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ABSTRACT

The rapidly depleting fossil fuels and growing needs for better efficiency and reliability of
power supply in the present electrical network makes the concept of microgrids vitally important.
Channelizing the elevation in the field of renewable energy sources (RESs) for the reformation of
the existing power grids explain the essence of a microgrid. However, the variable nature of the
renewable power produced is one of the prominent factors affecting the stability of the islanded mi-
crogrids. High incursions of RESs in islanded microgrids have raised many voltage issues in power
systems. The voltage fluctuations owing to integration of RESs is a well identified phenomenon
in microgrids. These fluctuations can be controlled through power electronics (PE) interfaces with
energy storage systems (ESSs). However, installation of conventional ESS in microgrids is a costly
affair. With recent developments in electric vehicles’ (EVs’) market and economic incentives pro-
vided by government, EVs have gained the potential to replace the traditional storage devices.
This work proposes a microgrid, consisting of EVs to facilitate energy storage, as well as to pro-
vide voltage regulation support. A voltage controller based on active power/voltage, i.e., P/V droop
characteristic has been modeled which regulate the voltage by injecting or drawing active power
from the EVs charging station (CS). The desired active power regulation is achieved by controlling
charging and discharging rates of EVs. Further, a control algorithm has been developed for optimal
distribution of power among each EV, considering their individual charging/discharging requests.
The suggested control scheme has been simulated and verified on a microgrid test system.

Keywords: Active power, charging station, droop control, electric vehicles, energy storage

systems, microgrid, renewable energy sources, voltage control.
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Chapter 1

INTRODUCTION

1.1 Microgrid

Microgrids are emerging as a boon in incorporating the idea of smart grid in the present power
system. It can be viewed as a solution to various challenges for both consumers and conventional
grids in terms of stability, reliability, flexibility and environment issues [1]. Basically, a microgrid
is a group of loads being fed by a low voltage (LV) distribution network, which functions as a single
controlled system. A typical layout of an ac microgrid is shown in Fig. 1.1. It primarily consists of
distributed microsources, energy storage systems (ESS) and power electronics (PE) interfaces [2].
A microgrid may be categorized as AC microgrid and DC microgrid based on the nature of the
power being fed to the load. In AC microgrids, alternating nature of power is fed to the load, while
DC power is supplied to the load in a DC microgrid. DC microgrids have many advantages as there
is no need of synchronization, frequency and reactive power regulations. However, AC microgrids
are preferred as most of the load is AC in nature. The main remunerative aspects of microgrids are

listed as follows [3].:
e Reduced load on the grid.
e Reduced transmission and distribution losses.
e High efficiencies.

e Low emission microsources.



CHAPTER 1. INTRODUCTION 2

Storage
devices
Power

electronic
interface

I
Coupling | |
transformer Power I | Power
electronic . electronic
interface ] ¢ interface
‘ - —
— Control —|
. system
| i
Microsource I : l. . Microsource
1 2
v
Control
actions

Figure 1.1: Layout of a typical AC microgrid

e Enhanced reliability of power during blackouts.
e Provision of combined heat and power (CHP) operations.

Microsources mainly consist of renewable energy sources (RESs) with low output power, low
voltage (less than 480V at load side feeder) and negligible CO, emissions [4]. Renewable energy
can be harnessed from natural sources such as sun, wind turbines, biomass, geothermal energy,
hydrogen and fuel cells, etc. Amidst all of above mentioned sources of energy, sun, wind and fuel
cells are mostly used in microgrids. Solar energy can be harnessed through photovoltaic panels,
solar heaters, solar thermal power plants. However, photovoltaic (PV) panels and wind turbines
are used at large scale to harvest the solar and wind energy respectively. These microsources
are preferred due to their abundant quantity, and low pollution nature. Besides being clean, their
integration is appreciated as they have scope of generation where conventional generation is not
accessible. Thus, integration of RESs in microgrids provide a solution for reliable electricity in
remote and off-grid areas [5].

Although there are various advantages of RESs, there are also few challenges in their inte-

gration in microgrids. The unpredictable and irregular nature of these sources raises major issues
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effecting the efficiency, security and stability of the microgrid systems. As there is a wide scope for
RESs in present power system, the intermittency associated with them needs to be addressed. To
cope up with variable nature of RESs, storage devices like battery energy storage systems (BESS),
supercapacitors, flywheels, electric vehicles (EVs) has been a prime topic of research among re-
searchers [6]. With support of the government worldwide and advancements in the field of battery
technology, EVs have secured a remarkable growth in upcoming years. High fuel efficiencies, in-
centives provided by government and environment friendly nature are the prime reasons why EVs
will completely replace other storage devices in the coming time. EVs can be broadly classified as
Plug-in Hybrid EVs (PHEVs), Hybrid EVs (HEVs) and Battery EVs (BEVs). Among all, PHEVs
and BEVs are studied by researchers mostly as they can be integrated into grids [7]. Apart from
microsources and storage systems, controllers are also needed to be incorporated in microgrid. The
controller regulates the operation of power electronics interfaces in the microgrid for maximizing
its efficiency and maintaining the security of supply [8].

Microgrids have the following two modes of operations:
e Grid connected mode
e I[slanded mode

In grid connected mode of operation, a microgrid is connected to the utility grid through a
point of common coupling (PCC) through an isolating switch as shown in Fig. 1.1. During this
mode, the power is exchanged between both the microgrid and utility grid. The islanded mode
of operation may be intentional or non-intentional. An islanded microgrid functions independent
from utility grid and no power is exchanged between the two. During grid connected mode, any
power deficit event in the microgrid can be avoided by importing power from the host grid. On the
contrary there is no external source of power in a stand-alone microgrid and the power balance has

to be maintained by the microgrid itself [3].

1.2 Voltage issues in islanded microgrids

Unlike grid connected microgrids, there is no external source of power in an isolated micro-

grid and the power balance has to be maintained by the microgrid itself. As microgrid functions
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independent from the utility grid during islanded mode, no external power source is present. Thus,
maintaining regularity of power supply at consumer’s end is a challenging work in isolated mi-
crogrids. A failure in balancing the demand and supply at any instant can result in frequency and
voltage deviations in the microgrid [9]. The effects of voltage deviation are more profound as it
may cause serious disturbances and power outages in low voltage networks [10]. Lack of voltage
control in microgrids may result in high circulating currents and supply of low quality power to
the consumers [11], [12].

Fluctuating nature of load and power generation are the main causes behind voltage variations
in an islanded microgrid integrated with RESs. As RESs depend upon nature for their operation,
power generated through them is unpredictable in nature. This may lead to instances of generation
demand mismatch causing serious voltage problems in microgrid. Any increase in demand supply
gap directly effects the voltage of the network. While an increase in load beyond generation de-
creases the voltage below the nominal voltage, decrease in load results in an increase in voltage.
This increase or decrease in microgrid’s voltage further effects stability of the system and power
supply to the load. To ensure an efficient operation of an islanded microgrid with respect to volt-
age control, the operation of PE interfaces is regulated. The power electronics devices integrated

in microgrids are often controlled to ensure a reliable operation during islanded mode.

