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Component-Based Modelling of EV Battery Chargers

Xu Xiao, He Molin, Paraskevi Kourtza,
Adam Collin, Gareth Harrison and Sasa Djokic

The University of Edinburgh
Edinburgh, Scotland, UK

Abstract—This paper reviews typical circuit topologies and
control algorithms for on-board unidirectional single-phase
electric vehicle battery chargers (EVBCs) and prowdes simple
yet reasonably accurate component-based models fdheir
representation for power system analysis. The accacy of the
developed models is validated against measuremer$ actual
EVBCs, for both ideal voltage supply conditions andypically
distorted voltage supply waveforms. The paper als@rovides
exponential and polynomial EVBC model interpretations, as
well as some discussion of the further use of thergsented
models for the analysis of existing networks and fure smart
grids with high penetration levels of EVBCs.

Index Terms—Active power factor control, electric vehicle
battery chargers, load modelling, power system angsis.

l. INTRODUCTION

Jan Meyer, Sascha Miiller, Friedemann Moller

Technische Universitaet Dresden
Dresden, Germany

The research presented in this paper continueEWRC
modelling work presented in [6], aimed at producsigple
yet accurate models for analysing the effects afeased
penetration of EVs on low voltage (LV) and mediupitage
(MV) networks. The capability of the presented nisd®
correctly represent both steady-state and harnpmovier flow
characteristics of the modelled EVBCs is validateghinst
available measurements.

Il.  TypicAL EVBC CIRCUITS AND CONTROLS

The battery charger is an important component efgW,
as it has direct impact on battery life and reglicharging
times, modes and conditions. There are severalilpess
variants of EVBCs, with classification based onargfing
voltage and current (single-phase, three-phaséc)prcharger
location (on-board, or off-board) and power flowedtion

Electric vehicles (EVs) are recognised as one efrtiost  (unjdirectional, or bidirectional).

promising technologies to help
dependency in the road transportation sector. Hewethe
connection of a large number of EV battery char¢exBCs)
will present a major challenge for the operationegfsting
distribution networks, as these loads might cauigeificant
changes in power flows, with an inherent impactvoitage
profiles, harmonic emissions and overall systenfoperance.
Currently, these changes are not fully understobdr
example, a study in [1] suggested that uncontratieairging
of EVs with a relatively low (10%) penetration mighcrease
peak demands by up to 18%. On the other hand, $tufB}
suggested that connection of a number of diffetgpes of
EVBCs could result in significant harmonic candelat
which is beneficial to the distribution network ogigon.

To study the extent and range of these changésinrs of
impact on power flows and power quality, correctdels of
EVBCs are required. Depending on the type of chraagel
purpose of modelling, a variety of component-ba&&BC
models have been described in existing literatwith (@ broad
summary in [3]). However, simplified models suitalbr a
large area network studies are still not widelyilatde, as

most of existing literature (e.g. [4], [5]) focusass the design b
of EVBCs, presenting models which generally coulat ni E
sys

|

represent the electrical characteristics of exgsttommercial
EVBCs. This paper addresses the above issues asdnis
component-based models of single-phase unidiretion-
board EVBCs, which are representative of thoselaai on

reduce the fossikl fu

The requirements for EVBC performance vary depeandin
on EV application and have significant impact onB&k
input characteristics, with [7] and [8] specifyitignits for the
single-phase unidirectional on-board chargers densd in
this paper. As EVBCs are a relatively new typecafd, there
is still no specification of dedicated harmonic itsnin [7],
which instead recommends the requirements for Chass
equipment from [8]. Accordingly, EVBCs will typidsl have
an active power factor control (a-PFC) circuit,litait their
harmonic emissions and reactive power demands. i
the input ac supply voltage waveform is distorted, is
typically true in LV residential networks, the cositof the a-
PFC circuit will not be able to produce the desirddally
sinusoidal input ac current [9]. This clearly ireties that the
correct modelling of EVBCs should include a-PFCwi.

