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ABSTRACT

In the today’s scenario, frequency deviation is a common issue in islanded microgrids
(MG) due to the intermittent nature of renewable energy sources (RES). It generally
occurs due to the mismatch between power generation and load demand of the MG. If
the power generation by RES is more as compared to the load demand then frequency
of the system increases on the contrary, if the load demand is more as compared to
power generation then frequency of the system decreases. In order to overcome these
deviations in frequency, it is very important to make the balance between load demand
and power generation. This issue can be minimized by providing the inertia to the
system. However, RES have low or no rotational mass and therefore, they are not
able to provide the inertia to the system. On the other hand, it has been observed
that virtual inertia to the system can be provided by using the energy storage system
(ESS). Further, it has been found that electric vehicles (EVs) can behave as both
storage and source of power for the MG. By considering these factors, concept of
virtual synchronous generator (VSG) mechanism using a charging station (CS) is
proposed to provide the inertia to the system where, a fleet of EVs parked in the CS
acts as an ESS for MG. Case studies have been carried out to verify the frequency
support of MG using VSG mechanism. In these case studies, irradiation level of
the PV array and load of the MG system have been changed arbitrarily to induce
the power mismatch in the system. Through simulation results, it has been verified
that the frequency of the system can be supported by the bidirectional flow of power
between the CS and MG using VSG control mechanism.

Apart from this, sudden ingress and egress of EVs at the CS has been considered

il
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while providing the frequency support to the MG. However, the EVs which ingress
and egress from the CS may have different battery voltage ratings with different
charging needs. Moreover, the ingress and egress of EVs at the CS may be irregular.
In such a case, support to MG’s frequency through EVs will be tough. In this work, a
smart CS has been designed which can support the MG’s frequency, even during the
sudden ingress and egress of different type of EVs. Simulations have been carried out
in Matlab Simulink by taking into account the different cases like a sudden change
of load on MG and sudden ingress/egress of EVs at the CS. The novelty of this work
lies in catering to the sudden ingress and egress of EVs at the CS while providing the
support to MG’s frequency through VSG mechanism.

Moreover, novel handshaking process among multiple CS has been carried out by
using VSG. These multiple CS co-ordinate with each other to accomplish the hand-
shaking process by controlling the charging and discharging of EV batteries through
VSG mechanism. Fleet of EVs placed at these CS act as an energy storage device
for MG. Aggregator plays a role to collect the information from multiple CS about
the charging requirements of the EVs. To accomplish the process of handshaking,
simulations have been carried out in MATLAB simscape by considering the different
case studies. In these case studies, diverse fleet of EVs are assumed to be deployed
at the CS. From the simulation results, it has been observed that each individual
EV deployed at the CS participate in the charging and discharging of their batteries
to achieve the process of handshaking and hence to provide the support to MG’s

frequency through VSG mechanism.
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Chapter 1

Introduction

Microgrids (MG) plays very important role in the power sector. MG consists of var-
ious energy sources such as PV system, wind plant, bio-mass, combined heat and
power, fuel cells etc. All these energy resources act as distributed energy sources
(DES) for the MG. MGs are the smaller variants of conventional grid. However,
MGs are different from conventional electrical grids, as they provide a close concur-
rence between power generation and power use. Conventional power grids are totally
dependent on the fossil fuels but in the today’s scenario, the rate at which fossil fuels
are depleting is very large. MG is the possible solution to the scarcity of fossil fuels
and can meet the future energy demands. Energy storage system (ESS) plays a very
important role in the MG as they can provide the back-up power to the grid. As
compared to the DES, ESS used in the MG have no start up or shut down cost. The
response time of the ESS is also very small as compare to DES. ESS includes electro
chemical battery, compressed air energy storage, flywheel energy storage, super ca-
pacitor, super conducting magnetic energy storage etc. MG can operate in two ways,
islanded and grid connected mode [1] [2] [3]. In former, it supplies the power only to
the loads attached with it. While in later, it is integrated with the grid. Most of the
MG remain connected with the main grid, however, some of the MG work in islanded
mode. Fig. shown below, is representing the MG in islanded mode.

A MG could supply the power to the residential, commercial as well as to the
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Figure 1.1: MG in islanded mode

industrial consumers. In general, commercial and industrial consumers are defined as
critical /sensitive loads, that require high degree of power quality and reliability. With
the increase in load demand, integration of the renewable energy sources (RES) with
the MG is increasing day by day. RES plays a major role in the reduction of emission
of harmful gases and lead to the generation of green electricity [4]. However, due to
the intermittent nature of RES, stability of the MG is a major concern. Voltage and
frequency deviation are the two main issues need to be taken care, while the MG
operates in islanded mode. Few authors [5] [6] have discussed about the protection of
MG using different techniques. Frequency deviation generally occurs due to mismatch
of power generation and load demand. For instance, sudden fluctuation in load or
power generation will lead to temporary increase or decrease of frequency. If the
load demand of the system suddenly rises to a level which is more than the power
supply then there will be temporary decrease in frequency of the system. On the

other hand, if load demand suddenly reduced by large amount in comparison with
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the power supply then temporary frequency fluctuation will appear. These deviations
occur more frequently in Islanded MG, because they depend on the power generated
by the RES, which are intermittent in nature. This intermittent nature of RES
leads to the power unbalance in a system, which causes fluctuation in frequency [7].
These fluctuations in frequency can be minimized by providing the inertia to the
system. But in the case of MG, DES have either low or no inertia. So due to the
absence of inertia, it will be difficult to support the frequency by DES only, when
the transients arise in system. This problem can be overcome by using the virtual
synchronous generators (VSG) to regulate the frequency of the MG. However, virtual
inertia will only provide temporary support for limiting the frequency transients in a
power system.

Two types of control inverters can be used for the operation of MG, one is current
source inverter (CSI) and second is voltage source inverter (VSI). Where, CSI are
used to obtain the desired output current and voltage at the output of CSI depend
on the load impedance. On the other hand, VSI are used to obtain the desired output
voltage and frequency. In the case of VSI, a dc link capacitor having fixed voltage
acts as an input for the inverter. While, in case of CSI, a large inductor having
variable voltage acts an input for the inverter. In this work, VSI has been used to

obtain the desired voltage and frequency at the output of the inverter.

1.1 Virtual synchronous generator

VSG consist of ESS, power converter and proper control mechanism, fig. depicts
the schematic diagram of VSG.The main role of VSG is to inherit the dynamic
properties of a real synchronous generator so that stability of the system can be
enhanced.

Inertia of real synchronous generator may affect the active and reactive power of
the DGs which can be minimized with the help of VSG [§]. With the help of VSG

mechanism virtual inertia is provided to the system, to regulate the frequency of the
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Energy Storage Power
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VSG Control

Voltage and
frequency

Figure 1.2: Schematic diagram of VSG

MG. This inertia can be emulated either from the wind turbines or by using ESS.

The total amount of active power that VSG extract from ESS is,

Avag = APinert'ia + APdroop (11)

In Eq. AP eria is the power required for emulating the virtual inertia and
APjro0p is the droop power that is proportional to the frequency deviation.

dwg

APinertia = 2Hvsg~wgﬁ (12)

In Eq. , H,, represents the virtual inertia constant and w, is the actual frequency
of the grid.

APd7‘oop - Kdroop(wg - wnom) (13)

In Eq, K iroop is the proportional constant and wy, is the reference frequency of
the grid.

Both droop control and VSG control techniques can be used for frequency regulation
purpose in MG. However, lack of inertia have not been considered in droop control

method, while the VSG control method overcomes this problem by providing virtual
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inertia to the system [9]. If the virtual inertia is large, the rate of change of frequency
can be reduced easily. The flow of power between ESS and MG is controlled by VSG
control mechanism in case frequency change or rate of frequency change exceeds from

the predefined limit [10].

1.2 Electric vehicles and their role in frequency
regulation of MG

Electric vehicles (EVs) can play a significant role in the power system. EVs can reduce
the consumption of fossil fuels that further leads to reduction in emission of harmful
gases. With the use of EVs, emissions of gases such as CO,, NO; can be reduced
to large extent [11]. The progress of EVs will be highly reliant on whether charging
stations (CS) can be designed for easy access. CS could be designed at homes,
workplaces, or other major areas such as cinema halls, universities and Industries.
EVs’ battery can be charged through several ways but CS are recognized as the
primary source to satisfy the energy demand of EVs. CS is a place where EVs can
accomplish their charging demand through plug in mode. However, the locations of
CS should be such that EVs can anywhere locate the CS within its driving circle.
Most of the EV owners drive the vehicle from residence to work place in the morning
and back to residence in the evening. The owners of EVs those are going to work
place or in shopping complexes can park their EVs at the CS. The duration for which
the EVs are in idle state while parked in parking lot of work places or shopping
complexes can act as ESS for the MG. This duration can be utilized to provide the
ancillary services to MG in terms of frequency regulation or voltage support. The
aim of modeling the CS is to systematize the bi-directional flow of power between
battery operated EVs and the MG.

In future, the penetration of EVs in the market will increase, which can be used

for providing the support to the MG. Battery operated EVs can act both as source
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of generation as well as load for the MG. EVs can provide power to the CS while
parked in a parking lot. Frequency of MG can be regulated by the bi-directional
flow of power between CS and MG. CS discharge the power to the MG when the
power generated by DES is less than the load demand. On the other hand, power is
delivered to the CS when the power generated by the DES is in excess as compared
to the load demand. EV owner’s can get reward by parking their EVs in the parking
lot of CS for the frequency regulation purpose of MG. Two types of charging of EVs
parked at the CS can take place, one is the centralized charging and other is the
decentralized charging. In the centralized charging, uncertain arrival and departure
of EVs at the CS can be considered. On the other hand, in the case of decentralized
charging queuing model based methods can be adopted for the charging purpose of

EVs.

1.3 EVs battery as an energy storage system

There are different types of batteries which can be used in the EVs. In the past,
most commonly used battery in EVs was lead acid battery but nowadays with the
advancement in technology lithium ion and Nickel Metal Hydride batteries plays more
important role. EVs parked at the CS can deliver or fetch the energy to provide
support to the MG. However, an individual EV can not provide the support to the
MG, its the combined participation of a fleet of EVs to support the MG having RES.
Fleet of EVs parked at the CS can behave as an ESS for the MG. Different type of
ESS can be used in the VSG control mechanism. Depending on the main source of
power in MG [10], some part of energy of the ESS is used to provide active power to
the grid and rest is used to emulate the virtual inertia using VSG mechanism. EVs
battery can act as an ESS in VSG control mechanism. In general, EVs can be used
both for transportation as well as for providing the power to the MG through CS.
In VSG mechanism, EVs can be deployed as an ESS by considering a parking lot

with inbuilt CS. EVs parked in this parking lot can charge/discharge the required
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amount of energy to and fro the CS, as per the frequency regulation requirement of
the MG. As the RES are intermittent in nature, continuous supply of electricity to
the loads, in MG is not possible. Battery operated EVs connected with the CS can
provide the back up power to the loads of MG. So, load demand of the MG is managed
by both the CS and DES. Although, EVs parked in parking lot may have different
state of charge (SoC) levels but constant supply can be fed to the inverter by using
dc-dc converters. Numerous researchers have focused on the participation of EVs in
electric power system to illustrate their importance in the grid. Kempton et al. [12]
reveals that battery operated EVs can provide supply to the grid and can act both as
a storage as well as source of power in the system. Tomic et al. |13] deliberated that
EVs can be used for transportation purpose as well as for providing the power to the
grid. Authors described that for EV owners, vehicle to grid (V2G) is a convincing
beneficial scheme that would boost the acceptance of EVs in the market. Subotic
et al. [14] have discussed about the various topologies for charging the EVs. Yilmaz
and Krein [15] discussed that the bi-directional flow of power between grid and the
EVs can be controlled through V2G strategy. Authors have explained that V2G
strategy can enhance the performance of grid in terms of efficiency and generation
dispatch. These authors have explained the role of EVs in power system but they
haven’t discussed on the frequency regulation of MG using EVs. In the conventional
grids, the stability of grid depends on the dynamic characteristics of the synchronous
generator [16]. However, in the MGs instead of synchronous generators only DES
have been preferred to use. Several authors have done the literature survey on EVs
and their importance in the MGs to support the frequency using different ways.
Literature review on the role of EVs and the different control techniques will be

discussed in the next chapter.
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Figure 1.3: Phase locked loop for frequency measurement

1.4 Phase locked loop for measurement of frequency

The phase locked loop (PLL) is used for measuring the frequency in the circuit. PLL
is basically a closed loop control system which tracks the frequency and phase of
sinusoidal signal with the help of internal frequency oscillator. The internal frequency
of the oscillator is adjusted by the control system to maintain the phase difference to
zero. Fig. depicts the internal diagram of the PLL, as per this figure input signal
is mixed with an internal oscillator signal. The DC component of the mixed signal
which is proportional to the phase difference between these two signals is extracted
with a variable frequency mean value. The PID controller with an automatic gain
control keeps the phase difference to zero by acting on a control oscillator. The
PID output, corresponding to the angular velocity, is filtered and converted to the

frequency, which is used by the mean value.

1.5 Thesis Organization

The thesis has been organized in the following manner.

e Chapter 2: Literature Review

In this chapter, literature review to illustrate the research work has been pre-
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sented. Several authors have focused on the role of EVs to handle the issues of

MG and intermittent nature of RES.

e Chapter 3: Frequency control techniques in a microgrid

In this chapter, droop control and VSG control techniques has been discussed to
support the frequency of MG. Further, the comparison of both the techniques

has been done while supporting the frequency of MG.

e Chapter 4: VSG based frequency support in MG using EVs

In this chapter, electric vehicles (EVs) parked at the charging station (CS) has
been considered as an energy storage system (ESS) to minimize the gap between
load demand and power generation. The concept of VSG mechanism using a
CS is proposed to provide the inertia to the system. For simulations, data
has been taken from one islanded MG Kynthos in Greece. Through simulation
results, it has been verified that the frequency of the system can be supported
by the bidirectional flow of power between the CS and MG using VSG control

mechanism.

e Chapter 5: VSG mechanism for catering unexpected EVs
In this chapter, Ingress and egress of EVs at the CS has been catered while
maintaining the frequency of the MG. For this purpose, n different type of EVs
(EV; to EV,,) are considered at the CS. These EVs have a range of battery
voltage ratings and are connected in parallel with a common dc bus through
bidirectional buck-boost converters. Furthermore, the SoC level of these EVs
is considered as different from each other. To accomplish the task of sudden
ingress and egress at the CS, EVs are connected with dc bus through controlled
switches, which are turned on and off at irregular intervals. The time span
for which switches remain open has been considered as EVs are not placed at
the CS. The time span for which switches remain closed has been considered as

parking period of EVs at the CS. As the battery voltage ratings of these EVs are
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different, a constant voltage V. is obtained at the dc bus through bi-directional

buck-boost converters.

e Chapter 6: Handshaking of CSs through VSG
In this chapter, It has been considered multiple CS in coordination with the
power converters behave as a VSG and shares the power with each other through
handshaking process to meet the demand of the MG. VSG controls the power
converter to manage the bidirectional power flow in the system. Both the PV
array and the CS operate in parallel with each other to meet the load demand
of the system. In this way, several CS coordinate with each other to support

the MG’s frequency.

e Chapter 7: Conclusion and Future Scope
This chapter concludes the thesis work and represents the future work that

could be done.



Chapter 2

Literature Review

2.1 Participation of EVs in power system

EVs remain parked in parking lot for most of the time, during that time EVs are in
idle state. The duration for which EVs are in idle state can be used for giving power
supply to the grid. Many researchers have focused on the participation of EVs in the
electrical power system and how EVs can be used for frequency regulation of grids.
Kempton et al. [17] reveals that battery operated EVs can provide supply to the
grid. EVs can act both as a storage and source of generation in the power system. In
another work, Kempton et al. [1§] introduced the concept of vehicle to grid. Authors
have discussed that EVs can provide the backup, where RES has been used for the
generation of electricity. In this way, reliability and stability of the system can be
enhanced. Gorbe et al. [19] discussed that with the use of EVs and RES the power
losses in the smart grids can be reduced to a large extent. Tomic et al. [20] deliberates
that EEVs can be used both for the transportation system as well as for providing the
power to the grid. Authors further described that for EVs proprietors this is a
convincing revenue stream that would enhance the economics of grid-connected EVs
and further boost their acceptance. Yilmaz et al. [21] discussed that vehicle to grid
concept can be used for the bidirectional flow of power between grid and EVs. Authors

also manifest that vehicle to grid approach can enhance the technical achievement of

11
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the grid in the fields such as reliability, stability, efficiency and generation dispatch.
Dhanju and Kempton [22] examined that EVs can act as ESS for providing the
back-up power to the large scale wind power systems. Authors found that stability
of the wind power plant can be enhanced using vehicle to grid concept. Meng et
al. [23] demonstrates that aggregation of EVs can be used to minimize the frequency
deviations for the whole day. Authors have validated the same concept in the Great
Britain power system. In another work, Meng et al. [24] proposed a dynamic EV
frequency regulation scheme, by taking into account the traveling behavior of the
EVs proprietors. Authors have implemented the droop control mechanism to regulate
the EV charging/discharging power as per the frequency signal. Subotic et al. have
discussed about the controlled charging of EVs through V2G mode of operation [25].
Saber et al. [26] proposed particle swarm optimization technique to generate the
successful schedule and control of gridable vehicles (GVs) in a smart grid. Authors
verified in a simulation study on 50,000 GVs in grid model that cost and emissions

can be reduced to large extent by maximum utilization of GVs and RESs.