1.3 Literature Survey

The alleviation of voltage variations in microgrid has been a prime topic of discussion among
various researchers. Different techniques have been proposed for voltage control in microgrids to
stabilize their operation. Flexible alternating current transmission system (FACTS) devices have
been investigated for mitigating voltage deviations through reactive power support. A voltage
imbalance control in a microgrid through regulating reactive power have been discussed by Ma-
jumder [13]. The author suggested a distribution static compensator (D-STATCOM) based control
strategy, for a microgrid with high penetration of distributed generators. The basic idea was to con-
trol both distributed generators and D-STATCOM in order to prevent voltage sags in the microgrid.
The author proposed a communication loop based control strategy to achieve voltage regulations.

Although, the suggested technique mitigated voltage sags in the system to an appreciable limit,
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the effect of RESs integration on microgrid voltage was not considered. In a similar work, a D-
STATCOM based model have been discussed by an author for voltage control in a microgrid [14].
The authors employed the control scheme to vary the positive and negative sequence voltage of
the microgrid . The authors suggested the control scheme to achieve the positive sequence voltage
equal to the rated value. Further, the suggested scheme also took care of the negative sequence
voltage by decreasing it to a tolerable value. The control scheme utilized reactive power support
for voltage regulations. In a similar approach, application of unified power quality conditioner
(UPQC) was discussed for voltage compensation in microgrids [15]. The suggested scheme pro-
vided reactive power compensation for the purpose of voltage control. The authors considered the
operation of the microgrid in grid-connected mode as the microgrid functioned connected to the
utility grid. The suggested control scheme was designed to compensate both microgrid and grid
side bus voltages. The authors suggested the application of the control structure to mitigate both
increase and decrease in voltage of the system. The authors described the dual function of UPQC
as STATCOM and typical UPQC for compensating voltage variations at grid side and microgrid
side respectively. However, the authors did not discourse its applicability in an isolated microgrid
system. Also, application of FACTS devices needs a complex control structure for their operation.
In contrast to this, droop control is relatively a less complex technique as it does not involve com-
plex communication networks [16]. Many researchers have suggested the employment of droop
control for keeping the voltage fluctuations within required limits. Lopes et al. [17] investigated
control schemes for reliable operation in standalone microgrids. The authors proposed a control
scheme employing droop control in an isolated microgrid to compensate voltage variations. The
control was employed through voltage source inverter (VSI) incorporated in the microgrid. Active
power/frequency, i.e., P/f and reactive power/voltage, i.e., Q/V droop control were suggested for
limiting frequency and voltage deviations respectively. The authors suggested to vary frequency
and voltage of system by varying active power and reactive power respectively. However, due to
high resistance to inductance ratio at low or medium voltage distribution networks, active power
regulations are preferred for limiting voltage variations. Thus, the suggested control scheme is not
relevant in an LV microgrid network. In another work, Sao et al. [18] proposed a droop based con-
trol for a microgrid integrated with converters. The authors suggested utilization of multiple volt-

age source converters (VSCs) operating parallely in a microgrid. Voltage - power droop/frequency
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- reactive power boost, i.e., VPD/FQB control strategies were discussed. The authors suggested
employment of individual droop control for each VSC to provide voltage and frequency regulation.
Reactive power compensation was utilized by the authors for controlling frequency of the micro-
grid. The authors suggested the application of control scheme for both islanded and grid connected
mode. However, the authors have not accounted the power management aspect in this work. In
addition to it, the modeling of VSC interfaces in power sources and ESS was not distinguished
while designing the control scheme.

Many of the existing proposals have overlooked PE interfaces in ESS for voltage control in
microgrids. Nonetheless, storage systems can efficiently regulate the voltage by supporting a mi-
crogrid during peak demands and events of low power generation [19]. In view of this, a voltage
control technique based on optimal reference schedule for a smart grid has been suggested by Ziadi
et al. [20]. The smart grid was considered to be having high integrations of PV generation. The au-
thors discussed the control scheme for BESS, loads and distributed generators. The control scheme
was designed to maintain the microgrid voltage within limits. Moreover, the authors also suggested
the incorporation of controlled loads in a distribution network in order to achieve better efficiency.
The effect of large penetrations of RES on the voltage of microgrid are considered while designing
the control structure. However, the control strategy developed has considered only a single PV
source, therefore its feasibility in a multi-source microgrid cannot be evaluated. In [21] stability
of a microgrid was investigated with respect to voltage and frequency. The authors suggested a
control scheme for ESS in order to control voltage and frequency variations in the system. The
voltage and frequency of the microgrid have been suggested to vary through a droop controlled
ESS. Both the voltage and frequency are regulated through droop coefficients. The authors have
considered islanded operation of the microgrid while designing the control structure. Moreover,
the authors have also considered the essence of demand-supply balance in an islanded microgrid.
However main focus of the author was on frequency regulation rather than voltage control. In a
different context, a cooperative control scheme for ESS to regulate voltage and frequency of a mi-
crogrid was presented in [22]. The control scheme employs primary and secondary control system
to achieve a stable operation during islanded mode of operation. Most of the existing microgrid
structures considered by different authors employ BESS for energy storage. As EVs provide bet-

ter performance than BESS with respect to economy and maintenance, control aspects for voltage
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through EVs needs to be studied. Working in this direction, Falahi et al. [23] have presented a con-
trol scheme employing voltage drop compensation in a distribution grid, through reactive power
injection by EV chargers. Although, the suggested scheme was effective in controlling voltage
drops, it did not account for charging/discharging requests by EVs’ users. In another work, reac-
tive power and voltage support potential of EVs parked at a charging station (CS) was compared
to a STATCOM [24]. The authors employ reactive power compensations in order to limit the volt-
age of the system within limits. However, voltage variations by regulating active power injections

through CS were not accounted.

