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Abstract- With the issues of fuel cost and environmental [1. BATTERY MODELING

impact on the rise, the concept of replacing conventional Using an energy storage system comprised of multiple
vehicles with plug-in hybrid electric vehicles (PHEVS) has  battery cells is a popular proposed way of providing
become essential. The main goal of PHEV implementation  propulsion for PHEVs. Although there are multiple battery
focuses on the ability to utilize electrical propulsion to cells involved, the energy storage system will act as a single
assist the internal combustion engine. However, the battery and, therefore, can be modeled as such. The ability to
batteries for the PHEV must be recharged using grid  model an energy storage system with multiple battery cells as
energy. This paper will study the effects of PHEV charging  a single battery is an important simplification that can and has
at the sub-transmission level through modeling/simulation  been made in this work, especially since energy systems are
and power hardware in the loop including an actively complex and usually contain proprietary information that
controlled drive system and controllable load. cannot be easily obtained in order to build a model. Through
this simplification, the ability to utilize experimental data from
Index Terms—a(_:tive front-end unit,_Power-hardware-in-the-loop,an actual energy storage system has been made possible. In
Shepherd’s equation, voltage source inverter conjunction with research partners, discharge curves were
produced through experimentation by dissipating a Lithium-
. INTRODUCTION ion battery based energy system at 10.03 A and 5.01 A chosen

due to its popularity to be implemented in hybrid vehicles. The

Plug-in hybrid electric vehicles (PHEVs) utilize large egyits from the experimentation are shown in Fig 1.
battery packs consisting of multiple cells. These batteries

have a wide voltage range depending on vehicle type and |45 4 pps discharging 5.01 Amps discharging
application [1]-[3]. These multi-celled battery packs can ~ ~ ~ ~ ~ ~ ~ ~ ~
consume substantial amounts of power from the charging o
station in which it has to be connected when the battery is
depleted [3]. A few vehicles connected to the grid via a battery
. . . 350~
charger may not have a substantial impact; however, at high
vehicle penetration levels the impact on the grid will be
considerable. ? ;
Most utilities have a generation capacity that exceeds the o o5 1 15 2 25 3 35 4 45
power required during normal operating conditions; however, . _ Time [hours]
the replacement of conventional vehicles by PHEVs certaingf'eﬁ'meﬁt'ztcig?rgmg curves obtained from actual battery through
will result in an increased demand. This increased nonlinedr
power _de_mand_ can lead to SUCh. problems as vol_tage Sag’Fig. 1 displays the discharging results of the 345.6 V
transmission line temperature increase, harmonics, and .
. - . energy storage system that was experimentally tested.
instability of the power system. To answer these questions, .
: g : ; though the system is rated at 345.6 V, the system reaches a
experimental environment is developed in the laboratory that_ .
. . ; aximum of approximately 400 V when completely charged.
can be utilized to emulate multiple PHEVs being charged & . .
. ) : . e two curves shown in Fig. 1 represent the voltage
random time intervals on a single source in order to modg,I

. : ; scharge under the two constant currents previously
how a commercial charging station would supply energy to a

L entioned. The energy storage system tested had a total rated
g;‘;tjgmc?{ iscHoEn\:]Séc?ggtct)o measure this impact on the grEr:Hapacity of 15.04 ampere-hrs, so under a 10 A load the battery

would approximately take 1.5 hours to completely dissipate,
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as shown. In order to implement this energy systemm a
Power Hardware in the Loop (PHIL) aspect, it wasessary
to develop a battery model in software in ordeat¢gurately
reproduce the charging/discharging characterigtiephysical
system has.

Multiple battery model topologies were consideredthe
development of the charging system. Battery modelias
been a commonly researched topic with
papers/transactions published proposing a wide eranfy
models both mathematic and circuit-based [1-5].c&imn
electrical model would create complexity and sloewd
simulation time, a mathematical model was develofied
encapsulates the full charge/discharge curve cteaistics.
The mathematical model is a block representatiosedbaon
Shepherd’s equation that was derived in order & brplain
the nonlinear relationship between the State-ofr@hdSOC)
and the voltage at the terminals of the energyagmisystem.
This polynomial shaped curve can be seen in Fig. 2.
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Fig. 2. Nominal current discharge characteristica battery

