
additional component is calculated by deriving the instantaneous difference between power
generated and consumed which can be interpreted as a signal from a DSO in real life. The
peak shaving component and the primary frequency component are calculated in parallel and
taken into consideration to derive the I; component. As with the previous algorithm, the I,
component is assigned to be zero since it does not involve reactive power. The implementation
in RSCAD is illustrated in C.4

+
+
Pyen Pret(DSO) | PT Control » PS participation% Idy PI Control %
factor
B +
] Ida
Pioad Primary

Frequency
Control

Figure 3.12: Primary Frequency control & Peak Shaving

3.6.3. Integrated control

The control scheme for integrated control is as shown in the Figure 3.13 with the RSCAD
implementation shown in Figure C.5 . In this control scheme, both voltage and frequency
are parameters to be controlled. The frequency and voltage control schemes is combined to
provide an integrated control scheme. Frequency is controlled using the scheme earlier seen
in the peak shaving algorithm. As for the voltage control, the voltage on the bus is measured
and then compared with the nominal value to identify the deviation. This deviation is then
used to derive the I; component as shown in the Figure 3.13.

+
Igres Peak. Idb ldye
r PI Control [———% Shaving
+
Ida ]
Vineas Primary
Frequency
Control

Figure 3.13: Integrated control

3.6.4. Integrated control with multiple BESS

The control scheme for integrated control with multiple BESS is as shown in the Figure
3.14 with the RSCAD implementation shown in Figure C.6 .The difference from the previous
scheme comes from the SOC factor while calculating the droop for the battery systems in-
volved. In this control scheme, the droop of each BESS is calculated based on the SOC of the
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BESS involved. As a result, the contribution of a BESS towards integrated control will de-
crease when the SOC of a particular BESS is low. This is done to optimize the performance
of a portfolio of a BESS by ensuring that as many BESS stay operationally as possible to
maintain energy capacity of the portfolio.
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Figure 3.14: Integrated control with multiple BESS

3.6.5. Integrated control with time delay

This control algorithm is designed to test the influence of time delay with respect to the
robustness of the system. The focus of the time delay in this case is at the sensor level. To
introduce time delay in the control algorithm of the BESS, a variable user defined delay block
has been introduced before measuring the frequency from the grid as shown in Figure 3.15
with the RSCAD implementation shown in Figure C.7. This will in turn lead to a delay in
calculating the droop of the BESS

Igres Peak
PI Control [——® Shaving

Primary

Frequency
Control

Adaptive Pieq

Time delay Droop

50 Hz s0C

Figure 3.15: Integrated control with time delay

3.6.6. Micro-grid voltage control

The micro-grid voltage control scheme focuses more on the voltage of the system as opposed
to the frequency parameter in the earlier cases. The purpose of this control algorithm is to
demonstrate the usefulness of a BESS when it comes to black starts due to emergencies.
The BESS forms the grid in micro grid mode and it measures the voltage of the network
and compares it with the nominal value of 480 V to create the i, reference point. This is
similar to the voltage control scheme explained in Figure 3.13. The RSCAD implementation
is as shown in Figure C.8. The control scheme shown in Figure C.9 describes the Voltage
control algorithm used in grid connected conditions. The difference between the V,.r and the
deviation in grid voltage is used to derive the I, component. The I; component is assigned to
be zero to isolate it as voltage control.



Results & Discussions

To achieve the goal of demonstrating integrated control in BESS, different control schemes
were tested and compared in terms of performance with respect to frequency control. This
section will focus on describing the performance of the different controllers and the subse-
quent results accompanied by a short analysis.

4.1. Network Scenarios

Three network scenarios will be tested in this thesis. Based on active power contribution,
they are as follows:

1. Low RES penetration: 30 % PV & 70 % rest (DG + BESS)
2. Medium RES penetration: 50 % PV & 50 % rest (DG + BESS)
3. High RES penetration: 98 % PV & 2 % rest (DG + BESS)

The purpose of the network scenarios is to enable the user to observe and analyze the
behaviour of the BESS in different levels of renewable penetration. The location of PV in the
network is not the focus of this thesis.

