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Bi-Directional EV Charging With Robust Power
Controlled Adaptive Phase-Shift Algorithm

Debasish Mishra

Abstract—The charging current variation at various level of
battery operating conditions and state of charge (SOC), often
requires precise and accurate control in EV charging to achieve
desired power transmission. This article proposes a gain adaptive
sliding mode control (ASMC) with a modified phase-shift algo-
rithm to facilitate EV fast charging at various levels of non-linear
battery dynamics. The ASMC improves the front-end AC-DC
charging performance with additional robustness by eliminating
the conventional fixed gain control architecture and incorporating
dynamic parameter updation at various levels of active or reac-
tive power transmission. In order to support EV fast charging,
a modified phase estimation technique is also proposed with an
objective to minimize power-mismatch and phase-shift error dur-
ing bi-directional charging phenomenon. In most of the existing
phase-estimation techniques, voltage based PI-controller is used to
determine the power transfer limit in bi-directional EV chargers
without considering different charging modes and battery SOC.
However, the presented control technique is entirely gain adaptive
and includes the battery dynamics based upon constant current
(CCQ) or constant voltage (CV) charging phenomenon. The control
algorithm is simulated in both grid-to-vehicle (G2V) and vehicle-
to-grid (V2G) modes of operation to comprehensively analyze the
active power exchange without affecting the utility power quality. A
laboratory prototype is also developed with a 3.3 kW bi-directional
charging topology to validate the controller performances.

Index Terms—Power quality, G2V and V2G bi-directional EV
charging, gain adaptive control.

I. INTRODUCTION

HE continuous rise in the adoption of EVs has a
T tremendous potential to curb greenhouse gas emissions
from the transportation sector. EVs are now more frequently
considered a wide range of distributed energy in the utility
grid [1], [2]. Hence rather than confining the EVs only to
uni-directional charging operation, the EV battery storage
units are now exposed to bi-directional charging to address
various grid power quality issues. Continuous improvements
in battery technologies with higher charging cycles, a longer
duty of operation, faster charging or discharging rate (C-rate),
and higher energy density have made bi-directional charging
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Fig. 1.  Circuit configuration for single-phase dual-stage isolated BEV charger.

more attractive [3], [4], [5], [6]. However, the integration
of EV clustered networks for large charging establishments,
irrespective of the grid non-idealities, has adversely affected
the distribution utility. A conventional EV charger without
necessary power factor correction (PFC), significantly pollutes
the grid by injecting low-order harmonics into it [7], [8]. An
enhanced power control algorithm with gain adaptive control
architecture is described in this article to ensure bi-directional
EV (BEV) charging with improved power quality operation.

Multi-functional EV charging architecture extends its appli-
cation towards effective utilization of battery energy to over-
come various grid power quality issues including the active
and reactive power support [9]. However, battery chemistry and
associated energy density plays a vital role in determining the
extent of utility power support. The batteries with less than
100 Wh/L volumetric energy density and smaller charging rate
are least preferred for grid support [10]. Due to higher energy
density and increased charging rate, the Li-ion cells are now
more preferred for EV battery support. However, converter
selection with reduced passive components, galvanic isolation,
zero voltage switching (ZVS) and suitable controller design are
some of the essential requirements to establish the bi-directional
charging. Several well-established works in the literature have
demonstrated the application of dual-stage converters as bi-
directional EV chargers with enhanced power quality operation
and grid strengthening [11], [12], [13], [14], [15].

The BEV charger essentially consists of a two stage of
power conversion with independent control architecture for grid
connected charging configuration as shown in Fig. 1. Among
various control architectures, fixed-gain PWM controllers [16],
[17], [18], [19] are mostly adopted in front-end active VSCs
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to maintain a constant DC link voltage with unity power factor
(UPF) operation at the utility. Huang et al., have described a
PI-control based architecture to regulate the battery voltage from
a single-phase utility [17]. However, the cascaded control archi-
tecture is highly band-limited within stipulated time-constants
across individual control units. Sufficient time constant more
than the Nyquist sampling rate, has also been provided for
switching pulse generation. Though, the inner-loop bandwidth
(BW) is kept quite higher in comparison with the outer voltage
loop in [17], the controller is largely affected by time-lag in case
of variable load transients. Moreover, the BW of boost converter
unit needs to be precisely adjusted in order to limit the effect of
RHP zero during reference current tracking [13]. Most of the
cascaded PI-control architecture adopts the decoupled current
controller to generate the voltage reference vector for active rec-
tifier pulse generation. However, grid-frequency mismatch and
error in removal of cross-coupling terms introduces additional
inter-harmonics that deteriorate the utility harmonics to a large
extent [18]. In [19], PR-controller is implemented to regulate
the sinusoidal tracking error more effectively as compared to
the dg- controller with elimination of cross-coupling terms.
However, the inclusion of parallel resonant blocks to limit each
higher-order harmonic disturbances and more sensitive resonant
gains [20], adds complexity in the overall control architecture.
In addition, the requirement of very high gain at the resonant
frequency for complete elimination of multi-harmonic distur-
bances is quite cumbersome to implement [12]. In order to add
more flexibility with active and reactive power variation, direct
power control (DPC) algorithm based model predictive control is
described in [21]. Although, the predictive control minimizes the
tracking error in objective function with variable control weighs,
the non-causal signal estimation often introduces large error
with variable charging dynamics. The poor voltage regulation
at the front-end converter affects the secondary unit of DC-DC
converter operation, as the input to the secondary stage expects
a least voltage perturbation.

