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Abstract—A non-isolated DC charger is proposed for electric
vehicle (EV) battery system. The leakage current can be reduced
by the novel charging system without bulky transformer. A zero
sequence voltage control method is developed to stabilize the
common mode voltage thus reduce the leakage current. The
proposed fast charger includes two energy conversion stages:
DC/DC converter for battery side control; DC/AC converter for
grid interface and common mode voltage control. The parameters
of the system with LCL filter are analyzed and optimized for a
better performance of grid interface. Grid service functions are
designed for the EV charger to provide grid voltage/frequency
compensations. High power (22kW) and high efficiency (>99%)
are achieved with low leakage current (<20mA). The experiments
are implemented to verify the proposed EV charger system.

Index Terms—Common mode control, Electric vehicle supply
equipment (EVSE), grid service, LCL filter, non-isolated EV
charger.

I. INTRODUCTION

LECTRIC vehicle is playing an essential role in the

vehicle market. The increasing demand of EV requires a
proportionable capability of charging infrastructure. However
the cost and charging time are two main issues that continu-
ously limit a broader application of EV. The two existing issues
are all directly related to the charging system. Compared with
the fuel station, the EV charging infrastructure is typically
involved with charging circuits including the bulky transformer
which means more cost. On the other hand, the charging
time is longer with battery than refilling a fuel vehicle. Thus,
the improvement of charging system, especially for off the
board fast charger, is necessary for the development of EV
application [1], [2].

The line frequency transformer is typically installed in a fast
charging system which is bulky and expensive. The schematic
of a charging system with line frequency transformer is shown
in Fig. 1 where the transformer is inserted between the
grid and the filters of DC/AC converter. The line frequency
transformer accounts for a large portion of the volume and
cost. A typical 30KVA line frequency transformer can cost
more than $2000 and weigh more than 100 kg [3], [4]. Also,
the power losses induced by the line frequency transformer
is another issue which will influence the efficiency of the
charging system. The typical efficiency of EV three-phase
line frequency transformer is ranged from 97% to 98%. The
isolation, however, is a critical component that relates to the
regulation of grid-connected current quality, the attenuation of
leakage current [5], [6]. Because there exists parasitic path
between the chassis of the vehicle and the ground which is

excited by the high frequency common mode voltage. If not
insulated properly, the leakage current will flow through the
parasitic path to threaten the human safety.

A typical solution to reduce the cost and volume of trans-
former while still maintaining the capability of isolation is to
employ a high frequency transformer instead of line frequency
one [4], [7]. The high frequency transformer charging system
is shown in Fig. 2, where the transformer is inserted between
the DC/AC converter and battery. This method is capable
of blocking the leakage current parasitic paths by adding an
extra isolated DC/DC converter [8]. The cost and volume will
be significantly reduced compared with the line frequency
transformer system [9]. However, the power losses of the high
frequency transformer is greater than the line frequency one.
The typical efficiency of an isolated DC/DC converter is in
the range of 94% to 96% [10], [11]. Thus, the cost/volume
and power losses are trade-off for the high or line frequency
transformer.

The transformer-less energy conversion topologies have also
been studied, especially in the photovoltaic systems [12], [13].
Several single phase or three phase transformer-less topologies
have been developed [14], [15]. However, most of the topolo-
gies are implemented by adding extra switches or passive
devices to modify the PWM modulation method which induce
extra circuitry and control complexity. [16]-[20] proposed
several transformerless topologies of single phase or three
phase inverters to attenuate the leakage current by introducing
extra DC or AC bypass circuits. [21], [22] developed the
solutions by adding an extra switch phase leg to attenuate
the common mode voltage fluctuation. The extra devices will
result in more cost, power losses and modulation complexity.

[23] proposed a method to inject the zero-sequence voltage
to attenuate the leakage current in motor drive application.
This method effectively reduced the leakage current based on
a modulation injection perspective rather than from control.
Instead of redesigning the topology of the charger circuit by
adding more devices, this paper proposes a modification on
the three phase DC/AC converter topology combined with a
novel zero sequence voltage control method to attenuate the
leakage current. Compared with the traditional two-level three-
phase inverter, the negative DC bus of the proposed converter
is connected to the common point of AC three phase capacitors
to create the zero sequence bypassing path. The topology of
the proposed DC charger is shown in Fig. 3.

The paper is organized as follows. Firstly the circuitry
model of the proposed EV DC charger is analyzed in detail.
The common mode circuit with parasitic path is illustrated.
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Also the equivalent circuit model in dq0 reference frame is
analyzed. Secondly, the proposed control method is intro-
duced with zero sequence voltage controller to stabilize the
common mode voltage. An active damping method of the
LCL filter interfaced with the grid is designed for the con-
trol parameters. Thirdly, the smart functions of grid services
and start up procedures are designed to compensate for the
grid voltage/frequency fluctuations. Finally, the experimental
results are shown to validate the proposed DC charger with
high efficiency (>99%) high power (22kW) and low leakage
current.

II. CIRCUITRY MODELING

The proposed EV charger topology is shown in Fig. 3 which
consists of DC/DC converter connected between the battery
and DC bus, DC/AC converter connected between the grid and
DC bus. On both side of the phase leg outputs, the filters are
designed as LCL configurations. Different from the traditional
two-level three-phase DC/AC converter, the common point of
three-phase capacitors on the DC/AC side is connected to the
DC bus negative terminal to create a bypassing path for zero
sequence voltage control. The proposed DC charger topology
is non-isolated structure without transformer installed. The
common mode voltage is stabilized by the zero voltage con-
troller to eliminate the leakage current. On DC/DC side, three
phases of buck converters are connected in parallel to step up
the battery voltage to DC bus and increase the charging power
level.

A. Common Mode Analysis

In a typical non-isolated three-phase grid connected system,
there exists a common mode parasitic path between the grid
neutral and DC ground due to the high frequency common
mode voltage, v, fluctuation and the equivalent parasitic
capacitance, C), [24], [25]. The leakage current, ijcqkage, Will
flow through the common mode path and can be derived as:
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Fig. 3. The circuitry topology of the proposed non-isolated fast charger.
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Fig. 4. The leakage current paths in a non-isolated charging system with
parasitic capacitance.

