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ABSTRACT

The harmonic pollution of electric vehicle (EV) charging
station is mainly caused by the former level uncontrolled

thyristor-controlled rectification circuit of charger. In
allusion to the charger which adoptsthreephase

uncontrolled rectiféer with passive power factor correction,

this paper analyzeshe operatng principle of charging

current in continuous and discontinuous mode. Accordin?

to the voltage and current balance equasion charging

harmonic limit and suppression measure. Therefore, it is
necessary to study the harmonic analytical method for
electric vehicle charger.

The first level of EV charger mainly adopts uncontrolled,

C%Fnyristor—controlled or pulse width modulation (PWM)

controlled rectifying way. Compared to the latter one,
chargers adopting uncontrolled or thyristor-controlled
rectifier are mostly used in the earlier operating charging
ation, and the above two type charger cause the most
erious harmonic pollution [6-8]. After the rectification of

process, the frequengomain harmonically coupled the three-phase rectifier, the grid voltage will generate the

admitance matrtes of charger are derived and the

parameters of the harmonic admittance matrix under
different operatingmodes are gained on the basis of th

charging equivalent circuit,
domain harmonic analytical model of EV charger
established. This model transforms the tdoenain
nonlinear characteristic of charger into frequerdgmain

pulsating DC voltage at the DC side of charger, and the DC
current will be produced when the DC voltage acts on the

doad. By the coupling interaction between the rectifier and
therefore the frequencyPOWer grid, the voltage and current at the AC side of

charging station will appear harmonic distortion. At present,
the main methods to study the harmonic characteristic of
charger are time-domain simulation [6,7] and experiment

linear admittance matx to represent the coupling test [8,9], but they can’t be used to calculate the harmonic

relationship between currentharmonic and terminal

analytically. In literature [10], the harmonically coupled

voltage harmonic of charger. Finally, theccuracy of the admittance matrix model of single-phase and three-phase

model proposed this paper is verified by the simulatiofiyristor-controlled

analysisand experimertest
Index Terms electric vehicle charger;three phase
uncontrolled rectifier; harmonic model; harmonically
coupled admittance matrix

I. INTRODUCTION

With the promotion and application of Electric vehicle
(EV), the installed scale of nonlinear high-power charger
gradually increases, which will produce unbearable
harmonic to grid [1,2]. EV charger usually adopts single-
phase or three-phase rectification circuit [3-5]. In the SAE
J1772 charging interface standard of American society of
automotive engineers (SAE), chargers are divided into three
levels. The first level is slow charging chargers which adopt
single-phase uncontrolled rectification circuit, while the
other two levels are conventional (board) charging or fast
(off-board) charging chargers using three-phase rectifier, and
the three-phase conventional charging is the currently most
common way for EV [4,5]. The rectifier of charger is a
typical harmonic source, and its harmonic current flowing
through grid will produce adverse impact on the devices
such as other load, generator, monitoring and measuring
equipment. The harmonic characteristics of EV charger and
its interaction with grid are crucial to assess the harmonic
pollution produced by chargers, as well as further design the
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rectification  circuit have been
established, but it didn’t analyze the uncontrolled
rectification circuit which are mostly used in the first level of
EV charger [6, 7]. In literature [11, 12], the frequency-
domain analytical model of single-phase uncontrolled
rectification circuit has been established, which transforms
the nonlinear time-domain model to frequency-domain linear
matrix form. But three-phase rectifier is different from
single-phase rectifier, its every diode exits two conduction
process in half wave circle. And influenced by DC load, the
charging current may appear discontinuous and continuous
phenomenon [13], respectively corresponding to the light
and heavy load condition. This makes the harmonic model of
three-phase uncontrolled rectifier more complex, and the
analytical method of single-phase can’t be used to three-
phase uncontrolled rectification charger of EV.