Fig. 2 shows the discharge curve of a 5 A-hr, héinal
voltage battery from an initially completely chadgstate to a
completely dissipated final state. As shown in F2g.the
voltage curve of a battery during charging/dischagg
contains three main processes that take placexponential
drop from full charge as the battery begins to ida&e, a
slowly falling linear section around rated voltagere the
battery is usually operated, and a steep nonlioeare where
the battery approaches its completely dissipatdhg®e level.
Fig. 3 shows the same voltage discharge curvea &&i 1,
but plotted against the amount of charge dissip&iau the
battery instead of plotted with time of the energtprage
system experimentally tested. The curves wereqaaiainst
discharge in order to obtain the correlating SOGcific
points along the voltage curve. These points adeated by
the numerically labeled red dots in Fig. 3.
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Fig. 3. Voltage discharge curve of energy systdth key points

Each of the indicated points has an importance in
expressing the characteristics of the energy stomgtem
mathematically so that it may be modeled. Six valonist be
obtained for the purpose of modeling the systenitage at
full charge, point 1, voltage and SOC at the endths
exponential zone, point2, voltage and SOC at thi afnthe
nominal zone, point 3, and total battery chargeaciyp, point

many. Obtaining these values makes it possible toutatie the

coefficients in Shepherd’s equation. Each of theffotgents
contains the critical values that were obtainednftbe voltage
discharge curve. These coefficients are commorfrned to
as A, B, and K and are calculated using the exjmessn (1)-

).

A= Ve — VExp (1)
3
B = 2
QExp ( )
K = (V futi=VNom+A(exp(=B-Qnom)—1)(Q—Qnom) (3)

QNom

Coefficient A is defined as the exponential zongktode,
with units of volts, and can be calculated by satting the
voltage amplitude at the end of the exponentiakzioom the
voltage at full charge as in (1). Coefficient Bdisfined as the
exponential zone time constant inverse, with usfitdh™, and
can be calculated using the charge at the end ef th
exponential zone as in (2). Coefficient K is definas the
polarization voltage, with units of volts and caa ¢alculated
as shown in (3). Shepherd’'s equation, as showr(4in
contains the coefficients that were obtained ineortd model
the energy storage system. Shepherd’s equationistersf
three main pieces that describe the three maimosscof the
charge/discharge curve of a battery.

Q
Q-J[idt

E=E,—K + Aexp (—B * it) 4)

Essentially, Shepherd’s equation states that thimg® at
the terminals of the battery, E, is equal to thmimal voltage,
Eo, minus the nonlinear zone voltage, plus the exptale
zone voltage. The existence of the exponential zmimge
term and nonlinear zone voltage term in Shephegdigation
allows the equation to capture the natural poly@bisihape of
the voltage curve produced as the Dbattery is
charged/discharged. Whether or not the exponerzise
voltage term or nonlinear zone voltage term donaisiahe
equation and dictates the shape of the curve dspend
multiple parameters including the amount of curramd how
long it has been flowing.

One last important piece of information that must b
obtained is the internal resistance of the enertprage
system. The internal resistance can be acquireth ftloe
manufacturer’s  specification sheet or experimeyntall
determined  through  impedance  spectroscopy  [6].
Unfortunately, internal resistance of a batterpas a constant
value and depends on many factors such as temperaa
current draw. Obtaining the value of the interredistance of
a battery is a tricky feat and needs to be donerdow to the
conditions that the battery is going to be subjéte



The internal resistance for the energy storageesystan ammeter, integrated with respect to time to inbta
modeled was obtained under nominal conditions usimgpntinuously compounding rate of charge/dischargad
impedance spectroscopy since the model being used substituted into Shepherd’s equation.

simulate
unordinary dynamic restrictions that more complesdais
have the ability to do. Modeling these effects wloabt be
beneficial in this work since the systems will lpemated well
within their rated values and not subjected to atnange
transient loading conditions.

With the parameters in Shepherd’s equation solaectlie
mathematical model can be incorporated as a coietedback
network to the electrical circuit modeling the emestorage
system. The electrical portion of the system model
represented as a simple series circuit with a digr@nvoltage
source and a resistor. The dependent voltage s@itesed to
model the stored energy that the system can supipile the
resistor in series with this source is used to esgmt the
internal resistance of the physical system. Theptera model
setup can be seen in Fig. 4.
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Fig. 4. Energy storage system model representatieaftware

The model is setup such that the current being Wravillogical, the inverter had to be controlled subhttit created a

from/supplied to the energy storage system is nredswith

the system neglects temperature effectd an Shepherd's equation is then used to calculate tiemge

command, E, that is sent to the dependent voltagecs to
represent the voltage at the terminals of the snstgrage
system.