The leakage current is determined mainly by the high fre-
quency common mode voltage and parasitic capacitance [26],
[27]. The fluctuation of common mode voltage is induced
by the high switching frequency of the circuit and can be
expressed as the mean value of three-phase switching legs
output voltages, vq, Vp, Ve:

Vo = 2T Ve @)

3

The common mode path of a non-isolated grid connected
converter is shown in Fig. 4 where the red dotted lines with
arrows represent the leakage current. This leakage current is
excited by the high frequency fluctuation of common mode
voltage in the parasitic path. So, the leakage current is mainly
determined by two factors: (1) rate of u..,; (2) parasitic ca-
pacitance. Firstly, according to equation (2), the mean value of
three-phase switching legs output voltages is squre waveforms
with an amplitude of DC bus voltage at switching frequency
level. Thus, the rate of change, duc.,/dt is high to amplify
the leakage current. Secondly, the parasitic capacitance, C),
is another factor to influence the leakage current. The value
of C}, varies in the solar and EV charging systems. For
a typical photovoltaic system, C}, is ranged between 10nF-
100nF. However, in a EV system, C), is between 1nF-10nF.
For the safety consideration of the standard requirements, the
leakage current is limited to be no more than 30mA in a EV
system by IEC 62955:2018 and IET Wiring Regulation 18th
Edition (BS 7671:2018) Section 722.531.2.101.

To stabilize the common mode voltage and attenuate the
leakage current, the common point of DC/AC three-phase
capacitors is connected to the DC bus negative terminal for
bypassing the zero sequence current as is shown in Fig. 3.
The proposed zero sequence voltage controller is aimed at
controlling the common mode voltage to be a constant value
of half DC bus voltage, ug4./2, instead of a high frequency
fluctuating square waveform. To compare the common mode
behavior of the traditional grid connected converter and the
proposed method, the u¢y, and 7jcqkqge are shown in Fig. 5(a)
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(a) Traditional converter. (b) Proposed method.

Fig. 5. Comparison of common mode voltage and leakage current between
traditonal grid connected converter and the proposed method.

and 5(b) with 900V DC bus and 10nF parasitic capacitance.
The common mode voltage is fluctuating +u4./2 with high
frequency for the traditional converter and stabilized at wuq./2
for the proposed method. And the leakage current is reduced
by a factor of 10-20.

B. DC/AC Converter Modelling

The DC/AC converter is directly interfaced with the grid.
To maintain a constant common mode voltage, the proposed
control method is based on the dq0 coordinate system to
leverage the zero sequence voltage component in the proposed
topology. Compared with the abc system, the active/reactive
power and common mode voltage can be controlled inde-
pendently with d, q and O sequence components in a dq0
system. The coordinate system model of the proposed DC/AC
converter can be derived from abc reference frame.

1) abc system: The state space equations in abc system are
expressed as:

.‘ac: Iwac_ilcac 3

1L,ab qu,b qu,b (3a)
1 1

.('ac: I aciil.ac 3b

Ue,ab c; 1L,ab c; Lg,ab (3b)

. 1

1g,abc = T Iuc,abc_ flug,abC7 (30)
g g

where Ly, Cy and L, are the switch side inductor, capac-
itor and grid side inductor, respectively, for the LCL filter.
1L.abes Ue,abes bg,abe and Uy qpe are the switch side inductor
current, capacitor voltage, grid side current and grid voltage,
respectively. I € R3*3 is the identity matrix.

2) dqO system: Since it is difficult to control the time-
varying sinusoidal references in abc system while conve-
nient to calculate the active/reactive power and stabilize zero
sequence voltage in dg0 system, the state space model is
transformed to dq0 reference frame for control purpose of
the proposed method. Coordinate system transformation has
been widely applied in the three-phase AC systems because the
dg system can transfer the time-varying sinusoidal waveforms
to equivalent constant DC values. For the implementation
of control, the DC values are much easier to be controlled
than AC values. However, the traditional methods mainly
utilize the dg system without considering the zero sequence.

The proposed topology connects the common point of AC
three-phase capacitors to the DC bus negative terminal which
permits to extract the zero sequence from abc system to dq0
system and control the zero sequence voltage to be half of DC
bus voltage. Thus, the u.,, can be stabilized accordingly.

For the reference frame transformation with zero sequence
components, abc system needs to be firstly transformed to 50
and then to dq0 system. From abc to a30, the Clarke transform
is applied as:

1 -1/2 —1/2
Lapo = Trape = 5 0 \/3/2 _\/3/2 Tape. (4)
12 1/2  1/2

In 80 system, the signls are composed of two orthogonal
sinusoidal AC waveforms in « and 3 frames and a zero se-
quence component. A Park transform is implemented secondly
to convert the stationary reference frame of «30 to the rotating
dq0 system which is calculated as:

cosd sinf O
Zaqo =P(0)zapo = | —sind cos® 0 | zapo. (5)
0 0 1

0 is the phase angle of the grid which is tracked with
a phase-locked-loop (PLL) controller by measuring the grid
voltage at the point of common coupling (PCC). Thus, the
AC sinusoidal signals in abc are converted to DC values in a
rotating dqO frame with a time-varying angle of 6. Considering
the control requirements to finally implement the duty cycles
in abc format for the PWM modulation, the inverse Clarke
and Park transformations are needed to convert the output of
control signals from dq0 to abc:

Tape = T x0p0 = TP(0) L2400 (6)

Based on equations (4) and (5) of the coordinate system
transformations, the state space equations of (3) can be trans-
formed from abc to dq0:

iL.dg0 = flux,dq(] - fluc,dq() —wGig g0  (Ta)
f f

. . 1.