4.2. Applications

The above-mentioned network scenarios will be tested through a controller with a step load
of 30% (to simulate a loss of generation source or a sudden increase in demand) at 1.5 s for:

1. Primary Frequency control (Traditional Control Scheme)
Peak Shaving (PS) services & Primary frequency control
Integrated control for Primary frequency control
Primary Frequency Control with Time Delay

Primary Frequency Control with Two BESSs

Primary Frequency Control with Three BESSs

No a k& b

Voltage control (Micro-grid)

The Integrated control method is also tested for a step load disturbance of 0.2 MW and
0.2 MVAr at 1.5 s.

27
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4.3. Primary Frequency control (Traditional Control Scheme)

The active power output of the generator for different scenarios when subjected to a step
disturbance of 0.3 MW at 1.5 s is as shown in Figure 4.1 and it can be easily seen that
the power output of the generator is higher without the BESS since the generator needs
to contribute more active power for frequency stability when subjected to the same step
disturbance of 0.3 MW. It can also be seen that this trend holds true for different levels of
RES penetration.

Pgen with and without BESS for different levels of RES penetration (Step load)
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Figure 4.1: Primary Frequency Control with and without BESS - Step Load
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4.4. Peak Shaving (PS) services & Primary Frequency control

The figure shows the active power output of the BESS, Generator and the frequency of the
system for different levels of peak shaving contribution when subjected to a step disturbance
at 1.5 s. The peak shaving contribution refers to the contribution of power coming from the
peak shaving +PFR algorithm for frequency control. It can be seen that the power contribution
during primary frequency control is the highest when PS = 0. On the frequency front, it can
be observed that the best transient response is for PS = 0.5 with the nadir being the lowest
for PS = 0.1. As a result, it can be concluded that the best factor for PFR + PS contribution
should be with PS = 0.5. The generator contribution is as expected as it offsets the different
power output for BESS for different values of PS. The trend is observed to be the same for all
levels of RES penetration.
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4.5. Integrated control for Primary Frequency control

Figure depicts the active power output of the BESS , Generator and the frequency of the
system for different control schemes when subjected to a step disturbance at 1.5 s. The
different control schemes are traditional PFR, Integrated and Peak shaving algorithms. On
the frequency front, it can be seen that the integrated control algorithm is the best one in
terms of robustness since it has the smallest settling time. The output of the generator is as
expected as it offsets the BESS output. The trend is observed to be the same for all levels of
RES penetration.

As seen from the above figures, a change in frequency measurement method was made.
It was changed from a PMU block to a standard frequency meter (refer images below) . This
provides a better representation of the frequency response of the system as illustrated in the
graphs above. Furthermore, the application of a low pass filter along with the frequency meter
gives a smoother and better response in line with the power outputs. The power outputs of
the BESS and generator complement each other.
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4.6. Integrated control for Primary Frequency & Voltage Control

Figure 4.4 illustrates the response of the BESS in terms of active and reactive power output
when subjected to a step load disturbance of 0.2 MW and 0.2 MVAr at 1.5 s. It can be seen
that both the frequency and voltage values are quickly stabilized after the disturbance at 1.5
s. The contribution of the BESS is split between the frequency and voltage control due to the
inverter capacity limitation. As a result, there is a bigger contribution for frequency control
as opposed to voltage control in this particular instance. The contribution can be improved

by increasing the size of the inverter.
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4.7. Primary Frequency Control with Two BESSs

