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Abstract—Vehicle-to-grid (V2G) paradigm is a way of executing
services in favor of the grid by electric vehicles (EVs) with bidirec-
tional battery chargers (BBC). The V2G service that has attracted
the major interest is the exchange of active power for load leveling
purposes. Less attention has received the so-called ancillary V2G
services, such as the reactive power compensation. This service is
much attractive since it does not involve any exchange of active
power and, therefore, leaves the EV batteries charged and does not
expose them to additional discharging—charging cycles. The pur-
pose of this paper is to investigate the capabilities of V2G-enabled
EVs in executing the reactive power compensation, whether done
alone or simultaneously with either battery charging or battery
power delivery to the grid. Two topologies of BBC are examined,
namely the topologies with the dc side of the charger either directly
connected to the battery or through a bidirectional dc—dc converter
of buck type. This paper closes by reporting experimental results
that corroborate the theoretical findings.

Index Terms—Bidirectional battery chargers (BBCs), electric
vehicles (EVs), reactive power compensation, vehicle to grid (V2G).

NOMENCLATURE
AR Active rectifier.
BBC Bidirectional battery charger.
BDDC Bidirectional dc—dc converter.
CC/CV Constant-current/constant-voltage  battery-charging
stage.
I Battery current.
Icco CC stage maximum battery-charging current.
Iy m Maximum battery-discharging current.
i AR ac-side current.
Ir Rated AR current.
by Battery power.
Pr Rated AR active power.
Qr Rated AR reactive power.
Qm Minimum reactive power.

Vi Battery voltage.

Vim Battery minimum (cut off) voltage.
Vi, m Battery maximum voltage.

Vie AR dc-side voltage.

v; AR ac-side line-to-line voltage.
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Vg Grid voltage.
Vi Rated AR voltage.
Vu AR ac-side line-to-line voltage upper limit.

Throughout this paper, lower-case letters denote variable
quantities. Upper-case letters denote both the rms value of sinu-
soidal quantities and the amplitude of constant or slowly varying
quantities. Upper-case letters with a bar as superscript denote
phasor quantities.

I. INTRODUCTION

HE expected proliferation of electric vehicles (EVs) has

led to look at them not only as a load for the grid but also
as a resource, according to the vehicle-to-grid (V2G) paradigm
[1]-[4]. To implement V2G, EVs must be equipped with bidi-
rectional battery chargers (BBCs) [5], [6], and be integrated in
distributed networks [7], [8], smart grids [9], or even dc grids
[10]. A number of circuitry arrangements have been proposed
for the power converters interfacing the grid with the battery
of EVs [11]-[13]; in addition to the conventional active rec-
tifiers (AR), matrix converters are examined in [14] and con-
verters obtained by a reconfiguration of the EV traction inverter
in [15]-[17]. Wireless battery chargers with V2G facility have
been also studied, based on inductive [18], [19] or capacitive
[20] coupling.

According to V2G, charging of the EV batteries from the grid
is enabled when there is a plenty of electric energy production,
while power delivery from the EV batteries to the grid is ex-
ploited when there is a plenty of electric energy demand (load
leveling). Besides load leveling, there is an emerging interest in
evaluating other services that EVs can do in favor of the grid,
especially in the smart grid prospective [21], [22]. They are com-
monly termed ancillary V2G services. Some of them are peak
shaving, spinning reserve, frequency stabilization, and reactive
power compensation. Although all of them are beneficial for
the grid, some concerns are turned to the services involving an
exchange of active power [23]. Concerns are related to both the
chance of having available EVs with a nonadequately charged
battery at the time of their need and the shortened working life of
the battery for the additional discharging—charging cycles. Op-
posite to this, the reactive power compensation does not involve
any exchange of active power and, for this reason, it appears of
great interest [24], also for applications such as railways [25].

The above-quoted papers on V2G are mainly focused on
functioning of BBCs, arrangement and sizing of the power con-
verters, and development of the control algorithms. This paper,
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instead, is focused on determining the capabilities of BBCs in
accomplishing the reactive power compensation and demon-
strates that they are dictated by the characteristics of the battery
rather than by the arrangement and the control algorithm of the
BBC itself. More specifically, this paper considers a BBC de-
signed to charge the battery of a given EV and, consequently,
sized according to the specifications of the battery of that EV.
The capabilities of the resultant BBC in compensating for the
reactive power are then evaluated in terms of the maximum
amount of reactive power absorbed by BBC as a function of the
actual battery state of charge and the BBC task, i.e., whether
BBC is executing the reactive power compensation alone or
simultaneously with either battery charging or battery power
delivery. Two BBC topologies are considered, depending on
whether or not the minimum level of the EV battery voltage is
higher enough than the rectified grid voltage. In the first case,
designated as topology #1, BBC is built up around an AR, while
in the other case, designated as topology #2, BBC includes a
bidirectional de—dc converter (BDDC) of buck type in cascade
to AR [26], [27].

This paper is organized as follows. Section II reviews the ba-
sic equations of BBC. Section III utilizes the current and volt-
age specifications of a battery to determine the BBC topology
and ratings. Section IV defines the operating region of topol-
ogy #1. Section V analyzes the capabilities of topology #1 in
compensating for the reactive power both without and with the
simultaneous drawing/delivery of active power from/to the grid.
Section VI extends the analysis to topology #2. Section VII
presents a prototypal BBC and reports experimental results rel-
evant to its capabilities of executing the reactive power compen-
sation. Section VIII concludes this paper.