In addition cross-coupled frequency dependent terms aren’t
also completely eliminated with DPC tracking controllerin [21].
Active power decoupling is presented in [22] in order to elimi-
nate the coupling terms to reduce second order power harmonic
oscillation. However, introducing a tertiary leg with zero-voltage
component injection certainly affects the overall cost and size
of the converter. Most of the BEV charging unit comprises of a
dual active bridge for the DC-DC power transmission due to its
attractive feature on high density power flow and ZVS operation
[13]. In order to maintain the UPF operation and EV battery
charging regulation simultaneously, the input controller requires
a fast regulating action with gain adaptive architecture in lieu of
multiple parametric variation and disturbances from either side
of controller unit. In [23], a sliding mode control is presented
by considering dg-axis current dynamics. Although the stability
and controller convergence issues are described thoroughly in
[23], the performance indices don’t consider the effect of pa-
rameter variation during controller implementation and hence
the robustness can’t be assured at various load operating points.

To address the dual loop voltage and current architecture with
parametric disturbance elimination a hysteretic band adjusted
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SMC design is presented in [24]. However, the gain adapta-
tion and controller convergence with non-linear load operation
isn’t considered during control law formulation. A number of
research works have presented simultaneous control of grid
connected converter and secondary stage DC-DC converter.
In a double-stage charging architecture, though controllers are
entirely decoupled, the interdependency of voltage and current
dynamics between both stage converters can’t be completely
denied, as the primary converter regulates the charging power
dynamics of DAB converter. Substantial research works on
DAB based EV chargers rely on the phase-shift control between
leading and lagging edge full-bridge converters [25], [26]. A
current modulation technique is described in [25], with battery
current feed-forward for phase-shift control of bridge converter.
However, the change in current reference incase high power
availability and frequent charging current variation in case of
multi-port charging isn’t feasible in [25]. A voltage control based
phase-shift estimation with a fixed load resistance is presented
in [26]. However, the estimation of phase-shift ratio doesn’t
provide an extended range of operation and limited within a band
limited virtual output voltage. Similar studies of independent
control technique with dual stage EV charging architecture
is also explored in [27]. Although, the fixed gain control ar-
chitecture regulates each stage dynamics predominantly with
enhanced stability, uniform gain can’t be applied for each stage
of charging dynamics [24].

Citing towards the aforementioned limitations with fixed
gain control architecture and band-limited phase-shift con-
trol, this article presents an iterative phase-shift control and
a gain adaptive sliding mode control for BEV charger op-
eration. The adaptive SMC, as discussed in this article re-
lies on the basic principle of power control theory, which
iteratively adjusts the parameter mismatch to add robustness
in control implementation. The present control architecture is
based on a multi-variable gain adaptation to independently reg-
ulate the grid current dynamics during bi-directional charging.
In addition to the parameter variation, the controller stabil-
ity with adaptive gain tuning in presence of grid side distur-
bance is also analytically proven during controller implemen-
tation. The main contributions of this article are highlighted
as follows.

1) A gain adaptive sliding mode control is implemented in
order to enhance the grid power quality with parameter
variation and supply disturbances during bi-directional
charging.

2) Controller stability in presence of external disturbances
and convergence are presented analytically with non-
linear stability analysis.

3) Phase-shift enhancement is implemented in the secondary
stage of the power control algorithm to attribute battery
voltage and power mismatch error during EV charging.
The equivalent error feed-forward term essentially pro-
vides a phase-shift adjustment during battery voltage vari-
ation.

4) Effect of cross-coupling terms is minimized by including
the disturbance limitation in the control algorithm. The
experimental analysis is also performed to depict the effect
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through significant reduction in low harmonic oscillations
with source current harmonic profile.

The rest of the article is presented as follows. A functional
analysis related to the overall BEV charging schematic and prob-
lem formulation is highlighted in Section II. Detailed modelling,
control law formulation and stability analysis for both of the pri-
mary and secondary stage converter are described in Section III.
Section IV describes the dynamics of controller performances
with experimental validation for both of the front-end VSC and
DC-DC converter operation.

II. SYSTEM ARCHITECTURE

The grid-interactive BEV charging architecture for a single-
phase isolated Level-I charger is shown in Fig. 1. The charging
schematic is typically configured with a front-end active bridge
converter that regulates the DC link voltage with UPF operation
at the utility charging port. A gain adaptive controller with
characteristics of parameter adaptation and disturbance rejection
is implemented for UPF operation and a fixed DC link operation
at Cg4.. The front-end converter consists of four IGBT switches
Sa1-Sqy that operate with 180° phase opposition to maintain
a fixed DC link voltage with input LC filter combination to
provide a high impedance path for lower order switching noises.
However, to execute the bi-directional charging operation the
DC link is controlled at ten percentage higher in magnitude of
the source voltage amplitude V,,. The DC-DC power conver-
sion stage is accomplished through a high frequency isolated
DAB converter and a series connected inductor [, to transfer
the desired level of charging power in either of the direction.
The high voltage side of the DC-DC converter, also known as
leading bridge connection operates in similar principle of bridge
converter with constant duty and fixed frequency operation. The
secondary bridge or lagging bridge of DC-DC converter operates
at a variable phase-shift ratio [, to transfer desired level of
charging power from either side of the isolated converter. In
order to achieve a lower equivalent series resistances (ESR),
multiple capacitive units are connected in parallel as output filter
of the DAB converter.