Usually, in order to improve current waveform and
enhance power factor, a power factor correction will be
included in three phase uncontrolled rectification charger,
and the earlier operating charging stations mainly use
passive power factor correction device [7,9]. Therefore, in
allusion to the charger which adopts three-phase
uncontrolled rectifier with passive power factor correction,
this paper studies the operating principle in charging current
continuous mode (CCM) and discontinuous mode (DCM)
caused by the variation of charging power. Based on the
voltage and current balance equations in the conduction
interval, the AC current time-domain analytical expression of
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charger is derived, and then the frequency-domain harmonic
analytical model of EV charger under different operating
mode is established. Using Matlab/Simulink software to
establish the electromagnetic transient model of charger and
setting up the experiment platform, then the correctness of

model is validated by simulation analysis and experiment test.

I1. RECTIFICATION CIRCUIT AND
OPERATING MODE OF EV CHARGER

At present, EV charger usually uses PWM rectifier and
active power factor correction technology to decrease
harmonic. But due to the simplicity and reliability of passive
power factor correction, it still plays an important role in the
earlier charging station [5-7], such as Chongging airport
charging station, Zhongshan Lequn charging station. After
rectified by the rectifier and then corrected by the passive
power factor correction device at dc side, three-phase AC
voltage can be treat as the input of DC conversion circuit for
battery charging. Taking the long charging time into
consideration, the circuit uses the changeable load resistance
R for the equivalence of the high frequency power
conversion circuit at different stage. The equivalent circuit
shown as Fig.1 is used to simulate the structure of three-
phase EV charger, which includes three-phase uncontrolled
rectifier, load equivalent resistance R, and passive power
factor correction which consists of filter inductor L; loss
resistance R; and filter capacitor C. It can also improve the
grid harmonic condition if connecting the reactor to the AC
side of rectifier, but the inductance will be considered as the
grid impedance. The

iuc([L :Rf|_rvl\_rfvx iR(tL
ia() /Np1/\p3/N\D5
»

Judc(o c JUR('() U R

/Np4/N\p6/\D2

Fig. 1. Equivalent circuit for harmonic analysis of electric vehicle charger.

following will establish the harmonic model of three-phase
uncontrolled rectification charger according to the equivalent
circuit in Fig.1.

The rectification circuit of three-phase charger exits two
operating state which is the capacitor charge or discharge. In
the capacitor charging process of every circle, the biggest
line voltage supplies power to capacitor. For the charging
current of each phase, there are two charging process in half
circle. And as the charging power changes, the charging
current of the two conduction process in every half wave
circle may appear continuous or discontinuous,
corresponding to light load or heavy load condition.
Assuming that the terminal voltage of charger is symmetrical
and ideal, the waveform of A-phase current i,, line voltage
Uy, and u,., and DC voltage ug. under light and heavy load
condition are shown in Fig. 2, where w is rated angular
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frequency of grid, T=2p/wis primitive period.
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Fig. 2 Operation characteristics of electric vehicle charger under light and

heavy loads: (a) Discontinue charging current under light load condition, (b)

Continue charging current under heavy load conditions.

Taking A-phase current for example, in the first half
circle, diode D, and Dg conduct, and line voltage u,, supplies
power to the capacitor and load resistance R. For the charger
under light load condition, when the DC load voltage ug is
larger than u, its A-phase current i, will decrease until to
zero. What’s more, diode D; and Dg will switch off when
i,=0, which means the end of this charging process. And then,
diode D, and D, begin to conduct when u, is larger than ug,
the once more charging process of the circuit starts. While
the charger under heavy load condition, the two conduction
process in every half circle will cohere at 1/4 circle which
make the charging current continuous.

In Fig2, &, a, and o @ are respectively the firing
angle and extinction angle of the first and second conduction
interval of diode in half wave cycle. The DCM and CCM of
three-phase uncontrolled rectification circuit is decided by
the DC load resistance R, and each phase current in charging
process possibly appear continuous or discontinuous. From
Fig. 2, a,>d and a,tq are respectively the condition of
current continuous and discontinuous operating mode.