II. BIDIRECTIONAL BATTERY CHARGER

The general single-line block scheme of a three-phase BBC
is illustrated in Fig. 1. Its core is the AR. By definition, the AR
input and output are its ac and dc sides, respectively; moreover,
voltage and current directions at the AR input and output are
defined in the way that the power is positive when the battery is
charged. On the AR input side, an inductor L (or an LCL mesh)
decouples the AR input voltage v; from the grid voltage v,. The
inductor comes also useful to filter the high-frequency current
harmonics produced by the pulse width modulation (PWM)
waveform of v; so that it can be assumed that the AR input
current ¢; is sinusoidal. This allows us to neglect the harmon-
ics of v; and to account only for its fundamental component
in expressing the AR input power. The AR output connection
differentiates the two BBC topologies. In topology #1, the AR
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output is directly connected to the battery, apart from the in-
terposition of an LC filter that smoothes the battery current. In
topology #2, the AR output is connected to the battery through
a buck BDDC and, again, an LC filter, where BDDC adapts the
AR dc output voltage to the battery voltage.

The circuital scheme of AR is outlined in Fig. 2. Let the AR
line voltages vj,, v;p, and v;. be generated by means of the
space vector modulation (SVM) in the linear zone and let V; be
their rms value. By reminding that

1) the upper limit V,, of V; is

Vo= V;lc :Vdc
VGV

2) V,, must be not less than V, for the power transitions to
be accomplished with the grid.
It follows that the minimum value allowable for V. is

)]

Vien = V6V, )

with k£ > 1. Selection of k is discussed later on.

Equation (2) leads to the selection of the two BBC topologies.
If the minimum voltage of the EV battery exceeds V., , topol-
ogy #1 is used; otherwise, topology #2 is needed. The minimum
voltage of the batteries onboard today’s EVs is typically less
than V., in (2), as obtained with a grid voltage of 380 V, and
EVs are equipped with BBCs having topology #2. However,
topology #1 is still used when charging occurs from enclosures
that embed a transformer for insulation purposes, and the trans-
former steps down the voltage at a suitable level. In this case,
Vj in (2) is the output voltage of the transformer.

III. FROM BATTERY SPECIFICATIONS TO AR RATINGS

In charging as well as in delivering power to the grid, current
and voltage specifications of the EV battery must be met in order
to preserve its performance.

A. Battery Specifications and AR Ratings

Battery charging encompasses two stages, namely the con-
stant current (CC) and the constant voltage (CV), as shown on
the left-hand side of Fig. 3. During the CC stage, the battery is
charged at the maximum charging current /¢ from an initial
value of voltage to the maximum value V}, ;. Let the initial
value of voltage be the minimum (or cut off) voltage V}, ,,, of the
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Fig. 3. Diagrams of battery voltage (solid line), battery current (dashed line),
and battery power (dotted line) during charging, floating, and discharging.

battery. The voltage ratio

Vb s
%,m
depends on the battery chemistry but, for both lead-acid and
lithium-ion batteries, it is of about 1.4.
At the beginning of the charging process, the power P, ab-
sorbed by the battery is

Pbﬂn, = %,mICC- (4)

=r 3)

During the charging process, the power P, increases with the
battery voltage and reaches its maximum value

Pyvi = Vomlce =1rPBy,, = Pr )

at the completion of the CC stage. Since the charging process
is much slower than the thermal dynamics of the AR devices,
B, s sets the rated power Pr of BBC.

The AR current rating is sized for a charging process with
unity displacement factor at the grid connection, i.e., with the
AR input current ¢; in phase with the grid voltage v,. Then, by
disregarding the charger power losses, the active power drawn
from the grid is given by

P, =3V, I, 6)

and is equal to the power P}, absorbed by the battery. Being V,
constant, (6) shows that the AR input current /; is proportional
to P,. At the beginning and the completion of the CC stage,
when (4) and (5) hold, the AR input current takes, respectively,
the values

Pb m V;)mICC
Iim = —— = ; 7
"= g = ©)

7 Py Vomlce
i“\M = = =
3V, 3V,
and I; js sets the rated current I of AR.
Once the maximum battery voltage Vj js is reached, the
charging process continues with the CV stage; the battery volt-
age is kept constant at Vj, 57, while the battery current declines
to zero. At the completion of the CV stage, according to the
V2G paradigm, BBC remains connected to the grid to be ready
in assisting it, and the battery is kept charged by the so-called
floating charging.

rlim = Ip (8)
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B. Battery Power Delivery

During power delivery, the battery tolerates a maximum dis-
charging current [, ), several times higher than I¢c. Let the
power delivery process: 1) begin from the condition of fully
charged battery, and 2) take place at constant power, equal to
Pr. The current that the battery can deliver is restricted by the
above-fixed AR ratings Ir and Pg rather than by the battery.
Due to them, during the initial power delivery, the maximum
current that can be drawn from the battery is Ic . As the power
delivery proceeds, the battery voltage decreases and the cur-
rent drawn from the battery is increased to maintain the power
delivery at Pr. In spite of this increase, the AR input current
remains constant and equal to Ir. The power delivery contin-
ues at rated power until the battery reaches either the minimum
voltage V}, ,,, or the maximum current [, 5s. The diagrams of
the battery voltage, current, and power under power delivery are
plotted on the right side of Fig. 3 and refer to the situation for
which the battery current reaches I, 5, before that the battery
voltage reaches V}, ,,. Afterwards, the battery current is kept
constant at I, j; and the delivered power decreases. When the
battery voltage reaches V; ,,, the power delivery is stopped to
prevent the shortening of the battery lifetime.