1.4 Research Gap

It can be inferred from the literature survey that voltage control in islanded microgrids inte-
grated with RESs needs to be investigated. In reference [13], [14] and [15], D-STATCOM and
UPQC were investigated by authors, in order to control voltage in microgrids. However, droop
control is a more simpler technique for achieving efficient voltage regulations through PE inter-
faces incorporated in microgrids. In [18], the authors suggested voltage control in microgrids
through droop controlled VSCs. However, PE interfaces in power sources were not differentiated
from PE interfaces in energy storage. ESS can be utilized for regulating power by optimal manage-
ment of energy in a microgrid. Thus, voltage regulating potential of ESS needs to be investigated.
Voltage control though BESS in a microgrid with large integration of PV power was discussed
in [20]. Similarly, a frequency and voltage regulation scheme through BESS was investigated for
an islanded microgrid in [21]. However, as EVs are better than BESS with respect to performance,
there is a need to investigate application of EVs for voltage control in microgrids. In view of this,
voltage compensation potential of EV chargers was discussed in [23]. In a similar work, the oper-
ation of EVs at a park was compared to STATCOM for providing voltage support through reactive
power compensation [24]. However, due to high R/X ratio in an LV network, voltage of the system
varies with active power. Thus, there arises a need to design a voltage controller employing active

power/voltage, i.e., P/V droop control characteristics.
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1.5 Motivation and Objectives

It can be concluded from the literature survey that most of voltage compensation techniques for
microgrids involve complex control schemes. A very less work done employing droop character-
istics utilizes inverter interfaces in power sources only. A very limited work is found in literature,
with respect to voltage regulations through ESS. A few control schemes considering ESS have
concentrated on static battery units. In addition to it, majority of the approaches employing EV's
still emphasized on voltage control by considering the effect of reactive power. However, in an
LV microgrid network, active power compensation has significant role in effecting voltage of the
system. Thus, there is a need to incorporate a controller that regulates the voltage of the micro-
grid through regulating active power. A P/V droop voltage controller is proposed in this work for
providing voltage support to the microgrid. Moreover, most of the existing works have neglected
the inclusion of power management aspect while designing the voltage control schemes. To main-
tain the power balance, there should be an optimal charging schedule for distribution of power
among individual EVs while taking care of their charging/discharging needs as well. Moreover,

the voltage controller should involve the effects of various RESs, load and the dynamics of EVs.

1.5.1 Objectives

In view of the aforementioned discussion, the major objectives of this work have been listed

below:

e Development of a reliable voltage control scheme for an islanded microgrid integrated with
RESs, which employs active power/voltage i.e., P/V droop characteristics to inject or draw

active power from a CS.

e Employment of P/V droop characteristics for optimal power distribution among each EV
available at CS, to maintain a constant nominal voltage, as well as fulfill the charging/discharging

needs of the EVs.

e Efficient utilization of EVs such that they serve as either distributed energy source or load,
to provide peak shaving or valley filling respectively, thus minimizing demand-supply gap

simultaneously.



Chapter 2

SYSTEM DESCRPITION

An ac microgrid feeding a cluster of loads, able to operate in both grid connected and islanded
mode is considered. However, the main focus of the proposed work is on voltage control during
isolated operation. The microgrid consists a PV unit and a wind generation unit for the purpose of
of power generation. To deal with the intermittent nature of generation units, EVs are integrated
in the microgrid as ESS which gets charged and discharged through a CS. A diesel generator (DG)
unit is also installed as a backup power source for enhancing reliability of the microgrid. In addition
to this, a control system is also integrated in the microgrid to regulate the charging/discharging

actions of the EVs to maintain the desired voltage at the bus.

2.1 Microgrid architecture

Fig. 2.1 shows schematic diagram of an AC microgrid feeding a load with fluctuating demand
profile. The microgrid is assumed to be an LV distribution network, thus possessing resistive na-
ture. It is connected to the utility grid at point of common coupling (PCC) through an 11kV/400V
step down transformer. The microgrid can operate in either grid connected or islanded mode of op-
eration. However, this paper investigates isolated operation of microgrid to realize the application
of proposed system in off grid locations. The islanded mode of microgrid is observed by opening
the isolating switch, as shown in the figure. A PV and a wind generation unit act as a primary
source of power generation. As solar and wind power is unpredictable in nature, a 50 kW DG

unit is installed as backup power source for supporting the microgrid during emergencies, such as
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PV generation unit Wind generation unit

Electric vehicles (EVs)

|
I I
I I
| |
Isole.ltirlllg i 1 1 i
tilit O %é SW/ltc ! I Microgrid bus
Ugridy PCC i : ] d
I I
| Charging station (CS) = : L L L L L L
| HEARERE
T Loa
el o & dn b M % |
I
I
I
I
I
I

F—————————

Electrlcal. connection —» [P/V droop voltage controller| d—1 |
—— — — + fa—
Communication signal

l — — —

Control signal
to
DG and CS

Figure 2.1: Schematic diagram of proposed microgrid

breakdown of both primary power generating sources. Apart from it, EVs are integrated as ESS
which gets charged and discharged through a CS at the microgrid. The CS has the capacity to ac-
commodate 30 EVs at any given time. All the above mentioned installations including generation
units, power electronics devices, and CS are connected through a common AC bus. To limit any
voltage fluctuations at the bus, a P/V droop voltage controller is incorporated which regulates ac-
tive power between EVs and microgrid. The CS plays a vital role in regulating microgrid’s voltage

and is described as follows.

2.2 Charging Station (CS)

Fig. 2.2 depicts the block diagram of EV charging station installed in the proposed microgrid. It

consists of a DC/DC converter for each EV, DC/AC inverter and charging bays. To facilitate power
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flow between EVs and microgrid, pulse width modulation (PWM) based voltage source inverter
(VSI) is installed at CS. Fig. 2.3 shows an equivalent circuit of VSI connected at the microgrid
bus. As shown in figure, I is the inverter output current and Z,/ o represents magnitude and phase
angle of both line and inverter output impedance. As the proposed microgrid is assumed to be
an LV distribution network, impedance Zy will be resistive due to high Ry /X ratio. Accordingly,

active and reactive power through VSI can be determined as follows.

Mi .
icrogrid bus

Charging station

PR DC/DC >EV,

converter :

PR DC/DC >EV, :

converter -

DC/AC :
inverter :
l—> DC/DC «—>EV

converter oo

Figure 2.2: Block diagram of charging station.

So=Py+]Qo
<—

V. LS +

ZyLa I VSI ].1

V, £0 — )
Ip

Figure 2.3: Equivalent circuit of a VSI connected at microgrid bus [25].

py=- 2.1)

(2.2)
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In above equations, Py and Qp denotes the active and reactive power through VSI. V is the
voltage magnitude of the microgrid bus, V, is the magnitude of the fundamental frequency com-
ponent of the VSI output voltage, and Ry is line and output resistance of the VSI. § is the power
angle and assumed to be negligibly small. It can be inferred from Eq. (2.1) and Eq. (2.2) that
the active power can be varied with voltage difference (V, — V;) and remains constant with change
in 0 [26]. Consequently, by varying active power flow between EVs and microgrid through VSI,

efficient voltage regulations can be achieved at the microgrid bus.

2.3 Electric Vehicles (EVs)

..............................................................................................