2.2 Different techniques for frequency regulation
of MG

A lot of techniques have been explored by the researchers for the frequency regulation
purpose of the grid. In the conventional grids, dynamic characteristics of the syn-
chronous generator plays a vital role to maintain the stability of grid [16]. However,
for the smart grids authors have proposed some techniques to regulate the frequency.
Arani et al. [27] have proposed the scheme of implementation of power and torque
droop control techniques on doubly fed induction generator for frequency regulation
purpose. Ramtharan et al. have |28] discussed about the droop controller to enhance
the inertia provided by the double fed induction generator for frequency regulation

purpose. Authors suggested to implement two control loops one to control frequency
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deviation and another to control rate of change of frequency. Diaz et al. |29] have
used the bifurcation theory in order to schedule the droop coefficients and hence to
regulate the frequency of the islanded MG. Kottick et al. [30] demonstrates that bat-
tery energy storage system can be used for the frequency regulation purpose of the
islanded MG. Authors have used the 30 MW battery for the validation purpose of
this concept. Oureilidis et al. [31] demonstrates a control scheme to assure fluctuation
of frequency with in the stringent limits of the Standard EN 50160 for supplying a
rich quality power to the affiliated loads. In this work, SOC of battery determines
the frequency of the main AC bus, in terms of implementing a proposed droop curve.
At the same moment, the SOC of the battery is kept under control to prevent the
overcharging or deep discharging. Zhang et al. [32] discussed that frequency of MG
can be regulated, by the bi-directional flow of power between ESS and wind farms
using fuzzy logic controller. Authors have discussed that power flow can be controlled

based on the frequency fluctuation as well as on its rate of fluctuation.

2.3 Virtual synchronous generator control mecha-
nism

Various authors have used the concept of VSG to stabilize the grid. Authors have
implemented this concept using wind generators and energy storage systems. Litera-
ture review based on VSG concept to stabilize the grid has been described as follows.
Driesen et al. [33] examines that frequency of the grid can be regulated by providing
the virtual rotational inertia to the DGs. Authors further manifest that DGs in com-
bination with the short term energy storage can behave like VSGs and thus can add
the virtual inertia to the system. This virtual inertia can be attained from ESS by
controlling the power converter, through proper control mechanism. Zhong et al. |34]
reveals that inverters can operate as synchronverters by mimicking the behavior of

synchronous generators. Authors added that synchronverters can easily operate in
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island mode, and hence, can be an optimal solution for MGs. Visscher et al. [35]
examined that DGs along with the virtual synchronous machines can enhance the
frequency stabilization and prevent blackouts due to large short term frequency fluc-
tuations induced by decentralized generation. Torres et al. [36] proposed a technique
in which inertia can be emulated from the wind diesel power plants by using virtual
synchronous machine for the frequency regulation purpose. Wesenbeeck et al. [37]
discussed that rotor angle stability increases with VSG. Authors further, described
that inertia can be emulated by properly selecting the control parameters of phase
locked loop. Rathore et al. [38] discussed about the VSG control strategy to improve
the transient response of the system. Authors have discussed that by changing the
parameters of the swing equation frequency deviation in the system can be minimized.

Soni et al. [39] demonstrates that transient response of power system can be
enhanced by adding the virtual inertia to the system. Torres et al. [40] discussed that
self tunning virtual synchronous machines reduce the power flow through the ESS up
to 58% while giving the similar performance as that of constant parameter virtual
synchronous machines. Alipoor et al. [41] demonstrates the affect of alternating
moment of inertia on power system stabilization. Authors found out that stability of
the power system can be improved by altering the moment of inertia.

Morren et al. [42] discussed that frequency can be regulated by emulating the
virtual inertia from the variable speed wind turbines. Authors added that the required
power can be obtained from the kinetic energy stored in the rotating mass of the
turbine blades. Bevrani et al. [10] proposed the concept of VSG to regulate the
frequency of the MG. Authors have proposed that virtual inertia can be emulated
from ESS in order to regulate frequency. Karapanos et al. [43] demonstrated the
VSG hardware in the loop, for the real time simulation of the power system. Authors
have implemented the VSG concept in hardware loop for the verification of results.
Liu et al. [9] discussed the advantages of using VSG control mechanism over droop
control. Authors have discussed that frequency can be controlled in a better way

using VSG. Shintai et al. [§] discussed that oscillations of active and reactive power
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can be damped by using the VSG. Authors have linearized the non-linear swing
equation of synchronous generator using runga-kutta method to calculate the virtual
rotor angle. Further they have used this rotor angle to control the dampings of active
and reactive power.

Low inertia or absence of inertia is the main problem in the RES used in the MG.
Further, the intermittent nature of RES, may lead to frequency deviation issues in the
MG, which can be minimized by providing the virtual inertia to the MG. Number
of techniques have been used by the authors to minimize the frequency deviation
of MG. Some authors have used the modified droop control technique to regulate
the frequency of MG and some have used VSG control technique to overcome this
problem by providing virtual inertia to the system. If the virtual inertia is large, the
rate of change of frequency can be reduced easily. The main role of VSG is to inherit
the dynamic properties of a real synchronous generator so that stability of the system
can be improved. VSG technique have already been implemented on wind and diesel
generators to emulate the virtual inertia. This technique have also been applied using
ESS to emulate the virtual inertia and to stabilize the grid. Some authors have used
the battery operated EVs as ESS in MG to regulate the frequency. Bukhari et al. [44]
have stressed upon the future opportunities for the EVs in tackling the various issues
related to MG. Authors have elaborated on the coordination of EVs with MG as a
source of power. Ahn et al. [45] have discussed that intermittent nature of RES can
be catered by adjusting the charging rate of the EVs battery. Honarmand et al. [46]
discussed about the smart planning of the charging and discharging of EVs while
parked in parking lot. Authors have elaborated that both the financial and technical
objectives can be achieved by the proper coordination of EVs. These authors have
explained the role of EVs in power system but they haven’t discussed on the frequency
regulation of MG using EVs.

Many of them used different techniques to illustrate the MG’s frequency support
using CS. Some authors [47] [48] have discussed about the energy management of MG

using VSG, where dc voltage source and power converters have been used to manage
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the power flow in the system. Almeida et al. [49] have elaborated that virtual inertia
can be emulated from EVs to maintain MG’s frequency. Authors [50] [51] have
discussed about the support to MG’s frequency using VSG technique. They have
elaborated the services which can be provided to the grid through EVs. Fang et al. [52]
have elaborated the role of virtual inertia in regulating the frequency of weak grids.
Authors have done the comparison of virtual inertia with the actual inertia stored in
the conventional synchronous generators. Moreover, they verified the superiority of
VSG over conventional synchronous generators to provide the virtual inertia to MG.
Jin et al. [53] have elaborated that EVs can be charged in an optimized way using
RES. Authors further described that EVs can be connected at any time with MG
system as per the demand of the customer. Roy et al. [54] proposed a scheme to
charge EVs from office buildings by using the distributed energy sources. Matos et
al. [55] discussed that power flow between ESS and RES in a MG can be controlled
in a better way to manage the SoC of ESS.

Authors [56] [57] have discussed about the parallel operation of inverters which
has been controlled by VSG. Authors have explained that both the inverters behave
as VSG and play the role to stabilize the steady state performance of MG. Rezkalla
et al. [58] also discussed about the virtual inertia concept to support grid frequency
using EVs. The authors further elaborated that charging of EVs using RES will
reduce the dependence on conventional sources. Sakimoto et al. [59] have discussed
about the VSG control mechanism to stabilize the MG’s frequency. Authors have
explained the role of phase locked loop in VSG mechanism to control the power
converter and hence to stabilize MG frequency. Wang et al. [60] discussed about the
VSG control mechanism which is based on the voltage control of the system. Authors
have elaborated that stability to the PV array and battery based MG can be provided
using VSG mechanism. Yan et al. [61] discussed about the parallel operation of VSGs
to satisfy the load profile of isolated MG. Authors have elaborated that VSGs can
share the load of MG in a proportional manner.

Shi et al. |[62] have explained the importance of virtual inertia to restrain the MG’s
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frequency during the frequent changes in wind turbine speed and abrupt load change
of the system. EV aggregators play a major role in the frequency support mechanism
of MG. Aggregator is a combination of CS, which can manage the distribution of
power among the EVs. Liu et al. [63] have done the comparison of droop and VSG
strategy to validate the advantage of VSG over droop control. They further demon-
strated that system can be equipped with larger virtual inertia using VSG. Han et
al. [64] designed an aggregator to regulate the MG’s frequency, which further manage
the charging and discharging of EVs. Researchers [65] [66] [67] have interpreted the
use of EV aggregators in the power system. They have discussed about the energy
needs of the MG which can be easily met by using the EV aggregators in the system.
Aggregator plays a role to manage the charging and discharging rate of EVs parked
at the CS. Few authors [68] [69] have discussed about the prediction of EVs at CS.
The authors have elaboarted the stochastic methods to consider the charging and
discharging duration of EVs while parked at the CS.

Various researchers have focused on the incentives, which the EV owners can get
by allowing the participation of their EVs in the MG support. Aujla and Kumar [70]
discussed about the reward points earned by the EV owners by allowing their EVs
to participate in charging and discharging process in order to cater the intermittent
nature of RES. Ghofrani et al. [71] discussed about the incentives earned by EV
owners to compensate the fluctuating nature of wind power generation by allowing
the charging/discharging of EV batteries through V2G concept. Authors [18] [72]
have elaborated that EV owners can earn profit by allowing the discharge of their
EV batteries to provide ancillary services to the MG. Authors have further explained

that this process can be accomplished when EVs are parked in a parking lot.

2.4 Research Gaps

Number of researchers have focused on the frequency regulation of MG. Some au-

thors have implemented the droop control methods to regulate the frequency of the
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MG [27] |73] [74]. Few authors have used vehicle to grid concept for the frequency
regulation purpose [20] [24]. Authors have implemented the VSG concept to emulate
the inertia from wind turbines and hence, to improve the stability of the MG [39] [42].
Researchers have implemented the VSG concept using ESS also to emulate the virtual
inertia and hence to enhance the stability of the MG [37] |41]. The current trends in

literature review on ESS in MG lack in many aspects. Some of them are listed below.

e ESS can be used to provide the virtual inertia to the DGs in MG. However, the
types of energy sources that can be used as an ESS in MG to emulate virtual

inertia is yet to be explored.

e VSG concept have already been implemented using wind turbines and ESS to
emulate the virtual inertia, and hence, to regulate the frequency of the MG.
Moreover, EVs have already been used as an ESS in the MGs for the frequency
regulation purpose. However, VSG concept is not yet explored by considering

EVs as an ESS.

e To meet the charging needs while supporting the frequency of MG yet to be

explored

e With the increase in penetration of EVs, the possible effect of unexpected
ingress and egress of EVs on the CS, is yet to be explored while maintaining

the stability of MG.

e Comparison of VSG mechanism, with other control mechanisms is yet to be

done, using EVs as an ESS.

In this thesis work, authors have covered the following research gaps: frequency
support of MG using VSG mechanism by considering EVs as an ESS, unexpected
arrival and departure of EVs at the CS while supporting the frequency of MG and
Handshaking among CS to meet the charging and discharging needs of an individual

EVs.



Chapter 3

Frequency control techniques in a

Microgrid

3.1 Introduction

In the current scenario of power system, deviations in frequency is the main issue in
microgrids (MG). These frequency deviations can be eliminated by minimizing the
gap between load demand and power generation. DES are playing an important role
to manage the load profile of MG. In case, load demand of the MG differs from the
power generation then problem of frequency deviation arises in the MG. However,
this deviation in frequency can be supported by DES. |I| These sources can deliver or
absorb the required power in order to minimize the gap between load demand and
generation. Energy storage systems (ESS), diesel generators, fuel cells etc., all act
as DES. In case power generation is more than the load demand, excess power can
be absorbed by ESS to diminish the gap. On the contrary, ESS and other DES can

deliver the power if the generation is less in comparison with the load demand of MG.

!The content of this chapter is taken from:

e K. Dhingra and M. Singh, “Comparison of the Virtual Synchronous Generator and Droop
Control Techniques to Cater the Unexpected Ingress and Egress of EVs at the CS,” Interna-
tional Conference on Automation, Computational and Technology Management (ICACTM),
London, United Kingdom, 2019, pp. 539-543, doi: 10.1109/ICACTM.2019.8776772.

19
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However, maintenance cost of the battery’s ESS is very high, therefore, alternative
solution is required which can act both as load as well as source of power. In the
recent trend, electric vehicles (EVs) are behaving as an ESS and act as DES for the
MG. Fleet of EVs parked in the parking lot of charging station (CS) can behave as
an ESS for the MG. DES and EVs are a perfect combination to accommodate load
profile of islanded MG as well as to reduce the emission of gases. However, with the
increase in penetration of EVs in the market, unexpected ingress and egress of EVs
at the CS will increase. With this increase in unexpected ingress and egress of EVs,
it will be difficult to regulate the frequency of MG.

Several investigators have concentrated on the concept of frequency regulation in
islanded MGs. They have implemented numerous techniques to regulate the MG’s
frequency. Out of these techniques, droop control is most commonly used in MG
operations to provide the voltage and frequency support [73]. Bevrani and Shokoohi
implemented the droop control strategy to regulate voltage and frequency of the
MG [74]. However, some authors have implemented the virtual synchronous generator
(VSG) control to regulate the MG’s frequency [51]. Authors [55] discussed about
the power management in islanded MGs using the ESS as well RES. They have
explained that ESS deliver or absorb the power to regulate MG’s frequency. Serban
and Marisnescu [75] have demonstrated that frequency of the islanded MGs can be
controlled by including the virtual inertia component with the droop control method.

Soni et al. |39] have mentioned the importance of virtual inertia in MG to provide
the frequency stability. Katiraei and Iravani [76] demonstrated various techniques to
manage the flow of power within MG using droop control technique. Majumder et
al. |77] have discussed about the sharing of load demand in the rural areas through
droop control technique. Usunariz et al. [78] have designed a modified droop control
method to provide stability to MG. Authors have further described the role of ESS
to accommodate the load profile of islanded MG. Reihani et al. [79] have applied the
droop control method for regulating the frequency of MG by considering batteries as

an ESS for the MG. Several authors have opted for droop control and VSG control
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to manage MG’s frequency. However, the above mentioned researchers have not
considered the EVs as an alternative ESS to the battery bank system in MG.

Ma and Mohammed [80] explained that with the use of centralized aggregators
of EVs in a proper manner, frequency of MG can be regulated. However, authors
have discussed only about the charging process of EV batteries. Gouveia et al. [81]
discussed the role of EV batteries to provide primary frequency regulation to MG.
Authors have explained the role of EV’s battery to support frequency of MG by
applying droop control method. Mortaz and Valenzuela [82] have discussed that
load demand of the MG can be met by the EVs. Authors have considered the
intermittent RES as well as variable load profile of MG to illustrate the importance
of EVs as an ESS. In [83] [84] authors have used the combination of battery ESS,
EVs and renewable energy sources (RES) to support the MG. Farrokhabadi et al. [85]
elaborated the frequency regulation of islanded MG by regulating its voltage through
droop control technique. Jin et al. [86] discussed about the optimized charging of
EVs using RES. Several authors have considered EVs as an ESS to provide support
to the MG. In this chapter, frequency support to the MG has been provided using
two different techniques. One is the VSG control technique and other is the droop
control. Two techniques have been applied on same system and comparison of both

the techniques has been done.

3.1.1 Motivation

Several researchers have investigated the idea of frequency control of islanded MGs.
Some investigators have regulated the frequency using the controlled co-ordination
of ESS and RES. Further, for this controlled coordination authors have applied the
various types of techniques. Several authors have adopted the droop control strategy
for regulating the frequency of MG (73] [79]. Few have implemented the VSG control
technique for the same purpose [39] [51] . However, these authors have used battery

banks as an ESS for MG to illustrate the frequency regulation process. None of them,
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considers the EVs parked at the CS for frequency regulation purpose. In this chapter,
EVs parked at the CS have been used as an ESS for the MG. Moreover, unexpected
ingress and egress of EVs at the CS has been considered while supporting the MG’s
frequency. Comparison of the droop control and VSG control techniques has been
done while providing the frequency support using EVs as an ESS for the islanded
MG.

3.1.2 Contribution

e In this chapter, comparison of droop control and VSG control technique has

been done by considering the EV batteries as an ESS for the islanded MG.