I11. DERIVATION OF HARMONICALLY
COUPLED ADMITTANCE MATRIX OF EV
CHARGER

The actual voltage of grid contains much odd harmonic,
and assuming the AC terminal voltage of charger is,

W)= & V2U, costtwt (m HZ2" i )

h=1

Where h=1, 3, 5, ... is the harmonic order, U;, and 0, are
respectively the root-mean-square value of the hth harmonic
voltage and its phase angle, H is the highest harmonic order
studied in this paper, m=1,2,3 respectively represent phase
A, B, C. The following will derive the harmonically coupled
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admittance matrix of charger (phase A as example).

A. Harmonially coupled admittance matrix of EV charger
under DCM

From Fig. 2a, the voltage and current balance equations in
the conduction interval [a;, of] and [a;+p, d+p] can be
obtained. Combined the above equations, (2) can be gained
as,

cdu, (), Uy () dzg(t) Ly, di () R\
d*’t *;? L (€R =B =18 @ =Die
2

Transform (2) into complex frequency domain, then
substitute s=jhw into it, we can obtain the relationship
between hth harmonic current iy(jhu) and line voltage

uab(jhm,

: R+R -CRL(W)* j CRR & I (3)
=G(jhm)u, (hwy

Where up(ihw)= 6 Uy €77 (h=1, 7, 13,..),
J6 Uy &V ) (h=5. 11, 17,...). G(hw)=G, €™ is the
equivalent admittance of DC side, G, and g, are respectively

its amplitude and phase. Therefore, the A-phase current in
aforementioned two conduction interval is,

!
L= 8 VAU ,Gcosthut +, £ g

h=1,7,...

H
+ & BU,G,cos(ut +, % #

h=511,...

(4)

Similarly, the A-phase current in conduction interval [a,,
d] and [ax+p, a+p] is,

H
W0= 8 VA ,Gcostwt i, 2 9

h=1,7,...

"
+ & +J6U,G, cos(twt +/, % # (5

h=511,...

In addition, the charging current i,(t) in the rest region of
the wave circle is 0. After Fourier expansion of i,(t) in one
circle, the kth current harmonic vector I, i

«/_J

I R, Ot (6)

Where k is the current harmonic order. The current of
three phase uncontrolled bridge rectifier only contains 1st,
5th, 7th...harmonic current, namely k=1, 5, 7..., thus h° kis
even. And when h_ k, the kth current harmonic is,
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When h=k, the kth harmonic current is,
. H i o+2 + iKiZ .
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Transform (7) and (8) into matrix form which can be
described as,

i YATED A AT 4 U,£0
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The elements of the matrices under DCM are,
v = \/_Gh J("rﬂm el-hd _ dh4 2
k,h —
i(h-K) (10)
th J( ”r u) @h-Wa _ dh-l 2
A AN S——
i(h- k)
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Where r=1(h=1,7,13,...) or -1(h=5,11,17,...), and the

superscript + and — represents the admittance matrix
elements which corresponds to the voltage vector and
voltage conjugate vector.

B. Harmonially coupled admittance matrix of EV charger

under CCM

The charging current in Fig.2b is continuous, and its
conduction interval is [a;, @] and [a;+p, g+p]. In a similar
way, the equations (13)~(15) can be obtained after Fourier
expansion of the continuous charging current i,(t). And the
matrix elements under CCM are,

v = «/_Gh J(pf+%) g dh-0a
k,h — (h k)
\ﬁGh o Br g @ dN 92 ' (13)
jth- k) L
3 J( r+qh) 3 =
v, =35 9 BT g e
4)
v - \/§G ,(pr a) @ ih0a _ o ih kra
ko j(h+K) (15)
\/_G R 2y gy @10 0% _ g Kh ke
j(h+Kk)

Simplify (9) to (15) into the matrix form which can be
described as,
L=Y'U, Y U, (16)
Where |, is the AC current harmonic vector, U, and U,,”
are the input harmonic voltage vector and its conjugate
vector. Y* and Y are respectively the harmonically coupled
admittance matrices, and the elements of Y* and Y™ should be
chosen by (10) ~ (12) or (13) ~ (15) according to the
operating condition of charger.