C. AR Voltage Equations

The voltage equation of the input mesh of one AR phase is
‘7g =Vi+Vz 9

where V;, is the voltage drop across the inductor L. Under
battery charging with unity displacement factor between V;; and
1I;, voltage V7, leads V;, of m /2, and the following relationship

holds:
Vi= \/ ‘/;12 + VL2

where V; is higher than V; because of the voltage drop V7,. Note
that the same relationship as (10) holds under battery power
delivery with unity displacement factor, where now V7, lags V,
of /2.

As a role of thumb, the rated value of V7, is set at (11) for
the inductor L to reduce the current harmonics injected into the
grid at an acceptable level [28]:

(10)

Vip =wllp =045V, (11
By (10) and (11), V; must be at least equal to
Vi=kV, k=11, (12)
By substituting this value of k in (2), it is
Viewn = 1LIV6V, =2.7V,. (13)

Equation (13) specifies in a quantitative way the condition
for selecting the BBC topology. Indeed, if the minimum voltage
Vi,m of the EV battery is such that V;, ,,, > Ve, topology
#1 is selected since (13) guarantees that both the battery charg-
ing from the grid and the battery power delivery to the grid is
carried out without the insertion of any BDDC. Otherwise, it is
necessary to resort to topology #2.
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IV. BBC TOPOLOGY #1 OPERATION

Letus analyze at first BBC topology #1 by assuming that V, ,,,
is equal to Vyc . From (3), (8), and (13), Iy can be expressed
as

V2
IR = 1.1%7“10(} =~ 1.26 Icc.
The maximum AR input voltage V; js is reached when the
voltage battery is maximum, i.e., for Vi, = V4 ar. By 3), Vi s
is equal to about 3.78 V,; and V; j; takes the value of

(14)

Vi =—= =154V, =Vp (15)

, NG :

that sets the rated voltage Vi of the AR.

A. BBC Operating Region

When the battery voltage is V}, ,,, , the minimum magnitude of
the upper limit of V; is achieved, equal to 1.1V, and the vertex
of V; describes in the complex xy plane a circle of radius 1.1V,
having the following equation:

V2 4+ V2, = (11V,)% (16)

The circle is plotted with dotted line in Fig. 4, where Vj, is
conveniently set along the axis x. By (9), the x-, y-components
of V; for a generic current I; are given by

‘/;71' = V,Yq - VL7I‘
(17
Vig ==V
where
Vie=—wLl;,
. (18)
VLA,y - wL[i,(lf

When the battery voltage is Vj, »/, the maximum magnitude
of the upper limit of V; is achieved and, by (15), it is equal
to 1.54 V. Correspondingly, the vertex of V; describes in the
complex xy plane the circle represented by the dash-dotted line

in Fig. 4, whose equation is
2
V2 + V2, = (154 V)% (19)

Besides operating within the magnitude limitation of V; de-
termined by the battery voltage, the AR must operate within the
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current rating /. In correspondence to I, V7, reaches its rated
value V1, . By rewriting (17) under this condition, it is
(Vie = Vo)? + V2, = Vi ™. (20)

Equation (20) represents Iy in terms of the x-, y-components
of V;, and shows that, at rated current, the vertex of V; describes
a circle centered in the tip of V, and having radius V7, r given
by (11). The circle is plotted with dashed line in Fig. 4.

Since only the active component of I; contributes to the
battery-charging current, the battery current specification Icc
reflects into a restriction of the active component of I; that, for
(8), can be expressed as

Vilcc Vi

L’ e < =1 .
3V, f Vi, ur

21

Equation (21), combined with (17) anc} (18), poses the fol-
lowing constraint on the y-component of V;:

Vi
Viy > —wLI .
Y r Vo,m

(22)

As aresult, the vertex of V; must stay in the half-plane defined
by (22) and must be confined between the two circles represen-
tative of the current rating and the AR input voltage limitation.
The first circle is described by (20), while the other one depends
on the actual battery voltage and is comprised between the two
circles given by (16) and (19), respectively. Such an area con-
stitutes the BBC operating region; for V;, =V}, ,, it is tagged
by dense lines in Fig. 4.

B. Pure Active Power Exchange

Pure active power exchange means that the only task of BBC
is of either charging the battery or withdrawing power from the
battery and delivering it to the grid. Under unity displacement
factor at the grid connection, the BBC operating point is on the
vertical line passing through the vertex of V,, as shown in Fig. 5.
Moreover, for the AR input current not to exceed the rated value,
the operating point must stay on the segment A-A’, where points
A and A’ are the intersections of the above-mentioned vertical
line with the circle in (20) representing /5.

Let us consider at first battery charging. At the beginning
of the CC stage, the battery voltage is V; , and (22) can be
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Fig. 6. AR phasor diagram under pure reactive power compensation.

rewritten as

I
Viy > —wLIp "™ = —wL— = —0.32 V.
b,M r

(23)

Then, the operating point is B whose coordinates are
(Vy, —0.32V}). As the battery voltage increases, the magni-
tude of I; increases and the operating point moves toward (and
reaches) point A. At this point, I; gets its rated value I, and
power P, absorbed by the battery gets its maximum. From (6),
it can be expressed as

Py =3Vylgp =P (24)

and, by the assumption of no losses in BBC, it is equal to Pg.
During the CV stage, the battery current declines to nearly zero,
and the AR operating point moves from A to C, i.e., to the vertex
of V;, along the segment A-A’.