Figure 4.5 shows the performance of the two BES systems BESS 1 and BESS 3 in tandem
providing primary frequency control when subjected to a step disturbance of 0.3 MW at 1.5
s. Two test cases were tested in the study, the first case involved both the BESS systems
starting with a SOC of 0.85 and the second case involved BESS 1 starting with SOC = 0.3 and
BESS 2 starting with SOC = 0.85. It can clearly seen that the power output of the BESS vary
with starting SOC. This is because of the algorithm which has been defined to factor in SOC
while calculating the droop value. The droop value is configured to be inversely proportional
to the SOC value as explained in Chapter 3. As a result, a battery with a smaller SOC in this
case BESS 1 will lead to a smaller contribution to the primary frequency control when the
SOC of the battery is lower. This algorithm is very useful when an aggregator like a virtual
power plant is managing a portfolio of batteries as it helps to deliver an optimal power output
taking into consideration the state of charge of batteries thereby ensuring optimal power
output and longer lifetime.
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4.8. Primary Frequency Control with Three BESSs

It was initially seen that the coordination of BESS becomes increasingly difficult as the num-
ber of batteries increase. This can be seen in Figure 4.6 with the frequency volatility suddenly
increasing when the number of batteries change from two to three.
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Figure 4.6: Frequency comparison for coordination of multiple BESS

The volatility of the frequency was solved in two parts. The sensors were upgraded to
remove the noise in the measurements by passing it through a low pass butterworth filter.
This significantly reduced the frequency volatility as observed in Figure 4.7. In addition
to this, the power output of the BESS systems were limited to avoid causing volatility. A
comparison study for different levels of limitation was done to test the optimal value and it
was found that the power output of the BESS should be limited to be 1.5 pu as shown in
Figure 4.8. This shows that the BESS systems need to be reconfigured in terms of the power
output if they want to participate as a part of a VPP system.
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4.9. Primary Frequency Control with Time Delay

The power output of the BESS system for different cases of sensor delay when subjected to
a step disturbance of 0.3 MW at 1.5 s can be observed in Figure 4.9. It can be seen that the
rise time and the steady state output is almost the same for different cases of sensor delay
(0, 0.1 ,0.3, 0. 7s). As a result, it can be concluded that a sensor or a communication delay
of up to 0.7 s does not affect the robustness of the algorithm and BESS in terms of providing
ancillary services to the distribution network.
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Figure 4.12: Micro-grid - Grid Transition

4.10. Voltage control in Micro-grid mode

Figure 4.10 is used to illustrate the ability of the BESS to act as a grid forming source in the
case of black start or emergencies. It can be seen that the BESS system can provide active
and reactive power to stabilize the grid in this case. In Figure 4.11, a step disturbance of
0.3 MW is introduced at 1.5 s into the micro-grid network without a generator. It can be
seen from the figure that the frequency is stabilized quite easily after the disturbance occurs
at 1.5 s. The transition (happens at 1.5 s) from a micro grid setup without a generator to
that a grid connected mode with a generator is illustrated in Figure 4.12. The BESS is able
to provide the necessary active and reactive power support for the generator to come into
the system without any system collapse. This is a crucial function and very important in
weak grids like the one usually present in ships. The reactive power output of the generator
for different scenarios when subjected to a step disturbance of 0.3 MW at 1.5 s is as shown
in Figure 4.13 and it can be easily seen that the reactive power output of the generator is
higher without the BESS since the generator needs to contribute more reactive power for
voltage stability. The system even absorbs a little bit of reactive power in the presence of a
BESS. It can also be seen that the power output of the generator is the same for different
levels of RES penetration.
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Performance of Gen with and without BESS for different levels of renewable penetration
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4.11. Controller Tuning