A. Full Circuit EVBC Model

The EVBC is a complex power electronic circuit, twit
main components illustrated in Fig. 1. The key fiomal
blocks are described in the subsequent text, with full
circuit model presented overleaf in Fig. 2.

7| Boost [[| Pc-DC ]

Ek,\é“r DBR | |convertet | Ful-bridoel | Battery,
I : converter
e .

= | A-PFC contrdl | PWM contrd)l

the EU domestic market and are capable of repraduci

relevant electrical characteristics with a reas@abcuracy.

The authors acknowledge support by the German Bedinistry for
the Environment, Nature Conservation, Building &hatlear Safety (proje
ElmoNetQ, FKZ: 16EM1052).

Figure 1. Main components of a single-phase unidirectionaBEY
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Figure 2. Full circuit model of a sing

Before the boost converter, typical EVBC circuitavé
standard diode bridge rectifier (DBR) and inputefi as
shown on the left-hand side of Fig. 2. Their maindtions
are: to rectify input ac voltage to dc, and toefilthe high-
frequency harmonics of input current. The EVBC frend
circuit could use a number of converter topologeeg, boost,
buck, buck-boost, cuk, flyback or forward. Howewbe most
widely used a-PFC topology is a boost converten witluctor
current kept in a continuous conduction mode [3, @Bich is
implemented in the EVBC models presented in thiepa

1) Front-end DC-DC Boost Converter and a-PFC
Control: There are a variety of a-PFC control technique
including average or peak current control and fikadd or
sinusoidal hysteresis current control. They typjcabnsist of
an outer voltage loop and an inner current loogrebnwhere
the value for the reference inductor current in theer
current loop is given by the amplified dc voltageoein the
outer voltage loop, with the aim to maintain dcesisltage at
a desired value. The current control keeps inductorent
(and hence input ac current) within the defined enpand
lower boundary, while the control of the switchinf the
front-end converter is reconstructing the sinudoid
waveform, with either fixed or variable switchingte of
inductor’s current.

The a-PFC circuit from the developed full circulVEBC
model is shown in Fig. 3. Unlike traditional curresontrol
circuit, in which reference input current is obtinfrom the
amplified dc-link voltage error, the applied moddi peak
current control neglects the voltage loop and sibts
reference magnitude of input current directly i tturrent
control loop, in order to better fit the measuredied The used
control circuit is based on a conventional peakrenitr
control, with an added lower boundary for inductarrent.
The inductor current is first compared with its kw
boundary, and boost converter is switched on ifenitris
lower than its boundary value, resulting in an éase of the
inductor current. When inductor current is abo ldwer
boundary, the difference between the inductor citraad its
upper boundary is compared with a ramp signal toegse
pulse width modulation (PWM) control for the boos
converter switch. The frequency of the ramp sigaaet at
35.8 kHz, which is also the switching frequencytioé boost
converter in the front-end circuit of a measured &)arger.

le-phase unidirectioBMBC circuit.

Fig. 4 illustrates the results for the applied nfiedi peak
current control circuit, showing that it can betteodel the
input ac current waveform characteristics, i.e. fitgal
harmonic distortion THD;) and harmonic magnitudes/phase
angles, than the other three considered a-PFCdiairtcuits.

Figure 3. The developed a-PFC control circuit.
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Figure 4. Comparison of input ac current harmonic magnitughase angle
and THD values between measurements and conside?&e circuits.

2) High-frequency transformertn the EVBC circuit, a
high-frequency transformer is typically (but notvals) used
for galvanic isolation, safety and better contriolhe voltages
supplied to the battery by the back-end conveiteuit.