Under battery power delivery, executed in agreement with the
diagram of Fig. 3, the BBC operating point at the beginning of
the process is A’ and remains on A’ until the delivered power
is constant. When the delivered power decreases, the operating
point moves gradually from A’ toward C along the segment
A’-A; as soon as V, reaches V, ,,, the operating point jumps
steeply to C to avoid over discharging of the battery.

V. REACTIVE POWER COMPENSATION

Being the reactive loads of the grid typically of inductive type,
BBC is supposed to compensate for them by absorbing reactive
power of capacitive type.

A. Pure Reactive Power Compensation

During pure reactive power compensation, the battery sus-
tains the voltage V. at the AR dc side but does not deliver
any current so that V. remains constant and, consequently, the
compensation could ideally go on indefinitely.

When BBC behaves like a capacitive load, the input current I;
leads V;, of /2, as shown by the phasor diagram of Fig. 6. For
a given current, the magnitude of V; is higher than during the
active power exchange because V, is in opposition to \_/g instead
of being in quadrature. The maximum reactive power absorbed
by BBC occurs under rated AR current and is expressed as

Qu =3Vylr =Qr

that sets the rated reactive power Qp of BBC. Comparison of
(25) to (24) shows that ) » is numerically equal to Pr. The BBC

(25)
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operating point in correspondence of (25) is D of Fig. 6. Indeed,
by (9) and (11), the absorption of ()js requires a magnitude of
Vi equal to 1.45V,. According to (15), this can be obtained even
when the battery is not fully charged, as long as V}, is greater
than

Vi, > V61.45V, 2 3.55 V. (26)

When the battery voltage is V} ,,, the magnitude of V; is
limited by (16) and V7, must not exceed 0.1V},. This condition
is met by reducing the AR input current to 0.22/. Now, the
operating point is E of Fig. 6. The reactive power compensated
at point E is minimum and is equal to

Qm =3V,0.22 Iz = 0.22 Q. 27)

The question can arise on what happens by sizing AR for a
current higher than 7. Inspection of Fig. 6 suggests that this
extends the reactive power compensation capabilities of BBC.
However, the operating point must remain within the AR input
voltage limitation in (19) so that it must not go over D'. At this
point, the absorbed reactive power is 1.2 times (r and the AR
input current is as high as 1.2 times /5.

B. Convenience of Simultaneous Reactive Power
Compensation and Battery Power Exchange

Under battery charging, BBC potentialities are not fully ex-
ploited because, for most of the time, AR operates neither at
rated current nor under input voltage limitation, being the op-
erating point constrained between points C and A of Fig. 5.
The same happens under purely battery power delivery, unless
BBC operates at point A’. Then, BBC can be fully exploited by
utilizing AR at the rated current or at the input voltage limita-
tion, whenever it is possible. This is attained by executing the
reactive power compensation and the battery power exchange
simultaneously.

C. Simultaneous Reactive Power Compensation and Battery
Charging (CC Stage)

Let us examine at first simultaneous reactive power compen-
sation and battery charging during the CC stage. The AR input
current leads the grid voltage of an angle that spans from 0 to
/2, being the extreme values relevant to pure battery charging
and pure reactive power compensation, respectively.

With the initial battery voltage at Vj, ,,,, the BBC operating
point that could fully exploit its capability would be A of Fig. 5,
but here the battery-charging current [, exceeds Icc. Hence, to
comply with the battery current specification, BBC is operated
at point F of Fig. 7, which is located at the intersection of the
circle (16) with the line (22), calculated for V}, = V}, ,,,. At this
point, the x-, y-components of V; are

Viewr =V = V2, e 21052V,

Viwr=-Vir = —0.32V,

(28)
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and battery charging.

By multiplying V;, by the reactive component I; , r of L,
which can be derived from (17), (18), and (28), the reactive
power absorbed at point F is

Qr =3Vyl; y r =0.11 Qpg.

During the CC stage, the active component of I; and the
corresponding active power absorbed from the grid increase
proportionally to the battery voltage, as expressed by

P =3Vl =Vlcc. (30)

From (17), (18), and (30), the y-component of V; turns out to
be proportional to V},

(29)

Vi I,
Vi, = —wL vlcc

, 57 31)

By writing V; in terms of its x-, y-components and by remind-
ing that, for (1), its upper limit is V, /+/6, one obtains
v

6
Elimination of V}, from (31) and (32) yields (33). It gives the

locus of the BBC operating point under simultaneous reactive
power compensation and battery charging during the CC stage

wLICC v

\V FVi W LI |

By (33), the operating point moves from F to G along the
segment FG. Manipulation of (33) by (5) and (11) leads to the
following expression of the locus:

V6Vi g
Vit — 6V g

Ve + Ve, = 32)

Vi =— (33)

V;,y = - Vti,z = —0.30 Vz,f (34)

At point G, the rated current circle is reached. The coordinates
of G are

6V2 .V,

Vigg =V — % +Vir
b, M
6V2 , 6V2
X 1-— : — g ~1.24V,"

< VZM Vfu !