Ue,dq0 = FfIZL7qu - ?fllg,dqo - WGuc,qu (7b)

. 1 )

1g,dq0 = fluc,dqo - flug,dqo - WGZg,qu (70
g g

where w is the angular velocity of the grid in rad/s. G is the
matrix for the coupling terms resulted from the transformation:

0 -1 0
G=|1 0 O0{. (8)
0 0 0
By leveraging the dq0 state space equations and the con-
nection of three-phase capacitors common point with DC bus
negative terminal, the zero sequence voltage can be controlled
explicitly to stabilize the ¢y, .
The typical state space model can be expressed as
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Fig. 6. dqO equivalent circuits of the proposed topology on DC/AC side.

= Agz4(t) + Bgugy(t) + Egug(t)
Cyiy(t)

(%a)
(9b)

Zg(t)
Yg(t) =

where x4(t), uy(t), y4(t), and vy(t) are the state, input, output
and exogenous input vectors of the grid side system. Ag,
By, C,, and E, are the state, input, output and exogenous
input matrices of the grid side, respectively. The vectors and
matrices are expressed in detail as

[ wa 7I/Lf 0 I/Lf
A=|10C; —wG 1Cr | B=]| 0 (10a)
0 -I/L, —wG 0
I1 0O 0
C=(0T1P0]|,E= 0 (10b)
(001 1L,
) ) T
T = [ ngqo uz:dqo Z_gyqu } U= [ Ug ] U= [ Ug,dq0 ] :

(10c)

The equivalent circuits of the dq0O system for proposed
topology of DC/AC side converter has been shown in Fig.
6.

C. DC/DC Converter Modelling

The DC/DC side converter is designed for stepping up the
battery voltage to the DC bus and controlling the battery

voltage/current at different working modes. Specifically, dur-
ing charging/discharging periods, the DC/DC side converter
can work at constant current (CC) and constant voltage (CV)
modes. Since the signals are all DC values and only the battery
side voltage/inductor current are needed to be controlled, the
control parameters are simpler than DC/AC side and only
switch side inductor/capacitor are necessary to be considered
for modelling. The state space equations of battery side
inductor current and capacitor voltage can be derived as

iL,batt = Nfux',batt - fouc,batt (11a)
. 1 1. 1 1.
Ue,batt = N C —UL,batt — N C — Yo,batt (11b)

where N, i1, patt, Uz batt> Ue,batt AN i5 pars are the number of
phases in parallel, switch leg output voltage, capacitor voltage
and battery current, respectively.

The typical state space equations of battery side DC/DC
converter per phase can be derived as

Ty(t) = Apzp(t) + Bpuy(t) + Epvs(t) (12a)
s (t) = Cpzs(t) (12b)
where x4(t) = [iLbate, Ucbare]s Ub(t) = [Uabare]s Yu(t) =

[0L,batt, Ue,batt) and vp(t) = [i0pase] are the state, input, output
and exogenous input vectors of the battery side system. Ap =
[0,—N/L;;1/NCy,0], B, = [N/Ly;0], Cp = [1,0;0, 1], and
Ey, = [0;1/NCy] are the state, input, output and exogenous
input matrices of the battery side, respectively.

D. Filter

The LCL filters design for both DC/AC and DC/DC sides
are analyzed in this section. For the DC/AC side filter, the
main standard that needs to follow is the grid current waveform
quality. The specification can be found from IEEE STD 519 to
choose the value of grid side inductor, L, for the attenuation
grid current harmonics.

For the switch side inductor, the minimum inductance,
L min, can be determined by the maximum required current
ripple, Air mqz, With the duty cycle of 0.5, d, switching
frequency, fs., and DC bus voltage, Vy.

d(1 —d)Vye
Lf,mzn - fsu)AiL . (]3)
With the desired grid/switch side inductance determined, the
capacitance can be designed by the minimum output voltage
ripple, ,ippre and the resonant frequency of the LCL filter,
wres. Specifically, the minimum capacitance is determined by
the output voltage ripple which is expressed as

1— dmin
8L puripple[ %] f2,
Then, from the minimum available C,,,;,,, the value of capac-

itance can be adjusted to determine the resonant frequency of
LCL filter system as is shown in

Cf,min = (14)



res = | L L0, (1)

LyLyCy
Based on (15), the capacitor values can be finally determined
to choose a specific resonant frequency of the LCL filter.
Then, with the help of w,.s and LCL parameters, the control
bandwidth, w., can be further designed to avoid the excitation.
The control stability analysis considering the LCL filter and
PI parameters interfaced with the grid are illustrated in the
following section.

III. CONTROL

The proposed control method of the DC fast charger
includes DC/AC and DC/DC controlling sections and the
phase-locked-loop (PLL) for coordinate transformations. The
integrated control diagram is shown in Fig. 7. The zero
sequence voltage is derived from the transformed dq0 system
and stabilized to attenuate the leakage current. The active
and reactive power are controlled separately through d and
q components which can be flowing bidirectionally between
the battery and the grid. And the higher level of commands can
be sent to provide the grid services for grid voltage/frequency
compensation.

A. DC/AC Control

For the DC/AC side control to be interfaced with the grid,
the abc three-phase sinusoidal waveforms are transformed to
dqg0 components [28], [29]. The active and reactive power
are controlled in d, ¢ reference frames, respectively [30],
[31]. For the common mode voltage, based on the proposed
topology of connecting the three-phase common point with the
DC bus negative terminal, the zero sequence voltage can be
controlled to half of DC bus to attenuate the leakage current.
The controllers are illustrated below.

1) Phase-locked-loop: The transformations between abc
and dq0 needs the real-time phase angle information, 6, of
the grid voltage [32]. An effective way can be implemented
with a PI controller by controlling the ¢ component of the grid
voltage, vy 4, 10 be zero to derive the angular velocity, w, of
the phase angle. Then, the 6 can be calculated with a period
of 27. And based on the active/reactive power calculation in

o l-al ]
Q] 2| ugg lg,q

the d-axis and g-axis represent the active and reactive power,
respectively.

2) Active power control: The active power control includes
the cascaded DC bus voltage controller and grid d current
controller to deliver the active power between the DC/DC
converter and the grid.