4.11.1. Voltage control

Figure 4.14 shows the reactive power output of the BESS system for different K,, (proportional
gain) values keeping other values constant when subjected to a step disturbance of 0.3 MW
at 1.5 s. It was seen that the reactive power output of the BESS increases with decreasing
values of K,, with the highest power output for K, = 0.1675. The stability of the voltage is the
same for all values of K,, with the difference negligible (0.01%). For greater BESS contribution
during voltage control, the K, value needs to be closer to the lower limit of the model which
is 0.1675. The observed trend was the same for all levels of RES penetration.
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Figure 4.14: Grid connected voltage control Sensitivity Analysis for K, - Step Load
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The power output of the BESS for different values of K; (integral gain) keeping the other
parameters constant (K, = 0.1675) when subjected to a step disturbance of 0.3 MW at 1.5
s is as shown in Figure 4.15. It was observed that the power output of the BESS increases
with decreasing values of K;. The highest reactive power output was observed for K; = 1. As
with the earlier case, the voltage stability was observed to almost the same for all values of
K;. For greater BESS contribution for voltage stability, the K; value needs to be on the lower
side (K; = 1). This was observed for all levels of RES penetration.
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Figure 4.15: Grid connected voltage control Sensitivity Analysis for K; - Step Load
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4.11.2. Primary frequency control and Steady state contribution

Figure 4.16 shows the active power output of the BESS system for different K,, (proportional
gain) values keeping other values of the system constant when subjected to a step disturbance
of 0.3 MW at 1.5 s. It was seen that the active power output of the BESS increases with
decreasing values of K,, with the highest power output for K, = 0.025. The stability of the
frequency is the same for all values of K, with the difference negligible (0.01%). For greater
BESS contribution, the K, value needs to be closer to the lower limit of the model which is
0.025. The observed trend was the same for all levels of RES penetration.
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Figure 4.16: Sensitivity analysis for K,

The power output of the BESS for different values of K; (integral gain) keeping the other
parameters constant (K, = 0.025) when subjected to a step disturbance of 0.3 MW at 1.5 s
is as shown in Figure 4.17. It was observed that the power output of the BESS increases
with increasing values of K;. The highest power output was observed for K; = 5. As with the
earlier case, the frequency stability was observed to almost the same for all values of K;. For
greater BESS contribution for primary frequency response, the K; value needs to be on the
higher side (K; = 5). This was observed for all levels of RES penetration.
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Ki Sensitivity analysis for BESS (PFR - Step Load)
T T T T T T T

0.25
02 y
Ki=0.1
Ki=1
015 Ki=5 | |
z
=3
w 0.1 i
n
w
o
o
0.05 .
0 |
_005 Il Il Il Il Il Il Il Il Il
0 05 1 15 2 25 3 35 4 45 5

Time (s)
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Droop Sensitivity analysis for BESS (PFR - Step Load)
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Figure 4.18 shows the BESS power output for different values of droop in the system
while keeping other parameters constant when subjected to a step disturbance of 0.3 MW
at 1.5 s. As expected, it was observed the system with the lowest droop values contributes
the most towards the stability of the system in the event of a step disturbance of 0.3 MW.
The generator droop was kept at 2.5% for all the cases and the same trend was observed for
different levels of RES penetration






Conclusions and Recommendations

5.1. Summary of Observations and Key Insights

This section summarizes the content found in chapters 3 & 4. They are as follows:

1.

The performance of the generator with and without the BESS for primary frequency
control and voltage control was observed and it was clearly seen that the presence of
BESS reduces the load of the generator output for both frequency and voltage control.

. Novel algorithms for frequency control were introduced and a comparison study with

the traditional primary frequency control was done. The three algorithms are as follows:

* Primary Frequency control (Traditional Control Scheme)
* Peak Shaving (PS) services & Primary frequency control

* Integrated control for Primary frequency control

. The application of an integrated control scheme for both frequency and voltage control

was illustrated and discussed.

. The application of BESS for black start and transition from island to grid connected

mode was illustrated and discussed.

. Coordination of multiple BESS with an adaptive droop based on SOC for primary fre-

quency control was illustrated and discussed.

. The response of the BESS when subjected to time delays in sensing and communication

was illustrated and discussed.