Substantial research works have depicted the bi-directional
charging operation through the voltage and current PI archi-
tecture. However, the battery voltage during CC mode charging
doesn’t remain constant and the variation is higher with low bat-
tery SOC [4]. In order to establish the battery voltage variation
in the charging algorithm, an enhanced controller is presented
in this article. The modified approach includes the estimation
of phase-shift ratio with power and phase mismatch error and
represented as,

B (k) = Bk — 1) + kp(e(k)) + k7 Ty(e(k))
+ f(APs(k), AB(K)) (D

where e(k), represents the error between the reference and
the receiving end power across DAB converter unit. An error
minimizing function f (APy(k),AS(k)) is introduced in (1), to
take care of the variation of battery voltage during dynamic EV
charging. The sequence of controller implementation for BEV
charging is presented in Table I.
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TABLE I
OPERATIONAL SEQUENCE

Sequence of Controller Switching Operation

Check the Vpc amplitude Turn-on the front-end
Step:1 282V < Vpc <338V VSC control unit
G2V:Turn-on the leading
Step:2 Check the power reference bridge
command: G2V or V2G V2G:Turn-on the lagging
bridge
Step:3 | G2V: Check lagging bridge output; Turn on DAB control at
Ifv, >V, lagging bridge
V2G: Check leading bridge output; | Close the CB and turn-on
Step:4 | If Vpc is more than 1.1 times vy the DAB control

III. MODELLING OF FRONT-END CONVERTER

This section presents the decoupled active and reactive power
control architecture with a linearized state matrix that includes
multiple parameter uncertainies as objective functions. Variable
controller gains are evaluated by considering the present and
previous values of state vector errors to continusly adjust the con-
troller dynamics. The detailed discussion on system modelling,
analysis and control implementaion is described as follows.

A. Control Architecture for Front-End Converter

The state expression for DPC is derived from the fundamen-
tals of stationary-to-rotating axis conversion of utility voltage
and current vector as variables with suitable grid frequency
estimation. The dg-axis source current expression in a decoupled
frame can be written as,

di . . Vg — €
d—::—l—zﬁmﬁ% )
di Ty . . Vg — €
—dtq:——l zq—wzd—l—iql 4 3)

where [ represents the source side filter inductance and r; is
the equivalent series resistance. The dg-axis components of
converter pole voltages are represented by e ; and e, respectively.

In anideal single-phase grid connected system, the orthogonal
components are obtained through a quadrature delay operation
[18], based upon the ADC data acquisition window of the
controller and fundamental frequency of source voltage. For
instance, a time-base clock (TBCLK) of 100 MHz sampling
frequency and data conversion interrupt at 50 kHz switching
frequency requires 250 samples for synchronous frame reference
generation [28]. However, during peak hour charging and larger
non-linear load connectivity with poor power quality condition,
the determination of virtual a3-components through the conven-
tional sampling delay approach is cumbersome to evaluate and
introduces frequency estimation error. The wide range of grid
frequency variation, often results in low frequency DC offset
introduction to further deteriorate the total harmonic distortions
(THD) of input current. In order to improve the estimation
process, a second-order generalized integrator (SOGI) [29], is
implemented to estimate the «/3-components and grid funda-
mental frequency w. The detailed schematic of grid frequency
estimation through SRF-PLL and SOGI algorithm is presented
in Fig. 2. To meet the desired charging power transfer limit, a
DPC algorithm is implemented in this article with instantaneous
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reactive power theory (IRPT) [29]. Based on the basics of IRPT
algorithm, the active power (P) and reactive power (Q;) for the
grid side converter can be represented as,

ps(t) = = (ig(t) X vg(t) +ialt) X vqa(t)) 4)

qs(t) = 5 (=ig(t) X va(t) +ia(t) x vg(t)) (5)

N = =

Assuming an ideal source voltage with amplitude V,,,, the first
order time-step derivative of p4(t) and g4(t) can be deduced as,

S V”'L
-5 SR e
dQS/dt w7 qs 0 _Tvz g

Redefining the system parameters as 60;(t) = I, O2(t) = r,
and system states as [z (£), 22(¢)]7 = [ps(t), ¢s(t)]”, the state
matrix in (6) can be written as [20],

V2
20,

() = —Z—?xl(t) — way(t) + eilul(t) +d(t) @)
ia(t) = fZ—jm )+w(®) + ) ®)

where u(t) = V,, eq/2 and uy(t) = V,, e,/2.The state vector
x;(t)€ R" and control input u,(t) € R" for i = 12. In (7), a
uniformly bounded disturbance with upper limit D is considered,
where d(t) € D. In order to address the actual scenario during
power transmission and to include the parameter uncertainty for
additional robustness, the parameter estimation errors are con-
sidered in (8) as, 0; (t)=0; — 0;, fori = 1 and 2. The controller
is designed to generate time variable modulating signal in order
to track the reference command input x4(¢). To further facilitate
the error convergence, during the closed loop error tracking, a
sliding surface can be defined as,

si(x,t) = ciei(x,t), fori = 1,2 9)
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where c; is a positive-definite vector. The closed-loop error
dynamics can be obtained from (8), can be represented as,

el (@ t) = [@i(t) = dai(D)]"

To regulate the command tracking with minimal error dynam-
ics, the dg-axis controllers u; and uy are designed as,

(10)

Uq (t) = — ke (t)-l—éz.’l?l (t)—l—wé]l‘z(t) —dél
— kisgn(s1)+da1(t)6)
Uz(t) = —keer (t) +é25€2 (t) —Wéﬂﬁ] (t) —kzsgn(32)+ird2(t)é1

(1)

Proof: Considering the system dynamics as defined in (8), a
Lyapunov function candidate (LFC) can be chosen as a contin-
uously differentiable function such that,

V(x,1):[0, 00)x D—* is bounded, decrescent that satisfies the
expression in [30], for some non-negative constants ¢; and cp.

ci(x) <V(z,t) < ca(x) (12.a)
ov. oV 5
5+ %f(e(t)ﬁ(t),t) <0 (12.b)

Then V(x,t)€ L, where L represents bounded measurable
function in [0, c0) [30]. Defining the LFC for the system dy-
namics as described in (8) as,

1 1
Viz,t) = 591(15)6?(% t) + 292( )e3(x2,1)
+ iél (t) + iéz(t) (13)
g1 (%)

The dynamics of the above LFC can be deduced as,

. ~ 1 =
V(.l?,t)z—k}5|7€2 He||§+9| (0_91 —LUE1$2(t)+d€1 —l—wega:](t))
1
+92< 92*611’1( —erxs( >+Z(ezk sgn(s eiélv:’vdi(t))
=12
(14)

where the parameter updation law may be defined as,
él(t) =01 (welxz(t) — wegml(t) —de; + elo'cdl(t))
oz(t) = 02 (6’1.731 (t) + €27 (t) + 62.25,12@))

Substituting the updation law from (15) into (14) results,

Vi(z,t) = —kerea [lel3 + D eikisgn(s;) — zai (t)e16: (¢)
i=1,2

5)

(16)

In (15), the time derivative of g-axis source current command

is assumed to be zero to maintain UPF at the grid side. To prove

negative semi-definiteness (NSD) of (16) through the conditions

as described in (12.a) and (12.b), it is essential to limit the

sliding mode constant k ; » with a sufficiently high negative gain.

