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1. INTRODUCTION

Plug in Hybrid Electrical VehicldPHEVsS) could be a strong alternative to the cotigeal
vehicle. It is expected that in the future a mijasf vehicles will have a plug-in option for te&rging their
batteries. Itis a challenge for power systemnire®ys to ensure a continuous power supply to alRMEVS
to be fully charged. As the existing power systemsmost countries have limited energy resources,
researchers are working towards the proper manageofieenergy (such as charging at night), as well a
alternative sources like wind energy, biomass atar £nergy. Several research works have beeredaotit
and some are still on going to implement the regihgrof PHEVs using PV cell, as it is a cleanrsewf
energy with zero carbon emission. However the dyos of PV cell and PHEV have not been considered
together in the literature.

A PHEV should be a logical choiog & car user due to advances in battery and hygbeitric
power technologies, coupled with its financial, rggyesecurity and environmental advantages andisimegr
costs of petroleum [1]-[3]. PHEVs can be chargeedlly from a domestic power connection from thiel gr
as well as renewable energies, incur much lowelr bills and have the flexibility to stor wind andlar
energy at times of excess power generation. PHEVs the potential to revolutionize not only how dveve
but how we generate and use electricity in our loaral workplaces. Currently researchers are workim
how householders can charge their cars from saaelp on their rooves which could dramatically mdu
greenhouse gas emissions.

A PV energy system is one of the cleanest poweeggimg technologies available today and has
very little impact on the environment. When it aes, it converts the sun's rays into electricityg,a
produces no air pollution, waste, or noise. Thagneuse of PV energy to generate electricity ftbensun's
rays decreases our dependence on fossil fuelsimpdrted sources of energy. As a result, solargnean
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be an effective driver of economic development. Woeld PV market installations reached a record i
7.3 gigawatt (GW) in 2009, representing a growt@@¥ over the previous year [4].

It is expected that by the year 2020, PHEV penetrawill be 25% which represents a large
additional load on power systems [5]. Accordinghe Electric Power Research Institute (EPRI), PHEV
will be recharged during overnight off-peak hoursew total electricity generation in the U.S.A. regls by
60% whereas if 50% of all road vehicles are regddaey PHEVSs by the year 2050, this generation nékd
to be increased by 8% to fulfil the demand [6] whienay produce large and unexpected peaks in power
consumption. However through dmand managementiog wdternative renewable energy sources such as
solar, charging PHEVs during off-peak, or even kpiaes might be possible [7, 8] as solar enexyla be
used to charge PHEVSs during the day when numijerare are garaged in various office car parks.

However, the load management of power system roape so simple with increasing penetration
levesl of PHEVs as many networks do not have defit spare capacity [9]. Since many distribution
systems were designed decades ago consideringatiddvels at that time, they might require somenges
due to the new load levels, patterns and load cleniatics [9, 10]. Therefore, it is very importdatidentify
the effect of a specific load on the stability asmhtrol of power system. In this situation the ircipaf
charging PHEVs with PV cell has been analysedimghper with a complete dynamic load model.

Although a few studies have been conducted onadheé levels and cost benefit analyses of PHEV
penetrations in power systems [11]-[12], the dffeaf PHEV battery charging on PV cell due to their
dynamic load characteristics has not been studietars This paper consider the dynamics of a vehicl
charging system and battery, to represent the dgnBREVS model and make an analysis for the stgtuifi
PV cell systems with PHEVs as dynamic loads.

The organisation of this paper is as follows. Secf presents the modelling of the PHEV; Section
3 provides the PV generator model; Section 4 pes/ithe mathematical model; in Section 5 lineawratf
the state equation is considered of the overallegysin Section 6 small-signal analysis is presrite
understand the impact; and Section 7 presentsoth@isions.

2. LOAD MODELING

To connect a PHEV with an electrical distributiopstem for battery charging, an electronic
interface is required [14]. Along with the dynamm&sponses of the electrolyte temperature andrigatte
state-of-charge (SOC), the effect of the electronidifier or charger is considered to model thedloTill
today lead-acid and nickel-cadmium types of bisehave been the most common for electric veh[dgk

On an average, more than 50% of cars in the U&gBeAdriven about 25 miles per day [7]. To
evaluate the impact of PHEVs we consider a drivarige of 40 miles/day, which means that the capadit
a PHEV battery will be 12 kwWh as 0.3 kWh of itstbag energy is required to drive one mile [9]1]1The
practical data available from the advanced reseaebicle as shown in Figure 1 [13] is used iis thork.
This vehicle specification is exactly same with tiadculated load model.