3.1.3 Organization

The other sections of the chapter are summarized as follows, Section [3.2] demonstrates
the proposed work. Section represents the mathematical formulation of the work.
Results and discussions have been shown in Section [3.4, Summary of the work is

mentioned in Section B.5

3.2 Proposed Work

In the proposed work, one CS has been considered to balance the load profile of
islanded MG and consequently to regulate the MG’s frequency. In the considered
system, CS, PV array and diesel generator are connected in parallel to accommodate
the load profile of MG. As the power supplied by PV array is irregular and dynamic
characteristics of the diesel generator have slow response, EVs parked at the CS can
participate to regulate the frequency of MG. Frequency support to the system has
been provided by using two different techniques. One is the droop control technique
and other is the VSG control. Frequency of the system can be supported by using

both the techniques. Although, non-negligible virtual inertia effect can be provided
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through droop control technique by modifying the filter time constant used in com-
mon power frequency droop based control strategies. However, in this work, authors
have used VSG control method in order to emulate the the virtual inertia and hence
to regulate the frequency of MG. The VSG concept relies on the emulation of inertial
characteristics by the power converter in MG with the coordination of ESS. Using
VSG technique, power converter can manage the flow of active power like a syn-
chronous generator. Comparison of both the methods has been done to observe the
effectiveness of applied technique to regulate the frequency of MG. The energy stored
in the dc link (DL) as well as EV batteries can be used to provide the virtual inertia
to the system. This virtual inertia assists to minimize the change in frequency due
to sudden changes in load. In this work, EVs parked at CS are assumed as an ESS
for MG. In order to manage the load profile of the MG, these EVs can be charged
and discharged at the frequent intervals. In case of VSG control, virtual inertia is
imitated from the energy stored in the DL capacitor.

Fig. illustrates the diagram to accommodate the load profile of islanded MG
using CS and PV array, where CS consists of fleet of EVss and buck boost converters.
In this work, EVs of various battery voltage ratings has been considered while the
output voltage of each buck-boost converter is kept constant. The EV battery charges
during the buck mode of de-de converter, while it begins to discharge during boost

mode. These buck-boost converters are connected with common dc bus.
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Figure 3.1: Generalized diagram of the proposed system
3.3 Control Strategy

In this work, PV array, CS and diesel generator act as sources of generation, so the

total power from all the sources can be written as,

Ptotal:va+Pdg+Pev (31)

Where, Py, Py, and P, represents the power delivered by diesel generator, PV array

and by CS respectively and P, indicates the total generated power.

Pload - Ptotal
Aw = —— o (3.2)
P'maa: P7naac Pev
kp*Wnom kp*Wnom kp*Wnom
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In eq. Aw represents the change in angular frequency and P, represents
the load of the system. PP’ and P2  indicates the maximum power that can be

delivered by the PV array and diesel generator respectively. k, and w;,q,, represents

the droop gain and nominal angular frequency of the system.

e AwP%
Pt = Py + ——mr (3.3)

kp * Wyom

Eq. represents the reference power for the diesel generator. Further, by
substituting the Eq. into the following equation can be obtain as follows,

(-Pload - PtOtal)Prcrlzga;t (3 4)
P,y + Py + P |

le";f = Py, +

Eq. represents the required power from the diesel generator which needs to be
delivered when the frequency of the system changes.

This ngef act as reference power for the diesel generator. Fig. depicts the
frequency droop control mechanism for the diesel generator. Where, T indicates the
time constant of filter. The P, is allowed to go through the filter to increase the P
of the system. Further, the integral of the angular frequency response w, has been

taken to obtain the reference voltage phase angle 6 from the droop controller.

Wnom
ref
Pag Wr %)
P+ - Kp —» 1/s —>»
Pag ]
I

(1+sTr)

Figure 3.2: Frequency Droop Control for Diesel Generator
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Basic motive of applying the VSG technique is to provide the frequency regulation
to the system in an effective way. This frequency regulation is provided by minimizing
the gap between load demand of islanded MG and power generated by RES. This
mismatch is reduced by providing the active power to the MG by emulating the virtual
inertia from energy stored in the battery of EVs. Depending on the amount of energy
stored in the EVs which are parked in the parking lot of CS, active power can be
delivered to the MG. Further, remaining part of the energy stored in the EVs can be
used to emulate the virtual inertia. Active power is controlled in a bidirectional way
using power converter. VSG mechanism to control the bidirectional flow of power is

based on the following swing equation.

dw,
Pref — Poy = JwTd—U; — Déw, (3.5)

Where, P, is the required output power and P, is power consumed or released
by the EVs parked at the CS. J is the virtual inertia of the system and D is the
damping factor.

Where, net P., can be represented by the following equations,

T

l
Pev = ZPdisc - Z Pchar (37)

k=1 k=l+1

Where, r represents the total number of EVs. [ and r — [ indicate the number of
vehicles in discharging and charging mode respectively.

By taking the Laplace transform of the Eq. (3.5) the following equation can be
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obtained as,
P,y — Py = Jsw, — D(w, — w,) (3.8)

Further, virtual angular velocity w, can be calculated by using Eq.

o Dwo_'_(Pref _Pev>

) 3.9
v Js+ D (3:9)
Using Eq. [3.7] the Eq. can be rewritten as follows,
l T
Dwo+Pref_(Z Pdisc_ Z Pchar)
w0, = k=1 k=1+1 (3.10)

Js+ D

In case of droop control method, inertia J is not taken into account. So, equation

for droop control method will be

Pref_Pev :D(wr_wo) (311)

wy = w, + T (3.12)

w, = w, + (3.13)

w, is calculated in both the cases, which is further used to obtain the rotor angle.
Depending upon the gap between the load demand of MG and power generated by
RES, P,¢f changes. This P, is managed by the power delivered by the EVs parked at

the CS. The w, is responsible to control the power converter, which further manages
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the output power delivered by the CS.

3.4 Results and Discussion

In this section, simulations have been performed by considering the unpredictable

load demand of MG as well as unexpected ingress and egress of EVs at the CS.
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Figure 3.3: Frequency of MG (a) Droop (b) VSG technique

In this system one CS, PV array of 10.7 kW and diesel generator of 5 KV A rat-
ings have been used. Comparison of the droop control and VSG control techniques
has been done by considering EVs as an ESS for MG. Where, load demand of the MG
is met by both the CS as well RES available at the MG. While doing the comparison
between simple droop control and VSG control, zoomed portion of Fig. 3.3|(a) shows

there is large disturbance in frequency of the system, when droop control technique
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Figure 3.4: Frequency of MG (a) Droop (b) VSG technique

is used to regulate the frequency of MG. However, zoomed portion of the Fig. |3.3(b)
shows frequency gets stabilized in an effective way by using the VSG control tech-
nique. Further, as per Fig. [3.4(a), there is large deviation in the frequency of system
while using the droop control technique. On the other hand, as depicted in Fig.
M(b), frequency of the MG gets stabilized easily using VSG control. Based on these
results it has been analyzed that VSG control can manage the MG’s frequency in a

better way.

3.5 Summary

EVs parked at the CS are capable of eliminating the observed deviations in frequency

of islanded MG. Moreover, they can be used as movable ESS. It has been observed
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from the results that frequency regulation of MG can be obtained through EVs even
when they arrive and depart from the CS at unpredictable intervals of time. From
the results it is very clear that frequency of islanded MG can be regulated in an
effective way by implementing the VSG control technique. It can be concluded that

disturbance in MG’s frequency is reduced to a large extent through VSG control.



Chapter 4

VSG based frequency support in
MG using EVs

4.1 Introduction

A microgrid (MG) is a small scale power grid, consisting of renewable energy sources
(RES) and loads that can operate in both grid connected and islanded mode. In
grid connected mode, it is synchronized with the main grid and in islanded mode,
it provides supply to the loads connected with itEIMGs can provide power to the
local loads such as military areas, hospitals and even to the remote areas where
transmission and distribution of supply from main grid is strenuous [87]. MGs help
to enhance the local reliability, support local voltages, voltage sag correction, reduce
feeder losses and emission losses. Despite numerous advantages, there are various
challenges in the MG operation. Dynamic load change and environment uncertainties
are the two main factors that are responsible for making islanded MG operation more
challenging. Authors [88] [89] demonstrated that inconsistent behavior of renewable

energy sources (RES) during the operation of MG. In addition to low inertia, active

IThe content of this chapter is taken from:

e K. Dhingra and M. Singh, “Frequency support in a microgrid using virtual synchronous
generator based charging station,” in IET Renewable Power Generation, vol. 12, no. 9, pp.
1034-1044, 2018, doi: 10.1049/iet-rpg.2017.0713.
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and reactive power control are the major issues in MG. Frequency deviation is one
of the major issue in islanded operation of an MG.

Many researchers have focused on the MG frequency regulation and have used
various methods to regulate the frequency. Few of them discussed about the PV
based MGs to provide the stability to the system. Watson et al. [90] have described
the case of MG that consists of synchronous generator and the PV array connected
through single phase inverter. Authors discussed that in case of load variation, the
PV array can provide the reserve power through maximum power point tracking
mechanism thus can regulate the frequency of the MG. Bacha et al. [91] have discussed
that in MGs, intermittent nature of the PV array can be compensated by demand
side management along with the use of energy storage system (ESS). Some authors
have illustrated the various control topologies for PV inverters that can be used in
MGs for different range of power and input voltages [92] [93]. Khalil et al. [94]
have demonstrated about the PV based MG in which two parallel inverters that
are connected with the PV arrays operate through different control loops to meet
the load demand of the MG. However, the authors have not used any other source of
generation in the MG as the PV arrays are intermittent in nature. Chamana et al. [95]
discussed about the droop control technique in MG having the combination of PV
array and the battery energy storage system. Authors described that ESS can provide
the reserve power in case of power deficiency by PV array and get charged back in
case of surplus power. Ramaiah et al. [96] discussed that frequency of the MG can be
regulated by operating the PV array using variable rate limited power point tracking
(LPPT) technique. Authors have suggested that the required amount of power can be
extracted from the PV array using LPPT technique, where reference required power
can be set by the droop control technique. However, the authors have not used any
ESS as a back up for the MG system. Authors [97] [98] suggested a control system that
utilized wind power for regulating the frequency of islanded MG. However, by virtue
of seasonal and unreliable nature of wind, this concept was inefficient to regulate

the frequency of islanded MGs. Hence, RES alone cannot be used for the purpose
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of frequency regulation of the MG. Several authors have used energy storage system
(ESS) for the frequency regulation of MG. Han et al. [99] discussed that RES in
co-ordination with the ESS can be used for the frequency regulation of MG. Li et
al. [100] deliberated that fuel cells in combination with electrolyzers can be used for
the frequency regulation of MG. However, these ESS cannot be used for providing the
power for long duration and even maintenance and installation cost of an ESS is very
high. Although, various authors have used ESS to regulate the dynamic frequency of
a MG yet they have not considered inertia to regulate frequency.

Some authors have demonstrated that the frequency of the MG can be supported
by providing some form of inertia to the system. Some RES such as wind turbines
have rotational mass, therefore, they can easily provide inertia to the system. On the
other hand, RES such as PV system do not have any rotational mass and therefore,
unable to provide any inertia to the system for regulating the frequency of MG. In such
cases, virtual inertia can be provided to the system to regulate the frequency of the
MG. In the case of MGs, distributed generators in combination with power converters
have been used to emulate the virtual inertia. Some authors have used variable speed
wind turbines to emulate the virtual inertia and hence to regulate the frequency of
MG. Soni et al. [39] demonstrated that transient response of the power system can
be improved by adding the virtual inertia to the system. Authors have applied the
modified droop technique on inverters to allow them for bulk power exchange with
the system. They have considered inertia as a function of rate of change of frequency
to maintain the synchronism of all the connected sources. Morren et al. |42] discussed
that the frequency can be regulated by emulating the virtual inertia from the variable
speed wind turbines. In this concept of emulating inertia, kinetic energy stored in
the rotating mass of wind turbine blades provides the required power to support
the frequency of the system. However, authors have not considered the intermittent
nature of wind turbine and have not used any energy storage device to provide the
back up to the system. Alipoor et al. [41] demonstrated the effect of alternating

moment of inertia on the power system stabilization. Authors have discussed that
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in case of VSG transient energy can be eliminated directly by alternating the inertia
while in case of real synchronous generator, this energy is dissipated by damping
terms. Authors have further described that the stability of the power system can be
improved by altering the moment of inertia.

Torres et al. [36] discussed a VSG mechanism through which inertia can be em-
ulated from the wind and diesel power plants for the frequency regulation of MG.
Authors have demonstrated that maximum deviation of the rotor speed is reduced
by emulating the virtual inertia. However, with this inertia emulation response of
the system becomes oscillatory and slower. Bevrani et al. |10] demonstrated various
topologies using VSG to regulate the frequency of the MG. In these topologies, au-
thors have used an ESS to emulate the virtual inertia. Zhong et al. |[34] discussed that
inverters can behave as VSG with proper control mechanism. However, they have
not considered any ESS to emulate the virtual inertia. Authors [35] [101] examined
that distributed generators along with virtual synchronous machines can be used for
frequency stabilization of the grids. Driesen et al. [33] described that distributed gen-
erators in combination with short term energy storage can behave like VSGs and thus
can add the virtual inertia to the system. Tripathy et al. |102] have discussed about
the calculation of rotor angle using the synchrophasor measurements. Authors have
explained that terminal voltage of the generator can be find out using this rotor an-
gle. Mishra et al. [103] demonstrated that photo-voltaic based converter can behave
as synchronous generator and thus can provide support to the MG during frequency
deviation. Karapanos et al. [43] demonstrated VSG hardware in the loop and verified
the results, in a real time simulation of the power system. Liu et al. [9] discussed
the advantages of using VSG control mechanism over droop control. Authors have
discussed that the frequency can be controlled in a better way using VSG. Shintai et
al. |8] discussed that oscillations of active and reactive power can be damped by using
the VSG. It has been observed that several authors have mentioned the importance
of the VSG mechanism in the stabilization of a MG.

Several authors have paid attention on the role of EVs in MG. EVs can act as
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an ESS for the MG. Moreover, EVs have the inherent capability to support the MG
during peak and off-peak hours. EVs can act both as a source of generation as
well as load for the MG. Kempton et al. [1§] introduced the concept of vehicle to
grid. Authors have discussed that EVs can provide the backup, where RES are used
for the generation of electricity. In this way, reliability and stability of the system
can be enhanced. Bhatti et al. [104] have proposed a concept of charging the EVs
from MG that consists of PV array and energy storage units. Authors have used
the lead acid battery to charge the EVs in case PV array is not able to meet the
charging demand of EVs. Mortaz et al. [105] described that with the use of EVs
as an ESS, operation cost of the MG can be reduced. Authors have explained that
longer parking time of EVs leads to higher savings. Authors [81] have demonstrated
that during the MG restoration phase, EVs can be used as grid-supporting units to
take advantage of their storage capacity and charging flexibility. EVs can manage
the frequency deviations of the MG that normally occurs during islanding condition
of MG. Rana et al. [73] illustrated that frequency of the MG can be supported by
using a fleet of EVs. Authors have used the modified droop control technique to
provide the frequency support to the MG. However, the authors have not considered
the absence of inertia in the distributed energy sources. Yilmaz et al. [21] discussed
that vehicle to grid concept (V2G) can be utilized for the bidirectional flow of power
between grid and EVs, where EVs have been used as an ESS. Authors also manifest
that vehicle to grid approach can enhance the technical achievement of the grid in
the fields such as reliability, stability and efficiency. Shimizu et al. [106] proposed
a model for EVs integration in a V2G scenario for frequency regulation. In this
model, charging and discharging of participating EVs was regulated based on load
frequency control signals. The major shortcoming of this model was its inability
to cater for the charging and discharging needs of EVs simultaneously. Lopes et
al. [107] demonstrated that battery operated EVs can successfully participate in
voltage balancing and to control the frequency of the islanded MG. Arani et al. [10§]

described that wind power generators in combination with EVs can contribute to the
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frequency regulation of MG. Thus, several authors paid attention to the significance

of EVs in frequency regulation of MG.

4.1.1 Motivation

Frequency deviation is one of the major hindrances in stable functioning of MG. It
generally occurs due to the dynamic load profile of MG and intermittent nature of
RES. Low or absence of inertia in MG is the main reason which further leads to
frequency deviation. Several authors have proposed the concept of inertia to regulate
the frequency of MG [39] [41]. Few authors have laid emphasis on the role of EVs as
an ESS in the MG to support the frequency 73| [108]. Few of them [35] [36] discussed
virtual inertia emulation by VSG mechanism to support the frequency of the MG.
However, to the best of author’s knowledge hardly anyone has implemented the VSG
mechanism using EVs parked in charging station (CS) as an ESS. In the proposed
work, frequency of the islanded MG is supported by implementing the VSG on EVs
parked in the CS. Moreover, the dynamic nature of EVs can be catered by using the

VSG mechanism without affecting the rest of the MG system.

4.1.2 Novelty

Novelty of this chapter lies in the following aspects: First, CS is used to support
the frequency of the islanded MG. As per the authors best knowledge, no one has
used the VSG mechanism in the CS to support the frequency of the islanded MG.
Further, considering the future penetration of EVs in large numbers, the proposed
method will be a good solution to support the frequency of an islanded MG. Second,
from the design point of view, in most of the works till now, battery energy storage
system and the PV array are connected through the single dc link and controlled
through single dc/dc converter. However, in this work, the CS and the PV array are
connected through distinct dc links and are controlled independently, considering the

future extension of the MG.
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4.1.3 Contribution

The primary contributions of this chapter are as follows:

e In this chapter, bidirectional flow of power between the CS and islanded MG is

controlled through the VSG control mechanism.

e Frequency of the system is supported through VSG, while considering the dy-

namic nature of irradiation level of the PV array and load profile of the MG.

e It has been verified that response time of the CS to any load change or fluc-
tuation in the system is less as compared to the response time of the diesel

generator.