However, in the active power dynamics as in (7), the presence

of disturbance term may dominate the other states and hence

k; is evaluated by limiting the upper bound of source voltage
amplitude. The LFC V(x,¢) from (16) can be rewritten as,

Vi(m,t) = — kele% — .’)Sl(t)elég(t) — wxg(t)elél (t)
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=+ elklsgn(sl) — idl(t)elél (t) + delél (t) (17
Since the disturbance term is upper bounded as,

|d(t)| < D,V >0 (18)

Therefore, (18) can be rewritten as,

Vi (z,t)< —kele%—plxz(t)—pzml(t)+klelsgn(sl)+Delél (t)

- N (19)
where p; = wb e (t) and p, = e (t) with an assumption of
wx(t) > Z41(t). The limiting constraint in (19) can be written
as,

Vi(@,t) < — o]l — k(1 — O)d(t) — knCel(t)

+ k] |€1(t)‘ + Delﬂl(t) (20)

where § =/ (p;>+ p2?) and 0 < ¢ < 1 such that, the inequality
in (20) satisfies,

(1) + paa(0)] < ()1 /o + 53

To proof the convergence, the expression in (20) must be NSD
and the following condition must satisfy,

—keiClei(t)| + ki ler(t)| + D lex(t)] 6:(t) <0

Similarly keeping the k;e;” fixed, the other constraint from
(20) can be derived as,

2n

(22)

—ket ler(t)| + Dler () 0:(t) — BCllz| <0 (23)
From (22) and (23) it may be concluded that,
k‘191 S k‘e] S ,8(: maX(l‘1(t),l‘2(t)) — Dé] (24)

The constraint for k. ; as described in (24), in conjunction with
the updation law from (16) essentially satisfies (12.a), (12.b) to
proof NSD, hence V(x, 1)€ L« and subsequently, e;(2),x;(1), 0(t)
€ Lo fori =1, 2. Since u;(t) and us(t) both are the functions of
ei(t), xi(1), é(t) hence u;(t)€ Lo and bounded for i = /2. The
switched sliding equivalent control can be proved as a bounded
function since,

e;(t)ke; sgn(s;) < keillei] fori=1,2 (25)

Then it can be shown, the integral of V (:(7), ) results a finite
quantity within [0,00) and a square-integrable function. Since
e(t)is bounded and e ;(?) €L, hence it is uniformly continuous.
Then it can be concluded from Barbalat’s Lemma [31] that,

e;(t) — 0,ast — oo for i = 1,2 (26)

Hence, the controller is stable and converges to zero as the
time approaches a longer duration. The overall control schematic
by implementing a sliding controller through direct power con-
trol algorithm is shown in Fig. 3.

B. Mathematical Modeling of DC-DC Converter

The DAB topology is widely adapted in most of the Level-
1 EV chargers due to it’s appealing feature to achieve bi-
directional power transfer with galvanic isolation and zero volt-
age switching (ZVS) with high power transformation capability.
The DAB operational modes and corresponding experimental
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waveforms are shown in Fig. 4. Considering a symmetrical op-
eration of DAB within half of the switching interval T},,, the cur-
rent expression at different switching intervals in phase-shifted
mode can be derived from Fig. 4(b). The average transferred
power during the switching operation 7, can be calculated as
(32],

1 [T VbV
Pay. = —— / i (t)dt = Y2V 501 _ gy (27)
s JO

Th zfswlr
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Assuming a continuous conduction mode (CCM), various
operating modes of DAB converter can be described as follows.

1) Mode-I(Leading-Edge Discharging Interval): The opera-
tional mode starts with the switching operation of sy ; and s ; ; that
induces a square voltage output at the LV side of the transformer
with the conduction of s95 and sz3. Once the interfacing inductor
(1) completely de-energized, the secondary current reverses its
polarity through Dy and Dgy. The state-space equation for the
DAB operation in this operational mode can be represented as,

Lilc] B l_rol/lr _I/Cb((;% +7e) {Zl} - F{ﬂ Vbo  (28)

Ve
where r; and r. represent equivalent series resistances (ESR)
associated with /. and Cj. The states are represented as the
inductor (/) current i; and the capacitor (Cy) voltage V.. The
EV battery unit is presented by an equivalent load resistance of
R in the state matrix presentation.

2) Mode-II (Leading-Edge Charging Interval): In this mode
of operation, due to the leading-edge phase-shift operation the
power is transferred from DAB HV side to the EV-battery unit
for charging operation as shown in Fig. 4(a). The EV battery
starts charging through the free-wheeling diodes Dg; and Dy
and the parallel capacitor stores energy for the next switching
sub-interval. The variation of current slope with respect to I,
can be observed in Fig. 4(b). The state matrix for this mode of

i

operation is presented as,
; 1
HE o] e
Ve Ve 0

where a = R/R +r, and n represents the HFT turn’s ratio.