Vehicle Specification

Model Escape 2010 Ford

Output 155hp @6000 rpm, 2.5 L

Battery Lithium-lon

Electric Drive and Charge System

No. of cell 84

Cell voltage 3.6V

System Voltage 302V

Charging Voltage 120V

Charging Current 30A

Charger power 3.6 kW :
Pack Energy 12 KWh Figure 1. 2010 Ford Escape [13]

A dynamic model of a battery [16], [17] is selecteddevelop a suitable model of PHEV load, in
which the elements of the load are not constantheg depend on the electrolyte temperature aneryiat
state-of-charge (SOC).

The battery equivalent network represented in EigQr where @ represents the electrolyte
temperature, SOC is the battery’s state-of-chalg,e.an integral part of the total currerlt Y used to store
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charge in the battery. Another part of the totalent entering the battery flows through the piéicalsranch.
Parasitic reaction is a continuous process thatslcarrent but does not participate in the maictien.
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Figure 2. Battery equivalent network with parasitic °
branch Figure 3. Battery equivalent network

The voltage at this branch is nearly equal to thitage at the pin. The power dissipated in reat par
of impedanceZm for charg and parasitic paZp is converted into heat. The impedance of the main

reaction branch increases with an increasing champich causes the terminal voltage of the pacasit
branch rise and the curreh[, to rise and a full state of battery charge, firapches infinity [16]- [21].

This battery model can be represented as an RLonkefs illustrated in Figure. 3 and the number
of R-L-C blocks can be kept limited as the speafieeds of evolution of the electrical quantitieshee very
rapidly for PHEVs [16], [17]. The parameters usadthe battery are given in Appendix A.

Finally this model is integrated withP&/ cell to investigate the impact of PHEVs load,

shown in Figure.5.

3. PV GENERATOR MODEL AND CONTROLLER
A current source anti-parallel to a diode is themest representation of an electrical equivalent

circuit for a solar cell and is shown in FigureTée Kirchhoff's law gives

A
Y (D . =

Figure 4. PV equivalent circuit [22]

[, -l {exda(v+ L%)]—l}—i =0 L)

where @ =g/nsKT, q=1.602%10™" is the charge of the electrol{ =1.3807x10°% J/K the
Boltzman's constant] = 298K the temperature and ns is the number of seriés icethe array. However
the inputs to the solar PV are the solar radigM#n’], temperaturd°C], and PV voltage [V] while the
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only output is the PV current supplied by Panel. [Rherefore the output current can be characteriged

I = (V).

«—PV array—-<+Boost Converter—«DC Link» «—PHEV Load———

G
; Ly, R, ; . R
lpv pv s Apy Iy N Lie Iq RI)I | zl |_| ]m
L1 > ) 1 ) R,

OV Cu=Va D E, C)

Figure 5. General diagram of the system [23], [24]

As PV power varies with climatic conditions, thaeeno explicit reference power for tuning.
Therefore, the PV voltage needs to be adjustedrditgpto the solar radiation to extract the maximBm

current. With regulation of the generator volta@épv) and inductor curren(ll) and by varying the

transistor’s cyclic ratio this adjustment is pbssi The regulator measures the PV voltage aneiutrsing
an intelligent algorithm between the PV array aoddl as a MPP tracker (MPPT), which ensures the
operation of the PV at its MPP. In this work, therturb and Observe method (P&QO) [25] - [26] clnofee

obtaining the MPP, then finds the adequate vol(égﬁ*) which the boost converter imposes on the system.

The reference voltage is determined by the caliculaif the two adequate controllers and two comatms
shown in Figure 6.

o x > A > fae X

pv | Crv + m
Array| —— |:} Voo | Loy _,_@ v, ——Va

Comparator

A I/pv*I
MPPT

Figure 6. PV converter controller System

The voltage and current in the capacit6‘rp\() and inductancel(pv) respectively give optimal
command of the current and voltage. The voltagerobloop with the PV current compensation givies t

current reference Iq*) and the current control loop with the PV voltagmmpensation gives the voltage
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reference va ). The controller parameters are chosen to mairgaionstant PV voltage and minimize the
current ripple.