Vigao =-037V,
(35)
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Then, the AR input voltage and the battery voltage at point G
are

Vie = Vi o+ V2213V, Vic =118V, (36)

and the reactive power absorbed from the grid is

Ii,y.G )]
Ii,w,G .
By (16) and (17), (37) can be rewritten in the form

‘/i,I,G - va

i,y,G

Qa =3 Vylpsin [atan ( (37)

Qa =3V, sin {atan( )} ~0.53 Qr. (38)

When the battery voltage increases beyond V; , the operat-
ing point can no longer stay on the locus (34), otherwise the
AR input current would exceed . Instead, it moves along the
rated current circle up to reach point A when the battery voltage
becomes V}, 5. At this point, only pure battery charging is exe-
cuted. From here on, battery charging enters into the CV stage
and the applicable analysis is presented in next section.

The BBC capabilities in terms of battery-charging power and
reactive power compensation during the CC stage, normalized
to Pr and @), respectively, are plotted on the left-hand side of
Fig. 8 as a function of the battery voltage normalized to V ,, .

D. Simultaneous Reactive Power Compensation and Battery
Charging (CV Stage)

During the CV stage, the active power absorbed by the battery
is Vi arIy. It decreases linearly with I;,. As I, decreases, an
increasing amount of reactive current can be absorbed from the
grid by keeping the magnitude of I; constant at the rated value.
The BBC operating point moves along the rated current circle
from A to D of Fig. 7. In correspondence, the compensated
reactive power is

Qev = \/ 9Vg2‘[122 - ‘/;)Q,MI}JQ'

At the completion of the CV stage, I}, is 0 and Q reaches the
rated value @) . From here one, floating charging of the battery
occurs and BBC can compensate for a reactive power equal
to Qr.

The BBC capabilities in terms of battery-charging power and
reactive power compensation during the CV stage, normalized

(39)



BUIJA et al.: REACTIVE POWER COMPENSATION CAPABILITIES OF V2G-ENABLED ELECTRIC VEHICLES

Fig.9. AR phasor diagram under simultaneous reactive power compensation
and battery power delivery.

to Pr and @, respectively, are plotted on the right-hand side
of Fig. 8 as a function of the battery current normalized to I¢c.

E. Simultaneous Reactive Power Compensation and Battery
Power Delivery

Under battery power delivery, the BBC operating point is
constrained by the AR current rating and the magnitude limita-
tion for V;, as explained in Section IV-A. If (26) holds, i.e., for
the magnitude of V; greater than 1.45V},, AR can operate in any
point of the rated current circle. Therefore, any simultaneous
combination of reactive power compensation and active power
delivery can take place, provided that (40) is fulfilled

VP +Q* = Pp.

As the battery voltage decreases below 3.55V;, BBC operates
at the rated current only when I; is nearly in opposition to V,,
otherwise AR is subjected to the magnitude limitation for V;, as
shown in Fig. 9. Under such a limitation, the AR input current
is lower than the rated one and the operating point stays on the
circle of equation

(40)

V2 + V2, =KV (41)

where 1.1 < k < 1.45. The operating point passes from the AR
rated current circle to the AR input voltage limitation circle at
point H of Fig. 9; this point is the intersection of the circles (20)
and (41) and has the following coordinates:

VE(+k) = Vig
2V,

Lo R Vi (k) VE,
iy, H =\~ 1 - 4Vg2 + 5 .

‘/i.I,H -

(42)

By multiplying V, by the reactive component of I; in H,
which can be derived from (17), (18), and (42), the reactive
power absorbed at point H can be expressed as

_QR Vql

k> —1.2
Qu = Vin 2 _—

0.9

(2 1) -

‘/92

=Qr (43)

9453

T k>=1.45
08 k=1.35 -
N k=1__3 -----------------
OB T
-~ H
9 k=1 2
G o4 - B
S A R X\
O e
¢ 02 04_ _ 06 EE
P/P
R
Fig. 10. Reactive power compensation versus battery power delivery under

AR rated current (solid line) and input voltage limitation (dashed lines) for
different values of k.

The corresponding active power delivered to the grid is

Py =./P: —Q%.

When the operating point is on the AR input voltage limitation
circle, the relationship between reactive and active powers, as
derived in Appendix I, is

(44)

QrV, ) Vi g P2
— %RV _ LRI ) 4
Q Vin k V2 P (45)

The maximum of the reactive power compensation is reached
at point N of Fig. 9. Itis readily calculated from (45) by equating
P to zero, yielding

QrV,
Vi.r

By inspection of Fig. 9 it appears that the x-component of
V. is greater in point N than in H. Consequently, the reactive
component of I, in N exceeds that one in H, and Q@ 1is higher
than Qg even if the magnitude of I; is lower. This outcome
is confirmed by the graphs of Fig. 10, which give the avail-
able combinations of battery power delivery and reactive power
compensation under AR current rating (with solid line) or AR
input voltage limitation (with dashed lines). The figure reports
four different values of k for BBC operating under AR input
voltage limitation as well as the operating points N and H for
k = 1.3. By (12), k can be at least equal to 1.1 for the battery to
deliver power to the grid. However, if £ = 1.1 and the battery
continues to deliver power, its voltage decreases below V}, ,, so
that k decreases below 1.1. Thus, for £ = 1.1, BBC can execute
only reactive power compensation, being Q equal to 0.22Qr as
per graphs of Fig. 10 and the result in (27).