Electric vehicle

Mechanical ;
Battery Electric motor DC/AC transference [ Wheels .
converter system -

Battery
charging [ Microgrid
station

Figure 2.4: Diagrammatic representation of EV system [27]

Electric vehicles, as the name suggests are powered through battery operated electric motors.
Fig 2.4 shows a diagrammatic representation of a typical EV system [27]. The main components
include a battery pack, electric motor, a dc/ac converter and mechanical transference system to
transmit the mechanical power to the wheels. The batteries are charged through charging cables at
charging stations and the electric power is acquired through the power grids [28]. With extensive
promotions received by EVs throughout world, their market is bound to deploy in the coming
future. EVs have an edge over conventional vehicles, as they brings down the CO; emissions. The
environmental benefits of EVs will be increasing with time as and when the penetration of cleaner
RES in the power sector increases. Moreover, they can be utilized as distributed ESS, thus playing
a significant role in maintaining the stability of a microgrid. EVs can enhance the performance of

a microgrid by providing ancillary services like voltage and frequency regulation, peak shaving,
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and valley filling. Therefore, EVs are ideal to be integrated as ESS in a stand-alone microgrid.
Keeping the above aspects in view, the proposed microgrid is equipped with EVs to provide
voltage regulation as well as energy storage facility. For any i EV present at the CS at time instant

t, energy E (r) stored in its battery can be given by following equation.

Epax,
Ef'(t) = %SOQ@) (2.3)

where, E,,,; kWh capacity of i EV and SOC;(t) refers to the state of charge (SOC) of the
corresponding EV’s battery. Further, the charging and discharging mechanism of EVs is subjected

to the following constraints:

SOCpin, < SOCi(t) < SOCpa, (2.4)

Crare; () < CI 2.5)

rate;

where, C4., (t) denotes charging/discharging rate of the " EV at time 1. SOCin; and SOCyy4y,
refers to minimum and maximum allowable SOC limits respectively. The SOC limits and Cy/;. are

user specified and should not be violated while charging/discharging of EVs. Further, EVs arriving

at the CS are divided into three types, as represented in Table 2.1.

Table 2.1: Types of EVs’ batteries and their specification

Type Enax | SOCpid M Ccmax

rate

(kWh) | (%)
Type | 4 20 0.95| 3
Typell |6 25 0.9 |35

Type III | 8 30 0.85] 4
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METHODOLOGY ADOPTED

The proposed microgrid consists of a PV and a wind generation unit for generating electrical
power. These microsources depend upon environmental factors for their operation, which results
in intermittent nature of output power. The power generated by PV panels is greatly dependent on
the solar radiations, and is determined as follows [29].

R;

|

where, P; is power generated corresponding to solar radiations R; and P, refers to the rated
power of the array at rated solar radiations R,. Due to uncertain solar radiations, PV power pos-
sesses variable nature. This results in voltage variations at the bus to which the PV panels are
connected. It is evident from Fig. 3.1 that the voltage deviations increase with the increased pen-
etration of PV power in a LV or medium voltage (MV) distribution system. In a similar manner,
wind power is a function of wind speed which can be illustrated as follows [30].

A

Voltage variations
(%)

PV power
(kW)

Figure 3.1: Voltage variations due to increasing PV power in a LV distribution system [31].

14
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0 0<s<sein
P glA +B's+C's?] sein<s<s
Pw _ rtd[ ] cin > rtd (3.2)
Prtd Srtd S N S Scout

0 S > Scout

\

where, P, is the wind power corresponding to wind speed s. Here, A’, B’ and C’ are constants,
and demonstrated in [29]. s, and s.,; are the cut-in and cut-out wind speeds respectively, while
srtq 18 rated wind speed at which rated power P, is delivered. Fig. 3.2 shows the output power
generated through a wind power generating station as a function of wind speed.

A

Output power (kW)

Prtd

v

Scin Srtd Scout

Wind speed (km/hr)

Figure 3.2: Wind power generation vs wind speed [32].

Besides generation, load characteristics are also an important aspect for reliable operation in
an isolated microgrid. It is important to maintain the balance between demand and supply in a
distribution network for stability of the system. The inability to maintain this balance leads to
voltage variations in the microgrid causing instability [33]. A basic P-V curve is shown in Fig. 3.3
depicting the relation between the magnitude of the load bus voltage and the active power supplied
to the load. The point O is generally referred as a nose point or a critical point. An operation

beyond the nose point results in voltage instability or collapse [34]. The variation of load power
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Load voltage

»
»

Active Power

Figure 3.3: Basic load P-V curve [35]

with voltage can be summarized by considering static load model given as
P V!
2y <_> (3.3)

where, P,; and V,; are the rated active power and voltage, a determines the given load’s quantity
and [ represents the behavior of load for active power [36]. The equation shows that the load
voltage is directly effected by any change in the active power supplied to it.

If P; and P, are the power supplied to a load in a microgrid and the power requirement of the
load respectively, then the polarity of 6 P will decide any increase or decrease in the voltage at load

bus. Here 0P is the difference between P; and P, which can be represented as
OP=P,—P, (3.4)

If the polarity of 8P is positive then the load voltage will increase from the nominal value while

a negative O P represents decrease in the load voltage.

3.1 P/V droop voltage controller

In order to accomplish an efficient control of inverters interfaced with ESS in microgrid, droop
control is the most appropriate technique. This technique is derived from the primary frequency

regulation criteria employed for generators in power system. It does not require complex com-
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munication network which makes the control more flexible and reliable. The control is designed
according to parameters acquired at terminals of the inverters [16]. In accordance with droop con-
trol characteristics, this work proposes a voltage control technique by regulation of active power
through VSI. The block diagram of the control scheme for the proposed P/V droop voltage con-

troller is represented in Fig. 3.4. The developed scheme employs two control units, explained as

follows.
Prer
V. re l
V,
AV prv droop control AP PWM Vi Gate pattern

Vet unit controller logic
| I |
AP Power distribution control Electric : :

unit - «—1 | Inverter | r— Microgrid bus

Power control AP vehicles ' '
| |
switch PCS PDCU - | [
Diesel :Charging station:
generator | |

Figure 3.4: Proposed control scheme for VSI and EVs at CS.

3.1.1 P/V Droop Control Unit

This control unit employs classic P/V droop characteristics as shown in Fig. 3.5. The real time
voltage Vy at the microgrid bus is compared with the reference voltage V,..r. The difference AV is
fed to the P/V droop control unit, along with the set power reference P . Further, the working of

the P/V droop control unit is explained through algorithm 1, demonstrated as follows.

Algorithm 1 Computation of AP employing P/V droop characteristics
InplIt: AV<t) ) Vref7 Vmaxv Vminapref7 Pmax» Pmin
Output: Power AP to be injected into or drawn from the CS respectively.
1: Store AV(I)avrefa Vmaxy Vminaprefa PWLGX7 Pmin
2: for (1t =1, <24t++) do

3: if (AV(¢) =0) then

4: AP =0

5: PCS off

6 else if (AV(z) > 0) then
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7: Compute APy = Pyax — Pref
8: Compute AP = Vreff(‘)/mm AV
9: PCS on

10: else if (AV(7) < 0) then

11: Compute ARy = Prey — Buin
12 Compute AP = Vmﬁl—J ‘ o AV
13: PCS on

14: end if

15: end for

_AP, AP (kW) +AP,

Figure 3.5: Classic model of P/V droop characteristics [25].