3) Back-end DC-DC Full-bridge Converter with Battery
Charging Control: The back-end dc-dc full-bridge converter
is operated as a part of a battery managementtaniggulate
battery charging in two general modes: constareot(CC)
and constant voltage (CV). Initially, the batteryrrent is



kept constant at the reference value (CC mode).n/agery
voltage reaches its reference value, it is kepts@om (CV
mode). From testing of EVs, it is found that the €lGrging
mode is active up to around 80%-90% of batterylt dtate
of charge and that its duration is much longer ttien CV
mode, which typically lasts only a few to severahg of
minutes (and sometimes even less than that).

The control circuit of the full-bridge converter ithe
developed EVBC model is shown in Fig. 5. The refeee
values for battery current and voltage are set5# &nd 360V
respectively, which is derived from the actual nueesent
data, as shown in Fig. 6. The PWM signal for cdlitrg the
switching of the transistors is generated by coingathe
amplified voltage or current error with a ramp simwith the
same switching frequency as the front-end boostexter.

Figure 5. The control circuit of the dc-dc full-bridge conter.
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Figure 6. Measured battery voltage and current for EVBC cingrginder
1pu sinusoidal input ac voltage.

4) Battery: Although the EV battery (typically Li-ion
type) is not an actual component of the EVBC, aatwur
representation of the battery is important for tmrect
EVBC modelling. The battery resistance in the pmées
model is expressed as a function of battery chgrtiime (i.e.
SoC) and rms value of the input ac voltage magmeit(ick.
Vi), where the relationship between battery resistaacd
battery charging time is determined from measurémen
the EV battery and found to be approximately lin&agy. 7.

The battery equivalent resistance decreases withcieg
ac supply voltage magnitude, which is described thg
following relationship:

R 6.4750C + 60.66V; — 9.84, 0.80 <V;,, <10 1
batt) 6.47S0C — 48.39V? + 112.12V; — 14.84 1.0 <V, < 1.20 1)

The reason for two operation regions in (1) is fReat will

below 0.95pu-1pu, while above this value (assuncimgstant
power conversion efficiencies for differei values), Roar
will remain approximately constant in the model.isTls
validated in Fig. 7, which shows thdtvalues above 0.95pu-
1pu have only a small impact on the battery restgta
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Figure 7. Measured battery resistance during CC charging mode

B. Equivalent Circuit EVBC Model

The full circuit EVBC model is very accurate, batjuires
modelling of relatively complex electronic circyitesulting
in high computational/modelling requirements andessively
long simulation times. In order to resolve thessués, the
high-frequency transformer, full bridge convertedaattery
are replaced by an analytical expression for thaiveéent
time-variable resistanc®eq as shown in Fig. 2.

The relationship for Ryq is calculated from the
instantaneous dc-link current and dc-link voltage ahis
process is repeated across the extended rangepof &t
voltages (from 0.8pu to 1.2pu). This is displayadFig. 8,
which shows that thBeq is increasing almost linearly with an
increase of the instantaneous dc-link voltage,The general
equation forReq is written as (2), which is obtained after a
detailed analysis and fitting of model parameterthe values
measured in tests with actual EVBCs.

R.q = (0.013S0C + 0.117)v, + 0.216S0C? + 0.0845S0C + 0.268
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increase much more slowly wher is above 0.95pu than Figure 8. The relationship between the equivalent resistgReg and dc-

whenV, is at or below 0.95pu. For the tested EVBC, this
clearly illustrated in Fig. 13a, which shows a dparnn the
EVBC power demand characteristic from a constamteoti
load type to a constant power load type wkieis higher than
around 0.95pu-1pu. Consequently, when battery asgefd in
CC mode,Ruait should increase linearly wittt, for V; values

Jink voltage (/) under 0.8pu - 1.2pu sinusoidal input ac voltage.

I1l.  VALIDATION OF THE DEVELOPEDEVBC MODELS

To validate the developed EVBC models, a commaycial
available single-phase on-board EVBC was connetied
controllable power source and subjected to a nurobasts.