4.1.4 Organization

The chapter is organized as follows. Section [£.2] represents the proposed methodology
of the work while the VSG mechanism is demonstrated in Section 1.3l Section [4.4]
represents the mathematical formulation of control mechanism. Simulations and

results are discussed in Section [4.5] The chapter is summarized in the Section

4.2 Proposed Methodology

In the proposed work, an islanded MG consisting of PV array, diesel generator and
a fleet of EVs is considered. A fleet of EVs parked in the CS is considered as an ESS
for the MG. VSG control mechanism is implemented on the considered MG system
to support its frequency. Frequency of the system is supported by controlling the
bi-directional flow of power between the CS and the MG. The schematic diagram of

the proposed scheme has been shown in Fig. and explained as given below,



CHAPTER 4. VSG BASED FREQUENCY SUPPORT IN MG USING EVS 38

Charging station DC AC Distributed energy
Bus BUs Tesqurces ...,
- DC-DC Power ol - Power :
Fleet of Evs [« g > PV array .
converter : converter : converter :
y .
......................................... MPPT controller :
: v :
Load Diesel
VSG generator .
control T T T T T e :

Figure 4.1: Schematic diagram of the proposed islanded microgrid

4.2.1 Charging station

The aim of modelling the CS is to organize the bi-directional flow of power between
EVs and MG. As depicted in Fig. [£.1] a fleet of EVs parked in the CS is considered
as an ESS. Use of EVs as an ESS has an advantage as they can be used both in
transportation as well as to support the MG for balancing the load demand. EVs
can act both as a source of power as well as load for MG. In the CS, EVs as an ESS
either absorb or deliver the power from or to the MG as per the frequency regulation
requirement. EVs parked in the CS may have different state of charge (SoC) levels

but constant power can be fed to the power converter through dc-dec converters.

DC-DC converters DC-DC converters act as an interface between a fleet of EVs
and power converters, and can be classified either as unidirectional or bidirectional
converters. In this work, bi directional dc-dc converters have been used as they
can operate in both buck and boost mode [109]. In buck mode of operation, dc-dc
converters step down the voltage while in boost mode voltage is stepped up. The fleet
of EVs gets discharged during boost mode and is charged back during the buck mode
of operation. DC-DC converters, convert the unregulated dc supply to a regulated
dc supply. For this purpose, switched mode dc-dc converters store the input energy
for short duration and then release that energy to the dc bus at a different voltage
level. This energy is stored either in the magnetic field (inductor) or in electric field

(capacitor). The released energy appears across the resistor as output voltage. In
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this way, the required voltage is provided to the dc bus. The output voltage for buck

boost converter is represented by,

A—_— (4.1)

In Eq. .1} d is the duty cycle and its value lies between 0 and 1, V, is the output
voltage of the converter and V;, is the input voltage to the converter. Duty cycle

represents the ratio of turn on time of the switch to the total time.

4.2.2 Design of Buck-Boost Converter

Buck boost converter is designed by selecting the suitable values of L and C. The

value of L and C' is determined in the following way.

St N S2

Figure 4.2: Buck Boost converter

Selection of Inductor: The value of inductor for the buck boost converter is esti-
mated as,
wid

In="X1 (4.2)

where, V, is the battery terminal voltage, 7" is the switching time for PWM, d is
the duty cycle, I. is the current through inductor and Al is the ripple current of
inductor. Value of d, V, and T is considered as 0.6, 400 V' and 40 usec respectively

and ripple current is considered as 1% of the actual inductor current. Value of L,
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based on these parameters is calculated as follows,

(0.6)(400)(40 x 107°)

Ly =
’ (0.1 x 120)

=80 mH (4.3)

Selection of dc link Capacitor: The value of dc link capacitor is estimated as,

Vaed

Cuo = %~
a RfsAVdc

(4.4)

where, V. is the dc link voltage of the capacitor and AVj. is the ripple in dc link
voltage, R is the resistance at the output terminal. Value of f, and V. is taken
as 25 kHz and 600 V respectively. Ripple in dc link voltage is considered as 5% of
the actual voltage. Value of C,. based on the considered parameters is calculated as

follows,

600 x 0.6

Cue =
7048 x 25 x 103 x (0.05 x 600)

= 1000 F (4.5)

4.2.3 Stability analysis of buck boost converter

Stability analysis of the buck boost converter has been done through the state space
model. The switches S; and Sy as depicted in Fig. £.2] are turned on and turned
off as per the command obtained through PWM (dc-dc). Fig. depicts the circuit

diagram of the buck boost converter when the switch S; is in on condition.

oI

Vdc
L C
+ b dc
Vi () I R gvo

Figure 4.3: Switch 5 is in on condition
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By applying the Kirchoft’s voltage and Kirchoff’s current law to the circuit shown

in Fig. the following equations are obtained.

dl,
Vi, — Ly—< =0
b bdt
Ve dVe
Crae —
T

In state space form, Eq. and Eq. [£.7) can be written as,

) = Air+ Biu

Y1 = le + Dlu

(4.8)

(4.9)

where, Eq. and Eq. represents the state space equation and the output

equation of buck boost converter respectively. x represents the state variables I, and

Ve respectively and ' represents the differential form of these state variables.

represents the output variable and w indicates the input state for the buck boost

converter. Value of v will be 1 if input is in on condition, else it will be zero. Ay, By,

Cy and D, are the ABCD parameters of the buck boost converter. The Eq. and

Eq. can be expressed in the form of following equations.

dl.

@ 0 0 1, 1/Ly
_l’_

s 0 —1/RCy4 || Vi 0

Vi (4.10)

(4.11)
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where,

dl.
dt
I,
Ty = = u="Vy,,Vor =1 (4.12)
Wy Ve
dt 1
0 0 1/L
AIZ 7B1: / ' 701: |:0 1:| 7-D1:O (413)
0 —1/RCy. 0

Fig. [4.4] depicts the circuit diagram of the buck boost converter, when S5 is in on

condition.

Vb T R gvo

Figure 4.4: Switch Ss is in on condition

By applying the Kirchoff’s voltage and Kirchoft’s current law to the circuit as

depicted in Fig. [£.4] the following equations are obtained.

dl.
L Vie=0 4.14
m + Va ( )
Vie dVye.
I — e o, 2l (4.15)

R dt
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In state space form, Eq. and Eq. can be written as below,

ry = Asx + Bou (4.16)
Yo = CQZL' + DQU (417)
dl.
“ 0 —1/L I 0
— + Vs (4.18)
wa 1/Cye —1/RCqe || Vae 0
dt |,
I,
Vo2 = { 0 1 1 (4.19)
Ve
where,
dl.
dt
Ty = Vo2 =¥ (4.20)
Ve
at |,
0 —1/L, 0
Ay = By = (4.21)
1/Cse —1/RCy, 0

02:{0 1} , Dy =0

The average state space model of the buck boost converter has been expressed by the
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following equations [110].

¥ =d) + (1 —d)x) (4.22)

y=dy + (1 —d)ys (4.23)

From Eq. and Eq. the following expressions can be derived,

dl.
rn
0 d—1)/L I, d/L
_ (d=1)/Ly | v (4.24)
(1-d)/Csc —1/RCy || Vi 0
Ve
dt
I
Vo= {0 1] (4.25)
Vae
where,
0 d—1)/L d/L
A= (@=1)/Ly B = /Lo (4.26)
(1—d)/Cse  —1/RCy, 0

C= [ 0 1 } , D=0

As depicted in Fig. [4.5, bode plot has been drawn using the ABCD parameters of
the state space model to determine the stability of the buck boost converter. It has
been observed from the plot that the system is stable with a phase margin of 132° at

a frequency of 1.07 rad/sec.

Control topology of buck boost converter:

In the CS, bidirectional flow of power between an EV’s battery and dc bus is controlled

through the buck boost converter. The dc link voltage and EV’s battery current are
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Bode Diagram
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Figure 4.5: Bode plot of the buck boost converter

controlled through two control loops. The outer loop is the voltage control loop and
inner loop is the current control loop. As per Fig. [.0] the actual dc link voltage V.
is compared with the reference dc link voltage Vy..r and a reference current signal
I.cs is generated through the PI controller . This reference current value is
further compared with the actual inductor current to generate the control signal for

a pulse width modulator (PWM) through the PI controller. This control mechanism
is represented by Eq. (4.27) and Eq. (4.28)) as shown below.

K v-S + Kiv

]cref = (‘/dcref - ‘/dc) P (427)

S

Kpi.S + Kn
S

‘/;‘ef = (Icref - Ic) (428)
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Figure 4.6: Buck-boost converter control strategy

where, K, and Kj;, are the proportional and integral gain parameters for the outer
control loop and K),; and Kj; are proportional and integral gain parameters for the
inner current loop. The value of these parameters is given in Table . Irer is the
reference current for inductor which is generated as per Eq. , 1. is the actual
current flowing through the inductor and V. is the control signal for the PWM (dc
to dc). Pulses generated by the PWM are used to fire the IGBTs, one IGBT is fired
through S; and the other through S;. Firing of an IGBT is controlled by the duty
cycle of the PWM, with this controlled firing, dc-dc converter acts as buck boost
converter. Energy stored in the dc link capacitor during this buck boost operation
of de-dc converter act in place of the kinetic energy for the system to provide the

virtual inertia to the system.

4.2.4 Power converter (DC-AC)

Power converter converts the dc supply to ac and vice versa. Power converters are
mainly of two types, voltage source converter and current source converter. In this
work, voltage source converter has been used, where input voltage to the converter
from the dc bus is kept constant, while the output power delivered by the converter
varies by controlling the switching of PWM [112]. When the power generation is more
as compared to the load demand, the frequency of the system increases and power
converter delivers the power to the CS. On the other hand, when the load demand is

more as compared to the power generation, frequency of the system decreases and the



CHAPTER 4. VSG BASED FREQUENCY SUPPORT IN MG USING EVS 47

power converter fetches the required power from the CS to meet the load demand.
Thus, bidirectional flow of power takes place between the CS and the MG through
power converter to maintain the frequency of the MG. The amount of power flow
depends on the deviation of MG frequency from its nominal value. This bidirectional
flow of power has been controlled through the VSG mechanism by applying proper
control signals to the power converter through PWM. The filter used in the process
of conversion of power from dc to ac is low pass RLC filter having values of L and C'

as 50mH and 10uF respectively.

4.2.5 Distributed energy sources

In the proposed work, a PV array and a diesel generator act as distributed energy
sources (DES) and the AC bus behaves as a point of common coupling. As depicted
in Fig. loads connected with the AC bus are met with the parallel operation of
the VSG and DES. The power delivered by the PV array is intermittent in nature
and depends on its irradiation level. In the case, when the power delivered by the
PV array is insufficient to meet the load demand, the required power is provided by

the CS through the VSG control mechanism.

Diesel generator

Diesel generator consists of excitation system, diesel engine governor and alternator.
Excitation system, further consists of two elements, voltage regulator and exciter.
Voltage regulator, regulates the voltage at the output terminals of rotor. Diesel engine
governor model governs the speed of engine. Diesel generator is simulated based on
the dynamic equations of the exciter and diesel engine governor model [113].
Dynamic equation of exciter: In the diesel generator, exciter is used to provide
the required field current to the rotor winding of the diesel generator. This field

current controls the magnetic field of rotor to provide the output voltage. Dynamic
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equations of the dc exciter [113] are described below,

dEy,

T. =V, — K.FEy, 4.29
dR, K,
Ti— = —R, —) » 4.30
I d+ T, o (4.30)
dV, K.K
Tad_tp =V, + K.Ry — T LBt + Ke(Vieg — V) (4.31)
f

where, T¢ represents the time constant of exciter, T indicates the stabilizer time
constant. K. is the gain constant of exciter, V), is the output voltage of the pilot
exciter of diesel generator. K|, is the self or separately excited gain constant, Rg
represents the rate feedback of the system and EY, is the field voltage. T, represents
the amplifier time constant, K. indicates the amplifier gain constant, V,.; is the
reference voltage and V' is the voltage magnitude of the diesel generator.

Diesel engine governor model: Governor is used to govern the speed of the diesel

engine.

Wat
Kp(1+T3.8) 1+T4.s JoT, T
1+T1.S+T1.T2.Sz S(1+T5.S)(1+T6,S) Pmech
Controller transfer Actuator transfer Engine
function function delay

Figure 4.7: Diesel engine governor model

Fig. [4.7 depicts the governor model of the diesel engine, where, w,; and wy,om
represents the actual speed and nominal speed of turbine respectively. K, indicates
the controller gain and Ty represents the engine delay of the system. T}, T, and T}
are the time constants for controller transfer function and T}, T5 and Ty are the time
constants for actuator transfer function. The values of these time constants has been

given in Table In this model, actual speed of the engine is compared with its
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Figure 4.8: Speed Control Model of Diesel Engine

nominal speed and the resulting error signal is given to the controller as an input.
Through this governor model, torque is generated that is further converted to the
mechanical power as shown in Fig. 4.7, Further, Fig. represents the simplified
form of Fig. [£.7] The mechanical power P,.., generated through the governor is
converted to the electrical power P, through alternator. Further, the swing equation

for diesel generator in Laplace transform can be written as,

Jsaw, — Kaw, = Ppecn(s) — Pag(s) (4.32)

By assuming,

SP(5) = Precn(s) — Pay(s) (4.33)

By using eq. and eq[4.33] the following equation can be derived as follows,

dP(s) = Jsaw, — K, (4.34)

Further, the eq. can be written in the following way,

OP(s) = (Js — K)w, (4.35)

The value of w, deceases due to the difference between P,,..;(s) and Py,(s). Because
to this, governor of the diesel engine increases the Py, (s) with relatively high time
constant due to the delay of fuel injection process. Further, 0 P(s) can be gained by

allowing the Py, (s) to go through high pass filter. Supporting a first order high pass
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filter with time constant T, dP(s) can be mathematically modeled in the frequency
domain, as follows:

Tf.S

0P(s) = —Pdg(s)(m

) (4.36)

By substituting the eq. into eq. [£.35 the following equation can be obtained as

follows,

Tf.S

w(s) = =Pl G 5 T = 1)

) (4.37)

By considering the initial state w,(0) for w,(t), the solution of the eq. in

time domain will lead to the droop curve for the diesel generator.

Table 4.1: Parameters of diesel generator

Parameter Value
Gain constant of ex- 1

citer K,

Time constant of ex- 0

citer T,

Amplifier gain con- 300
stant K,

Amplifier time con- 0.001
stant T,

Controller gain K, 29

Time constants of 0.01, 0.02, 0.2 sec
controller (17, Ty, T3)

Actuator time con- 0.25, 0.009, 0.0384 sec
stants (,_T;JL7 T5, T6 )

Mechanical  torque 0, 1.1 N.om

limits (Tonin, Tinaz)

Engine delay T 0.024 sec
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4.3 Virtual Synchronous Generator

VSG is the combination of ESS, power converter and proper control mechanism. The
role of VSG is to exhibit the dynamic properties of a real synchronous generator so
that the stability of the system can be improved.

VSG plays a very important role in the islanded operation of MG to balance the
load demand. The combination of the CS and VSG control mechanism act as a real

synchronous generator for MG in terms of inertia and damping property.

DC
Bus
Charging Power Distributed
station converter generators
AC
Bus
Load
Ve Reference
> voltage | Vabcref
Vdgref generation PWM
Pin_., |
b VSG | W 0,
out control Vout
W, Iout
PLL Vout
Power
measurement

Figure 4.9: VSG control mechanism

The control mechanism of VSG is shown in Fig. while Fig. 4.10] illustrates
about the generation of Vy..r and V.. In Fig. the dc link voltage of ESS is used
for the generation of control signal for PWM through VSG control. Virtual inertia
is emulated from the EV’s batteries using VSG control mechanism to minimize the
mismatch between power generation and load demand of MG and hence to support

the frequency of the system.
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X

Figure 4.10: Current control scheme
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Vi sqrt(2/3) 0, sin
Virtual

Ve rotor angle cos
DC link voltage

Figure 4.11: Reference signal generation for PWM

In the VSG control mechanism, virtual rotor angle is calculated in order to con-
trol the output power of the converter. The dc link voltage of the system is kept
constant while the output power delivered by the converter is varied by controlling
the switching of PWM. The process of bidirectional flow of power between MG and
CS is controlled through VSG mechanism by applying a proper control signal to the
converter through PWM. In Fig. w, is the reference angular frequency that is
measured through phase locked loop, The virtual angular frequency w, is calculated
through the VSG mechanism which is further integrated to calculate the virtual rotor
angle #,. This rotor angle acts as a phase signal for PWM to control the output volt-

age of power converter. Fig. represents the block diagram of the swing equation
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to determine the virtual rotor angle.

Prer | 1 8Wr Wl 1
Js+tK N 0
).
Integrator Mod [ ™
P Wo
CS
2*pi

Figure 4.12: Block diagram for swing equation

The swing equation of synchronous generator is represented as follows,

dw,

dt

Pt — Py = Juw, — Kow, (4.38)

where, dw, is expressed as (w, — w,), w, is the nominal angular frequency, w, is

dw,

the angular frequency of the virtual rotor and <%

represents the rate of change of
angular frequency. P,..s is the reference power for the VSG and P, is the power
delivered or absorbed by the CS. J is the moment of inertia of rotor which depicts
the reserved kinetic energy in the rotor of the synchronous machine. K is a damping
factor, required to damp the oscillations that occur due to change of frequency. The

moment of inertia J can be expressed as follows,

2H

(]

where, H is the per unit inertia constant and S is the base power rating of the
VSG. H defines the duration for which virtual inertia can be provided to the system
As the swing equation is non-linear in nature, it has to be linearised in order to
obtain the angular frequency w, of the virtual rotor. From Eq. [£.38] the following

expression can be derived to calculate the virtual angular frequency of the rotor.

dw, Py — P+ Kow,
= 4.40
dt Jw, ( )
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where, P, s is the reference power for the VSG and P, is the power delivered or

absorbed by the CS. The power provided by the VSG can be represented by,
AP,y = Prey — Pes (4.41)

Using Eq. the Eq. can be rewritten as,

dw, AP,y + Kow,
dt Jw,

(4.42)

By solving Eq. £.42] w, is calculated which is further integrated, as per Eq. to

compute the virtual rotor angle.

t

6, = / wydl (4.43)

0

This virtual rotor angle 6, acts as a phase command for PWM to generate the gate
pulses. These gate pulses are further used to control the output power of the con-

verter.