The suggested control algorithm provides power AP to be injected into or drawn from CS,
respectively. The direction of AP is determined by polarity of AV resulting in three cases, described

as follows.

e Case I (AV = 0): In this case, the output of the controller AP is zero. Thus, no power is
exchanged between microgrid and EVs. However, power control switch (PCS) shown in
Fig. 3.4 is switched on, in order to facilitate power flow between EVs seeking charging and

discharging, respectively.

e Case II (AV > 0): During this case, Vi drops below the nominal voltage. Thus, the voltage
difference (V,.r — V) is positive. This results in positive AP, which indicates need to inject
active power into the bus. Thus, PCS switches on and EVs inject required power into the

microgrid.

e Case III (AV < 0): This case includes an increase in V, which indicate the voltage difference
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(Viey — Vi) to be negative. Thus, there arises a need to draw active power from the microgrid.
This results in negative AP. Subsequently, PCS will be switched on leading to charging of
EVs.

Further, output of the P/V droop control unit, AP is fed to the power distribution control unit

(PDCU) through PCS, as shown in Fig. 3.4.

3.1.2 Power distribution control unit (PDCU)

A finite AP results in triggering PCS, which initializes PDCU to distribute AP among each EV
and DG unit through a control algorithm. Here, all EVs are assumed to be having 100% SOC,;;.x-
For charging/discharging of i/ EV at instant 7, the information with respect to SOC;(t), Crate;» tsis
te;, and desired SOC i.e., SOCfl (t) is provided by its respective owner. f;, and f,, are starting and
ending time for charging/discharging of i’ EV respectively. For ease of power distribution, EVs
present at CS are categorized based on their SOC. The EVs are categorized as category A, category
B and category C having SOC (0 - 40)%, (40 - 70)%, and (70 - 100)%, respectively. Category B
EVs are dual mode EVs which offers both charging and discharging of their batteries. During
charging of EVs, it is assumed that at any instant ¢ sufficient number of EVs are present at the CS

to draw the required power from the microgrid, i.e.,

Pl (1) > AP VkeA,B (3.5)
where, PI’J"k ( ) is the maximum power which can be injected in EVs of category A and

B available at the CS, and can be determined from following equation. Here, k represents the

category of EVs.
n(t),3
P (1) Z Py VkeABC (3.6)
i=1,j=1
: Ejlt
P (p) = Liklt) (3.7)

teijk - tsijk

In Eq. (3.7), lek/ (t) is total power that can be injected to/drawn from the i EV of j'" type at

time 7. E; (1) represents corresponding total energy that can be discharged or stored into respective
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EV’s battery, and is determined from following equation.

*Emaxu [SOC,]k( ) —SOCij(t)]  charging

(3.8)
Nij mmij[SOC,-jk(t)—SOCidjk] discharging

Ejj(t) =

Algorithm 2 Power distribution control
Input: Type, SOC;; and user specified charging requests of EVs at CS of microgrid, AP.
Output: Charging/Discharging schedule of EVs for 24 hours; Output power of DG unit across 24
hours.
1: Ar=0.25
2: for (r=0,r <24, t+Ar) do
3 Store charging/discharging requests by EV owners
4 Register n(t), SOC;j(t), AP(t)
5: Sort n(t) in na(t), np(t), nc(t)
6: for (k= A,B,C) do
7.
8
9

Compute Pm/dr( 1), Eiji(t), Crae,; (t), using Eq. (3.7), Eq. (3.8), and Eq. (3.9) respectively.
if (Crare;; (1 ) > Crex ) then

rate;

Crate[jk ( ) Cmax

rate]

10: P (1) = Crarey (1) % Ejc(1)

11: end if

12: end for

13: if (AP(r) > 0) then

14: if (Pfjlrcml( ) < AP(t)) then

I5: PuC( ) = Pe(t)

16: if (P, ., (t) < AP(t) =P, (1)) then

17: PoG, (t) = AP(t) = P, (1) = Pip (1)

18: if ( lemm[( ) < PDG,M — PDGm ([)) then

19: Pija(t) = Fija (1)

20: Ppg, (1) =B, (1)

21: else

22: PDGg (t) = PDG,M — PDGm (I)

23: dP(t) = Ppg,(t); Compute P,j4(t), using Eq.(3.10).

24: end if

25: Pug(t) = Pog, (t) + Flg,, (6) + Pl (1)

26: PD(;( ) Ppg,, (l) + Ppg, (I)

27: IJB( )= ng( )

28: else

29: Pg(t) = AP(1)

0. if (B, (1) < Pl (0)—AP() + P, (1) then

a: Pualt) = P (1) dP(t) = P, (1) + AP(r) — P (1); Compute Pjs(1), using Eq.
(3.10).

32: PDG<I) =0

33: else
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34:
35:
36:
37:

38:
39:

40:
41:
42:
43:
44
45:
46:

47:
48:
49:
50:
51:
52:
53:
54:
55:
56:
57:
58:
59:

60:
61:
62:
63:
64:
65:
66:
67:
68:
69:
70:
71:

Pjs(t) = Py (1)

if (Pog

Ppg,
Pja(

else

Ppg(t) = Ppg,(t)Ppa,,,(t); dP(t)
Ppg, (1); Compute P;ja(t), using Eq. (3.10).

end if

end
end if
else
Prg (1)
if (P

l]Atotal

if

= AP(t)

(1) <

rtd = " ijAtoral

> Pin (
(1) =Pl

.l]Atotal

ijBtotal

d
(t) o PijrBtatal

t)— P (1) +AP(t)

1) = Pijy (1); Poa(r) = Poa, (1)

dr
Pl] Crotal

(t) —AP(t)) then

_ pdr
Pl] Crotal (t

(0 +AP0) B,

_ pd
Pij%lm‘al (t)

)) then
()

— AP(t) +

dP(t) = Pl.";’Amml (1) +AP(t); Compute P;jc(t), using Eq. (3.10).
Fija(t) = Py (1); Pijp(t) = 0;Ppg(1) =0

else
Pijc(_f) = Pfj&(f) )
. n r
lf (Pl'lewml (t) S PijBtotal

(t) + Pdr
dP(t) - Pil;lAtotal (t) o Pdr

lj Ctotal
ij Ctoml

Pija(r) = Py (1); Pog(t) =0
else
Pijn(r) = Pip(t)

if (Ppg

> pin

rd — l]Atotal

PDGe (l) = Pi’-1

Pija
else

d
<t) - f)ijg;?tal (t 10
- .iJAlolal (t) o Pij%lulal (l) —P r

) dr

o f)ijcmtal

(1) = P74 (1); Ppg(t) = Ppg, (1)

(t) — AP(t)) then
(1) +AP(t); Compute P;p(t), using Eq. (3.10).