. The controller tuning for primary frequency control contribution of the BESS with re-

spect to various parameters was done and the best fit for performance was found. The
parameters are as follows:

. Kp
. Ki
e Droop

. The controller tuning for voltage control contribution of the BESS with respect to various

parameters was done and the best fit for performance was found. The parameters are
as follows:

oKp
.Ki
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5.2. Conclusions

It can be seen from the results and discussions presented in chapter 4 that the integrated
control scheme is the best in terms of overall stability with the peak shaving control scheme
better than the traditional scheme for primary frequency control. The importance of the BESS
for providing ancillary services such as frequency and voltage control was also illustrated
through the performance of the generator with and without the BESS for different levels of
RES penetration. The usefulness of the BESS was also observed when it comes to black
starts due to weather conditions or emergencies. It helps in the transition from a black start
to a grid connected set up. The use of adaptive droop algorithm to optimize the performance
of a portfolio of BES systems in applications such as VPP was illustrated. The robustness
of the algorithm was also tested by incorporating a time delay in the system with the results
proving the system to be sufficiently robust. The research questions posed in chapter 1 are
answered as follows:

1. What is the effect of the BESS on the overall stability and the performance of
generator in the system?
The effect of the BESS on the system is very clear and obvious from the results observed
in Chapter 4. It can be clearly seen that the frequency and voltage stability improves
removing any additional stress on the existing sources of generation. This is a crucial
feature especially with increasing penetration of RES sources with re-dispatching of
resources becoming harder.

2. How does the BESS perform in the case of black start scenarios?
The usefulness of BESS is very evident as it provides as a fail safe way for the system
to recover in case of emergencies by stabilizing the voltage and frequency of the system
before bringing on board the generator.

3. Does the performance of a VPP improve with the implementation of adaptive SOC
based droop?
The performance of an aggregator like VPP is improved when an adaptive droop based
on SOC is applied instead of a traditional droop approach. This helps the VPP provide
an optimal power output while maintaining the health of the batteries by ensuring the
SOC of any one battery doesn’t go too low. The BESS systems needs to reconfigured
to limit the power output as the number of BESS systems increases since it leads to
frequency volatility if the power is not limited. This is an important consideration that
needs to be taken into account before building a VPP portfolio.

4. Is the performance of an integrated control system better than building individual
controls?
The performance of an integrated control scheme was found to be better than the tra-
ditional control scheme used for primary frequency control as explained in chapter 4.
As a result, it is recommended to use the integrated control scheme for better perfor-
mance. Moreover, an integrated control scheme allows the BESS to provide frequency
and voltage control at the same time as illustrated in Chapter 4. It can be seen that the
settling time for the integrated control is less than the two other control schemes by 1
S.

5. How robust is the controller when it comes to dealing with time delays in the
inverter hardware?
The robustness of the algorithm was also tested by incorporating a time delay in the
system with the results proving the system to be sufficiently robust. The upper limit of
the delays is limited to 0.7 s according to [43].

6. How does the controller perform for different levels of renewable energy penetra-
tion in the grid?
1) 30%
2) 50%
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3) 98%

All the experiments were repeated for different levels of RES penetration and the results
were found to be consistent across different levels of RES penetration.

5.3. Contributions to IEPG

The thesis project has developed distribution network models, different control schemes for
BESS and tested scenarios, thereby enhancing the understanding of BESS systems and
the potential they hold for providing ancillary services and supporting distribution power
systems. The contribution to IEPG’s ongoing research in this field are outlined as follows:

1. Developed and deployed a MV distribution network based on the benchmark model de-
veloped by CIGRE Task Force C6.04.02 [52] which can be used for future power system
studies on RSCAD by IEPG.

2. Proposed and developed novel control schemes to maximize the capabilities of BESS to
deliver ancillary services in a distribution network under different levels of renewable
penetration.