4.4 Mathematical formulation of the Current Con-
troller

In this section, the controller part is discussed to generate the reference signal for
PWM which is further used to control the output power of the converter. In the
process of reference signal generation for PWM, the virtual rotor angle 6, and the
dc link voltage V. of the CS have been used. The current control scheme has been
implemented to generate the Vg..; and V.5 in dg frame. This control scheme is
also designed to protect the power converter from overload and external faults. In
this scheme I; and I, track their reference current values Ig,.; and Iy..; respectively

and these current reference signals /4.y and I,.; are obtained by using the voltage
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controller. Further, these reference current signals act as an input for the current
controller.
In this scheme the current and voltage signals Iy, I,, V; and V, in dq frame are

generated through abc to dq transformation.

Kipi.s + Ky

Vvdref = ([dref - Id) s

—wLI, +V, (4.44)

Kopi.s + Koi;

Vares = (Igrep — 1g) ;

+wLl;+V, (4.45)

It can be depicted in Fig. Varey and Vi.; are the voltage reference signals
generated in dq frame using Eq. [£.44] and Eq. respectively, where K, and
K,;; are the control parameters to generate Vy..; while K, and Ky; are for the
generation of Vg,.r. The values of these control parameters are mentioned in Table
[4.2] Moreover, the generated voltage reference signals in dg frame are in cartesian
form and are converted to the polar form as depicted in Fig. .11} V7, is the rms line
voltage of the system that is used to find the modulation index (m) for PWM. The
value of modulation index is selected in such a way so that the power converter can

generate 1 pu voltage. The value of m is calculated as per the following equation,

Vi/2/3
—_=v== 4.4
m V)2 (4.46)

where, Vj. is the dc link voltage of the CS as mentioned in Section [4.2l This modula-
tion index is further used in the conversion of voltage signal in dg frame from polar to
cartesian form. Virtual rotor angle 6, is used for dq0 to abc transformation of voltage
signal in dq frame. As depicted in Fig. V;becf is the reference signal generated
through dq0 to abc transformation. This reference signal act as control signal for

PWM to manage the output power of the converter.
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4.5 Results and Discussions

This section presents the results of simulations based on the data taken from the
MG on the island Kythnos in Greece [114]. This MG consists of PV source of 10.7
kW, diesel generator of 9 kVA and battery of 400 V, 30 Ah as an ESS. Peak load on
the system is 12 kW, which is met by the combination of PV array, CS and diesel
generator. As the irradiation level of the PV array in the Kythnos MG keeps on
changing, the CS can provide the required power to meet the load demand. Moreover,
the maintenance required for the battery bank used in the Kythnos MG is very high.
To overcome this problem, CS has been considered to deliver or absorb the power,
whenever power mismatch arises in the system. Three case studies have been carried
out on the MG system to verify the bidirectional flow of power between the CS and
the MG through the VSG control mechanism. In the first case study, the load on
the system is changed at one instant only at t = 12 sec while the irradiation level of
the PV array is kept constant. In the second case study, the load is changed at two
instants, t = 8 and 20 sec respectively, but the irradiation level of the PV array is
kept constant. In the third case study, irradiation level of the PV array is changed
at t = 8 and 20 sec, while the load of the system is kept constant. In the second and
third case study, load of the MG and the irradiation level of the PV array have been

changed at the same time instant, ¢ = 8 and 20 sec respectively.

4.5.1 Case study 1

In this case study, irradiation level of the PV array is kept constant and the load
is changed at one instant. As depicted in Fig. [4.13(a), load demand of the system
is 12 kW up to 12 sec and after this time instant it changes to 8 kW. Due to this
change, power mismatch arises in the system between generation and the load demand
that further leads to frequency deviation. Fig. (b), represents the deviation in
frequency of the system from its nominal value, when the load changes from 12 kW to

8 kW. To minimize this frequency deviation, the required load demand is met by the
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Figure 4.13: (a) Load on the system (b) Frequency of the system (c) Power delivered
and absorbed by the CS (d) Power delivered by diesel generator

combination of PV array, CS and the diesel generator. As the irradiation level of the
PV array is not changing, it will provide a fixed amount of power. Power delivered
by the PV array is 10.7 kW which is less than the load demand 12 kW, therefore the

remaining load demand is met by the CS and diesel generator.
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Figure 4.14:  (a) Power delivered and absorbed by the CS (b) Charging and dis-
charging current of the EV’s battery (c¢) SoC of the EV’s battery during charging
and discharging operation

However, the EV’s battery parked in the CS has a shorter response time to any
load change in the system than the diesel generator. As depicted in Fig. [4.13(c),
power delivered by the CS is 1.3 kW till 12 sec and as the load demand changes to
8 kW, CS starts absorbing the power of 2.7 kW from the MG to balance the load
demand. This bidirectional flow of power between the CS and the MG is controlled
through the VSG control mechanism to support the frequency of the system. On
the other hand, power delivered by the diesel generator during this period of change
in load demand, hardly shows any deviation as the dynamics of diesel generator are
relatively slow. Power delivered by the diesel generator is around 1 kW which can be

depicted in Fig. |4.13{(d).
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Figure 4.15: (a) Load on the MG system (b) Frequency of the system (c) Power
delivered and absorbed by the CS (d) Power supplied by the diesel generator
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Fig. 4.14)a), represents the power delivered and absorbed by the CS to or from the
MG to balance the load demand of the system. Fig. [4.14{(b), indicates the charging
and discharging current of the EV’s battery during this bidirectional flow of power
between the CS and the MG. When the load demand is more as compared to the
power delivered by the PV array, EV’s battery is in discharging mode and delivers
a current of 3 A. On the other hand, as the load demand reduces, EV’s battery
starts charging with a current of 5.5 A. SoC of EV’s battery keeps on changing with
the charging and discharging mode of operation. As depicted in Fig. c), SoC of
EV’s battery decreases during discharging mode and starts increasing during charging

mode.

4.5.2 Case study 2

In this case, irradiation level of the system is maintained as 1000 W/m?, while the
load demand is changed at two instances. As depicted in Fig. 4.15(a), load demand
changes at ¢t = 8 sec from 12 kW to 8 kW and then at ¢ = 20 sec from 8 kW to
10 kW. With these changes in the load demand, frequency of the system deviates
from its nominal value. It can be depicted in Fig. |4.15(b), frequency of the system
deviates at ¢ = 8 and 20 sec, with the change in load demand. These deviations in
the frequency can be minimized by meeting the required load demand of the MG.
As the load changes frequently, the CS delivers or absorbs the power quickly to/from
the MG through the VSG control mechanism to support the frequency of the system.
On the other hand, diesel generator is not able to respond quickly to these sudden
load changes.

As shown in Fig. (c), CS delivers a power of 1.3 kW, when the load demand
is more as compared to power generation and as the load demand reduces to 8 kW
at t = 8 sec, CS starts absorbing power of 2.7 kW. When the load changes again
at t = 20 sec from 8 kW to 10 kW, CS starts absorbing the power of 0.4 kW. This

bidirectional flow of power between the CS and the MG is controlled through VSG
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Figure 4.16: (a) Power delivered and absorbed by the CS (b) Charging and discharg-
ing current of the EV’s battery (c) SoC of the EV’s battery during charging and
discharging operation

control mechanism to support the frequency of the system. On the other hand, as
depicted in Fig. [£.15(d), the power delivered by the diesel generator remains around
1 kW only during this period of change in load demand. As depicted in Fig. |4.16{(a),
power is absorbed or delivered by the CS to/from the MG. With this bi-directional
flow of power between the CS and the MG, the charging and discharging current
of the EV’s battery varies. Fig. [4.16{(b), represents the charging and discharging

current of the EV’s battery during bidirectional flow of power. At the initial stage,
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EV’s battery is in discharging mode and delivers a current of 3.8 A, but as the load
demand changes at ¢t = 8 sec, battery starts charging with a current of 6 A. This
change in load demand takes place again at ¢t = 20 sec, where the load changes from 8
kW to 10 kW, but as the load demand is less than the power generation, EV’s battery
remains in charging state with a current of 1.5 A. SoC of EV’s battery changes with
the change in charging and discharging mode. As depicted in Fig. (c), SoC of
EV’s battery decreases at the initial stage, but as the load changes from 12 kW to 8
kW at t = 8 sec, SoC of EV’s battery starts increasing. Further at ¢ = 20 sec, the
rate at which SoC was rising is reduced due to the change in the load demand from

8 kW to 10 kW.

4.5.3 Case study 3

In this case, load on the system is kept constant as 8 kW while the irradiation level
of the PV array is changed at two time instances. A step change of 200 W/m? in the
irradiation level is done at t = 8 and 20 sec respectively. Firstly, the irradiation level
of the PV array is changed from 1000 W/m? to 800 W/m? at ¢ = 8 sec and then
again from 800 W/m? to 1000 W/m? at ¢ = 20 sec. As the irradiation level changes,
power delivered by the PV array changes in the same manner. It can be depicted in
Fig. [4.17((a), at an irradiation level of 1000 W/m?, power delivered by the PV array
is 10.7 kW and as the irradiation level changes to 800 W/m?, power delivered the PV
array reduced to 8.5 kW. Due to these changes in power delivered by the PV array,
frequency of the system deviates.

Fig. 4.17|(b), illustrates the deviation in the frequency of the system at ¢ = 8 and
t = 20 sec, with the change in the irradiation level of the PV array. This change
in frequency of the system is compensated through the VSG control mechanism by
controlling the bidirectional flow of power between the CS and the MG. As shown
in Fig. [4.17|(c), the CS absorbs a power of 2.7 kW, when the power delivered by the

PV array is 10.7 kW as the power delivered by the PV array changes to 8.5 kW,
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the CS starts absorbing a power of 0.4 kW. As the power delivered by the PV array
varies again at ¢ = 20 sec from 8.5 kW to 10.7 kW, the CS starts absorbing power
of 2.7 kW. Fig. [1.17|(d) represents the characteristics of the diesel generator, it can
be depicted from the figure that there is a small variation in power delivered by the
diesel generator when the power produced by PV array changes at ¢ = 8 and 20 sec
respectively. These characteristics of diesel generator appears to be steady, because

whenever any power mismatch arises in the system due to the intermittent nature
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of PV array, it is immediately met by the VSG control technique by emulating the
virtual inertia from ESS. On the other hand, due to the slow dynamics of the diesel
generator, there is hardly any change appear in the power delivery.

Fig. (a), depicts the power delivered or absorbed by the CS, whenever power
mismatch arises in the system. Fig. [L.1§|(b), depicts that at the initial stage, EV’s
battery is in charging mode with a current of 6 A. As the irradiation level of the PV
array changes from 1000 W/m? to 800 W/m? at ¢ = 8 sec, EV’s battery charging
current reduces to 1.5 A. However, this charging current is again raised to 6 A, when
the irradiation level changes from 800 W/m? to 1000 W/m? at ¢t = 20 sec. Fig.
M(c), represents the SoC of EV’s battery that changes at ¢ = 8 and 20 sec, due to
the change in charging or discharging current of EV’s battery. Through this change
in irradiation level of the PV array it has been verified that frequency of the system
can be supported through VSG based CS.

Through these case studies, it has been observed that EV based CS can provide
the required power to the MG through the VSG control mechanism. Kythnos MG
is selected to perform these case studies, as it consists of PV array, diesel generator
and battery bank. One of the main goals of the Kythnos MG is to minimize the
usage of diesel generator. This goal, can be achieved through VSG based CS, as it
can provide the required power to the MG in a very short span of time. This work
is applicable for most of the MGs, as frequency deviation is a common issue in the
MGs, so whenever power mismatch arises in the system, the required power can be
provided by the CS through the VSG control. Sudden arrival and departure of the
EV’s at the CS, while supporting the frequency of the MG will be discussed in the

next chapter.

4.6 Summary

EVs can act as mobile ESS and have the capability to support the frequency of
islanded MG while parked at the CS. This chapter focuses on the role of the VSG
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based CS to support the frequency of the islanded MG. To verify the effectiveness of
the VSG, three case studies have been carried out on the islanded MG system. In
these case studies, load of the islanded MG system and irradiation level of the PV
array have been changed arbitrarily to induce the power mismatch in the system.
To perform these case studies data is taken from the MG on the island Kythnos in
Greece. One CS is considered where a fleet of EVs is parked. This fleet of EVs act as
an ESS for the MG. Virtual inertia is emulated from this fleet of EVs through VSG
control to support the frequency of the system. Simulations have been performed in
Matlab Simulink to validate the case studies. It has been observed from the simulation
results that, if power mismatch arises between the generation and load demand in the
MG, then the required power is delivered or absorbed by the CS in order to support
the frequency of the system. This bidirectional flow of power between the CS and
the MG is controlled through the VSG control mechanism. It has also been verified
that the CS has less response time to any load change or fluctuation in the system
as compared to the response time of the diesel generator. However, the limitation of
this proposed system is that sufficient amount of battery ESS must be present at the
CS. Because, when EVs are not parked at the CS, the back up power can be provided

to the system through battery ESS.
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Table 4.2: Simulation parameters

Parameter Value
Proportional — and K,,=0.005,
Buck-boost integral gains for dc  K;,=0.004
converter link voltage control
control Proportional — and K,;=0.0001,
integral gains for K;=0.0009
battery current
control
DC link voltage V. 600V
DC link capacitor 1000uF
C1dc
Open circuit voltage 85.3V
Voc
PV panel Short circuit cur- 6.09A
rent I,
Voltage at maxi- 72.9V
mum power point
Vinp
Current at maxi- 5.69A
mum power point
Ly
Switching frequency 3000Hz
fs
Proportional gain 2
Current controller  Kj,;, K,
Integral gain Ky;, 12
Ko
Cross coupling term 0.9
(wL)
Line voltage V, 400V
VSG control  Base power S, 10e3
Moment of inertia J 56.3 kg m?
Damping constant 4.5

K
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Chapter 5

VSG mechanism for catering

unexpected EVs

5.1 Introduction

In today’s scenario, electric vehicles (EVs) are playing a significant role in the power
system. EVs can reduce the consumption of fossil fuels that further leads to reduction
in emission of harmful gases [11]. EVs’ battery can be charged through several ways
yet charging stations (CS) are recognized as the primary source to satisfy the energy
demand of EVsEl CS is a place where EVs can accomplish their charging demands
and can provide the support to the MG for short duration through plug in and plug
out mode. However, the locations of CS should be such that EVs can anywhere locate
the CS within its driving circle. CS can be designed at work places and shopping
complexes. Most of the EV owners drive the vehicle from residence to work place in
the morning and back to residence in the evening. However, the vehicles which are not
used in routine by EV owner, can be placed at the CS. The owners of EVs those are

going to work place or in shopping complexes can also park their EVs at the CS. The

IThe content of this chapter is taken from:

e K. Dhingra, M. Singh, “Smart Charging Station to Cater the Sudden Ingress and Egress of
EVs while Supporting the Frequency of Microgrid through VSG,” Arab J Sci Eng, Springer,
vol. 45, pp 6715- 6727, June 2020, https://doi.org/10.1007/s13369-020-04627-y
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time span for which the EVs are in idle state while placed in parking lot of work places
or shopping complexes can function as an energy storage system (ESS) for microgrid
(MG). This time span can be utilized to provide the ancillary services to MG in
terms of frequency regulation or voltage support. Numerous researchers have focused
on the participation of EVs in electric power system to illustrate their importance
in the grid. Kempton et al. |12] reveals that battery operated EVs can function as
a storage and energy source for the system. Yilmaz and Krein [15] discussed that
the bi-directional power flow between grid and the EVs can be controlled through
vehicle to grid phenomenon. Authors have explained that vehicle to grid strategy can
enhance the performance of grid in terms of efficiency and generation dispatch. These
authors have explained the role of EVs in power system but they haven’t discussed
on the frequency regulation of MG using EVs.

Some researchers have demonstrated the role of EVs in the frequency regulation
of MG. Authors [73] have described a modified droop control technique where fleet
of EVs act as an ESS to provide support to the frequency of MG. Authors [115] have
explained that MG’s frequency regulation can be done using EVs, where aggregator
acts as a facilitator between the MG and EVs. Dhingra et al. |[51] have explained
about the frequency support of MG using fleet of EVs at the CS through virtual
synchronous generator (VSG) control. Authors have compensated the irregular na-
ture of PV array through fleet of EVs at the CS to support the frequency of the
system. Roy et al. [116] have considered the office building with RES as a MG to
charge the EVs. Authors have stressed upon the various charging schemes to charge
more number of EVs through limited charging ports. Wi et al. [117] demonstrated
the concept of smart buildings that consists of PV system to charge the EVs as per
customer convenience. Traube et al. |[118] explained about the role of bidirectional
dc-dc charger to cater the charging and dis-charging of EVs in a system where PV
is integrated with EVs. However, these studies have hardly examined the control of
charging and dis-charging rate of EVs.