Ppg(t) = Ppg,(t) = Ppg,,(t); dP(t) = Ppg,(t) +

end if

end if

end if
end if

else if (AP(#) < 0) then
if (P, (1) > AP(t)) then
Pug(t) = AP(1)

if (Pii]}lezotal (t) Z AP(I) + f)idjétotal (t)) then

Pijc(1) = Pie(1)

if (

AP(t); Compute P,j4(t), using Eq. (3.10).

j d d
Pil/’?Atoml (Z) ZdAP(t) + f)ijetutul (t) + Pijgtutal
Pys(t) = Py (1)
. / d
lf (PDG”d Z Pil;lAtota/ (t) B AP(t) B Pijétotal

(1) +AP(t)) then
ijcmtal (t) + AP(I)
Pl'djgratul (t) +Pl‘5
(t)) then
(1)~ Pl (1)) then

d
Pijrctoml (t) +

r
Ctotul <t) o
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72 PDGe‘ (t) = Piil..;:lAt()fO] (t) o AP(I) o Pid.jrcl(}lal (t) B Pi‘;%l()[(ll (t)

73: Pja(t) = P, (1); Ppg(t) = Pog, (1)

74: else

75: Ppg(t) = PG, (t) = Pog,,(1); dP(t) = Ppg,(t) + AP(1) + P (1) +
Pi%mmz (1); Compute P,-J-Agt), using Eq. (3.10).

76: end if

77 else .

78: dP(t) =P, (1)—AP(1)— Pii’rCmmz (t); Compute P;p(t), using Eq. (3.10).

79: Pija(t) = P (1); Pog(t) =0

80: end if

81: else .

82: dP(t) = Pl.‘]’.’Amml (t) — AP(t); Compute P;jc(t), using Eq. (3.10).

83: PijA(t):P,'lJ}?AO); PDG(I):O; Pl'jB(l):O

84: end if

85: else .

86: Pija(t) = P4 (t); Pije(r) = 0; Pyjp(r) = 0; Ppg(1) =0

87: end if

88: else if (AP(r) = 0) then

89: Ppe(t) =0
. : i d

- lf (Pil]’:lAtotal (t) 2 Pijetotal (t)> then

ol: Pyjc(t) = Pic(t)

se (i d d

92 lf (f)iljr-lAmml (t) Z f)ijezoml (t) + Pij%lulal <l)) then

93: Pyjp(1) = P{jp(1)

94: if (PDGrig 2 Py (1) = Pfj'rc,(gal (1) - Pi%mglaz (r)) then ,

95: PoG, (t) = Pijy, .. ) = Biic,. ) = Bijp,,,, ()s Bijalt) = By (1); PpG(r) =
Po, (t)

96: else

o Poalt) = Poa, (1) = Poa,,(1); dP() = Poa, (1) + Pl (1) + Pl (1)
Compute P, 4 (¢), using Eq. (3.10).

98: end if

99: else _

100: dP(t) =P7, (t)— I)gemml (t); Compute P;p(t), using Eq. (3.10).

101: Pija(t) = P& (t); Pog(t) =0

102: end if

103: else .

104: dP(t) = Pl.’]’.’Amml (t); Compute P;jc(t), using Eq. (3.10).

105: PijA(l‘):Pil;-lA<t>; PDG(Z‘):O;PUB([):O

106: end if

107: end if

108: end for

Algorithm 2 is designed to provide an optimal schedule for DG unit and fleet of EVs at CS.
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Primarily, different EVs at CS and their respective charging/discharging specifications provided by
user are registered. The corresponding AP and voltage at microgrid bus are also registered in the
controller. Afterwards, for each EV, E; () is computed followed by computation of corresponding

in/dr
P/ (1) and Crare, (7).

P (1)

—_ 3.9
E;j(t) G2

Crate,-jk (t) =

Algorithm 2 ensures that the Crare,; (t) calculated in Eq. (3.9) does not exceed EV owner’s
specified rate. If Cyare,,, (f) changes, Pl.i;‘k/ “"(1) is recalculated as illustrated in the algorithm. Sub-
sequently, in accordance to the proposed control strategy, power is distributed among each EV as

follows [37].

in/dr
Pije(t) = Pf,’;’;T,((tt))dP(r) (3.10)
ijkioral

where, dP(t) is the actual power to be distributed among EVs at CS. Further, if category C
and dual mode EVs could not inject desired power into microgrid or EVs seeking charging, the
controller switches on the DG unit. The suggested control efficiently enhances voltage profile of
the system by injecting/drawing required power from microgrid. The magnitude of the microgrid
bus voltage with implementation of proposed voltage controller is obtained from roots of following

equation.

n(t)

o Vr(t)x+R0{ Y PV () +PDG(t)} =0 3.11)

=1
Vinin <X < Vipax (3.12)

where, x represents the enhanced voltage at the microgrid bus, i.e., Vi(t + Ar) and V,(¢) is
desired output voltage of the VSI at time . PEV (¢) is the sum of power distributed among all EVs

present at CS at time 7. Furthermore, the final SOC of EVs’ batteries after charging/discharging at
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time instant (7 + Ar) can be computed as follows.

Egt (1) £ [Py(1) X (feye — 15,)]

Emaxi I

SOC;jx(t+At) = x 100 (3.13)
J

where, SOC; . ( + At) represents the SOC of i EV of j' type and k™ category after charging

or discharging its battery at CS of the microgrid.
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RESULTS AND DISCUSSIONS

The efficacy of the developed voltage controller is validated through MATLAB programming.
The ratings of the microgrid test system are listed in Table 4.1. The microgrid bus is considered to
be having a nominal voltage and frequency of 400 V and 50 Hz respectively. The generation part
consists of a 20 kW PV generation system and a 15 kW wind generation unit. The latter comprises
of two wind turbines having rated capacity of 7.5 kW each. The variations in microgrids power
generation and the demand profile across 24 hours is depicted in Fig. 4.1 and Fig. 4.2 respectively.
The data for the solar, wind and load power curves is taken from [38] and scaled down to suit the
assumed microgrid system. The peak load is assumed to be 35 kW. The microgrid bus voltage data

for 24 hours is presumed on the basis of the net power obtained and is shown in Fig. 4.3.

Table 4.1: Ratings of Microgrid System

S.no. | Parameters Values

1 Nominal voltage 400 V

2 Nominal frequency 50 Hz

3 Peak load 35 kW

4 Rated capacity of PV | 20 kW
generation system

5 Rated capacity of | (7.5%2) = 15 kW
wind generation unit

6 Power rating of DG | 35 kW
unit

25
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Figure 4.1: Power generation in the microgrid test system across 24 hours.
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Figure 4.2: Load curve of microgrid test system.
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Figure 4.3: Bus voltage of the test microgrid system.
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In order to mitigate voltage variations at the microgrid bus, the proposed voltage controller
employs a P/V droop control unit and a PDCU. Fig. 4.4 shows P/V droop characteristics utilized
in the control scheme. Based on these characteristics, the proposed controller provides the power
AP to be injected or drawn from the microgrid at regular interval of 15 minutes, demonstrated in

Fig. 4.5. AP is further distributed among EVs present at the CS through PDCU.
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Figure 4.4: P/V droop characteristics employed in the proposed voltage control scheme.
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Figure 4.5: Power injected or drawn from microgrid as decided by the controller.
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Three case studies are considered for different voltage conditions in the microgrid and corre-
sponding scheduling of EVs is exemplified with simulation results. The objective of these case
studies is to validate the efficacy of the developed control scheme in controlling voltage varia-
tions of system through active power compensation. In addition to it, the ability of suggested
control in efficiently catering EVs’ charging/discharging requests has also been verified. The sim-
ulation parameter for the proposed voltage controller are demonstrated in Table 4.2. The charg-
ing/discharging time of each EV is regulated through varying their C,4. by considering both mi-

crogrid’s needs and time provided by respective owners.