Assuming CCM operation of the DAB converter and applying
state-space averaging technique [29] for a fixed duty cycle and
phase-shift ratio 3 perturbation, the state matrices from (28) and
(29) can be averaged as,

il B —B. n+;farc
ol __ np(R-ar.)
¢ RCY

_n +nlar. na
Iy Iy

o n(R—ar.) a

RCYy RCYy

(29)

w0
a

T RG,

BRUEE

Ve

The steady-state solution from (30) leads to the following
state-to-input transfer function matrix:

. (RCbS+a).VDO(S)
21(8) __ | RLCys*+B(r1RCy+n?ar.RCy+al,)s+a(ri+n’>R)j3
v (S) - B(nR—anr.).Vpc(s)

c RLC,s*+B(ri1 RCy+n?ar. RCy+al,)s+a(ri+n’R)

The frequency response of the above control to state output
transfer function is shown in Fig. 4(c). It may be observed that,
though the system transfer function depicts a stable frequency
response, the increase in phase-margin at higher phase-shift ratio
limits the transient performance during high power transmission.
The fixed gain controllers as in the conventional voltage or
current mode technique thus imposes restriction for choosing
controller gains during high power charging requirements [27].
Hence a modified phase-estimation technique is essential to
determine the phase-shift ratio, by considering additional phase-
shift ratio to eliminate power mismatch error.
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C. Enhanced Phase-Shift Algorithm for DAB Converter

The phase-shift variation is one of the fundamental techniques
for bi-directional power transmission across DAB power con-
verters. Based upon the similar principle of power transmission
across an over-head transmission line, the phase estimation
technique considers both sending and receiving-end voltage
to determine the level of active power transmission. However,
during the charging of a dip discharged EV battery, although
the DC link voltage remains constant, the battery voltage dy-
namics follows a non-linear charging path. Hence, the linear
calculation of power variation can’t be established during EV
battery charging [26]. In order to enhance the charging dynamics
and power transmission characteristics, this article introduces
an iterative phase-shift estimation based upon gradient-descent
algorithms. The gradient descent algorithm minimizes an error
function through negative gradient of an objective function to
obtain the local minima. Hence, the estimation architecture is
computationally efficient that can be implemented through a
digital processor within less converging time [33]. The proposed
algorithm includes the power reference error and battery voltage
mismatch as two objective functions to determine the phase-shift
ratio (). Considering a quadratic cost function as,

J(B) = 5 [Pa(t) = Pre]’ (32)
where P(1) is the sending-end power as given in (27), and P.f
is the desired reference power for EV charging.

In case of ideal battery charging or higher value of SOC, the
battery voltage V;, doesn’t vary to a large extent. However, due
to the nonlinearity in EV charging, the error appears between
the reference power and actual sending-end power. Minimizing
the error, through the negative gradient of the cost function as
in (32), the phase-mismatch error can be evaluated as [33],

98 _ 9%
T
where v, is the convergence factor that can be varied within 0.2
to 0.5 based upon the need of convergence rate and ¢, represents
the power mismatch error in (32). The dynamics of the first order

time variation of the power deviation error can be found out from
(27), which is represented as,

Oep  nVpcVi
0B 2fswlr
Substituting the expression of (34), in (33), the phase-shift
ratio can be represented as,
B . WbV
at Pt

(33)

(1-2p) (34)

(1-28) (35)

Discretizing the above expression in (35), the phase-shift ratio
[, may be expressed as,
nVpeVu(k + 1)
2f$'ll) l’l"

However, the above expression requires a step ahead estima-
tion of battery voltage, which can be obtained from Lagrange’s

Bk+1) = —vep (1-2p8(k))  (36)
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extrapolation method and represented as,

Vi(k + 1) = 3Vy(k) — 3V (k — 1) + Vi (k — 2)

Charging performances with (a) G2V and (b) V2G dynamics.

(37

Simulation waveforms representing the dynamic responses of battery unit with (a) voltage control technique [25](b) current control technique [26] and

Fig. 7. Experimental prototype of bi-directional EV charging architecture.

The phase-shift estimation as in (36), includes the time-
variation of battery voltage dynamics, to effectively incorporate
the charging non-linearity during reference power tracking.
The estimation of 3, expects a continuous adjustment with
unit sample delay to minimize the power mismatch error. The
weighing factor ~, plays a crucial role in determining the rate of
convergence during reference power tracking. Hence, to evaluate
v, the averaged dynamics of phase-shift ratio is considered at the
maximum operating point, which is presented as,

T
OBav 2 [tetTE2 nep Voo Vi
o T, 2 F el
Applying the principle of change in variables with the integral
limits, it may be written as,
36 av nep VocVy
= _— 1 —
g YA (1-5)
From the above expression of averaged value of phase-shift

ratio 3 4,. and the equilibrium point, the weighing factor ~y can
be evaluated as,

- (1-28)dt (38)

to

(39)

_ sz’LU l’[‘
nngDC‘/b (1 - 5711)
Based on the conventional phase-shift algorithm [23] and the

phase-error as in (36), the combined expression for modified
phase-shift ratio can be derived as,

i, /%f%JFB(quI),forleadingedge
1y /i_%‘%—B(k—f—l),forlaggingedge

(41)

4fswlr
nngDC‘/I)

(40)

Brlk+1) =
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The expression in (41) has two terms explicitly defining the TABLE IT
operating phase-shift ratio with respect to maximum ratio of 0.5 SYSTEM AND CONTROL PARAMETERS
and an additional phase-shift error to address power mismatch. System Value Control Value
Parameters Parameters
Vs 230V/50Hz kel ke2 0.01,5e-4
IV. RESULTS AND DISCUSSION Fe,Cs 1009, 2uF k2 0.1,0.05
The bi-directional EV charging architecture is designed in Cac 2700uF Jo i 0.25,0.7
. ; . [ 540pF,400uH | 7 0.015
MATLAB simulation with a 48 V EV batt.ery and 4 kVA EV battery | 48V, 100Ah | fy(DAB), 25kHz,
high-frequency transformer (HFT). The detailed system and £(VSC) 7.5kHz
control parameters are described in Table II. The simulated HFT ly:1s 18uH: 6uH I 27uH