I11. EXPERIMENTAL SETUP

Figure 5 shows the experimental test setup in
laboratory [7]. The setup is a power-hardware-iHtop
(PHIL) based concept that consists of both hardward
software components interfaced via digital-to-aga(®/A)
outputs and analog-to-digital (A/D) inputs. The dwaare
environment highlighted in orange is comprisedie power
electronic building block (PEBB) as highlighted Wlue,
containing an active front end unit (AFU) and vgkasource
inverter (VSI). Connected to the PEBB is an acload bank,
highlighted in green, which will be used to drave tturrent
from the PEBB.

The PEBB is essentially a drive cabinet made uyposfer
electronics and controls so that it can be userkatize any
feasible entity that can be modeled through simaraand
electronics. Its two main components, the AFU usecbntrol
the DC link voltage and the VSI that is used totkgsize an
AC or DC output based on a pulse width modulatdresme.

At this point it is important to clarify that altbgh
voltage source inverters are normally used for etfplease
applications by converting the DC link voltage isiausoidal
waveforms, the controls to the inverter in thisteys have
been setup so that the A and B phases are 1805fqitase
and constant thus creating the positive and negjétizds of a

the

DC system, while the C phase was set to zero. Since

connecting a three-phase source to a DC batteryjdwoe

DC output.
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Fig. 5. Experimental test bed of virtual chargé@hvoad
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As shown in Fig. 5, the PEBB is connected to aivact up from 15A to 20A at approximately 15 seconds
load bank while the measured load current is senthe representing an addition of PHEVs to the chargetil un
simulation program, highlighted in red via A/D irtpuhere it approximately 65 seconds at which point the load stapped
is used in the model in Fig. 4 to obtain the batieitage for back down to 15 A representing the removal of those

each energy storage system developed in simulation. additional vehicles.
The goal of the setup is to exhibit how the chamastics of
a charging station would operate and affect thel dy 10 T T \ ‘

ve V)
it

models in software and observing the line currbat will be
measured at the input side of the PEBB, particuladking at 0
the transient qualities of the current waveformimmrioad
changes. The active load bank will be changed oredssing 2
sequential steps so that current between the PHEEBIGad "% 00— L e - R e

T T T
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bank is increased as to represent PHEVs being atidéte 10”’wl””ﬁ"”T””T””T””l””ﬁ ”””
virtual charger. 0 : : : : : : ‘
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IV. SIMULATION AND EXPERIMENTAL RESULTS < 10P,,,:,,,,4‘,,,,¢, ‘L————‘L————‘————J———#
To validate our virtual battery model, the battemas %_18 A b e ML a1 kbl
connected directly to a resistive load to performoatrolled ™~ -20( 1 1 : , 1 1 1 1
discharged test whose results were then comparétbse of 0 s e e ®

the physical energy storage system in Fig. 4. Ttaioba Fig. 6. Representation of PHEVs connecting/discoting through
constant current discharge a simple DC-DC convenrtas load bank step changes; DC link voltage (V)-red@di@urrent (A)-
developed in software to control the energy systecnirrent purple; and line current (A)-blue.
so that it was held constant despite the systemé&nging
voltage throughout its discharge cycle. This cdninethod is Observe that the VC voltage in the top plot remains
an important implementation to apply for the modalidation ~constant regardless of the changes in the loadim@durrent
because it allows the system to discharge in a sranrwhich ~ as expected under properly operating controls okld. The
it actually would in practice that is within itsteal values and ability for the AFU to keep the voltage of the PEBBble is
that does not fluctuate so the calculated interesistance of analogous to a PHEV'’s charger ability to maintaicoastant
the system is consistent with the actual interesistance. The Voltage regardless of the PHEV load it is subjedtedvithin
model’s accurate representation of the physicalggnsystem its rated values.
can be seen in Fig. 5. Figure 7 is a closer look at the dynamics thatdim@rging
station undergoes when a PHEV load is added tesyhtem.
' ; ' ' Again the top plot displaying the DC link voltagesdergoes
negligible change when introduced to a worst caseario, a
step change in the load. The middle plot showsbtiestep