Some researchers have elaborated the concept of controlled charging and dis-
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charging of EV batteries while meeting the load demand of MG. Authors [119] have
discussed that charging and dis-charging of EVs can be governed through droop
control while maintaining the power flow in between MG and the CS. Authors have
further described that if the generating unit in the MG is not able to provide power
supply, CS can meet the load demand by regulating the charging and dis-charging
rate of EV batteries. Li et al. |[120] demonstrated that charging of plug in EVs can
be controlled through integrated controller, while maintaining the load demand of
the grid. Goli and Shireen [121] designed a smart CS in order to charge the EVs,
during the peak load demand on the MG. Zakariazadeh et al. |[122] deliberated on the
importance of EVs to compensate the irregular nature of RES in the future smart
grids. Authors demonstrated that the load variation at the distribution side can be
minimized by adjusting the C' and D of EVs. Liu et al. [123] discussed that charging
demand of EVs can be met while providing the frequency regulation to the grid
using smart CS. Moghaddam et al. |[124] described a smart charging technique for a
plug in EV network, which provides charging alternatives such as quick charging and
provision of swapping batteries at the CS. These authors have not considered the real
scenario at CS and have not catered the unexpected ingress and egress of different
type of EVs at the CS. With the rise in EV’s penetration in the market, the chances of
sudden ingress and egress of EVs at the CS will enhance. Therefore, in this work, the
sudden ingress and egress of the EVs at the CS has been considered by the inclusion
of EV’s battery through opening and closing of switch at different intervals of time.
Here, closing of switch represents the ingress of the EV at the CS, while the opening
of switch is considered as the egress of the EV from the CS. However, switch on and
switch off intervals of battery operation are considered randomly just to represent the
ingress and egress of EVs at different intervals of time. The switching is controlled
by using programmable switch in matlab simulink by defining the turn on and turn

off time for each switch.
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5.1.1 Motivation

Numerous authors have demonstrated the role of EVs in MG. Some of them stressed
upon the importance of vehicle to grid concept [13] |15] [125]. Few authors have dis-
cussed about the feasibility to regulate MG’s frequency using EVs [89] [115]. Some
have demonstrated on the charging and discharging control of EVs placed at the CS
while meeting the load profile of MG [121] [122]. However, to the best of author’s
awareness, none of them have considered the sudden ingress and egress of EVs at the
CS while providing the frequency support to the MG through VSG mechanism. Fur-
ther, no one has considered EV batteries of different voltage ratings while providing

the support to MG.

5.1.2 Contribution

e In this chapter, sudden ingress and egress of EVs at the CS has been catered
while providing the support to the MG’s frequency through VSG control mech-

anism.

e CS has been designed to provide the frequency support to the MG, where EVs
having different battery voltage ratings ingress and egress at irregular time

intervals.

e Charging and discharging of EVs which are placed at the CS has been controlled

simultaneously to meet the load profile of MG.

5.1.3 Organization

Remaining part of the chapter is organized in the following way. Section [5.2] describes
the proposed work. VSG control strategy is elaborated in section [5.3[ . Results and
simulations are discussed in section 5.4, Summary of the chapter is mentioned in

section
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Figure 5.1: Schematic layout of the proposed work
5.2 Proposed Methodology

In the proposed work, support to MG’s frequency has been provided while considering
the sudden ingress and egress of EVs at the CS. These EVs act as both load and
energy source for the MG system. EVs arriving at the CS may have diverse SoC
levels and charging requirements of the EV owners may also differ. The EVs which
remain placed at CS for longer time span, can contribute as a source of power. On
the other hand, some of the EVs ingress and egress from the CS for charging purpose
at irregular intervals. Therefore, there is a bidirectional flow of power between CS
and MG to charge and discharge the EV batteries. Thus, if the EVs participating
in the power flow between CS and MG, ingress or egress from the CS suddenly, it
might affect the system. In order to solve this issue, CS has been designed to manage
the flow of power between CS and the MG using VSG control strategy. Through
this strategy, flow of power between MG and CS has been controlled to support the
frequency of MG. If the SoC level of EV’s battery is less than the minimum specified
SoC level, then battery acts as a load for the system and needs to be charged. On the
contrary, if the SoC level of EV’s battery is sufficiently high, then it can contribute
as a source of power for the MG for the short duration. Buck-boost converters are

designed at the CS to meet the charging needs of individual EV batteries and to
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provide support to MG by allowing the battery to discharge for a short duration. As
depicted in Fig. EVs placed at the CS are connected to a common dc bus through
dc-dc converters. These converters operate in buck and boost modes respectively to
charge and discharge the EVs batteries. However, the limitation of the proposed
system is that SoC level of few EVs which are parked at the CS must be high enough
so that they can be used to support the MG for short duration.

In this chapter, n different type of EVs (EV; to EV,,) are considered at the CS.
These EVs have a range of battery voltage ratings and are connected in parallel
with a common dc bus through bidirectional buck-boost converters. Furthermore,
the SoC level of these EVs is considered as different from each other. As shown in
Fig. it is being considered that EV; to EV,, are the vehicles which are placed
at the CS by EV owners which can participate in discharging process to support the
MG’s frequency. On the other hand, EV,,.; to EV,, are the vehicles that ingress
and egress at the CS at irregular intervals to charge their batteries. Further, at the
initial stage, it is assumed that SoC level of EV; to E'V,, is high while the SoC level
of EV,,+1 to EV, is low. This assumption has been made so that EV; to EV,, can
act as a source of power while E'V,,.; to EV,, can act as a dc load, which needs to
be charged. To accomplish the task of sudden ingress and egress at the CS, EVs
are connected with dc bus through controlled switches, which are turned on and off
at irregular intervals. Switches S; to S, remain closed throughout the simulation
period, whereas switches S, 11, Sy12 to S, open and close at irregular time intervals.
The time span for which switches are open, is considered as EVs are not placed at the
CS. The time span for which switches are closed is considered as parking period of
EVs at the CS. As the battery voltage ratings of these EVs are different, a constant
voltage V. is obtained at the dc bus through bi-directional buck-boost converters.
The parameters used for obtaining a constant voltage V. at the output of buck boost
converters are mentioned in Table Further, the output of buck-boost converters
and input of the bidirectional power converter shares a common dc link (DL). The

voltage V, across the DL capacitor acts as an input for the power converter and
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the same act as a dc bus voltage [111]. However, the sudden ingress and egress of

EVs, may lead to the variation of DL voltage. This variation in DL voltage can be

controlled through virtual inertia, which will be discussed in next section.
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Control among the buck-boost converters and the power converter connected be-
tween DC and AC bus is coordinated through DC link voltage. All the buck-boost
converters are connected in parallel and share a common output voltage with the dc
bus. The output voltage of the buck-boost converters and input voltage of the power
converter share a common dc link. The coordination between buck boost converters
and power converter is shown in Fig. [5.3] As per this figure, the virtual rotor angle
6, and the dc link voltage V. participate in the generation of control signal for PWM,
which further controls the output power of the converter. The current controller is
used to generate the Vy,r in dg frame. Based on the generated control signal, the
power converter either works as rectifier or inverter. When the load on the MG is
more as compared to the power generated by the PV array then power converter acts
as an inverter and at the same time buck boost converter works in boost mode to
control the discharging rate of EV battery. On the contrary, when power generated
by the PV array is more as compared to the load demand then power converter acts
as a rectifier and the buck boost converter works in buck mode to control the charging

rate of EV battery.

Table 5.1: Design parameters of buck-boost converter

Converter Parameter Value

For DL voltage K,,=0.02,

Buck-boost control K;,=3

converter to
get 600 V' at For battery current K,;=0.2,
dc bus control K;;=110

DL voltage V., 600 V

DL capacitor Cy 2500 puF
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5.3 Control Strategy

VSG is used as a control strategy to adjust the power flow in the system. VSG
consists of energy storage system (ESS), power converter and its control algorithm.
Bi-directional power flow between CS and the MG is managed by VSG. EVs which
ingress and egress at the CS at irregular intervals and which are placed at the CS
act as an ESS for the MG. The VSG control strategy is based on the following

equation [126).

dw,
Jw,—— = Pt — P, 5.1

where, P,y is the reference power and P, is the net power supplied or fetched by
the CS. J is the moment of inertia of the rotor and w, is the angular frequency of
the virtual rotor.

Net power supplied or fetched by EVs which are placed at the CS is given by the

following equation,
P.,=> P (5.2)

where, P; is the power supplied or fetched by individual j** EV battery and n is
considered as number of EVs at the CS. As the EVs are connected in parallel with
a common dc bus, voltage across them will be same. However, current supplied or
fetched by them varies from each other. Let I; be the current supplied or fetched by
4" EV battery. So, net current delivered or absorbed by EV batteries is mentioned

by the following equation,
L =Y_1I; (5.3)
j=1

The current, delivered and absorbed by the EV battery is assumed to be positive and

negative respectively. In this work, it is assumed that E'V; to EV,, are delivering the
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power while EV,,., to E'V,, are absorbing the power. Net power supplied or fetched

by the CS can be written as,

Pcs - Z Pdisc - Z Pchar (54)
=1

j=m+1

where, m is the number of EVs dis-charging and (n — m) is charging respectively at
the CS. Py and Py, represent the net power supplied and fetched by the batteries.
P.qr is the power fetched by (n — m) EV batteries and Py represents the power
supplied by m EVs which remain placed at the CS for long time span. During the
charging and dis-charging process of EV batteries, if (). is the charge stored in the

DL capacitor then current across it can be described as mentioned below,

W hatt) ~ 101 )

where, I;,(t) is the net current supplied or fetched by EV batteries and [;(t) is the
remaining current flowing towards the power converter at time sudden ¢ respectively.

The charge stored in the DL capacitor can be described as below,

where, Cy is the capacitance and V, is the voltage of the DL capacitor. As the Cj is
fixed and V, is variable in nature, the Eq. (5.7) can be formulated using Eq. (5.5)

and Eq. (5.6).

dv.
Cy e Lt (t) — (1) (5.7)

From Eq. (5.7), the dynamic equation of the DL voltage can be written in the

following way,

dv,
Cd‘/c% = ([tot(t) - [l(t))‘/c = Pcs - Pout (58)
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where, P, is the power supplied by converter to the load at AC side. Eq. (5.8)
is similar to the Eq. (5.1) and by comparing these two equations the Eq. (5.9)) is

obtained as follows,

dV.. dw,
CaVergr = Jun=g,

(5.9)

where, Cy and V, correspond to J and w, respectively. By integrating both sides of

Eq. (5.9), the Eq. (5.10) and Eq. (5.11) can be obtained as follows,

dv. dw,

1 1
5Cdvf + K, = §Jw2 (5.11)

T

Value of K can be find out by considering the initial states of V, and w, respectively.
Loy 1 2
Kl = §on — 5061‘/00 (512)

where, w, and V,, is the reference angular frequency and required DL voltage
respectively. By substituting the value of K; in Eq. (5.11]), the expression for virtual

inertia can be obtained using following equations,

1 1 1 1
OV 4+ —Jw? — =, V2 = = Juw? 5.13
5 CaVe + 5w, — 50V, = S Juy (5.13)

Further by rearranging Eq. (5.13)), the new equation can be obtained as follows,
Ca(V = Vo) = J(wy — wy) (5.14)

From Eq. (5.14)), the expression for J can be written as,

(V2 =V2)

(w} — w3)

J (5.15)
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Eq. indicates that V. varies in the same proportion as w,. J indicates the
amount of virtual inertia required to maintain the DL voltage.

Due to the sudden ingress and egress of EVs at the CS, DL voltage may vary.
Variation in DL voltage further leads to change in frequency of the system [127].
This variation in DL voltage can be controlled through virtual inertia. Based on the
virtual rotor angle 6, which can be obtained by solving the Eq. , and dc link
voltage V,, a control signal is generated for PWM for controlling the power converter

in both inverter and rectifier mode.

5.4 Results and Discussion

This section illustrates the simulation results, which are based on the bi-directional
flow of power between CS and MG. EVs parked at CS has been used for charging and
to provide support to the MG when transients arise in the frequency of the system.
In this work, total number of EVs considered are n = 6. Out of these, the number
of EVs that remain parked at the CS for long duration are considered as m = 2.
However, the number of EVs that ingress and egress from the CS at regular intervals
are n —m = 4. Further, one PV array is considered that can deliver a peak power of
10.7 kW. Load profile of the MG is met by both CS and the PV array.

Battery voltage rating of these six EVs (EVy, EV,, EVs, EVy, EVs and EVg) is
considered as 375 V', 330 V, 300 V, 275 V', 230 V' and 300 V respectively. Voltage of
600 V is obtained the dc bus using buck-boost converters. Moreover, it is assumed
that E'Vi; and EV, are the vehicles which are parked at CS by EV owners which
can be used for providing the energy for short duration. Whereas, EV3, EV,, EVj
and E'Vg are the vehicles that ingress and egress at the CS at regular intervals. SoC
level of these EVs is different with respect to each other. Further, it is assumed that
SoC level of E'V; and E'V5 is higher than the EVs that ingress at the CS. However,
SoC levels of EVz, EV,, EVs and EVj is considered as 20%, 30%, 40% and 45%

respectively. This assumption has been made so that E'V; and E'V5 can participate in
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the frequency support process of MG when it is required, while EV3, EV,, EV5 and
EVg can act as a load and needs to be charged. Case studies have been performed to
observe the effect of load change in MG and ingress/egress of EVs at the CS, on the
frequency of the system. Further, it has been discussed that the frequency of system
can be supported by adjusting the charging and discharging rate of EVs parked at
the CS. The time interval of ingress and egress of EVs at the CS is mentioned in
Table [5.2] and Table[5.3] The parameters of the considered system are given in Table
5!}

5.4.1 Case 1: Change of load on MG while catering the

ingress/ egress of EVs at the CS

In this case, ingress and egress of EVs at the CS has been catered while maintaining
the frequency of the MG. For this purpose, six EVs are considered at the CS, out of
which two EVs (EV; and EV3) having high level of SoC are assumed to be parked
at the CS to participate in MG frequency support. Whereas, EVs having low SoC
levels ingress at the CS to charge their batteries. In the considered case, E'V; and
EV; having SoC level of 95% and 90% respectively remain parked at the CS for long
duration. However, EV5 and EVy having SoC level of 40% and 45% ingress at the CS
at t = 0 sec while EV3 and E'V) having SoC level of 20% and 30% ingress at t = 5
and t = 10 sec respectively. Moreover, EV5 and EVg egress from the CS at t = 25
and ¢ = 20 sec respectively. As depicted in Fig. [5.4] as the EV3 and EV} having low
SoC levels ingress at the CS they start charging. However, their charging rate gets
affected at ¢t = 15 sec when the load on MG varies from 6 kW to 11 kW.

Due to the load profile of MG, its frequency differs from the reference value. As
shown in Fig. [5.50, at ¢ = 15 sec, frequency of the system deviates. However, this
deviation in frequency is minimized using VSG mechanism by extracting power from
the CS. As shown in Fig. the rate at which £V} and EV, were discharging is

increased at t = 15 sec to meet the load demand of MG. Concurrently, the rate at
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Figure 5.5: (a) Frequency deviation in the MG. (b) Power released or consumed by
the CS

which EV5 and EVg were charging also gets affected. As a result, CS delivers the
required power to the MG by adjusting the charging and discharging rate of EVs. As
per Fig. [5.5b, power consumed by the CS is 3.6 KWW when load on the MG is 6 kW
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As the load on MG is increased to 11 kW, EV; and E'V; start discharging at a faster
rate and CS delivers a power of 1.2 kW. Hence, the power requirement of loads on

the MG and EVs at the CS has been managed simultaneously.

5.4.2 Case 2: Change in load on MG while considering no

movement of EVs at the CS

In this case, load on the MG is changed at regular intervals while EVs are considered
to be remain parked at the CS. As depicted in Fig. p.6] £V, and EV; are considered
as vehicles which can participate in the frequency support process of MG. On the
other hand, EF'V3, EV,, EVs and EVg having different SoC levels, ingress at the CS at
t = 0 sec and act as a dc load for the system. Load on the MG varies at t = 12 and
t = 20 sec from 6 kW to 8 kW and from 8 kW to 10 kW respectively. Due to these
variations in load demand on MG, frequency of the system differs from its reference
value. As illustrated in Fig. [5.7u, frequency of the system tends to deviate from its
reference value at ¢t = 12 and t = 20 sec respectively. However, these deviations in
frequency are minimized by adjusting the charging and discharging rate of EVs. As
depicted in Fig. [5.6] with the increase in load at t = 12 and ¢ = 20 sec, EV; and EV;
start discharging at a faster rate while charging rate of EV5, EV,, EV5 and EVj is
reduced at the same instant. However, charging and discharging rate of EVs attain
the steady state after a minor change in their charging and discharging slopes.