Firstly, for the DC bus controller, the DC link voltage
between the DC/DC and DC/AC converters needs to be
maintained to a high reference level to support the AC grid
voltage and avoid the saturation of the AC duty cycles. During
the charging/discharging modes of the battery to absorb and

Ug,q

16
g (16)

provide energy, the DC voltage can fluctuate and a PI con-
troller is applied to stabilize the bus voltage and generate a iy ,
current reference for the following grid d current controller.

Secondly, the Grid d current PI controller will receive the
current reference of i; ; from the DC bus controller to control
the d component of the grid current for maintaining a desired
active power to the PWM modulation.

3) Reactive power control: The reactive power control is
designed to provide grid services for the compensation of grid
voltage fluctuation which consists of a cascaded Q controller
and grid ¢ current controller.

Firstly, a Q PI controller is configured to control the desired
reactive power as the reference of Q*. The measurement of
reactive power to be compared with the QQ* reference can be
derived from equation (16).

Secondly, the Grid ¢ current PI controller will receive the
current reference of i;q from the Q controller to control the
q component of the grid current for maintaining a desired
reactive power to the PWM modulation.

4) Zero voltage control: For the proposed non-isolated
DC fast charger, zero sequence voltage controller provides
the capabilities to stabilize the common mode voltage and
attenuate the leakge current. With the topology modification
in Fig. 3 to connect the common point of DC/AC three-phase
capacitors and DC bus negative terminal, the zero sequence
voltage can be controlled to be half of DC bus voltage, uq./2.
Based on equation (2) and Fig. 6(c), the parasitic capacitor, Cp,
is in parallel with the zero sequence grid voltage whose change
of rate is proportional to the leakage current. Thus, to attenuate
the leakage current, the zero sequence grid voltage needs to
be maintained constant. For the proposed control method, as
is shown in Fig. 7, the zero sequence control is composed of
two cascaded controllers: zero sequence voltage controller and
zero sequence inductor current controller.

Firstly, the zero sequence voltage controller is implemented
by tracking the 0 component of grid voltage, 14,0, as half of
DC bus, ug./2, to stabilize the common mode voltage while
fully utilize the DC-link voltage.

Secondly, the zero sequence inductor current controller will
receive the current reference of i} , from the zero sequence
voltage controller to control the zero component of the induc-
tor current and apply the output to the PWM modulation.

It is worthy to note that for the DC/AC converter control,
the dg components of current and voltage are all measured
at PCC which are the grid current and grid voltage, i4 44 and
Vgq,dq» Tespectively. The motivation is for providing an accurate
calculation of active/reactive power to be interfaced with the
grid and delivering precise grid services. For the zero sequence
control, the zero sequence current is measured at the switch
inductor side because according to the proposed topology of
Fig. 3 and Fig. 6(c), the fluctuation of zero sequence current
on switch inductor side is mostly relevant to the fluctuation of
common mode voltage.

B. DC/DC Control

The DC/DC converter is directly connected between the bat-
tery and DC bus to step up the battery voltage to DC link and
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Fig. 7. The proposed control diagram of the non-isolated fast charger.

manage the active power during charging/discharging modes.
Based on the proposed DC fast charger power level of 22kW,
three phases of switch legs are connected in parallel. To man-
age the power flow of the battery during charging/discharging
periods, constant current mode and constant voltage mode
control are achieved with two cascaded PI controllers: battery
voltage and battery inductor current controller.

1) Constant current (CC) mode control: Constant current
mode control is implemented to push high current from/to the
battery by saturating the battery voltage controller. High/low
level voltage references are set during charging/discharging
periods to saturate the voltage controller and generate a
maximum/minimum output current references to the following
battery current controller.

Specifically, during charging mode, the battery voltage ref-
erence, Upqtt, 1S set to the high level and the battery voltage PI
controller will be kept at saturation in CC mode to generate the
maximum saturated output current reference, ¢, patt,maz t0 the
following CC controller to deliver constant current charging
to the battery.

During the discharging mode, the battery voltage reference,
Vpatt, 1S set to the low level and the CV PI controller will
be kept at saturation in CC mode to generate the maximum
saturated output current reference, iy, patt,maz to the following
CC controller to deliver constant current discharging back to
the grid.

2) Constant voltage (CV) mode control: After the high
power charging/discharging periods of CC mode, the battery
voltage will be increased/decreased to a high/low level which
are close to the battery voltage references, respectively and
the battery voltage controller will be away from the saturation
mode. Thus, a constant voltage mode control is taking over to
finally achieve the targeted battery voltage.

C. Active Damping Control of LCL Filter

The grid side DC/AC control is more critical than DC/DC
side because of the interface with grid AC signals and the
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Fig. 8. The plant models of dq0 control and LCL filter with active damping
method.

harmonics resulted from the grid and high frequency devices.
The plant models of the DC/AC side control in dqO frames and
the LCL filter are derived in Fig. 8. For the LCL filter system,
an active damping method is developed to feed the three-
phase capacitor currents back to the duty cycle with an active
damping gain of K,4. The active damping block is labeled in
red in Fig. 8. The motivation of adding the active damping
method is that the LCL system has the issue of unstability or
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marginal stability if there is no equivalent resistance in the loop
[33], [34]. The transfer function from the input of duty cycle
to the output of grid current without active/passive damping
can be derived as

Iy(s) Vie

Grow(s) = D(s)  LiL,Cys®+ (Ly+ Ly)s

a7)

Since the denominator of the transfer function lack of the
52 term, the system will be unstable or marginally stable
due to the resonance which could influence the robustness
of the control system. One option to improve the stability is
by introducing the passive damping of resistors. However, the
extra resistance will result in unnecessary power losses. Thus,
another desired method is the active damping by feeding the
capacitor current back to the input duty cycle as is shown
in the red block of Fig. 8 with a gain of K, 4. The transfer
function of LCL filter with the active damping can be derived
as

o

GroLad(s) = Ej; =

D
Vdc
LngCfSS + VdCKadLngSQ + (Lf + Lg)sl

(18)