voltage and current characteristics of BEV charging, are shown

in Fig. 5 to describe a comparative analysis of various phase- is shown in Fig. 5(c), to describe the improvement in tracking
shifting algorithm. Fig. 5(a) and (b) depicts the simulationresults  time and ripple current magnitude as compared to conventional
with conventional voltage and current control techniques [25], methods. The simulated results of charging power variation,
[26]. The tracking performance with modified phase-estimation through the BEV charger with active front-end converter are
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shown in Fig. 6. The active power exchange in G2V charging
mode of operation for a maximum of 4.1 kW is shown in
Fig. 6(a). To verify the controller performance, a lower step
charging command is provided at 0.41 sec., which is reflected at
each step voltage and current dynamics. The front-end controller
maintains UPF operation throughout the G2V and V2G mode of
operation. Fig. 6(b) shows the V2G mode of operation, where the
source voltage and current are 180° phase apart. The minimal DC
link voltage ripple contents during charging power dynamics,
ensures the reliability of controller implementation. The exper-
imental setup for the single phase EV charging architecture is
shown in Fig. 7.

A. Performances of Front-End Converter Dynamics

The dynamic responses of grid side converter during G2V
mode operation are shown in Fig. 8(a) and (b), where UPF
operation can be seen with minimal DC under-shoot. The charg-
ing current variation during G2V mode of operation with unity
power factor operation can be clearly inferred from Fig. 8(b),
where the g-axis source current is maintained at zero. The
charging current variation in presence of distorted grid condition
is shown in Fig. 8(c) and (d) with 5 V of DC link voltage
ripple at double frequency oscillations. Fig. 8(e) describes the
V2G operation, with voltage sag and swell operation. During
the source voltage variation the input current i, adjusts itself to
maintain the DC link voltage. The source voltage and current
are phase-opposite to each other during V2G dynamics with a
fixed DC link operation. The intermediate DC bus voltage is
shown with 50 V/div. to identify the voltage variation during
discharging dynamics. Similar experimental conditions are also
created to evaluate the charging performances during distorted
supply voltage input as shown in Fig. 8(f). The voltage distortion
is obtained by adding 0.05 p.u lower order harmonic voltages
with the fundamental input voltage through a grid simulator.
The dynamic performance depicts a sinusoidal current following
nature of the EV charger with minimal DC link variations.

B. Performances of DC-DC Converter Operation

The single phase-shift (SPS) modulation technique is imple-
mented to experimental obtain the power variation across DAB
converter. The charging current variation of 2.5 A is shown in
Fig. 9(a) with change in phase-shift control that can be clearly
identified from a higher phase-shift ratio 3. The high frequency
transformer current and voltage dynamics are shown in Fig. 9(b).
The zero voltage switching operation at a phase-shift ratio g =
36° is shown in Fig. 9(b). The high voltage and low voltage side
currents i, and i7, varies according to the required charging
current demand with the estimated phase-shift ratio. The change
in voltage and current dynamics with lower charging current
demand or equivalent constant voltage operation is shown in
Fig. 9(c). During the immediate change in charging current
demand a current overshot can be observed at the LV side of the
high frequency transformer. However, the overshoot is limited
only to a single cycle delay operation to avoid any interlayer
insulation damages. Both of charging operation in Fig. 9(a) and
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(b) are operated at 25 kHz switching frequency at fixed duty and
variable phase-shift operational modes.

C. Comparative Analysis of Phase-Shift Enhancement

The experimental performances of conventional single phase
modulation (SPS) algorithm is compared with the modified
phase-shift algorithm by considering reference charging current
variation for a nearly discharged battery. A change in current
command produces a significant battery voltage variation, which
requires an immediate deflection in phase-shift control param-
eter. The modified phase-shift control provides an immediate
feed-forward phase control that combines with the calculated 3
angle to track the reference command as described in (41). The
dynamics of charging performances can be observed as shown in
Fig. 10(a) and (b). The conventional control algorithm tracks the
reference charging demand through battery current 7, oscillation
and longer settling time. However, significant improvement
can be observed in Fig. 10(c) and (d) where a quick settling
improvises the charging dynamics with the enhanced phase-shift
algorithm. The higher charging current command is settled
within few cycles of transformer secondary current magnitude.
The battery current smoothly achieves the desired dynamics with
enhanced phase control algorithm. After achieving the charging
current dynamics, the feed forward phase term reduces to zero
and the SPS current control follows the charging dynamics.

V. CONCLUSION

An adaptive sliding mode control based bi-directional EV
charging topology is exclusively discussed with controller sta-
bility and convergence for primary stage rectification. The ex-
perimental results validate the implementation of the adaptive
SMC, to achieve an improved charging profile during charging
operation. The adaptive SMC algorithm evaluates a variable
controller gain at each sampling step of data acquisition to
establish the desired power reference command that suitably
nullifies the effect of uncertainties at input voltage distortions.
In addition, an enhanced phase-shift algorithm is implemented
to effectively control the DC charging dynamics with mini-
mal phase delay operation. The iterative phase-shift estimation
evaluates the power mismatch error at each switching interval
and provides an equivalent feed-forward phase-shift error ratio
to enhance the dynamics of charging operation. The modified
algorithm incorporates the change in battery voltage dynamics
to provide a robust phase-shift estimation for DAB charging
operation. The present control algorithm is widely adaptable for
a large charging current variation in a deeply discharged battery
charging operation. The charging robustness and experimental
performances depicts its appealing feature in bi-directional EV
charging applications.

ACKNOWLEDGMENT

The authors are grateful to SERB-NSC Fellowship and
DRIIV, an initiative of the Principal Scientific Advisor (PSA),
Delhi S&T Cluster, Government of India for supporting this
work.

[1

—

[2

—

3

—

(4]

[5

—

(6]

(71

(8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 72, NO. 12, DECEMBER 2023

REFERENCES

Z. Wang, X. Guo, J. Li, and X. Wang, “Impact of voltage sags on electric-
vehicle charger and critical voltage sag determination,” IEEE Trans. Power
Del., vol. 31, no. 16, pp. 1397-1399, Jun. 2016.