Fig. p.7p, represents the power released or consumed by the CS due to load
variations in the MG. In the beginning, when the load on the MG is of 4 kW and the
power generated by PV array is of 10.7 kW, CS absorbs a power of 6 kW. However,
when the load on MG varies at t = 12 sec from 4 kW to 6 kW, power consumed by
the CS is reduced to 4 kW. Further, as the load on MG varies from 6 kW to 8 kW,
power consumption by the CS is reduced to 1.9 kW to provide the frequency support

to the system.
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Table 5.2: EV specifications at CS for Case 1

Vehicle Initial Battery

Ingress and

SoC voltage egress inter-
of rating val of EV at
bat- CS
tery
EV, 95% 375V Parked at CS
for long dura-
tion
EV, 90% 330 V Parked at CS
for long dura-
tion
EV; 20% 300 V Ingress at CS
after 5 sec
EV, 30% 275V Ingress at CS
after 10 sec
EVj 40% 230 V Egress  from
CS after 25
sec
EVy 45% 300 V Egress  from

CS after 20

sec

Table 5.3: EV specifications at CS for Case 3

Vehicle Initial Battery

Ingress and

SoC voltage egress inter-
of rating val of EV at
bat- CS
tery
EVy 90% 37V
All the EVs
EVy 85% 330V ingress after
16 sec
EVj 20% 300V
EV, 25% 275V
EV; 30% 230V
EVg 40% 300 V

83



CHAPTER 5.

95

94.76 !
94.74
94.72

20021 22

VSG MECHANISM FOR CATERING UNEXPECTED EVS 84

| 30.04t 30.022B\ /
30.02 =
1 30,018
14 —— ]

948l 94.86
sa ¢ %002 S B
94.82 §0-03 EV4
94.6 b L1213 14 . . 3 30 | | | | 20 21,22 4
0 5 10 15 20 25 30 0 5 10 15 20 25 30
90 80.945

(%)

89.94
89.935

a0 21 22 40'05;//12_}5/
| ~ 40 i i I I 20 21

T T T T T
40.1 40.054
40.052
40.05

40.075 +

08995 = 89.965
12 13 14 il
899t L L L L
0 5 10 15 20 25 30 0 5 10 15 20 25 30
20.04 F w w w = 45.04 : ‘ : : ‘
2002 | 20014 /_\1’/ 45.02 | #5014 5026 1
12 13 14 20.026 E 12 13 14 5924
EV3 20.024 :
20 o 45.022
I I 0 22z 45 I I I I 20 21, 22
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (sec)

Figure 5.6: Charging and discharging of EV batteries during change in load on MG
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Power released or consumed by the CS

5.4.3 Case 3: Sudden ingress of EVs at the CS

In this case, it has been considered that two EV are parked at the CS. which are

not participating in the MG support at the initial stage. Moreover, at this stage,



CHAPTER 5.

VSG MECHANISM FOR CATERING UNEXPECTED EVS

Table 5.4: Parameters of the considered system

Parameter

Value

Line voltage V7,
Base power S,

Frequency f

Switching frequency f

400 V

50 Hz

10 kW

10 kHz
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load demand of the MG is balanced by the power delivered by the PV array only.

However, after some time, few EVs, having different SoC levels, suddenly ingress at

the CS. These EVs having low SoC levels and ingress at the CS for charging purpose.

Due to the sudden ingress of all these EVs at the CS for charging purpose, frequency

deviation occurs in the system.
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I
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This deviation in frequency is minimized through VSG mechanism by extracting

power from the EVs which are already parked at CS and have high SoC levels. As

depicted in Fig. 5.8 EV; and EV; having SoC of 90% and 85% are parked at the CS

but not participating in discharging process of EV batteries because the load demand

of MG is already balanced by the PV array. Whereas, few EVslike EV3, EV,, EV5 and

EV; having SoC levels of 20%, 25%, 30% and 40% respectively suddenly ingress at the

30
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Figure 5.9: Frequency deviation in the system due to sudden ingress of EVs at the

CS

CS at the same time instant t = 16 sec. As depicted in Fig. this sudden ingress
of all EVs at the same time leads to frequency deviation in the system. However,
this change in frequency is minimized through VSG mechanism by extracting the
power from EVs which are already parked at the CS. Thus EVs parked at the CS
participates in the MG’s frequency regulation process by behaving as a source of

power.

5.5 Summary

This chapter focuses on the concept to cater the sudden ingress and egress of EVs at
the CS while supporting the MG’s frequency. Some EVs are assumed to be parked
at the CS. On the other hand, few EVs are considered to ingress and egress at the
CS at irregular intervals. Smart CS has been designed, where EVs having a range
of battery voltage ratings with diverse SoC levels are parked at the CS. The EVs
which are parked at the CS for long duration by EV owners are participating in
the charging and discharging process of their batteries to support the frequency of
MG. In this work, six EVs have been considered at the CS. Out of these, two EVs
are parked at CS which participate in charging and discharging process and rest of
the EVs ingress and egress to charge their batteries. VSG control strategy has been
adopted to balance the load demand of MG by adjusting the charging and discharging

rate of EVs present at the CS. Three case studies have been performed to justify the



CHAPTER 5. VSG MECHANISM FOR CATERING UNEXPECTED EVS 87

frequency support to MG using EVs that are parked at CS and which ingress and
egress at irregular intervals. From the results it has been concluded that frequency
support to MG can be provided by managing the charging and discharging rate of

EV batteries through VSG mechanism.



Chapter 6

Handshaking of CSs through VSG

In today’s scenario, frequency regulation is the main concern in islanded Microgrids
(MG). This concern of frequency in MG can be sorted out in various ways. Several
authors have used different strategies to support the MG’s frequency. Handshaking
of charging stations (CS) among each other through proper control mechanism can be
one of the approach to sort out fluctuation of frequency in MG. This process of hand-
shaking resembles with the interconnected two or multi area system, where different
interconnected systems co-ordinate with each other to maintain the frequency of the
system [128]. In this chapter, novel handshaking process among multiple CS has
been carried out by using virtual synchronous generator (VSG). These multiple CS
co-ordinate with each other to accomplish the handshaking process by controlling the
charging and discharging of electric vehicle (EV) batteries through VSG mechanism.
Fleet of EVs placed at these CS act as an energy storage device for MG. Aggregator
plays a role to collect the information from multiple CS about the charging require-
ments of the EVs. EITO accomplish the process of handshaking, simulations have been
carried out in MATLAB simscape by considering the different case studies. In these

case studies, diverse fleet of EVs are assumed to be deployed at the CS. From the

IThe content of this chapter is taken from:

e K. Dhingra, M. Singh, “Handshaking of VSG with charging station to support the frequency
in microgrid,” in Electrical Engineering, Springer, vol. 102, pp 2349-2362, June 2020, DOI:
10.1007/s00202-020-01029-z
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simulation results, it has been observed that each individual EV deployed at the CS
participate in the charging and discharging of their batteries to achieve the process
of handshaking and hence to provide the support to MG’s frequency through VSG

mechanism.

6.1 Introduction

Nowadays, intake of EVs in the market is increasing day by day. Even governments
are providing sufficient amount of incentives to the customers to promote the growth
of EVs. However, most of the time they remain in idle state. Moreover, in day to
day life they remain parked in the shopping malls, cinema halls and office buildings.
This parking duration of EVs for which they are in idle state can be used for pro-
viding energy to the MG. These vehicles can be used for the energy management
schemes [129] [130] |131] by integrating them with the commercial buildings, houses
and CS. With the use of EVs, emission of harmful gases can be reduced to a large
extent in both the transportation and power sector. Batteries of EV can be used in a
bidirectional way through vehicle to grid (V2G) and grid to vehicle (G2V) techniques.
EVs as an ESS can be used for the power management [82] in MG , thus they can

be used for providing the ancillary services to the MG.

Several authors have explored the concept of charging of EVs using RES. More-
over, burden on the conventional sources can be reduced by charging the EVs using
PV arrays. Traube et al. [132] proposed a scheme through which power fluctuation in
MG due to intermittent nature of PV array can be minimized using the EV battery.
Authors have designed a buck-boost converter connected with the dc bus and an
EV battery to control the output power of inverter and to support MG’s frequency.
Bhatti et al. |104] have explained about the day time charging of EVs using the PV
array in case of stand alone MGs. Sujitha et al. [133] have discussed about the differ-

ent type of power converters which can be utilized in stand alone and grid connected
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MGs for the coordination between RES and EVs. Gao et al. [134] have demonstrated
vehicle to grid concept for energy management between EVs and RES. Authors have
elaborated, the gap between power generation and load demand can be minimized
at a quick rate by deploying EVs in the system. Zhu et al. |135] discussed about the
role of EV aggregator in regulating the MG’s frequency. Authors have considered
the large penetration of EVs in the frequency regulation process of MG. However,
authors have not considered the EVs as a load while regulating the frequency of MG.
Yao et al. [80] have elaborated the real time charging of EVs placed at the parking
station. Kaur et al. [136] have demonstrated on the use of aggregator to provide
support to the grid frequency using EVs. Authors have explained, that the charging
and discharging rate of EVs can be controlled while providing the frequency support
to grid. Some authors have focused on the mobile behavior of EVs as a flexible load
as well as the source of power, these authors have talked about the role of CS in the
system. Authors suggested that by deploying EVs at the CS, power fluctuations in
the MG can be reduced to a large extent which arises due to the intermittent nature
of RES.

Some authors have illustrated the importance of CS in maintaining the MG’s
frequency to its actual value. Sometimes, it may be difficult to meet the load demand
of MG by using EVs parked at single CS, in such a case multiple CS can be used to
balance the load demand of MG. Energy can be withdrawn or delivered to the CS as
per the requirement of the MG. Thus, EVs placed at the CS can participate in the
frequency regulation process of MG by balancing the load demand [137]. EVs placed
at the CS can be charged to a high value during off peak hours of the MG and can
deliver the energy back to MG during peak hours. In this way, EVs can be utilized

to balance load demand and hence, to regulate the MG’s frequency.
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6.1.1 Motivation

Several authors have discussed about the power management of MG using CS. Some
authors have elaborated the PV assisted CS to meet the load demand of commercial
buildings [138] [139]. Some of the contributors have illustrated the importance of CS
to support the frequency of stand alone MGs. Various researchers [125] [140] have
used EV based droop control techniques to support MG’s frequency. Few researchers
[62] [141] have implemented VSG control on single power converter to regulate MG’s
frequency. However, none of them considered the handshaking of CS with VSG to
support the MG’s frequency. In this work, handshaking of VSG with multiple CS
has been proposed to maintain the MG’s frequency and to meet the charging needs
of EVs. Multiple CS share the power with each other through VSG mechanism to

accomplish the process of handshaking and hence to support the MG’s frequency.

6.1.2 Contribution

e Multiple CS co-ordinate with each other through VSG mechanism to meet the

charging needs of EVs.

e Frequency of the MG has been supported through handshaking process of CS

among each other.

e Reliability of the system does not get affected even if one of the power converter

fails to operate due to any fault.

6.1.3 Organization

This chapter is organized in the following way. Section [6.2] elaborates the proposed
methodology. Control strategy of the work is mentioned in Section Obtained
results are analyzed in Section Summary of the chapter is described in Section

6.5
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6.2 System Framework

In the proposed work, a system is considered, which consists of multiple CS, power
converters and PV array. CS considered in the system is a combination of buck
boost converters and fleet of EVs. Three different CS have been considered in the
system and each CS is connected with a common dc bus. CS is a venue where EVs
can meet their charging requirements. Furthermore, the owners of EVs can allow
the participation of their vehicles in discharging process also for short duration to
satisfy the load profile of MG in peak hours. The owners of EV can get various
incentives for allowing their vehicles to participate in discharging process at the CS
[70]. Buck-boost converters present at the CS can allow the EV battery to charge
or discharge by working in buck and boost mode respectively. In this way, EVs can
behave both as load as well as source of energy for the MG. CS can be installed
at various locations like parking of industries, basement of shopping complexes and
office buildings. Moreover, at these locations vehicles are parked in abundance so
charging and discharging operation of EVs can be easily performed to provide the
support to the MG. However, the limitation of the proposed system is CS must not
be located too far from each other to ensure the proper handshaking process among

them.

Coordination

Aggregator

Figure 6.1: Coordination of charging station with aggregator
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6.2.1 Coordination of Charging Station with Aggregator

Aggregator behaves as an interface between CS and the MG. EVs parked at CS be-
have as flexible loads and work in close coordination with aggregators and CS. The
information related to the state of charge (SoC) of the EVs parked at the CS is pro-
vided to the aggregator to meet their charging and discharging demands. Further,
as per the SoC value of EV, it is analyzed that what amount of power can be taken
from the EVs parked at the CS. These fleet of EVs accomplish the charging and
discharging operations as per the requirements of MG. As per Fig. [6.1] each CS
exchanges the information with aggregator about their charging requirements. Ag-
gregators plays a role to regulate the charging (C), and discharging (D) rate of EVs
while accommodating their energy demands. Aggregator sends a signal among the
CS to receive or deliver the power as per the requirement of the system. CS shares

the load among each other to satisfy the load demand of MG.

6.2.2 Control mechanism

In this system, it has been considered that multiple CS in coordination with the power
converters behave as a VSG. As depicted in Fig. [6.2, all the VSGs are connected
with a single AC bus to accommodate the load demand of the system. VSG controls
the power converter to manage the bidirectional power flow in the system. Both the
PV array and the CS operate in parallel with each other to meet the load demand of
the system.

As per the considered system, buck boost converter and power converter behaves
as an intermediate between PV array and CS. PV array delivers the fixed amount of
power, however due to the change in load on the considered system, power delivered
by the CS keeps on changing. When there is a mismatch between the power generated
by the RES and load demand of the MG then frequency deviation in the system will
occur. This frequency deviation is compensated through aggregator by sending a

signal to the CS to supply or fetch the power. When the MG’s frequency increases
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Handshaking among CS through VSG
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Figure 6.2: Schematic diagram of the proposed system

from its nominal value then the aggregator sends a signal to the CS to fetch the
surplus power and charge the EV batteries. On the other hand, when MG’s frequency
decreases to a value less than the nominal value then aggregator sends a signal to the
CS to supply the power and to accommodate the load profile of MG.

The logic behind the power management in MG is the virtual inertia which is
extracted in the form of energy through dc link capacitors. However, while consid-
ering the parallel operation of the VSG for each CS, equivalent inertia for the whole
system is taken into account. On the other hand, angular frequency for each VSG is
considered to remain same. In case, there is a difference between load profile of the
system and power produced by PV array then CS supplies/fetches the power to/from
the MG. Buck-boost converter operate in both the buck mode and boost mode to
charge and discharge the battery respectively. VSG control mechanism governs the
power converter to manage the flow of power in both the directions. Power converter
acts both as a rectifier and an inverter. As a rectifier, power converter charges the

battery, on the other hand as an inverter, power converter helps the battery to op-
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erate in discharge mode. With the variation in the load demand of MG, the power
delivered or fetched by CS changes. Charging and discharging of EVs has been taken
care of through the coordination of multiple CS among each other. As the EVs are
mobile in nature they can serve the MG both as load and source of power. Based on
SoC level of each EV it can participate to provide support to MG’s frequency. The
owners of EVs can get incentives for the participation of their vehicles to provide
power to MG during peak hours. Handshaking process works as a distributed con-
trol strategy where, number of power converters operate in parallel with each other.
Each power converter behaves as a VSG. Moreover, it can be described as a system
where number of VSG operate in parallel with each other. The main advantage of
the proposed system is that the reliability of the MG will not be affected even if one
of the VSG fails to operate. If any power converter gets faulted then the other power
converters keep on sharing the power to maintain the frequency of MG.

Control strategy of the considered system has been represented by Fig. 6.3l As
per this figure, current controller, voltage controller and droop control perform var-
ious functions. Whereas droop control generates the reference V; and V', voltage
controller produces reference Ij and I;. For the current controller 1, I, I and I, are
used as an input parameters. The signal Vj, is generated by using current controller,
which is further used as an input to generate control signal for PWM. Virtual rotor
angle 6, is generated by using the VSG control strategy, the dc link voltage V. and
Vaq generated using current controller, all these parameters act as an input signal
for the generation of control signal for PWM. Further, the PWM controls the power
converter based on the input parameters of control signal generation. In this way the
dc link voltage of the CS coordinates with the VSG control to manage the flow of
power in the system. The generation of virtual rotor angle 6, has been explained in

the mathematical formulation section of this chapter.
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Figure 6.3: Control strategy of power converter

6.3 Mathematical formulation

In this section, control mechanism related to charging and discharging of EVs has
been discussed while maintaining the load demand of the considered system. This
strategy can be applied on n number of VSG operating in parallel and share the power
distribution among CS and the MG. VSG behaves as an intermediate between EVs
and MG. Handshaking of the VSG with CS has been taken into account to support
the MG’s frequency. Virtual inertia to the system has been provided by using the
swing equation as follows, which is written separately for each CS.

Swing equation for the system related to the C'S; is illustrated as,

d
P, — Pry = APy, = led—l;’ (6.1)
For C'S,
dw
P082 - Pref = Avagz - ng— (62)

dt
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For CS,,

dw
Pcsn - Pref = Avagn = an% (63)

Where, P.,, P., and P. is the power delivered by the C'S;, C'S; and CS,
respectively. P,.¢ is the reference power for each converter. J;, J, and J, is the
virtual inertia for each VSG and Cg—’f is the rate at which angular frequency changes.