With the term of s? added to the denominator of the trans-
fer function, the LCL system stability can be improved by
manually adjusting the active capacitor current damping gain,
K 4. Doing so, the resonance can be attenuated based on the
control gains/bandwidth, active damping gain and the filter
parameters. Equation (18) can be rewritten as the format of
damped model of

. Vdc
a LgLfoS(82 + 2QWress + wzes)

Gror,ad(s) (19)
where ¢ and w,.s represent the damping factor and resonant
frequency, respectively. w,.s is determined by the LCL passive
filter values and has been derived in equation (15). Thus, to
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Fig. 10. The experimental reactive power ADC readings in Const-Var mode.

compare the equations (18) and (19) of the denominators, the
active damping gain, K4, can be expressed by the LCL filter
values and damping factor, (,

4¢ |Ly(Ly+Ly)

Koy = :
T Ve L,Cy

(20)

Since, for a typical second order system, the damping factor
of LCL is usually designed as 0.707, the active damping gain
can be finally derived. Fig. 9 shows the bode diagrams of LCL
filter transfer function under different active damping factors
and no active damping cases. The active damping method
attenuates the resonance of the LCL system.

For the PI controllers, the control gains can be tuned based
on the system stability performance of resonant issue. Among
the controllers, the inner loop of grid current control is the
most critical part because it determines the cut-off frequency,
we, which needs to be within the frequency range of 0.3wy.s
to avoid the control bandwidth being higher or even close to
the resonance frequency. The grid current controller transfer
function can be expressed as

Kpig

Gig = Kpg + =229
g9 p,tg ToS

2L

where K, ;, and 7. are the proportional gain and integral
time constant, respectively. K, ;, is the key parameter that
determines the control bandwidth. Since the cut-off frequency
is designed to be 0.3w;.s, to keep away from the resonant
frequency, K, ;; can be calculated as
Ky = we(Ly + Lg).
Vdc
And the integral time constant, 7, can be derived as 30/w,
to reduce the steady state tracking error.

(22)

IV. GRID SERVICE

The proposed DC fast charger is designed to have the
capability of providing the grid service functions for the
compensation of grid voltage/frequency fluctuations. With the
help of active/reactive power controllers shown in Fig. 7 on
the d and ¢ reference frames, the charger can respond to
the voltage/frequency fluctuations at PCC to provide specific
active/reactive power support. The grid services are following
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Fig. 11. The experimental power factor ADC readings in Const-PF mode.

the standard of IEEE 1547. Specifically, the grid services
mainly include six working modes: (1) Constant reactive
power (Const-Var) mode; (2) Voltage-reactive power (Volt-
Var) mode; (3) Constant power factor (Const-PF) mode;
(4) Active-reactive power (P-Q) mode; (5) Frequency-active
power (Freq-Watt) mode; (6) Voltage-active power (Volt-Watt)
mode.

A. Constant Reactive Power Mode

In this Const-Var mode, the charger is commanded to pro-
vide the specific amount of reactive power injection/absorption
capabilities with the grid. According to the grid service item,
the charger needs to provide reactive power accounting for up
to 44% of the rated apparent power. Fig. 10 shows the provided
constant reactive power with the commands of references from
OkVar to 10kVar injection/absorption with a step of 2kVar.

B. Constant Power Factor Mode

In the Const-PF mode, the charger is controlled to be
operating at a specific power factor. The grid service standard
requires the charger to have the capability of providing the
power factor in which the reactive power accounts for up to
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Fig. 12. The Volt-Var mode results.

44% of rated apparent power. Based on the active/reactive
power controller in Fig. 7, the desired active power and
reactive power can be calculated in equation (16). The demand
of power factor can be maintained by deriving the targeted
reactive power from the given active power and power factor

as is shown in
/1 — PF?
=Py ——.
@ PF?

Then, the calculated reactive power can be sent to the reactive
power controller as the reference to maintain the desired PF.
Fig. 11 shows the experimentally captured ADC power factor
readings from 0.2 to 0.8.

(23)

C. Voltage-reactive Power Mode

In the Volt-Var mode, the charger is configured to provide
the required reactive power according to a piecewise linear
relation of grid voltage and reactive power. Specifically, when
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Fig. 13. The P-Q mode results.

the grid voltage is lower than the rated value, the charger is
required to inject reactive power to the grid. On the other hand,
if the grid voltge is high than the rated voltage, the charger
should absorb reactive power from the grid to compensate for
the grid voltage fluctuation. The Volt-Var relation is derived
from the linear curve in Fig. 12(a) and the equations of

Q = 25%SN,
2.55N

Q=- vg + 2.5SN, 90%Vy < vg < 110%VN (24b)

Q = —25%SN,

V, <90%Vy (24a)

V, > 110%Vy  (24c)

where Vi, Sy are the rated grid voltage and apparent power,
respectively.

Fig. 12(b) shows 6 experimental testing points from 90% to
110% of the rated grid voltage and captures the corresponding
reactive power in the Volt-Var mode. It can be seen that the
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Fig. 14. The Freq-Watt mode results.

testing points can accurately follow the piecewise linear volt-
var curve.

D. Active-reactive Power Mode

In the P-Q mode, the reactive power is adjusted based on
the output of active power according to a specific piecewise
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Fig. 15. The Volt-Watt mode results.

affine curve in Fig. 13(a). Specifically, if the discharging active
power is larger than 100% of the rated value, a constant 25%
amount of rated apparent power is required to be absorbed
from the grid. On the other hand, if the the active power
output is less than 50% of the rated value, no reactive power
is needed. And between 50-100% of rated active power, the
reactive power should follow the linear curve of

Q =0, P <50%Pyx (25a)

Q= —QQTNP +25%QnN, 50%Py < P < 100%Py (25b)
N

Q = —25%Sn, V, > 110%Vx. (25¢)

The corresponding active/reactive power data points are
measured through ADC and plotted in Fig. 13(b) which
conform to the linear curve of the requirement.