Table 4.2: Simulation Parameters for P/V Droop Voltage Controller

S. no. | Parameters | Values

1 Vier 1 p.u.

2 Vinax 1.025 p.u.
3 Vinin 0.975 p.u.
4 Prer 20 kW

5 Poax 35 kW

6 Puin 5 kW

11 R 0.25 ohms

Case study I: In this case study, simulation is carried out for controller operation during volt-
age sag in the microgrid test system. As microgrid generation is less than the demand, controller
outputs a positive AP. This further results in discharging of EVs present at the CS. During dis-
charging of EVs, category C vehicles are given first priority to discharge their batteries. Further, if
needed dual mode vehicles are discharged to supply the desired power in the test system.

Case study II: The simulations for voltage swell in the test system are carried out in this case
study, when demand is more than the generation. Thus, controller results in a negative AP. The
negative polarity of AP indicates need to draw power from the microgrid. This further results in
charging of EVs at the CS. Category A vehicles are considered first for charging as they have their
SOC below 40%.

Case study III: This case study considers the time interval when nominal voltage conditions
prevail in the considered microgrid. During this case, no power flow occurs between microgrid

and EVs. However, in order to fulfill charging/discharging needs of EV's present at the CS, power
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exchange takes place between EVs in such a way that net power transfer is zero.

4.1 Case Study I: Voltage sag

This case study demonstrates decrease in microgrid voltage for duration of 7 hours i.e., 1700
hours - 2400 hours. Due to heavy loading and low power generation during this instant, the micro-
grid’s voltage decreases from its nominal value (< 1 p.u.). The voltage difference AV is fed to the
P/V droop control unit of the controller at regular interval of 15 minutes, which result in AP. This
switches on PCS which in turn activates PDCU, thus initializing discharging of EVs at CS. Based
upon user specified charging/discharging time, different categories of EVs available at the CS dur-
ing the considered duration is illustrated in Fig. 4.6. Primarily, the current SOC and user specified
charging/discharging requests is registered for all EVs. Based on this information, the controller
computes the power that can be discharged or charged from the batteries of respective vehicles.
In accordance to Algorithm 2, category C vehicles are discharged first during injecting power into

microgrid. In this case study, the power offered to be discharged by category C EVs P%"

ijcmtal as Cal-

culated by the controller and the corresponding AP is shown in Fig. 4.7. Further, depending upon
the real time variations in EVs’ SOC and charging/discharging requests, the controller operation

will vary for each time interval, as demonstrated through following examples.
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Figure 4.6: Different EVs present from 1700 hours - 2000 hours at the CS.
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Figure 4.7: Power required by microgrid and offered by category C vehicles from 1700 hours - 2000 hours.

Example 1: This example considers voltage sag during time interval 2000 hours - 2015 hours.
Various EVs present at the CS during this interval and their SOC are illustrated in Fig. 4.8. Six
category C vehicles available at the CS offered {3.81 1.90 1.89 1.51 0.79 0.68} kW power to
discharge, which sums upto 10.58 kW. However, the corresponding AP is 13.57 kW as shown in
Fig. 4.7. Thus, batteries of all 6 EVs are allowed to discharge the power offered by them. As
power drawn from category C vehicles does not meet the test system’s requirements, dual mode
EVs are considered to supply the remaining 2.99 kW power. The power offered to discharge by
category B vehicle owners is computed as {5.10 2.96 2.26 1.90} kW. The total power that can be
supplied by these vehicles is 12.22 kW, which is more than the microgrid’s requirement. Thus,
the surplus power is utilized for vehicles of category A present at CS for charging their batteries.
Considering the charging needs of these EVs, power requested by corresponding EV owners is
calculated and sorted as {15.05 11.29 10.54 4.65} kW. Although, total power requested by EVs of
category A is 41.53 kW, dual mode EVs supplies only 9.23 kW. As power provided by dual mode
EVs is not sufficient to cater the power demanded by category A vehicles, the controller sends
signal to switch on DG unit. Therefore, DG unit operates to supply remaining power i.e., 32.3 kW.
This power is effectively distributed among category A vehicles by PDCU. During this interval,
the power distributed among all EVs at CS is depicted in Fig. 4.9, where the positive and negative

polarity of the power represents discharging and charging of EVs, respectively. The power division
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amidst microgrid, EVs and DG unit is shown in Fig. 4.10.

[ Category
I Category B
Il Category C

2 3 4 5 6 7 8 9 10 11 12

Number of EVs

SOC (%)
S
1T 1T T 1T 1T T T T T 1T T T T T

13

Figure 4.8: EVs present at the CS during time interval 2000 hours - 2015 hours.
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Figure 4.9: Power injected or drawn from EVs present at CS during 2000 hours - 2015 hours.

Example 2: The controller operation during time interval 2345 hours to 2400 hours is investi-
gated in this example. Fifteen EVs of different categories are available at the CS during this time
interval. Although similar to example 1, voltage sag conditions are examined but AP is less than
the power offered to discharge by category C vehicles. Here, the power that can be drawn from
batteries of category C vehicles is computed as {5.98 3.53 3.02 2.28 1.82} kW, which sums up

to 16.63 kW. However, AP i.e., the power needed to be injected into the microgrid is only 1.65



CHAPTER 4. RESULTS AND DISCUSSIONS 32
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Figure 4.10: Power division among (a) DG unit, category C and category B vehicles for discharging purpose; (b)
microgrid and category A vehicles seeking charging.

kW. Thus, after catering microgrid’s requirement, remaining 14.98 kW power is utilized to charge
category A vehicles having SOC below 40%. According to specifications provided by respective
EV users, corresponding power needed for charging is calculated as {4.20 4.04 2.27 1.89} kW.
PDCU optimally divides power available from category C vehicles among EVs seeking charging.
To ensure an optimal distribution of power, each EV shares power proportional to corresponding
power offered. In this case, 5.05 kW and 1.53 kW power is drawn from EVs offering 5.98 kW and
1.82 kW, respectively. The power distribution among each EV at CS during the considered interval
is elaborated in Fig. 4.11. It is evident from the figure that category C vehicles are capable of
supplying power for desired voltage regulation at microgrid bus and charging category A vehicles.
As aresult, no power exchange takes place through dual mode EVs and DG unit remains switched
off during this interval. Further, the SOC of EVs before and after charging/discharging is depicted
in Fig. 4.12.