5.4. Future work

The role of storage in futuristic distribution grids needs to be explored. Some of them are as
follows:

1. There is a need to develop standard test cases for testing in the distribution network
which can be used globally for all case studies.

2. It is important to understand and quantify the contribution of each ancillary service
component from BESS if it is supplying more than one at the same time.

3. Communication from sensors to BESS control is an important part of the system and
more research needs to be done to test the robustness of the system in case communi-
cation is shaky and not fully accurate.






User Manual

A.1. Objective

The BESS system in real life is represented by a BESS model in RSCAD. The model has two
distinct parts, the basic model comprising the power electronics part and the second one
being the controller logic which facilitates the usage of BESS for providing ancillary services
in a distribution system. The purpose of the Appendix is to help the user better understand
the key parts of the the model, run the simulation and modify model parameters. This model
can be run on a PC which has RSCAD 5.0 installed and an IP (Internet Protocol) connection
to an RTDS simulator.

A.2. Procedure
A.2.1. LOADING THE DRAFT FILE

This section helps the user understand the procedure for loading of the Dratft file. The steps
are as follows:

1. Launch the RSCAD software

2. Launch RSCAD’s Draft module from the file manager window by double clicking on the
relevant file with ”.dft” extension. The model will be as shown in Figure A.1

3. Proceed to select the rack and compile the circuit.

A.2.2. Power calculation block
The electrical parameters such as power outputs and voltages of the different blocks are
measured using various meters as shown in Figure A.2

A.2.3. Runtime

The Runtime module is a companion to the draft module which aids in running the necessary
simulations. A snapshot of the Runtime window is shown in Figure A.3. The different sources
and loads can be controlled using the switches and sliders in the Runtime window. All the
relevant parameters can also be conveniently monitored using plotters.
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Figure A.1: Benchmark network on RSCAD
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RTDS: Hardware and Software
Introduction

RTDS is the state of the art integrated computing system used to study and analyze Electro-
magnetic Transient (EMT) phenomenon occurring in power systems. The main advantage of
RTDS is it’s ability to perform simulations of power system models at a time scale equal to
that of real time operation of the grid. As a result, it is one of the widely used software to
validate a piece of hardware employing a control system algorithm to be used in the electrical
grid. It provides a safe and controlled environment to perform tests using the HIL (Hardware
in loop) method. This would not be possible with most other modelling software since only
RTDS mimics the operation of a real live grid. Some of the common areas of testing include
pre-testing of new protection and control algorithms, contingency and reliability analysis, etc.
The IEPG department in TU Delft has a RTDS simulator as shown in Figure B.1 .The RTDS
system in TU Delft consists of 8 racks used simultaneously for various research projects
within the department.

Figure B.1: A typical RTDS hardware setup
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B.1. RTDS Hardware

The high speed computing required for real time simulations is achieved by using high speed
DSP (Digital Signal Processor) chips and RISC (Reduced Instruction Set Computer). Each
rack in the RTDS system is a 19 inch housing unit which has the processor, I/O cards and
other units mounted in it as per the functionality. It is powered using an external supply
located at the bottom. Some of the hardware components in RTDS are explained below. They
are as follows:

* GTWIF: Giga Transceiver Workstation Interface Card : GTWIF is responsible for es-
tablishing and maintaining the communication between the processing hardware and
workstation running RSCAD. The connection is established via an Ethernet based LAN
system and it performs the crucial task of transferring data to and fro from the processor
unit and the workstation running RSCAD.

Figure B.2: RTDS GTWIF card

* Global Bus Hub : The global bus hub (GBH) interface unit as shown in Figure B.3 is
necessary when more than 2 racks are used to simulate the RTDS model on RSCAD.
This is achieved by interlinking each rack of the RTDS unit to the GBH via a fibre optic
cable available on the rack’s GTWIF card.