The main criteria for the validation was ability the EVBC B. Distorted Input AC Supply Voltage Waveform
models to reproduce the measured input ac curranéferms
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Comparisons of simulation and measurement resatts f£ o
1pu ideally sinusoidal, ‘pointed-top’ and ‘flat-tomput ac  §
voltage waveforms are shown in Fig. 10, 11 and 12
respectively. Fig. 13 provides further validatiorf the 4, ‘ ‘ ‘

developed EVBC models, with respect to their cdjialio e .l S
reproduce voltage-dependent electrical charadesistVhile b) input current harmonics

measurement data were available for 0.8pu-1.1pgerasf Fi ) i :

. . . . igure 11.Comparison of measured and simulated input ac mtsrfer 1 pu
input ac voltages, simulation data are obtainedHerrange of ,5inted-top” input ac supply voltage.

0.8pu-1.2pu, in order to better quantify the EVB&haviour.
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C. Comparison of Electrical Load Characteristics corresponding differences in the calculated valfethe 3

Figure 13 compares electrical characteristics éerivom and 7" input ac current harmonic magnitude. Due to the lo
measurement and simulation data for the considenege of 1HD: values, however, the absolute error is small.

input ac voltages (0.8pu-1.2pu). The electricalraberistics  The P-v andQ:-V characteristics in Figs. 13a and 13b are
are represented by plotting dependencies of apveer,P,  of particular interest for modelling EVBCs in netkatudies.
fundamental reactive powe@i, and total current harmonic Fig, 13a shows that the modelled EVBC will chartgeattive
distortion,THDi, as well as true, diSplacement and distortioﬁower demand characteristics from (an approximﬁtely
power factors RF, PF. and PFq, respectively) on ac supply constant current load type to (an approximatelyhpstant
voltage magnitude (for ideally sinusoidal wavefoymall  power load type fo; > 0.95pu. TheQ:-V characteristic in
calculations are performed in accordance to defimstin [11]. Fig. 13b (normalized usin@; at nominal voltage) are similar,
It can be seen from Fig. 13 that the EVBC models c¥ith achange from an approximately constant impeedoad
reproduce the relevant electrical characteristicéhe tested YP€ t0 an approximately constant current typevfor 0.95pu.
EVBC with a reasonable accuracy. A somewhat higinesr This is discussed further in the next section.

between the measured and simulaftetD; values is due to the
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Figure 13.Comparison of selected electrical characteristgs/dd from measurement and simulation data (8p0.to 1.2 pu sinusoidal input voltages).

IV. DiscussioN OINETWORK MODEL APPLICATIONS Standard steady state load model forms, i.e. expiaher

: P ZIP models (Table II), can be extracted from thespnted
The presented equivalent circuit EVBC model (Table . 0
can be applied directly in network studies, or g=# of an EVBC models due to their ability to reproduce vgéa

iterative time and/or frequency domain modellingra@ach. dependent power demand ch_aracterlst!cs. This alltj_ws

presented models to be used in most, if not all merial

TABLE I. PARAMETER VALUES OF THEEVBC MODEL. power flow software packages to analy,se LV/MV nekso

_ For example, voltage dependency of active andixeapbwer

L |G |La |G [TransformeriLo |Co |ramp signal demands is particularly important for assessing BwBC

(MH)|(WF) - (mH) (F) RuRe (L, Lo |(MH) (nF) (kLSZ) ?/‘;:l%‘g potential for conservation voltage reduction irufetnetworks

1,00 [1,00 |1.10 |1.30 [3.3760.358 L.00/1.00 [35.8 [[0 3] with large penetration levels of EVs, as well astfe general
E-01 |E-03 |[E+01 [E+03 E+01 [E+02 assessment of network voltage profiles and povesrs]