Y. Yuan, L. Jiao, K. Zhu, and L. Zhang, “Scheduling online EV charging
demand response via V2V auctions and local generation,” IEEE Trans.
Int. Trans. Syst., vol. 23, no. 8, pp. 1143611452, Aug. 2022.

0. Nezamuddin, C. L. Nicholas, and E. C. Santos, “The problem of electric
vehicle charging: State-of-the-art and an innovative solution,” IEEE Trans.
Int. Trans. Syst., vol. 23, no. 5, pp. 4663-4673, May 2022.

C. Liu, H. Liu, G. Cai, S. Cui, H. Liu, and H. Yao, “Novel hybrid
LLC resonant and DAB linear DC-DC converter: Average model and
experimental verification,” IEEE Trans. Ind. Electron., vol. 64, no. 9,
pp. 6970-6978, Sep. 2017.

J. Yong, V. Ramachandaramurthy, K. Tan, and N. Mithulananthan, “A
review on the state-of-the-art technologies of electric vehicle, its impacts
and prospects,” Renewable Sustain. Energy Rev., vol. 49, pp. 365-385,
2015.

M. G. Egan, D. L. O’Sullivan, J. G. Hayes, M. J. Willers, and C. P. Henze,
“Power-factor-corrected single-stage inductive charger for electric vehicle
batteries,” IEEE Trans. Ind. Electron., vol. 54, no. 2, pp. 1217-1236,
Apr. 2007.

S.Han, S. Han, and K. Sezaki, “Development of an optimal vehicle-to-grid
aggregator for frequency regulation,” /[EEE Trans. Smart Grid, vol. 1,no. 1,
pp. 65-72, Jun. 2010.

A. M. A. Haidar and K. M. Muttaqi, “Behavioral characterization of elec-
tric vehicle charging loads in a distribution power grid through modeling
of battery chargers,” IEEE Trans. Ind. Appl., vol. 52, no. 1, pp. 483-492,
Jan./Feb. 2016.

G. Pellegrino, E. Armando, and P. Guglielmi, “An integral battery charger
with power factor correction for electric scooter,” IEEE Trans. Power
Electron., vol. 25, no. 3, pp. 751-759, Mar. 2010.

B. E. Layton, “A comparison of energy densities of prevalent energy
sources in units of joules per cubic meter,” Int. J. Green Energy, vol. 5,
no. 6, pp. 438-455, Dec. 2008.

M. Chen, A. Mathew, and J. Sun, “Nonlinear current control of single
phase PFC converters,” IEEE Trans. Power Electron., vol. 18, no. 6,
pp. 2187-2194, Nov. 2007.

B.-K. Lee, J.-P. Kim, S.-G. Kim, and J.-Y. Lee, “An isolated/bidirectional
PWM resonant converter for V2G (H) EV on-board charger,” IEEE Trans.
Veh. Technol., vol. 66, no. 9, pp. 7741-7750, Sep. 2017.

J. Everts, F. Krismer, J. Van den Keybus, J. Driesen, and J. W. Ko-
lar, “Optimal ZVS modulation of single-phase single-stage bidirectional
DAB AC-DC converters,” IEEE Trans. Power Electron., vol. 29, no. 8,
pp. 3954-3970, Aug. 2014.

S. Mukherjee, V. R. Chowdhury, P. Shamsi, and M. Ferdowsi, “Model
reference adaptive control based estimation of equivalent resistance and
reactance in grid-connected inverters,” IEEE Trans. Energy Convers.,
vol. 32, no. 4, pp. 1407-1417, Dec. 2017.

N. Hou and Y.-W. Li, “Overview and comparison of modulation and con-
trol strategies for a non-resonant single-phase dual active bridge DC-DC
converter,” IEEE Trans. Power Electron., vol. 35, no. 3, pp. 3148-3172,
Mar. 2020.

R. M. Milasi, A. F. Lynch, and Y. W. Li, “Adaptive control of a voltage
source converter for power factor correction,” IEEE Trans. Power Elec-
tron., vol. 28, no. 10, pp. 4767-4779, Oct. 2013.

K.-P.Huang, Y. Wang, and R.-J. Wai, “Design of power decoupling strategy
for single-phase grid-connected inverter under nonideal power grid,” IEEE
Trans. Power Electron., vol. 34, no. 3, pp. 2938-2955, Mar. 2019.

A. S. Mir and N. Senroy, “Intelligently controlled flywheel storage for
enhanced dynamic performance,” IEEE Trans. Sustain. Energy, vol. 10,
no. 4, pp. 2163-2173, Oct. 2019.

P. Alemi, C.-J. Bae, and D.-C. Lee, “Resonance suppression based on
PR control for single-phase grid-connected inverters with LLCL filters,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 4, no. 2, pp. 459-467,
Jun. 2016.

W. Song, Z. Deng, S. Wang, and X. Feng, “A simple model predictive
power control strategy for single-phase PWM converters with modulation
function optimization,” IEEE Trans. Power Electron., vol. 31, no. 7,
pp. 5279-5289, Jul. 2016.

J. Ma, W. Song, S. Wang, and X. Feng, “Model predictive direct
power control for single phase three-level rectifier at low switching fre-
quency,” IEEE Trans. Power Electron., vol. 33, no. 2, pp. 1050-1062,
Feb. 2018.

Authorized licensed use limited to: University of Washington Libraries. Downloaded on April 27,2025 at 12:21:11 UTC from IEEE Xplore. Restrictions apply.