Figure B.3: The RTDS Global Bus Hub

* PBS5: Processor Cards : The PBS processor unit is as shown in Figure B.4 and contains
two Freescale MC74448 RISC processors each operating at 1.7 GHz. It is the main
computational unit in RTDS capable of performing complex computations that can be
used for solving network solutions.
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Figure B.4: The RTDS PBS5 processor card

* NOVACORE: The NOVACORE processor as shown in Figure B.5 is the state of the com-
puting device from RTDS and features IBM’s POWERS processor, containing 10 power-
ful cores running at 3.5 GHz. It is reverse compatible with the existing RTDS hardware
components and each NOVACOR chasis has 2-3 times the simulation capacity of a fully
loaded PBS5 processor.

NovaCor chassis

GTNET/GTNETX2 card chassis
Digital interface panels

Power switch for 1/0 cards
in rear of cubicle

Figure B.5: The RTDS NOVACOR
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GIGA-Transceiver Input/Output (GTIO) cards : GTIO are the interface units which
transfer data between the RTDS and other external units. It is driven by the Giga-
Transceiver (GT) optical ports located on the PB5 cards. There are different types of
GTIO cards and can also be daisy chained if necessary. They are as follows:

GTDI (For digital input)
GTDO (For digital output)
GTAI (For analog input)
GTAO (For analog output)

A

B.2. RTDS Software Interface

The RTDS hardware is accessed and utilized through a proprietary software named RSCAD.
The interface on RSCAD enables the user to model, run and analyze different simulation
cases with the help of different modules. The different modules are as follows:

* File Manager : It is the section of the software which is used to launch the other modules

of the software as shown in Figure B.6. The various draft and simulation files are
organized according to projects and users in the file manager.

M} RSCAD 5.001.1 ° - O X
File Edit View Tools Help

= ® =B

Draft Runtime CBuilder Multiplot | Cable_V1 | Cable_V2 | T-Line_W¥2 Help Convert Manuals

o= Neeyee

Network
o @ WasteBasket

o (/' Tutorial

o User Components

I]-,'Isasags Ares Copy O | Clear | viewAll O |

Figure B.6: RTDS File Manager Module

* Draft : The draft module enables the user to graphically create the power system circuit

that is required to be simulated . This is done with the library of components available
as a part of the draft module as shown in Figure B.7. The user can choose to assemble
the circuit in either 3 phase or a single line format which is a unique feature of RSCAD.
Once the intended circuit is complete, the model is checked for compilation errors and
synced with the RTDS hardware ready for simulation.

RTDS Library: The RTDS library is part of the Draft module. It includes power system,
control system, protection and automation, and small time-step components libraries
which can be used to build the desired simulation circuit. A sample of the power system
of the control library is shown in Figure B.8.
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Figure B.7: RTDS Draft Module
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Figure B.8: RTDS Power System and Control Library
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* RunTime : This is the interface model which enables the user to run simulations on the
RTDS hardware. Once the module is simulated on RunTime, the power system model
is constantly being simulated on the RTDS hardware. This is particularly useful if the
user wants to observe real time responses to disturbances and user initiated events. The
user can customize and adjust parameters through components like sliders, switches,
buttons, dials, etc. while the simulation is in progress as shown in Figure B.9. The
results on the RunTime module can be exported to MS Excel or Matlab for further
analysis and processing if necessary.

M} RUNTIME 5.006.1 - o X
File Create Script Breakpoint Tools Composite Script Signal Case Help
DaDoassE"—E hoed ~ g oo+l o@@ - e

E—
[[] c:RSCAD_SITUTORIALISAMPLES\Battery ModelHuria_Ceraolo_Gazzarri_Jackey\BESS_DVCC.sib _ Compiled on: rack5 =3 7 Scan
A 2 S
| racka
= rack5
- rack(
D AC Source
] (Unbalanced)
o AC high side bus
W Nominal: 0.85 kV
AC low side bus
- 0.000 -1.000
- Li-ion
SocL
DC/AC converter| DC/DC converter] patiery | 222
3 0.000
stack
22.9/0.38 kv =l =
Wye-Delta DC/AC control ON o
v ass
7 (o000 |°—= o1s]
=]
a DC/DC control ON
N 0.000
i
1| »
Ep— ]