This PV cell model is implemented in PSCAD for rinaehr simulations, where the PV array is
interfaced as a nonlinear current source.

PV energy has radiation and tempeeatiependent nonlinear P-V characteristic. Tazetithe
maximum amount of energy from a PV cell, it is intpot to track its MPP which varies with changing
atmospheric conditions. Generally its maximum powgiput occurs around the knee point of the P-Weur
as shown in Figure 7.

In this work the P&0O method has been chosen fomiolitg MPP, as shown in Figure 8 and
implemented in PSCAD, due to its simplicity and lo@mputational demand [25].

P.i\

| Compute U{K) and Ik ‘lz
Increasin
irradianc No
x Pkﬂ

- No

|
mod “(kH)T

Figure7. P-V characteristic curve of PV cel
with MMP T [26]
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Figure 8. Flowchart of P & O method [26]

4, MATHMATICAL MODEL
From Figure 5, a mathematical model describingoth@st converter connected PV generator can be

written as:
Vm — Vdc (2)
idc i1

and the dynamics of the PV system are

.1 R, .

=V, V)~ )
L,, "L,

: 1, .

VpV:C—(|1—|pV) (4)

pv
while the charger’s dynamic equation is:

. 1 .

V,. =—(,.—| 5

dc Cdc(dc ) ()
where

Cdc is the capacitance of the charger’s capacitor;
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I4c the output current of the regulator;

I the input current of the battery; and

m the boost converter command.
For the last part of the model the equations fier third order battery dynamic model considering

the current, electrolyte temperature and SOC, ¥§ [17]:

1.1 R - Vi RAQ. | K. (273+6)Q,.
I_TI(ZR[V“C(1 A K.Cl* * K.CI® 1= ®
N — _ _ VchOA‘.I.Qe Ke(273+9)Qe

Qe_ [\/dc(l RO) Em+ KCCIZ ++ KCCIZ ] (7)
oo 1 _H—Qa

6= —CB[PS R, ] 8)

where,
Cg is the battery’s thermal capacity;

R, the thermal resistance between the battery amshitsonment;
F’S the source’s thermal power, i.e., the heat geadraternally in the battery;

Qa the ambient temperature i.e., the temperatureeoéhvironment surrounding of the battery;
KC the empirical coefficient for a given battery; and

| * the reference current.
The equations folE, ;, R,, R, and R, are:

E. = B —Ke(273+6)(1-SOQ €)

R, = Ryl1+ A (1-SOQ] (10)
R =-RJn(DOQ) (11)
R =R, exf A, (1-SOQ)] 12)

1+exp(A,l /17)
EmO’ Ke, Roo and A are constant for a particular battery and the @€ depth of charge (DOC) can be

expressed as:

State of charge SOC=1-Q,/K_CI’
Depth of chargeDOC =1-Q./O

5. LINEARIZATION AND SMALL SIGNAL ANALYSISOF THE SYSTEM
The linearized form of equations (3)-(8) at maximpower operating point can be written as:

. R
A= M av, -1 av, -, (13)
LPV LPV LPV
V. =1 A (14)
pv - ~ &1
va
v, =M -1 (15)
dc dc
. +
A' - 1 [(1_ RO + ROAiQ*e)AVdC ++(R0AV(30 + Ke(273* 6))AQe
T,Z, K_.Cl K_.Cl K.Cl
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~AIZ +( K )06] (16)
_ RoAi e RoAVse |, Ke(273+6)
=—(1- Ro+ K.C ——=)AV, dc++[KC| K.Cl’ 1AQ,
Kege
(K o -)AG (17)
5o 1.1
AH—CO (1 RO)AH (18)

Finally the following equation is used to represtm state space equation of the linearized model
of the system:
Ax=AAX  (19)
whereA is the state matrix and the states of the system.
MPP from the MPPT can be determined as the opegraiiint of the system and then with which
the A matrix of the system can be calculated upimger system parameters.

Table 1. Eigenvalues with PHEV load Table 2. Eigenvalues with constant load
—-2.0162+24.0642 —-0.3026+6.8561
—-2.0162-24.0642 -0.3026-6.8561

-1.1764

-0.474110.0083
-0.474110.0083
—2.5300

To predicting the system's responses we conductnall-signal stability analysis and after
linearization of the system the eigenvalues founrdtie PHEV and constant loads of the same PV isyate
shown in Tablel and 2, respectively.