MISHRA et al.: BI-DIRECTIONAL EV CHARGING WITH ROBUST POWER CONTROLLED ADAPTIVE PHASE-SHIFT ALGORITHM

[22] H. Wu, S.-C. Wong, C. K. Tse, and Q. Chen, “Control and modulation
of bidirectional single-phase AC-DC three-phase-leg SPWM converters
with active power decoupling and minimal storage capacitance,” I[EEE
Trans. Power Electron., vol. 31, no. 6, pp. 4226-4240, Jun. 2016.

L. Schirone, F. Celani, and M. Macellari, “Discrete-time control for DC-
AC converters based on sliding mode design,” Inst. Eng. Technol. Power
Electron., vol. 5, no. 6, pp. 833-840, Jul. 2012.

R. Guzman, L. G. de Vicuna, J. Morales, M. Castilla, and J. Matas,
“Sliding-mode control for a three-phase unity power factor rectifier oper-
ating at fixed switching frequency,” IEEE Trans. Power Electron., vol. 31,
no. 1, pp. 758-769, Jan. 2016.

N. Vazquez and M. Liserre, “Peak current control and feed-forward com-
pensation of a DAB converter,” IEEE Trans. Ind. Electron., vol. 67, no. 10,
pp- 8381-8391, Oct. 2020.

W. Song, N. Hou, and M. Wu, “Virtual direct power control scheme of
dual active bridge DC-DC converters for fast dynamic response,” IEEE
Trans. Power Electron., vol. 33, no. 2, pp. 1750-1759, Feb. 2018.

F. Krismer and J. W. Kolar, “Closed form solution for minimum conduction
loss modulation of DAB converters,” IEEE Trans. Power Electron., vol. 27,
no. 1, pp. 174-188, Jan. 2012.

M. C. Kisacikoglu, M. Kesler, and L. M. Tolbert, “Single-phase on-board
bidirectional PEV charger for V2G reactive power operation,” IEEE Trans.
Smart Grid, vol. 6, no. 2, pp. 767-775, Mar. 2015.

B. Singh, S. Kumar, and C. Jain, “Damped-SOGI based control algorithm
for solar PV power generating system,” IEEE Trans. Ind. Appl., vol. 53,
no. 3, pp. 1780-1788, May/Jun. 2017.

H. K. Khalil, Nonlinear Systems. 3rd ed. Englewood Cliffs, NJ, USA:
Prentice-Hall, 2002.

S. Basu Roy, S. Bhasin, and I. N. Kar, “Robust gradient-based adaptive
control of nonlinearly parametrized plants,” IEEE Control Syst. Lett.,
vol. 1, no. 2, pp. 352-357, Oct. 2017.

D. Mishra, B. Singh, and B. K. Panigrahi, “Modified phase shift control for
DAB based bidirectional onboard EV charger,” in Proc. IEEE Int. Conf.
Power Electron., Drives Energy Syst., 2018, pp. 1-6.

S. Mohamadian, H. Pairo, and A. Ghasemian, “A straightforward quadra-
ture signal generator for single-phase SOGI-PLL with low susceptibility to
grid harmonics,” IEEE Trans. Ind. Electron., vol. 69, no. 7, pp. 6997-7007,
Jul. 2022.

(23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]

[33]

Debasish Mishra (Student Member, IEEE) received
the B.Tech. degree in electrical engineering (with first
class and Hons.) from the Biju Patnaik University of
Technology, Rourkela, India, and the M. Tech. degree
in power electronics from IIT, Varanasi, India, in 2006
and 2012, respectively. From 2012 to 2016, he was
an Assistant Professor with ITER, SOA University,
Bhubaneswar, India. He is currently working toward
the Ph.D. degree with the Department of Electrical
Engineering, IIT Delhi, New Delhi. His research in-
terests include design and control of power electronic
converters for electric vehicle applications, power quality enhancement in grid
integrated charging stations, and linear and non-linear control applications.

15501

Bhim Singh (Fellow, IEEE) has received the B.E.
degree in electrical from the University of Roorkee
(Now IIT Roorkee), India, in 1977 and the M.Tech.
degree in power apparatus & systems, and the Ph.D.
degree in electrical from the IIT Delhi, India, in 1979
and 1983, respectively. In 1983, he was a Lecturer
with the Department of Electrical Engineering, Uni-
versity of Roorkee, where he became a Reader in
1988. In December 1990, he joined the Department
of Electrical Engineering, IIT Delhi, India, as an As-
sistant Professor, where he has become an Associate
Professor in 1994 and a Professor in 1997. From 2014 to 2016, he has been the
Head of the Department of Electrical Engineering with IIT Delhi. From 2016
to 2019, he has been the Dean, Academics with IIT Delhi. From 2015 to 2021,
he has been JC Bose Fellow of DST, Government of India. From 2019 to 2021,
he has been CEA Chair Professor. Since July 2021, he has been SERB National
Science Chair. Prof. Singh has guided 117 Ph.D. dissertations, and 177 M.E.
/ M. Tech. /M.S. (R) theses. He has filed 106 patents. He has executed ninety
sponsored and consultancy projects. His research interests include solar PV grid
interface systems, micro grids, power quality monitoring and mitigation, solar
PV water pumping systems, improved power quality AC-DC converters.

Bijaya Ketan Panigrahi (Senior Member, IEEE) re-
ceived the Ph.D. degree in power systems from Sam-
balpur University, Sambalpur, India, in 2004. He is
currently a Professor with the Department of Electri-
cal Engineering, IIT Delhi, New Delhi, India, where
he is also the Head of the Center for Automotive
Research and Tribology (CART). His research inter-
ests include soft computing, signal processing, power
quality, renewable energy systems, power system pro-
tection, electric vehicles and charging infrastructure,
cyber security of power systems, and the Internet of
Things. Prof. Panigrahi is an Associate Editor for IEEE TRANSACTIONS ON
TRANSPORTATION AND ELECTRIFICATION and /ET Smart Grid and the Editor of
IETE Journal of Research.

Authorized licensed use limited to: University of Washington Libraries. Downloaded on April 27,2025 at 12:21:11 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