4.2 Case Study II: Voltage swell

This segment investigates voltage swell during time interval 1115 hours - 1615 hours, i.e., for a

duration of 5 hours. Due to light loading at this instance, microgrids bus voltage V; increases from
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Figure 4.11: Power division among category A and category C vehicles during 2345 hours - 2400 hours.
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Figure 4.12: SOC of EVs at CS before and after charging/discharging during 2345 hours - 2400 hours.

its nominal value (> 1 p.u.). At regular interval of 15 minutes, V is fed to the proposed controller.

This voltage is then compared with V¢ to give AV, thus, activating P/V droop control unit. This

results in negative AP, which is distributed among EVs seeking charging at the CS of the test sys-

tem. Based on the initial SOC, different categories of EVs present at the CS during the considered

interval is shown in Fig. 4.13. As explained earlier, first priority for charging is given to category

A vehicles whenever power is drawn from microgrids. The power

in

1iA,,.,» Tequested by category
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A vehicle to charge their batteries and the magnitude of corresponding AP is shown in Fig. 4.14.

Further, the controller operation during voltage swell in the test system is exemplified as follows.
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Figure 4.13: EVs at CS during 1115 hours - 1615 hours.
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Figure 4.14: Power drawn from microgrid and requested by category A vehicles during 1115 hours - 1615 hours.

Example 3: This part analyses the increase in microgrid’s bus voltage during time interval
1130 hours - 1145 hours, as total generation of the microgrid is greater than the demand. Thus,
to restore the nominal voltage at the microgrid bus, the excess power is injected into the EVs.
Types of 10 EVs present at CS during interval 1130 hours - 1145 hours and their respective SOC

is shown in Fig. 4.15. As category A vehicles are having least SOC of all the categories, they
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are charged first. Based on current and desired SOC of 3 EVs belonging to category A along with
their respective user specified Cy/5 and SOC,,;,, the power requested by EV owners is computed
and sorted as {7.93 4.04 3.53} kW. Subsequently, the power to be drawn from microgrid i.e., AP
is divided optimally among each EV considering their respective power demands as {4.45 2.26
1.98} kW. The total power requested by EVs seeking charging at CS is 15.5 kW, which is more
than AP. After distributing AP among category A vehicles, their power requests are updated as
{3.48 1.78 1.55} kW, which sums up to 6.8 kW. To supply the remaining 6.8 kW power, the
controller will consider category C vehicles for discharging. The power offered by category C
vehicles is computed considering their discharging requests as {9.52 3.21} kW. In accordance to
Algorithm 2, 6.8 kW power is divided optimally among these two EVs, such that the one offering
more power is discharged more. In this case, 5.08 kW and 1.71 kW is drawn from EV offering 9.52
kW and 3.21 kW, respectively. The power distributed among all 10 EVs available during interval
1130 hours - 1145 hours is illustrated in Fig. 4.16. As power requested by category A vehicles is
wholly supplied by EVs present at CS under category C, dual mode vehicles are neither charged
nor discharged. DG unit will also remain switched off during this instant. Further, the charging

and discharging of vehicles involved during this interval with their final SOC is depicted in 4.17.
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Figure 4.15: Different EVs present at CS from 1130 hours - 1145 hours.
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Figure 4.16: Power distribution among EVs at CS from 1130 hours - 1145 hours.
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Figure 4.17: (a) Charging of category A vehicles at 1130 hours. (b) Discharging of category C vehicles at 1130
hours.

4.3 Case Study III: Nominal voltage

This case study sheds light on the controller’s operation when nominal voltage conditions i.e.
(Vs = 1p.u.), prevails in the test system during 0400 hours - 0415 hours. AV is zero during this in-
stant resulting in zero AP, thus, no power flows between microgrid and CS. However, EVs present
at CS demand for charging and discharging of their batteries. Thus power flow occurs among EVs
in such a way that net power flow between them is zero. Types and categories with SOC of 18

EVs available at CS are shown in Fig. 4.18. Considering user provided charging specifications the
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controller determines power requested by category A EVs as {8.28 8.16 6.76 5.68 4.89} kW for
charging their batteries. During this instance, the power offered by category C vehicles is com-
puted as {10.06 4.78 4.34 1.93 1.71} kW. This power is distributed among category A vehicles
by PDCU as {5.59 5.51 4.57 3.84 3.30}. However, this power is less than the power requested by
the EVs. This leads to consideration of dual mode EVs for discharging their batteries. The power
that can be discharged from category B EVs is {5.98 3.80 3.53 2.26 2.16 2.07 1.70 1.48} kW,
which is sufficient to cater the charging needs of category A EVs. Finally utilizing Algorithm 2,
the controller allocates power to category B EVs as {2.84 1.80 1.68 1.07 1.03 0.98 0.76 0.7} kW.
The power distribution among all EV's present at CS during the considered interval is demonstrated

in Fig.4.19. The DG unit will remain switched off during this case.
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Figure 4.18: EVs at CS during 0400 hours - 0415 hours.
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Figure 4.19: Power injected or drawn from EVs during 0400 hours - 0415 hours.

It can be concluded from above results that the proposed controller utilizes EVs efficiently, to
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obtain peak shaving and valley filling, during peak and off peak hours respectively. This provides
desired voltage regulations in microgrid test system. The voltage of the microgrid with and without
P/V droop voltage controller is represented in Fig. 4.20. It can be observed that the voltage at

microgrid bus is effectively maintained near unity by optimal charging/discharging of the EVs at

CS.
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Figure 4.20: Microgrid bus voltage with and without votage control



Chapter 5

CONCLUSION AND FUTURE WORK

The integration of intermittent RESs in an LV islanded microgrid with fluctuating load may
result in voltage variations. To resolve this issue, an islanded microgrid equipped with EVs for
energy storage as well as voltage support is considered in this work. Further, a voltage controller
is proposed to provide adequate voltage regulations at the test microgrid’s bus. The suggested
controller employs P/V droop characteristics to regulate active power flow between EVs and mi-
crogrid. The controller ensures optimal utilization of EVs as distributed energy source and ESS,
to provide peak shaving and valley filling respectively, thus facilitating voltage regulation in the
microgrid. Moreover, charging/discharging needs of EVs are fulfilled with respect to SOC limits
and maximum charging rate. It is validated that controlling charging or discharging of EVs at CS
can efficiently maintain microgrid’s voltage close to specified nominal voltage.

The future work will include application of the proposed controller in a microgrid integrated
with more than one CS. The efficacy of the suggested scheme will be observed with respect to co-
ordination among multi-charging stations and EVs. In addition to it, a modified voltage controller

will be developed for fulfilling the EVs’ owners requirements more efficiently and reliably.
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