E. Frequency-active Power Mode

The Freq-Watt mode is designed to compensate for the grid
frequency oscillation with adjustable active power. Specifi-
cally, when the grid frequency is lower than the rated 60Hz,
the charger is expected to inject more active power to the
grid in the discharging mode or absorb less in the charging
mode. On the other hand, if the grid frequency is higher than
60Hz, the charger should inject less active power to the grid
in discharging mode or absorb more in the charging mode.

Similar with the Volt-Var mode, the Freq-Watt mode also
needs to follow a piecewise linear relation of grid freqeuency
and active power. The grid frequency can be measured from
the PLL controller with the grid voltage angular velocity, w,
and divided by 27. Then, the desired active power can be
derived from the linear curve in Fig. 14(a) and the equations
below

AP%:M’ f<60—dbyp (26a)
60ky F

AP% =0, 60—dbyr < f <60+ dbor (26b)

AP%ZW7 f>60+dbor (26¢)
60ky

where AP%, dbUF/dbOF, kUF/kOF are the

And based on the DC/DC side control in Fig. 7, the
upper and lower saturation limits of CV controller output,
1 Lbatt,maz/min» €an be adjusted by following

P

e 27
Nupass

Y Lbatt,max/min —

Thus, the expected active power will be pushed to compensate
the grid frequency fluctuation. 21 testing points are captured
in ADC and plotted in Fig. 14 which accurately follow the
Freq-Watt curve.

F. Voltage-active Power Mode

In the Volt-Watt mode, the active power is adjusted based on
the variation of grid voltage according to a specific piecewise
affine curve in Fig. 15(a). Specifically, when the grid voltage
is lower than 106% of the rated value, the charger is allowed
to deliver 100% rated power. If the grid voltage is larger than
110% of the rated value, the active power should be reduced
to 20% of the rated value. And between 106-110% of rated
grid voltage range, the output active power should follow the
linear curve below

P = 100%Py, V, < 1.06Vy (28a)
20P,

P= —%@g +22.2Py, 1.06Vy < v, < 1.1%Vy (28b)
N

P =20%Py, V,>1.1Vy. (28¢)

The corresponding active/voltage data points are measured
through ADC and plotted in Fig. 15(b) which conform to the
linear curve of the requirement.

To summarize the working mechanism of grid service to
be configured with the proposed control method, a diagram
is shown in Fig. 16. The commands of grid service working
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Fig. 16. The working mechanism of grid services to be configured with the
controller.

mode are received from the higher level platform of Raspberry
Pi which is interfaced with the users or power system opera-
tors. In Const-Var, Const-PF and Volt-Var modes, the reactive
power reference, power factor reference and active power and
grid voltage d component are passed to the corresponding grid
service control blocks, respectively, and the desired reactive
power reference is calculated and passed to the reactive power
controller. In Freq-Watt mode, the grid phase angular velocity
is measured through PLL and the battery current limits are
derived through Freq-Watt controller then passed to the CV
controller.

V. RESULTS

The experiment results of the proposed DC fast charger
with high efficiency and low leakage current are shown in
this section. The prototype configuration of hardware param-
eters and the start-up procedures are introduced. The high
power charging/discharging, steady state/transient behaviors,
common mode leakage current behavior and efficiency mea-
surement are shown to validate the proposed non-isolated fast
charger.

TABLE 1
THE PROTOTYPE PARAMETERS OF THE DC FAST CHARGER
(V1: VERSION 1, V2: VERSION 2)

Parameter Values

Rated power 22kW

DC bus voltage 900V
AC grid voltage 480Vac, -1
Battery voltage 200-650Vp o

Switching frequency
Switch side inductor

V1:20kHz; V2:80kHz
V1:450 pH; V2:45 pH

Output side inductor 45 pH
LCL capacitor V1:36 uF; V2:12 uF
DC bus capacitor 216 pF
Efficiency V1:99%; V2:98.5%
Leakage current < 30mA

(b) Version 2 prototpye.

Fig. 17. (a) Version 1 and (b) Version 2 of the proposed DC charger prototype.

A. Prototype Configuration

The hardware setup of the proposed DC fast charger is
introduced in this section. The charger parameters are shown
in Table I. Two versions of prototypes are developed including
version 1 of 20kHz switching frequency with 450uH inductor
and version 2 of 80kHz switching frequency with 45uH
inductor. The charger is capable of interfacing with 480VAC
grid to charge/discharge the battery at a voltage range of
200-650V. The rated power is 22kW. The fine-tuned control

TABLE II
FINE-TUNED PI CONTROL PARAMETERS OF THE DC FAST CHARGER

Parameter Values
dq grid current, K, ;¢ dq 1.5
dq grid current, K; ;4. 44 15.0
Zero-sequence inductor current, K, ;1,0 0.2
Zero-sequence inductor current, K ;1.0 2.0
DC bus voltage, K} ydc -0.2
DC bus voltage, K; ydc -1.0
Zero-sequence grid voltage, Kp vg,0 0.5
Zero-sequence grid voltage, K 14,0 2.0
Reactive power, K ¢ -0.002
Reactive power, K; g -0.02
Battery voltage, K} ypatt 0.001
Battery voltage, K; vbatt 0.01
Battery current, K ipatt 0.1
Battery current, K; ;patt 1.0
PLL, K, prL 0.05

PLL, K; pL1 5.0
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Fig. 19. Rated power charging/discharging with battery voltage of 200V.