Figure B.9: RTDS RunTime module

* TLine : Transmission lines can be modelled in a detailed manner in RSCAD as this is
necessary for EMT studies in transmission networks. This is done by creating a user
defined module on TLine as shown in Figure B.10. It is generally modelled in RSCAD
using travelling wave algorithms. If it is less than 15 km, it is modelled as a RLC PI-
circuit. The data defined in the TLine module can be called into the draft module by
defining the transmission tower components in the library.

W TLine Version 2.0 (2014) 5.001.1 " - o X
File Edit View Windows Help
Rads 4)»
[ unsaved Tiine ]
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Kl L b
Number of Towers{1 |~
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Line Options
Line Name (TLI): m &
Line Name (Draft): T

Model Bergeron (Physical Data Entry) [
Units Metric e

Line Information i
Line Length (k). 1000 &

Ground Resistivity (Q-m){100.0 > I S 5
Frequency Data

LowFrequency (Hz)  [g0.0

Nessge mes Vearo

Figure B.10: RTDS TLine module
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e Cable :

Similar to a transmission line, cables can be modelled comprehensively in

RSCAD. It also needs to be called into the draft module using specific cable compo-

nents in the library.
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Model Bergeron (Physical DataEnty) |+ :5 2::;:::“5 f::: :42:7 "
REspuetae o = Shea s Relatve Permeabilty 10 -
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Message Ares

Figure B.11: RTDS Cable module

e Multiplot : This module is used for post processing, analysis and publishing of results
that are captured in the RunTime module. Data can also exported to Excel or Matlab

from this module.

* Convert : The convert module allows conversion of simulation files that were initially
built in another software like PSS/E and PSCAD to RSCAD. It allows the user to easily
simulate in real time models that were developed in other established software.

* CBuilder : The Cbuilder module allows the user to create components which are not
readily available in the RTDS library as shown in Figure B.12 . This provides the user

an extended canvas to customize the circuit according to the needs of the project.
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B.3. Software Implementation in RTDS

For the user to fully utilize the functionality of the RTDS system, both the software and the
hardware need to be set up and linked through a LAN communication. The different power
system component models are precisely modelled using the RSCAD software suite while the
RTDS hardware employs the nodal analysis technique based on Dommel’s solution algorithm
to provide network solutions.The subsequent sections provide more information into some
aspects of the simulation procedure in RTDS

* Nodes: A node in RTDS is defined as the point of interconnection between two power
system components in the draft module. The maximum number of nodes that can be
accommodated per network solution in a PBS5 processor card is 90 single phase nodes or
30 three phase nodes. Moreover, a PB5 processor card can handle up to two networks
doubling the capacity of nodes available (i.e. 2 x 90)

* Simulation Time Step : The computation for the different values in an electrical power
system is done for integral values of time. The parameters such as node voltage and
branch currents are dependent on the calculated values from the previous time steps.
Selection of an appropriate time step is important to replicate real grid networks. The
RTDS hardware solves the required equations for the state values within the user defined
time step. It has two range of time steps in the range of 50 and 2.5 microseconds for
normal and high frequency simulation studies.

* Subsystems: Subsystems is a well known device concept employed in RTDS and other
EMT software. The circuit which is placed inside a subsystem is decoupled from the rest
of the power system circuit and be solved independently as an isolated mathematical
model. This can be used to split a complex model into smaller subsystems to solve them
separately, reducing computational time.
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C.0.2. PV Control Block
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C.0.4. Frequency & Peak Shaving Control
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C.0.6. Integrated Control with Multiple BESS
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C.0.7. Integrated Control with Time delay
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C.0.8. Microgrid Voltage control
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