Oy = (k—1)=2222Qp (k—1). (46)

VI. BBC TOPOLOGY #2 OPERATION

If the minimum battery voltage is lower than Vg ,, in (2),
BDDC is placed between the AR dc side and the EV battery,
as shown in Fig. 11, to adapt the AR dc output voltage to the
battery. The AR keeps the dc-link voltage Vj. at a constant
value, while BDDC regulates the battery current/voltage during
the CC/CV stage under charging and the battery power/current
under power delivery.
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BBC topology #2 with BDDC.

A. Comparison Settings

For a fair comparison of the capabilities of the two BBC
topologies, the same values are taken for:

1) the rated power and the ratio r of the battery,

2) the AR rated current as given by (8),

3) the AR rated voltage as given by (15).

With topology #2, the AR dc output voltage V. is no more
related to the battery voltage and, in principle, can be as high
as one wishes. However, the constraints posed by the setting
3) above and (10) restrict the amplitude of Vj. in the interval
going from (13) to r times (13). This means that the minimum
and maximum values allowed for V. are

‘/dc,m =27 ‘/g
Viewr =378V,

They coincide with the values taken by V. in topology #1 in
correspondence to V;, ,, and V}, 5.

Topology #2 operates correctly only if V. exceeds the battery
voltage in any working condition. Consequently, the maximum
voltage V}, 17 42 allowed for the battery is

Vvdcxm,
Vo 42 = T’;

(47)

q=1 (48)

where subscript #2 denotes a quantity referred to topology #2.
By reminding that Vg, ,, in topology #1 coincides with V}, ,,,,
substitution of (3) into (48) yields

Vo,m

qr

Vo, 42 = (49)

According to setting 1) above, the rated power of the battery
for topology #2 is equal to that of topology #1. Then, by (49),
its maximum charging current is

Icc 42 = qricc. (50)

From (49) and (50), it emerges that the curves of voltage,
current, and power of the battery in topology #2 under charging
and power delivery are the same as in Fig. 3, except for the
magnitudes of voltage and current that are gr times lower and
higher, respectively.

B. BBC Operation

The BDDC presence does not affect the current and voltage
quantities involved in AR so that the phasor diagrams of Figs.
5, 6, and 9, collected together in Fig. 12, still hold, the only
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Fig. 12. AR phasor diagram under simultaneous reactive power compensation
and battery power exchange with fixed dc-side voltage.

difference being that the radius of the circle representing the
AR input voltage limitation does not change with the battery
voltage. Like in topology #1, the AR current rating imposes
that the BBC operating points stay within the circle (20), while
the battery-charging current specification imposes that the BBC
operating points stay in the half-plane above the horizontal line
of ordinate —wLIp /7.

Under pure active power exchange, BBC operates irrespec-
tively from Vj., provided that i) its value is within the fork in
(47) and ii) (48) is met. Then, the BBC behavior is the same as
that described in Section IV-B. Under pure reactive power com-
pensation, the maximum reactive power compensation ranges
from @,,, when V. is equal to Vi ., to @r, when V. is in-
creased up to 3.55V, and AR is run at the rated current. Under
simultaneous reactive power compensation and battery power
exchange, BBC operation is depending on the selected value of
V.. Three working hypotheses are discussed below, namely the
minimum voltage solicitations, the AR current rating exploita-
tion, and a mixed solution.

C. Minimum Voltage Solicitations

The first hypothesis is intended to minimize the voltage so-
licitations across AR and BDDC by setting Vj at Vg, ., in (47),
i.e., at 2.7V, . Consequently, in Fig. 12, the circle relevant to the
AR input voltage limitation has radius of 1.1V/,.

Under simultaneous reactive power compensation and battery
charging, the BBC operating point at the beginning of the CC
stage is F in order that the battery-charging current does not
exceed Icc #2. As it happened for topology #1, at point F, the
active component of I; is equal to I /r and the reactive power
absorbed from the grid is equal to (29). While the battery voltage
increases, the operating point moves toward A along the circle
of the AR input voltage limitation. Point A is reached at the end
of the CC stage, where the reactive power absorbed from the
grid is zero. During the CV stage, the operating point moves
from A toward E along the same circle. Point E is reached
when the battery is fully charged. At this point, the absorbed
reactive power is given by @, , i.e., by 0.22Q) i as found in (27).
It is worth to note that (), represents the maximum reactive
power that is compensated for under the working hypothesis
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Fig. 13.  Active (solid line) and reactive powers (dashed line) absorbed from
the grid during CC stage (left) and CV stage (right) with V. = 2.7V

of Vic = Vie,m- According to this hypothesis, BBC operates
under AR input voltage limitation along the full battery-charging
process, while it operates under AR current rating only at point
A. The BBC capabilities in terms of battery-charging power and
reactive power compensation during the CC and CV stages with
Vae = 2.7V, are plotted in Fig. 13.

Simultaneous reactive power compensation and battery power
delivery can be executed at any operating point on the arc E-A’
and can go on as long as the battery discharges at V}, ,,, .

D. AR Current Rating Exploitation

The second hypothesis is intended to fully exploit the AR
current rating by setting Vg, at

Vie = 1.45V6 V, 2 3.55V, (51)

so that the rated current circle is entirely within the circle of the
AR input voltage limitation, here given by

V2, 4+ V2, = (145 V)% (52)

This feature is attained at the expenses of voltage solicitations
across AR and BDDC that are 3.55/2.7 22 1.3 times higher than
with the first hypothesis.