parameters are shown in table II including the PI gains of dg
grid current controllers, zero-sequence inductor current con-
troller, DC bus voltage controller, zero-sequence grid voltage
controller, reactive power controller, battery voltage/current
controllers and PLL controller. The prototype of the DC
fast charger is shown in Fig. 17 which includes the power
circuit board, controller board, switch side LCL inductors,
output side LCL inductors, DC bus and LCL capacitors, power
supplies, AC breaker, DC breaker, Residual Current Device
(RCD) and Raspberry Pi. On the power circuit board, three-
phase converters on DC/AC and DC/DC side are separately
distributed on two sides of the board by the middle DC bus and
LCL capacitors. The voltage and current sensors are located
on two edges of the board for isolation between high power
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and low power. The DSP controller board, TMS320F28379D
is plugged on top side of the board. The Cree SiC MOSFET,
C3MO0032120K, is chosen for the per phase switch. For the
switch side LCL inductors, equivalent AWGS litz wire 450uH
inductor is designed for the switch side inductors of version
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1 as is shown in the middle bottom side of Fig. 17(a) and
AWGI?2 litz wire 45uH inductor is designed for version 2
prototypes as is shown in the right side of Fig. 17(b) to filter
the high current ripple and reduce the copper losses. For the
output side LCL inductors, since the current ripple is low,
equivalent AWGI2 litz wire inductor is designed at 45uH as
is shown in the right bottom side of Fig. 17. To improve the
system reliability, protection circuits are placed on both DC
and AC output sides including DC breaker, AC breaker and
RCD as is shown in the left bottom side of Fig. 17. The DC,
AC breakers will be triggered to disconnect and protect the
main circuit from power sources if input/output currents are
beyond certain limits. The RCD device is targeted to monitor
the common mode leakage current on AC side. If the leakage
current exceeds the threshold, the main circuit will be blocked
from the grid. Thus, even without the transformer in the power
loop, the common mode and differential mode currents are
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both monitored to guarantee the operational reliability.

B. Start-up Procedure

For the purpose of avoiding high inrush current and voltage
when interfacing with the 480V grid at the starting point,
a start-up procedure is designed with precharging circuit
to smoothly enter the high voltage/high current mode. The
precharging circuit is inserted between the grid side induc-
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22kW at battery voltages of 200V, 300V and 400V and (b) in constant voltage
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tor and PCC which consists of precharging resistor, Ry,
precharging relay, Sy,,. and main relay, Sy,qin. The precharg-
ing resistor is connected in series with the precharging relay.
The main relay is in parallel with the precharging relay and
precharging resistor. The function of start-up precharging cir-
cuit is to smoothly precharge the DC bus and LCL capacitors
voltage to a high level with the precharging resistors before
enabling control to avoid the inrush current and voltage which
could damage the devices or trigger protection.

When the start-up function is enabled, the precharging relay,
Spre, is closed and the precharging resistor, R,.., will be
connected in series to the grid to smoothly precharge the DC
bus to a high level. If the DC bus voltage is within the range
of (Vdc,pre,mina ‘/dc,pre,maa:) after a time PeriOd of Tpre,checka
the main relay, Sy,qn, Will be closed and Sj,.. will be opened
to disconnect R, from the grid. Then, the grid voltage is
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Fig. 28. The loss breakdown of the proposed chargers at rated power.

able to be sensed through the grid voltage sensor. If the grid
voltage is within the range of (Vyrid,abe,min> Vgrid,abe,maz)s
and the grid angular velocity, w4, is within the range of
(350, 400) after a time period of T4, check the PLL controller
is affirmed to be tracked properly with a large proportional
gain, K, prr=-2. Then, for a better tracking resolution of
wgrig With lower oscillation, the K, prr will be reduced to
a small value of -0.05 after a time period of Tprr, checki-
Then, the wg,;q will be further checked with a narrower
range of (370, 385) after a time period of Tprr check2. If
the second PLL check is passed, the charger is finally ready
to enable the controller on AC side to charge the DC bus
voltage to 900V. Then, if the DC bus voltage is within the
range of (Vdc,control,minv Vdc,control,maw) after a time periOd
of Tvgc,checks the controller on DC side is ready to be
enabled to deliver power. If any of the checking conditions
are violated due to the abnormal conditions of the grid, both
the precharging and main relays will be disconnected and the
control will be disabled to stand by and wait for the recovery
of grid side. Fig. 18 shows the transient waveforms of AC
inductor current, grid voltage, grid current and DC bus voltage
during the star-up period which takes less than 5s.

TABLE III
COMPARISON OF PROPOSED DC CHARGER WITH COMMERCIAL PRODUCTS
(V1: VERSION 1, V2: VERSION 2)

Proposed ChargePoint Blink Delta
V1&V2 Express 100 DCFC EVHUS503
Power level 22-24kW 24kW 50kW S50kW
Power flow Two-way One-way One-way One-way
Output voltage 250-800Vdc 300-500Vdc n/a 50-1000Vdc
Output current 100A max 62A max n/a 125A max
Input voltage 380-480Vac 380-480Vac 480Vac 480Vac
Input current 32A 32A 64A 70A
Efficiency V1:99%; V2:98.5% 94% 92% 94%
Power factor Auto-select 0.93 0.99 0.99
Total cost V1:$5k; V2:$2.5k $12.5k $34k $27k
Cost/Watt ($/W) V1:0.23; vV2:0.11 $0.52/W $0.68/'W $0.52/W
Grid services Yes No No No
EMC UL FCC UL IEEES19
Volume VI1.73L; V2:44L 120L 4951 708L
Weight (kg) V1:55; V2:24; 68 165 290
Pgen (KW/L) V1:0.3; V2:0.5; 0.2 0.1 0.07




C. Power Testing

The high power experimental testing of charg-
ing/discharging modes are shown in this section. The
rated power 22kW charging and discharging waveforms of
grid current, battery current, battery voltage and grid voltage
are shown in Fig. 19 with 200V battery voltage and Fig.
20 with 300V battery voltage, respectively. The steady state
waveforms of grid side inductor current, grid voltage, grid
current and DC bus voltage for version 1 and 2 prototypes
are shown in Fig. 21. Also, the transient period waveforms
of AC side inductor current, grid voltage, grid current and
DC bus voltage with a power step from 3kVA to 9kVA are
shown in Fig. 22.

Also a full charging and discharging cycle has been im-
plemented on a real battery pack, composed of 72 series-
connected battery modules from Energus Power Solution
Li8P25RT. Starting from roughly 10% state of charge, a
constant 20A discharging and charging current is applied at the
battery pack terminal during CC charging/discharging modes.
The entire cycle is recorded and plotted in Fig. 23.