400 : :
Simulation

% load increase along with its affects on the linerrent
;g“ L portrayed in the bottom plot.
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Fig. 5. Validation of software model with model 6 : : : :
In Fig. 5 the red line represents the experimeatale - % l l l l
obtained from the energy storage system where epulple Tg 25t oo TN [ L]
line represents the results obtained from the otlatt current S ‘ \ | | |
discharge in simulation, both for the 10.01 A casetice that 20 ‘ ‘ ‘ ‘
the simulated curve accurately follows the expenialecurve : e : :
for most of the discharge confirming that our model < 2/, "\ Yy A AR A
sufficient enough for this case where temperatdyaamics, e ol 11 : : HE A H
and extreme charging rates are not considered. T ML LI UL CEY LYy Yy
Once validated, the energy system model was used in o0 0.1 0z © 03 0.4 05

simulation in cooperation with the experimentalt tstup in Fig. 7. Transient affects of line current as aultesf step load

order to analyze the effects on the grid resulfiogh PHEVS changes: DC link voltage (top): load current (medlline current
connected to the charger. As shown in Fig. 6 a leinspep (bottc?m).' ink voltage (top); ! (médline cu

load test was conducted with sensors measuringlahd

current, the line current to the input of PEBB, dne “virtual Note that the 5 A load increase is representativa cost
charger” (VC) voltage. In the test case the loas wtepped only 1 charging PHEV according to the charging



infrastructure terms proposed in [8]. However, ewnthis
minimal amount of PHEV introduction the affects arédent
on the charger notated by the arrow in bottom lale¢ling the
initial peak in the line current created by thepsteange.

Although the initial peak is only approximately 2l#&ger
than the succeeding peaks,
increasingly large with additional PHEV loads ciegtan
undesirable impact on both the charger, and ungierae
conditions, the grid.

Fig. 9 displays the results from the test case &l®r
PHEV models were developed in simulation and cldkgith
different initial connection times. In order to eate this
scenario, the PEBB command voltage was set to ataoin
and the load was changed in steps as shown irothplét of
Fig. 9. Also, it is evident from Fig. 9 that theipowhen the
load is increased the next successive PHEV has b
connected by observing the increase in the statharge and
voltage, or the decrease in the current sent td edicthe
models.

Note that the bottom plot does not display the emnirito
each of the vehicles but instead displays the mnmedsturrent
from the VC to the load that is representative loé total
charging current. This total current is equal te thdividual
vehicle current only in the case where 1 PHEV maslbking
charged. Although the bottom plot does not shovia eacrent,
the step increase that occurs each time the loacchanged is
representative of how much current that single PHEV
drawing from the system.

As shown in the SOC plot in Fig. 9, the storagetesys
models were charged from 0 to 100% SOC. Howevaresi
the energy storage system will never really reath 8ach of
the modeled energy system’s voltages started froraraero
value as shown in thepy:

Also notice that when the batteries reached 100% 8@t
they were not disconnected from the simulation tmare
instead limited to maintain that maximum constaaiug
regardless of whether or not they continued toulgested to
a current.

this value could become

V. CONCLUSION

This work presents a novel methodology and experiate
test setup for the study of V2G interaction by agtlon of
PHIL. As demonstrated, the battery model and césfar the
hardware implementation for the virtual battery rgiag
station are correctly emulating the charging sdenatere
only a few vehicles are being charged. These esallhough
not at a high penetration level, could easily beapolated to
understand the undesirable affects that mass ctragiuld

Sfittoduce to the grid without some means of coroect

It should be mentioned that previous works on tect of
grid impacts due to PHEV interaction have beenipbbd [9];
however, the majority of those works was conductedely in
a simulation environment that included little or hardware
implementation. The primary purpose of this projeets to
include the hardware aspect in order to observectsffthat
occur from a more realistic setup versus the idgalisetup
produced through the use of simulation.

Additional work to be done on this project will he
increase the number of models connected to thegehato
vary the initial conditions of the models, and have models
auto-disconnect when they reach their specified ima
SOC so that current can be re-distributed amongetmaining
vehicles connected to the charger. Also it willinperative to
create  models based on different
chemistries, and capacities to test what affecteseh
differences may create on the charger as well.
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