From the modal analysis, both the complex and eggnvalues are found for the PHEVs load.
Complex eigenvalues indicates that the systersdglatory. The more accurate nonlinear simulatiesults
validate those obtained from the small signal asialyin the case of a constant load of 12 kW which
equivalent to the PHEVs load, the system still a8 frequency oscillation which is less in frequgnc
oscillation as well as in magnitude of voltage andent compare to the PHEVSs load.

6. SIMULATIONRESULTS

To simulate the performance of the stand alone ¥&tesn with dynamic PHEV load, a PV array
with 15 strings characterized by a rated curren? & is used. Each string is subdivided into 15 oles
characterized by a rated voltage of 8 V and commukict series. Thus, the total output voltage ofRNearray
is 120 V, and the output current is 30 A. The valtidc-link capacitor is 250F. The line resistance is @1
and the inductance is 2H. At this stage, the system is simulated undemdsted atmospheric condition
where the value of solar irradiation is consideasdl kWm? and the temperature as 298 K. With this
condition, PHEV load has been added to the PVaralltheoutput voltage of the PV unit is shown in Figure
9 and current in Figure 10 from which it is seeattthere are some fluctuation due to the nonlinear
characteristics of PV system and dynamic behavid?HHEV. To make a comparison between the constant
load and the dynamic PHEVs load effects on PV ®@tjulation has been performed under constant
radiation and temperature where the simulatiomltesiso established the result found from eigemwal
analysis, in Figure 11 and Figure 12.

Due to changes in atmospheric conditions, the duipliage, current, and power of the PV unit
change significantly. For example, if a single mledof a series string is partially shaded, theroiigput
current will be reduced which will dictate the ogimg point of the whole stringTherefore variable
radiation and temperature have been used to contipalRV cell performance with PHEV loads and camsta
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loads with step variation in radiation from 108¢m?/h to 1300\W/m?/h at time t=2.5 sec and again back
in to the previous condition at t=3.5 sec, whicbwb that PHEVs load effect the PV performancedliage
and current magnitude as well as in frequency lasicih, as shown in Figure 13, 14,15 and at Fidire
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Figure 9. PV cell performance with PHEVs load Figure 10. PV cell performance with PHEVs load
under constant radiation and temperature (y-axis PV under constant radiation and temperature (y-axis

array voltage (V) and x-axis time) PV array current (A) and x-axis time)
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Figure 11. PV cell performance with constant load Figure 12. PV cell performance with constant
under constant radiation and temperature (y-axis PV load under constant radiation and temperature (y-

array voltage (V) and x-axis time) axis PV array current (A) and x-axis time)
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Figure 13. PV cell performance with PHEVs load Figure 14. PV cell performance with PHEVs load
under variable radiation and temperature (y-axis PV under variable radiation and temperature (y-axis
array voltage (V) and x-axis time) PV array current (A) and x-axis time)
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7. CONCLUSION

The goal achieved via this study is an investigatd the performance of a PV cell with dynamic
PHEV loads under constant and variable radiatiord temperatures. The obtained results, derived from
solving linear circuit equations to calculate trda®-PHEV eigenvalues, show that while the systethout
PHEVs is reasonably damped, the introduction ofgihg PHEVs remarkably increases the amplitude and
duration in the voltage and current oscillationsthbsigns of increased grid instability. The desifriuture
PHEV charging management algorithms will need tosater this effect so as to stabilize the solatesys
by introducing damping components when controlting charging of the PHEV.

It is concluded that a great deal of research itite charging of dynamic PHEV loads through PV
cells is needed. Several issues, such as the uswref accurate dynamics of the MPPT, interconnestio
between the grid and battery and the consequeotesgeing for charging with PV cells could be
interesting topics for future work.

APPENDIX A
The parameters used for the Battery are as follows:
Parameters referring to the battery capacity:

| > =49A, K; =1.18 C, =261.9Ah

Parameters referring to the main branch of thetrdegquivalent:

T, =28800s, E,, =2.135/, K_ = 0.58%V/°C, A, =-0.30
Parameters referring to the parasitic reactiondirani the electric equivalent:
E, =195 ,V,,=01V, A =20

Parameters referring to the battery thermal model :

C, =15Wh°C, R, =0.2 C/W
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