D. Common Mode Leakage Current Performance

The leakage current is attenuated with the proposed topol-
ogy and zero sequence voltage controller. According to the
IEC 62955:2018, the leakage current should be within 30mA
for safety issue. Also, based on the UL requirement, the
common mode voltage RMS values should be less than SMIU
at a specific frequency range of 20Hz-1MHz. Fig. 24 shows
the common mode voltage and leakage current waveforms at
rated 900V DC bus voltage and 20kHz switching frequency. It
can be seen from the bottom waveform that the common mode
voltage has been stabilized by the zero voltage controller at
half of DC bus voltage. The calculated RMS common mode
voltage and leakage current are 2.27MIU and 15mA which
are both lower than the standard limits of SMIU and 30mA,
respectively. To further demonstrate the effectiveness of the
proposed topology and control method for the attenuation
leakage current, three cases of the leakage current and common
mode voltage waveforms are tested and shown in Fig. 25. Fig.
25(a) shows the leakage current and common mode voltage
for the proposed topology with the zero-sequence voltage
control. Fig. 25(b) is the waveforms for the proposed topology
without zero-sequence voltage control. Fig. 25(c) performs the
leakage current of the traditional topology. The comparative
results validate that the proposed topology with zero-sequence
voltage achieves the minimum leakage current of 15mA with
the least common mode voltage ripple of less than 10V.
The proposed topology without zero-sequence voltage control
has 75mA leakage current and 75V common mode voltage
ripple which are both 5 times larger than the zero-sequence
voltage controlled case. The traditional topology without zero-
sequence voltage control has the maximum leakage current
of 300mA which are 20 times larger than the zero-sequence
voltage controlled case.

E. Harmonic Standard Compliance

For the compliance of UL standard in the aspect of EMI and
harmonics, the grid current waveforms are captured to derive
the different orders of harmonic components. The harmonics
are compared with the standard requirement in Fig. 26 which
demonstrates that the proposed charger satisfies the standard
requirement of harmonic components in every frequency order.

FE. Efficiency

The efficiency of the proposed DC fast charger with power
step of 3kW from 3kW to 22kW are tested and measured
in Fig. 27(a) at battery voltage of 200V, 300V and 400V,
respectively. The peak efficiency of 99.51% is achieved at
rated power, 200V battery voltage condition. For all the battery
voltage ranges, the peak efficiencies at rated power are all
above 99%. Also, the efficiency in constant voltage charging
mode is tested with the battery voltage of 400V. The curve is
shown in Fig. 27(b). A detailed loss breakdown is analyzed
in Fig. 28 which shows the power loss distribution of the
proposed DC charger.

G. Comparison

1) Prototype comparison with commercial products: The
two versions of the proposed EV DC chargers are compared
with the existing typical commercial products to show the
merits in the aspects of effciency, cost, volume, weight, grid
service functions and power density. ChargerPoint Express
100, Blink DCFC and Delta EVHUS503 are selected for bench-
mark. The proposed DC charger achieves the highest efficiency
of 99% for version 1 and 98.5% for version 2 at rated power
among the products. The efficiencies of the commercial ones
are all below 95%. The cost and cost per watt of the proposed
chargers are all lower than the commercial ones. The volume
of the proposed version 1 charger is 1.6, 6.8 and 9.7 times
smaller than ChargerPoint Express 100, Blink DCFC and Delta
EVHUS03, respectively. The weight of the proposed version
1 charger is 1.24, 3 and 5.3 times smaller than ChargerPoint
Express 100, Blink DCFC and Delta EVHUS503, respectively.
The power density of the proposed version 1 charger is 1.5, 3
and 4.3 times higher than ChargerPoint Express 100, Blink
DCFC and Delta EVHUS03, respectively. The volume of
the proposed version 2 charger is 2.7, 11.3 and 16 times
smaller than ChargerPoint Express 100, Blink DCFC and Delta
EVHUS503, respectively. The weight of the proposed version 2
charger is 2.83, 6.9 and 12.1 times smaller than ChargerPoint
Express 100, Blink DCFC and Delta EVHUS03, respectively.
The power density of the proposed version 2 charger is 2.5, 5
and 7.14 times higher than ChargerPoint Express 100, Blink
DCFC and Delta EVHUS503, respectively.

2) Methodology comparison with other solutions: The pro-
posed control method and topology are compared with the ex-
isting solutions in the aspect of methodology. For the leakage
current elimination literature of three-phase transformerless
inverter, [19], [20] added extra DC or AC bypassing circuit
to stabilize the common mode voltage. [21], [22] introduced
a fourth switch phase leg and the corresponding LC filter to



compensate for the common mode voltage fluctuation. [23]
injected the zero-sequence voltage into the output voltage
references to attenuate the leakage current.

Specifically, [19] added two switches on the positive and
negative DC bus terminals. On the other hand, [20] added
a three-phase rectifying circuit on the AC side including six
diodes and one switch. Both solutions are aimed at decoupling
the DC and AC during null states to attenuate the common
mode voltage fluctuation by 2/3. However, extra switches will
bring more modulation complexity and conduction losses. The
current flows through two more switches in [19] during active
states and two more diode plus one more switch in [20]
during null states. The extra switching phase leg with LC
filter in [21], [22] also results in more modulation complexity
and switching losses. The zero-sequence voltage injection
solution in [23] reduced the leakage current in the aspect
of modulation. The comparative testing results in Fig. 25
demonstrate that the proposed zero-sequence voltage control
method can further reduce the leakage current and common
mode voltage fluctuation by a factor of 5 compared with the
injection solution. Thus, the proposed control and topological
solutions can attenuate the leaakge current and common mode
voltage fluctuation without adding extra devices which means
less cost and power losses.

VI. CONCLUSION

This paper proposes a high efficiency low leakage current
non-isolated EV DC charger. A zero sequence voltage control
method is developed to stabilize the common mode voltage
and reduce the leakage current. The grid services and start-
up functions are designed for smart charger application. Effi-
ciency of more than 99% is achieved. The RMS common mode
voltage and leakage current are all attenuated to satisfy the
standard requirements. The experimental results have verified
the proposed topology and control methods.
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