Operating at rated current, a higher reactive power is compen-
sated for. Indeed, the BBC operating point moves along the arc
that goes from point J to A during the CC stage, and from point
A to D during the CV stage. The BBC capabilities in terms of
battery-charging power and reactive power compensation dur-
ing the CC and CV stages under this hypothesis are plotted in
Fig. 14. Comparison of Fig. 14 with Fig. 8 shows that keeping
Ve constant at 3.55 V,;, makes BBC able to compensate for a
larger amount of reactive power during the first part of the CC
stage.

From Fig. 12, one can recognize that any operating point
outside the circle of the AR input voltage limitation exceeds
the AR rated current. Consequently, there is no advantage in
increasing V. beyond 3.55 V. This entails that AR can be
sized for a voltage a bit lower than with topology #1, where
Vb, 1 — and hence Vi, — was 3.77V,.

Simultaneous reactive power compensation and battery power
delivery can be executed at any operating point on the arc D-A’
of the circle of the AR rated current.
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Fig. 14.  Active (solid line) and reactive powers (dashed line) absorbed from
the grid during CC stage (left) and CV stage (right) with Vg, = 3.55V.

E. Mixed Solution

The third hypothesis is intended to make AR functioning
at rated current during the CC stage of the battery charging,
and under input voltage limitation during the CV stage. Such
a solution appears a good compromise between reactive power
compensation and voltage solicitations across AR and BDDC.
It is implemented by selecting V. so that the circle of the AR
input voltage limitation, the line of the battery current limit, and
the circle of the rated current intersect all together in point J.
By this hypothesis, the operating point moves from J to A during
the CC stage. During the first part of the CV stage, the oper-
ating point moves back to J by maintaining the current at the
rated value; then, the CV stage is completed with the operating
point that moves to K along the circle of the AR input voltage
limitation.

The coordinates of point J are determined by solving the
system of equations composed by (20), (23), and (41). It turns
out that the coordinates of J are

1
Vies =V, +»V@13\/q—»r2ﬁl1,31 v,

(53)
v
Vigs = === =032V,
and that the required value of V. is
Vie.s = 1.35V6V, = 3.31 V. (54)

Note that this value is about 1.23 times higher than with
the first hypothesis and about 1.07 less than with the second
hypothesis. In practice, it is hard to keep BBC operating exactly
at point J so that it is of interest to describe the BBC behavior
around that point. This is addressed in Appendix II.

At point J, the battery-charging power and the reactive power
compensation are

P,

Py = % >~ (.71 Py (55)
1 ~J

Qs = Quy/1—- 2= 0.69 Qar- (56)

The maximum reactive power is absorbed at point K and its
value, obtained by help of (54), is about 0.77Qg . The BBC ca-
pabilities in terms of battery-charging power and reactive power
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the grid during CC stage (left) and CV stage (right) with V. = 3.31V,.
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Fig. 16.  Prototypal BBC arrangement.

compensation during the CC and CV stages with V3. = 3.31 V
are plotted in Fig. 15. As expected, the reactive power takes val-
ues in between those of Figs. 13 and 14.

Simultaneous reactive power compensation and battery power
delivery can be executed at any operating point on the trajectory
K-J-A'.

VII. EXPERIMENTAL RESULTS

A prototypal BBC with topology #1 has been set up to check
the theoretical findings; a picture of it is shown in Fig. 16.
BBC utilizes a three-phase current-controlled AR built around
an IGBT module 6MBI10S-120 of Fuji Electrics having rated
voltage of 1200 V and maximum continuous current of 10 A.
A Texas DSP TMS320F28335 samples the grid voltages, the
AR input currents, and the magnitude and phase references of
the AR input currents by help of an on-purpose built interface
board, and applies the gate commands to the IGBTs. Grid volt-
ages and AR input currents are detected by sensors produced
by LEM having part numbers LV25-400 and LTS 15 NP, respec-
tively. The PWM frequency and the sampling rate of the DSP
have been fixed at 10 kHz. The control program, whose execu-
tion frequency is also of 10 kHz, has been developed in the Code
Composer environment using the C language and implemented
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in the DSP firmware. The control routines work in a stationary
frame synchronized to the grid voltage and adjust magnitude
and phase of the AR input currents according to the references
imposed by the user through two potentiometers. The adjust-
ment is accomplished by means of two PI regulators whose
outputs are processed to calculate the IGBT duty-cycles accord-
ing to the SVM method and by forwarding the duty cycles to
the PWM module of DSP. The firmware checks if SVM is about
to enter into overmodulation and reports this circumstance by a
digital output signal to indicate that AR is operating under input
voltage limitation. The filter decoupling AR from the grid is a
three-phase inductor of 3 mH. The EV battery consists of four
12-V 100-Ah lead-acid modules and its voltage ranges from 40
to 56 V, being 48 V the rated value; the maximum charging
current is C/10, i.e., 10 A. However, Icc has been set at 5.5 A
to fulfill the current ratings of the available AR power switches.
To agree with the battery voltages, BBC has been connected to a
programmable power source, specifically the Pacific 360-AMX,
which acts as a low-voltage three-phase grid. Since the Pacific
360-AMX manages unidirectional power flows, only tests rele-
vant to the battery charging have been carried out.