IV. SIMULATION AND EXPERIMENT
ANALYSIS

Using the proposed model to calculate the magnitude and
phase angle of A-phase charging current harmonic under
different charging power or different filter inductor condition,
then the effectiveness and accuracy of harmonically coupled
admittance matrix model is validated through comparing the
calculation result, Matlab/Simulink simulation result and
experiment test result. The experiment platform of three-
phase uncontrolled rectification charger is set up, which is
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shown in Fig.3, where the parameters are L=2mH,
R=0.06W, C=363nt. The Fluke435 three-phase power
quality analyzer is used to measure the harmonic of charging
current. The terminal voltage of charger in the experiment is
provided by the programmable AC power source
Chorma67103. Due to the capacity limitation of the source,
the fundamental component of voltage in experiment is 45V,
and the harmonic voltage conditions are listed in Tab.1,
where each harmonic phase angle refers to the fundamental
voltage.

Tab. 1 Harmonic components of measured voltage
Harmonic Order  Magnitude /%  Phase angle /rad

3 35 6.57
5 2.3 -8.51
7 21 -8.36
9 1.2 2.35
11 0.4 -14.49

Charging Module ;
) E
¥ i -

Power Quality Analyze

Fig. 3 Experimental setup of charger.
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Fig. 4 AC current comparison of electric vehicle charger under different
charging power: (a) P, =0.1kW. (b) P, =0.56kW.

The test results of charging current are shown in Fig.4,
where the charging power under DCM and CCM are
respectively 0.1kW and 0.56kW. The current of three phase
charger only contains 6k+1 (k=1,2,3...) harmonic, and the
magnitude of harmonic current decreases with the increase of
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harmonic order. In Fig. 4, the calculation results of three
integer times harmonic current are 0, and the corresponding
simulation results are small enough to be neglected.
Comparing the two conditions in Fig.4, the equivalent DC
load resistance of charger will decrease under heavy load
condition, which leads the charging current changing from
DCM to CCM. The magnitude and phase angle of every
harmonic calculated by the harmonically coupled admittance
matrix are basically consistent with simulation and
experiment results, which means the correctness of the
model. For over 11th current harmonic component, the phase
angle calculation error of current harmonic is bigger than its
magnitude error.
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Fig. 5 AC current comparison of electric vehicle charger under different
filter inductors: (a) L=4mH. (b) L=10mH.

Assuming the charging power P, is 0.1kW, Fig.5 shows
the test results of A-phase current at AC side, where the filter
inductor L¢ is respectively 4mH and 10mH and other
parameters such as terminal voltage and capacitor are the
same as the above-mentioned. In Fig. 5a, the filter inductor is
small, and the two charging current in half wave circle is
discontinuous. When the filter inductor increases, the
charging current transforms to continuous, and the
corresponding magnitude of 6k#lth current harmonic
significantly decreases.

V. CONCLUSION

This paper analyzes the operating principle of three-phase
uncontrolled rectification charger with passive power factor
correction, and the frequency-domain harmonic analytical
model of charger is established. Based on the simulation and
experiment results of single charger, it’s verified that this
model can effectively calculate the charging current
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harmonic injected to grid under different charging power or
different filter inductor condition, and more accurate results
can be obtained when the dc filter inductor L¢ of charger is
less than 14.3mH. The frequency-domain harmonic model
proposed this paper can also be applied to calculate the
harmonic of three-phase uncontrolled rectification industry
load, as well as further guide the selection of harmonic
suppression measure and equipment.
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