TABLE Il. EXPONENTIAL AND ZIP EVBC MODEL INTERPRETATIONS
Exp. model Polynomial/ZIP model
SuPRly | PR e Ty [ Zo [T [P | 2o | 1o | Py
Ideal "1 9951088 2 | 0 |08d4011 1 | o | o
(<1pu)
PT 10099089 2 | 0| 09| 01 1 ol o
(<1pu)
FT
(e1puy | 0995089 2 | 0 | 09| 01) 1 ol o
Ideal | 5 998/0.08/0.46| 0 |0.08092| 0 | 047| 053
(>1pu)
PT 10.999]0.03 0 |0.01002/097| o o | 1
(=1pu)
FT  10.995(0.07/051| 0 007093 o | 051| 049
(=1pu)
where: Ideal — sinusoidal, PT — pointed-top, and-Fl&t-top waveform.

Model parameters for active power demand charatiesi
in Table 1l demonstrate that the EVBC will shifiofn an
approximately constant current load type (witr0.9 andlp
dominant in ZIP model) to an approximately constiaoiver

that the presented EVBC models are capable of atyre
representing EVBCs in power system studies, inolydi
analysis of their harmonic emissions for power iyal
assessment.

The paper also discussed the use of the develogBCE
models for assessing the impact of increasing EVBC
penetration levels on power flows and performarfdevoand
MV networks. For that purpose, exponential and
polynomial/ZIP model interpretations are formulatedorder
to specify and implement appropriate EVBC steadtestoad
models for a large area network studies.

The dependency of EVBC characteristics on supply
voltage distortions clearly indicates that the eormodelling
of EVBCs should include a-PFC circuit and raisepantant
guestions about the suitability of compliance veation tests
in [8], which require sinusoidal voltages for tagtioads with
a-PFC circuit. This is one of the possible direwidor future
work, together with the further development andcdjmation

load type (i.e. witm,~0 andP, dominant in ZIP model) when Of Simple and accurate aggregate models of a laugever of

input ac voltage magnitude is higher than 1pu. Tkisa
consequence of the discussed EVBC control cireuitich
limits active power demand for higher than nominglut ac
voltages. The fundamental reactive power charatiesi of

EVBC model will shift from an approximately constan

impedance load type (i.e. witmy=2 and Z;=1) to a
combination of constant power and constant culcad type

(i.e. with ng~l~P¢~0.5), again when the input ac supply

voltage magnitude is higher than 1pu. The only ptioa are
Q1-V results for pointed-top voltage waveform with misigphe
higher than 1pu, which closely resemble a congtaner load

type (=0 andPg=1). Measurement data in Fig. 13 confirm

these active/reactive power characteristics, athomost of
measurements were done with the supply voltage itaigs
in the range 0.9pu-1.1pu, in order to prevent disection of
tested EVBCs due to over or under voltage supphgitimns.

V. CONCLUSIONS

This paper presents a component-based methodotwgy f

modelling on-board unidirectional single-phase teiec
vehicle battery chargers (EVBCS), typically usediomestic
“slow-charging” applications. The modelling methtmlyy
begins with a detailed representation of the mavBE
circuit components, including full implementatiof @ntrol
algorithms and high frequency switching circuitheTmodel
also includes representation of the EV batteryi¢alfy Li-ion
type), in which the battery resistance is deterchifrem the
measurements and expressed as a function of ttex\bstate
of charge and input rms ac voltage.

In order to reduce the computational requirememd a

simulation times, the full circuit model is aftemda reduced
to an equivalent circuit model form, by formulatiren
analytical expression for the equivalent dc-linksiseance.
Both full and equivalent circuit EVBC models weraidated

by measurements, demonstrating that they can deburajij)

reproduce the most important electrical charadtesisof
EVBCs for a number of supply voltage conditionseétly
sinusoidal and distorted voltage waveforms, witffedént
magnitudes). These results, based on a direct aisopaof
measurements of actual EVs and circuit simulaticngfirm

EVBCs, aimed at the analysis of existing LV and MV
networks and future “smart grids”.
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