A digital oscilloscope TDS5034 of Tektronix acquires the grid
voltage and the AR input current of the phase a by means of
suitable probes as well as the digital signal of the input voltage
limitation outputted by DSP. Battery voltage and current are
monitored by hand-held multimeters.

The trajectory F-G-A of Fig. 7 has been explored during
the CC stage of battery charging. A number of tests have been
executed while the battery voltage was increasing. Each test
consisted in adjusting magnitude and phase of the AR input
current in order to keep the battery-charging current constant at
5.5 A and to meet the condition of AR input voltage limitation.
Grid voltage and AR input current have been picked up by the
digital oscilloscope at a rate of 500 kS/s and the samples have
been stored in a PC for subsequent processing to determine the
active and reactive powers. The grid voltage and the AR input
current relevant to point F are plotted in Fig. 17; as expected, the
AR input current is lower than the rated one and slightly leads
the grid voltage. Point G has been detected when the AR input
voltage limitation occurred concurrently with a magnitude of the
AR input current equal to its rated value. The grid voltage and
the AR input current relevant to point G are plotted in Fig. 18;
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here, the phase advance of the AR input current with respect
to the grid voltage is higher. Then, tests have been executed
by maintaining the magnitude of the AR input current at its
rated value and by adjusting its phase angle in order to keep the
battery-charging current constant at 5.5 A during the increase of
the battery voltage. Point A has been detected when the battery
voltage has arrived at 56 V. The corresponding plots of the grid
voltage and the AR input current are shown in Fig. 19; in this
condition, the maximum active power is injected in the battery,
and, hence, the current is in phase with the grid voltage.

The A-G-D trajectory of Fig. 7 has been explored during
the CV stage of battery charging. The relevant tests have been
executed by maintaining the AR input current at the rated mag-
nitude and by adjusting its phase angle in order to gradually
reduce the battery current until it has went down at 0.5 A, i.e., at
0.1 Icc. Fig. 20 shows the grid voltage and the AR input current
at point D, where the current leads the grid voltage of 7/2.

First harmonic magnitudes of the grid voltage and the AR
input current, and the angular displacement between them have
been worked out by processing the samples acquired from the
oscilloscope by means of a Fourier analysis-based program writ-
ten in the MATLAB environment. From the values of the mag-
nitudes and the displacement, the active and reactive powers
absorbed by BBC have been computed; they result in fully
agreement with the theoretical findings of Section V, as con-
firmed by Fig. 8, where theoretical and experimental results are
reported. In the figure, the experimental data of the active power
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are marked with a cross while those of the reactive power by a
circle.

VIII. CONCLUSION

This paper has investigated the capabilities of a V2G-enabled
EV in executing the reactive power compensation. After estab-
lishing the ratings of BBC by tailoring it to the characteristics
of the battery onboard a given EV, two BBC topologies have
been envisaged depending on the minimum level of the battery
voltage with respect to the grid voltage. For the two topologies,
different tasks have been examined, namely the pure exchange
of active power with the grid, the pure compensation of reactive
power, and the simultaneous exchange of active power and com-
pensation of reactive power. The maximum amount of reactive
power that BBC is able to manage as a function of the state of
charge of the battery has been calculated with the help of the
phasor diagrams. Key operating points of BBC have been iden-
tified in the phasor plane in correspondence of the transition of
the operation of AR embedded in BBC from rated current to in-
put voltage limitation and vice versa. Finally, a prototypal BBC
has been set up and subjected to experimental tests to obtain the
maximum active and reactive powers absorbed by it during the
battery charging, showing that the obtained power values fully
agree with the theoretical findings.

APPENDIX 1

The derivation of (45) is explicated below. Substitution of
(17) into (18) leads to the following x-, y-components of the AR
input voltage:

Viy = —wLli,
Thanks to (A.1), (41) can be expressed as

Vg2 + (WLI’i,y)Q +27V, (‘ULI’L'.,.L/) + (WL[i,x)2 = k2vf/2'
(A.2)
By multiplying and dividing by 3V, I the terms within the
round brackets of (A.2), it can be rewritten in the form

VL.RQ>2 Vi.r@ <VL.RP>2 91,2

Vi + < : +2V, ==+ =KV,

g Qur " Qu Py g
(A.3)
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and then in the form

VLRQ)Q 2 2 <VL RP)2
Vi+——) =V |k — | ——
( 7 Qu J Vo Py

By making Q explicit in (A.4), (45) is obtained.

(A4)

APPENDIX II

Itis reasonable to assume that the main BBC task around point
J is to charge the battery with the maximum battery-charging
current. Therefore, the principal action of the BBC control
system is devoted at keeping the BBC operating point on the
horizontal line of ordinate —wLITR by regulating the active com-
ponent of I,. As a secondary action, it increases the reactive
component of I; until either the AR current rating or the AR
input voltage limitation is reached. Let us now consider that the
AR current rating is reached first. This means that the actual
operating point is on the right of the theoretical position of point
J, due, for instance, to the fact that the actual V. is higher than
1.35V/, or the current rating is too low to fully utilize the AR
input voltage limitation. Let us now consider that the AR input
voltage limitation is reached first. This means that the actual
operating point is on the left of the theoretical position of point
J, due, for instance, to the fact that the actual V. is less than
1.35V, or the current rating is too high with respect to the AR
input voltage limitation.
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