The net active power shared by CS through handshaking with VSG to balance

the load demand of MG is expressed in the following way,

AP = AP,z5 + APygqy ....... + AP, (6.4)

Further, Eq. (6.4)) can be written in the following way,

dw dw dw
AP = le% + JQU}E ....... + Jyw— (6.5)

Eq. (6.5)), can be further rearranged as,

From Eq. , the following expression can be written as,

d
AP =P, — P = Jeqvwd—;” (6.7)

From Eq. , the expression for the rate of change of angular frequency can be

written as,

dw Pcs - Pref
i (6.8)

Where, P, is the net power supplied or fetched by the EVs placed at the CS which
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can be positive or negative. Virtual angular frequency w is calculated from the above
mentioned equation. Emulation of virtual inertia means the power converter to hold
or deliver the required amount of energy based on the fluctuations in frequency from
its base value. Where, J,, can be represented as,

2H
w?

Jequ = Sh (6.9)

Where, H can be represented as an inertia constant while S,, represents the rated

power of system. Reference power of the system can be represented by,

P., — (Aff%, If P, is negative.
Pref = - (610)
P., + %, It P is positive
Where,
-Pload - P, v
Af = __load  “pv 6.11
f Pcs + -Pload ( )

Let us assume, P, is the amount of power required from the CS to minimize the
frequency fluctuation Af. This P,., can be either positive or negative. If it is positive,
then aggregator will send the signal to the CS to fetch the power, otherwise to deliver
the power. P,.; is the amount of power to be delivered by the power converter in
either direction to minimize the fluctuation in frequency. Where, A f is the deviation
in frequency due to the change in load demand of the system, f,,,, is the nominal
frequency of the system. P44 is the load on the system, P., and P,, is the power
released by CS and PV array respectively.

Using Eq. and Eq. , the expressions for two cases can be derived.
Case A. When power is delivered by the CS, the expression for change in angular

frequency can be written in the following way;,

dw Pcs_(Pcs_%>
r T (6.12)
equ
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Further, simplified form of Eq. (6.12)) can be expressed in the following way,

dw  Af* P

—_—= 6.13
dt Jeqvw * fnom ( )

Case B. When power is fetched by the CS, the expression for change in angular

frequency can be written as,

dw Pcs—(PCS"{'%)
equ

Further, Eq. (6.14) can be rearranged in the following way,

dw Af Py
=L e 6.15
dt Jeqvw * fnom ( )

The main parameter on which the power sharing among VSG depends is angular
frequency w. With the change in Af the rate of angular frequency changes, due to
which power delivered by the converter also changes. By solving Eq. , w is
obtained, which is further used to find out the virtual rotor angle 6, of the system

as per the following equation

t
0o = /wdt (6.16)
0

This virtual rotor angle is further used to control the power converter to manage
the bi-directional movement of power in the system. However, the considered system

is just an approach for the analysis purpose.
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6.4 Results and Discussion

In this work, the proposed system consists of multiple CS, where each CS shares the
power to minimize the frequency fluctuation of MG. Handshaking among CS takes
place through VSG to balance the MG’s load profile. EVs parked at these CS play a
crucial role to balance the MG’s frequency. These EVs with the help of VSG control
either contribute or fetch the power to and from the MG to minimize the gap between
power generation and load demand. Through VSG mechanism, EVs send the power
to MG during peak hours and absorb the power from MG during off peak hours
respectively. Simulations have been carried out in MATLAB Simulink to analyze the
results. Through these simulations, it has been observed that each CS contributes
for power management through VSG control to stabilize the MG’s frequency. For
the simulation purpose, three CS have been considered, further diversity of EVs is
assumed at the CS. Two case studies have been performed to observe the participation

of CS to support the MG’s frequency through VSG control.

6.4.1 Casel

In this case, it has been assumed that the four EVs are parked at each CS which can
participate in the frequency support of MG. The EVs which have less SoC, arrived at
the CS for charging purpose. On the other hand, EVs which are already parked at the
CS and have high SoC contribute as an energy source to balance the load demand of
MG. Here, in this case EV; to E'V, are the EVs which are parked at C'S;. Moreover,

1

EV/ to EV, are parked at C'Sy and EV]" to EV," are parked at C'Ss. These three
CS co-ordinate with each other to meet the charging needs of their respective EVs.
The EVs those have low SoC level can charge their batteries on the other hand, EVs
having high SoC participate in discharging process to meet the load demand on the
MG side. As depicted in Fig. EVi, to EV3 have SoC level of 92%, 85% and 90%,
deployed at the C'S; participates in the power sharing process. On the other hand,

EV, having SoC of only 20% starts charging at the same time.
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Figure 6.6: EVs deployed at the C'S; for participation in charging and discharging
process

Similarly, as illustrated in Fig. [6.5] and Fig. [6.6] the charging and discharging
of the EVs commences which are parked at C'Sy and C'Ss. EV, to EV, and EV,",
EV,” having low SoC level of 40%, 45%, 30%, 20% and 65% starts charging. On
the other hand, EVln, EV{” and EV}:" having high SoC level of 90%, 95% and 85%



CHAPTER 6. HANDSHAKING OF CSS THROUGH VSG 102

T T T T T
50.3 -
N L _
N 502
N—r
2 501 -
c
g =50
o
I 499 -
498 -
| | | | |
5 10 15 20 25 30

Time (secs)

Figure 6.7: Frequency of the system

89.1
100 %2 85 90
80
S
g 60 20.56
wmv
40 20
20
0
EV1 EV2 EV3 EV4
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82.18 87.16

starts discharging to accommodate the sudden increase in load demand of MG. As
depicted in Fig. Fig. [6.5] and Fig. due to the change in load demand of MG,

" "

there is slight reduction in the charging rate of EV,, EV, to EV,, EV, and EV,

"

respectively. However, D rate of EV; to EVs and EV,', EV," and EV, increases at
the same time. Zoomed portion of Fig. Fig. and Fig. [6.6] clearly shows the
change in C' and D rate of the EVs which are parked at the CS. From these results, it
is very clear that, EVs deployed at the multiple CS co-ordinates the power exchange
through VSG mechanism, while meeting the load demand of MG.

Fig. Fig. and Fig. [6.10] shows the change in SoC levels of EVs when
different CS coordinate with each other through VSG mechanism. As per Fig. [6.8]

the SoC level of EV; parked at C'S; changes from 92% to 89.10% within 30 secs of
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EV1"

simulation, whereas the SoC level of EV; and EV3 changes from 85% to 82.18% and
from 90% to 87.16% respectively. On the other hand, SoC level of EV} is increased
from 20% to 20.56%. This change in SoC takes place to satisfy the load demand of
MG during load change and to meet the the charging needs of EVs which have low
SoC levels. Similarly, as per Fig. the SoC levels of EVs parked at C'S; change
in the following way. SoC level of EV,’, changes from 90% to 87.16% while the SoC
level of EV, , EV; and EV, change from 40% to 40.56%, 45% to 45.56% and 30%
to 30.56% respectively within 30 secs of simulation. Further, Fig. [6.10, represents
the change in SoC levels of EVs parked at the C'S3. As per this figure SoC level of

EV/" and EV," decreases from 95% to 92.16% and 85% to 81.04% respectively. On
the other hand, SoC level of EV, and EV, increases from 20% to 20.56% and 60%
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Table 6.1: Parameters of the system

Parameter Value
DC bus voltage for 600 V
CS

Line to line voltage 400 V
Vi

Battery voltage rat- 230 V
ing of EV

Maximum power de- 10.7 KW
livered by PV emula-

tor

Frequency f 50 Hz

to 60.56% respectively. These changes in SoC levels of EVs at the CS represent the
handshaking of CS among each other to support the MG’s frequency through VSG

mechanism.

6.4.2 Case 2

In this case, dynamic behavior of EVs at the CS is considered while the handshaking
process takes place among CS. Switching of EVs has been done for considering the
dynamic behavior of EVs. Here, EVs parked at the different CS, arrive and depart
from the CS at random intervals of time. It is assumed that some EVs remain parked
at the CS for long duration while others arrive and depart at random intervals. From
the results, it has been verified that all the three CS do handshaking among each other
through VSG mechanism to meet the load demand of MG and satisfy the charging
needs of other EVs. In this case, four EVs are assumed to be deployed at each CS.
However, it is assumed that for C'S;, EV;, remains deployed at the CS upto 26" sec
of simulation time and departs after that.

On the other hand, EV, to EV} arrive at the CS at different intervals of time.

EV; arrives at the beginning, while EV3 and EV} arrive at 2" sec and 10" sec of
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Figure 6.11: Dynamic behavior of EVs at the C'S;
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Figure 6.13: Dynamic behavior of EVs at the C'Ss

simulation time respectively. Similarly for C'Sy and C'Ss, EV," and EV; , EV," and
EV," remain deployed at the CS for all the time, while EV, and EV, both arrive at
the CS at 5 sec of simulation time. Moreover, EV," and EV, depart at 24'" and
26" sec respectively.

During the handshaking process of CS among each other through VSG mechanism,

all the CS share the flow of power in the system. As depicted in Fig. |6.11] when one
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EV having high SoC level is departed from the C'S; at the 26" sec, then more power
is shared by the EVs which are parked at C'Sy and C'S3. As shown in Fig. [6.11] Fig.
and Fig. [6.13] when the E'V;, which is in discharging state and deployed at C'S;
departs from the CS at the 26 sec then the discharging rate of EV;’, EVg’, EV," gets
increased at the same time to balance the load demand of MG. This management
of change in discharging rate occurs due to handshaking process of CS among each
other through VSG mechanism. Further, as depicted in Fig. [6.11] when the EV3 and
EV), arrives at the C'Sy, at 2"¢ sec and 10" sec of simulation time, the charging of
their battery commences. Similarly, as shown in Fig. [6.12 and Fig. [6.13] when the
EV,, EV, and EV, arrive at the C'Sy and CSs, the batteries of these EVs starts
charging. It can be depicted from Fig. that frequency of the system changes due
to the change in load demand of the system. However, this fluctuation in frequency is
minimized through handshaking process of multiple CS by sharing the power among
each other. This process of power sharing takes place through VSG mechanism by
managing the charging and discharging rate of EVs which are parked at different CS.

Fig. 16.14] Fig. and Fig. [6.16] represents the value of SoC at the arrival time
and at the departure time of EV. During the considered simulation period, some EVs
gets discharged to meet the load demand of MG, while other EVs which arrive at the
CS for charging purpose, charge their batteries. These figures represent the initial
and final value of SoC of EV battery. Fig. [6.14] indicates the charging of three EVs,
EVy to EVy respectively. Whereas initial and final SoC value of EV; varies from
40% to 41.08%, for EV3 it varies from 45% to 46.08% and for EVj, it varies from
30% to 30.72% respectively. On the other hand, E'V; participates in the frequency
support process and its SoC changes from 91% to 81.04%. Similarly as depicted in
Fig. , SoC of EV," and EV; decreases to 81% from 95% and to 74.2% from
90% respectively. On the other hand, SoC of EV; and EV, increases from 20% to
20.96% and from 30% to 30.96% respectively. Fig. [6.16| shows the participation of

"

EV] to EV}:N in handshaking process while providing the support to MG’s frequency.

Whereas, EV," parked at the CS for charging the battery, gets charged upto 21.12%
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from 20% within 30 seconds of simulation time. As per this figure, the SoC of EV]

108

"

to EV, decreases while the SoC level of EV," increases.

Table 6.2: Specifications of EVs For Case 2 at C'S;
EV Initial SoC Status of EV
of EV
EV, 90% Depart from C'S;
at 26" sec
EV, 45% Arrive on C'S; at
2th sec
EV;y 40% Remain parked
at the CS;
EV, 30% Arrive on C'S; at
10" sec
Table 6.3: Specifications of EVs For Case 2 at C'S
EV Initial SoC Status of EV
of EV
EV/ 95% Remain parked
at the CSs
EV, 85% Remain parked
at the C'Sy
EVy 20% Arrive at C'S; at
5t sec
EV, 30% Arrive at C'S; at
5% sec
Table 6.4: Specifications of EVs For Case 2 at C'S5
EV Initial SoC Status of EV
of EV
EV,” 95% Remain parked
at 053
EV," 92% Remain deployed
at 053
BV, 85% Depart from C'S;
at 24" sec
EV,” 20% Remain parked

at 053
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6.4.3 Case 3

In this case, the variation in irradiation level of the PV array has been considered
to observe its effect on the charging and discharging behavior of EVs while parked
at the CS. As illustarted in Fig. [6.17] the irradiation level of the PV array has been
changed from 1000 w/m? to 600 w/m? at 18" sec and again from 600 w/m? to 1000
w/m? at 22" sec. In the considered case, load of the system is assumed as constant
and only the irradiance level of the PV array has been varied. From the results, it
has been observed that the D rate of EVs changes at 18" and 22" sec, when the
irradiation level of PV array changes. As depicted in Fig. [6.18 Fig. [6.19| and Fig.

"

the charging rate of EVy, EV, , EVy , EV, , EV, and EV," reduces at 18" sec
when the irradiation level changes from 1000 w/m? to 600 w/m?. Further, at 22
sec when the irradiation level changes again from 600 w/m? to 1000 w/m?, the C

rate of the EVs rises again.
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Figure 6.17: Change in the Irradiance of PV array
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Figure 6.18: Effect of change in Irradiation level of PV array on the EVs parked at
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Figure 6.20: Effect of change in Irradiation level of PV array on the EVs parked at

CS;

Fig. Fig. [6.22] and Fig. [6.23] illustrates the variation in SoC of EVs parked

at the CS during change in the irradiation level of PV array. As illustrated in Fig.

6.21], the SoC level of EV;, EV, and EV3 changes from 92% to 89.97%, 85% to 83.04%

and 90% to 87.97% respectively. On the other hand, the EV, changes from 20% to

20.44%. Similarly, Fig. and Fig. [6.23], depicts the changes in SoC levels during

handshaking process among CS, while considering the variation in irradiation level

of PV array.

30
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Figure 6.21: SoC of EVs parked at C'S; during change in irradiation level of PV array
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6.5 Summary

This chapter focuses on the power sharing among different CS through VSG control

mechanism. The CS co-ordinate among each other through VSG control to regulate
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the frequency of MG. It is being concluded that EVs parked at the different CS can
participate in power sharing through handshaking of CS among each other. Moreover,
this handshaking process is achieved through the parallel operation of VSG and many
CS co-ordinate with each other to balance the load demand of MG. It has been found
that even if one of the power converter fails to operate then other power converters
share the power to support the frequency of MG and hence, to make the system
more reliable. Novelty of this chapter lies in the fact that handshaking among CS
takes place through VSG mechanism. Moreover, this process of handshaking leads
to the exchange of power among CS to support the MG’s frequency. Irradiance level
of the PV array has been varied to observe its effect on the charging and discharging
of EVs during handshaking process of CS. Reduction in irradiance level shows that
the rate at which the battery was charging decreases slightly and at the same time
the rate at which battery was discharging got increased. Results show the effective
handshaking among the CS even during the fluctuation in the power delivered by
the PV array. Further, in the case of multiple MG, centralized handshaking between

MGs is another option to support the frequency.



Chapter 7

Conclusion and Future Scope

7.1 Conclusion

Frequency of the MG usually fluctuates due to the power mismatch between genera-
tion and load demand. This fluctuation in frequency can be minimized by providing
the inertia to the system. However, RES are not capable enough to provide inertia
to the system so, there is need of virtual inertia to be provided to the system to
maintain the MG’s frequency. To achieve this requirement of virtual inertia, VSG
control mechanism has been implemented. Virtual Inertia is provided to the system
through VSG mechanism which helps to support the frequency of MG. Moreover,
virtual inertia can be extracted from the ESS. In this work, fleet of EVs parked at
the CS has been used to provide the virtual inertia to the MG through VSG control.
The designed CS meet the charging needs of the EVs while managing the frequency
support of the MG. CS provides the constant DL voltage to the input of three phase
power converter terminals even if the EVs parked at the CS are of different volt-
age ratings. The buck boost converters designed at the CS are responsible for the
charging and discharging operation of EV batteries. These converters charge the EV
batteries during buck mode and discharge them during boost mode. Mismatch in
power at the MG is countered by the energy stored in the EVs which are parked at
the CS.

113
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Moreover, sudden ingress and egress of the EVs at the CS has been catered while
providing the frequency support to the MG. From the coordination between batteries
parked at the CS it has been observed that the multiple CS can do the handshaking
among each other through VSG mechanism. In this process of handshaking frequency
support to the MG has been provided while meeting the charging needs of the EVs
at the same time.

Although, these proposed systems will be quite useful to support the frequency of
the islanded MG, but high penetration of EVs in the market will be required so that
EVs can participate in frequency regulation process. Moreover, proper infrastructure

of the CS will be a challenge for the implementation of these proposed systems.

7.2 Future Scope

The future directions in the area of EVs in MG can be focused on the following

aspects.

e With the increase in penetration of EVs in the market, charging of EVs can be
done using the RES, while providing the ancillary services to the MG during

peak and off peak hours.

e The charging rate of EV batteries can be controlled at the CS to provide the

support to the MG.

e The pollution in the environment can be reduced to a large extent with the use
of EVs as an ESS for the MG. For instance, in future, ancillary services to the
MG can be provided by a fleet of EVs parked at the CS by which dependence
on diesel generators and other fuel based energy sources can be reduced to
large extent. This will lead to the reduction in emission of harmful gases to the

environment.

e With the proper infrastructure, large number of CS can interact with each other
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to satisfy the demands of MG. These CS can share the load demand of MG just

for short duration

e The impact on the main grid can be reduced by developing smart onboard or

offboard charging facilities in residential and office areas.

e In addition to MG, VSG control technique can also be applied to aircraft, rails,

ships, submarines and in other forms of electrified transportation sectors.
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