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Abstract—The introduction of Plug-in Hybrid Electric Vehicles
(PHEV) and Electric Vehicles (EV) into the consumer market
provides opportunities and challenges to implement Vehicle-2-
Grid (V2G). V2G is a vehicle that can connect to the grid and
consume power to charge its battery pack or supply power to
the grid. This paper presents research on a novel converter that
implements bidirectional power flow between the grid and a
vehicles battery pack. The main advantages of this converter
are the following: i) soft switching for all switches of the input
converter independent of the load, Zero Current Switching (ZCS)
ii) The switching of the input converter is simplified i.e four-step
commutation is not required for the four quadrant switches of
the input side converter iii) The average power flow through
the converter is a linear function of the control variable so the
control is simple iv) open loop input power factor correction, v)
high power density, vi) isolation. The entire topology has been
simulated with the proposed modulation method and simulation
results confirm the analytical predictions.

I. INTRODUCTION

Depletion of fossil fuels, increasing oil prices, and the
reduction of green house gases has spurred multidisciplinary
research on alternatives to fuel. This has bolstered research
in the areas of wind power, solar power, wave power, and
Vehicle-to-grid (V2G).

V2G is where Plug-in Hybrid Electric Vehicles (PHEV)
and Electric Vehicles (EV) are connected to the grid and can
consume or supply power [1], [2]. The opportunity is available
to implement V2G as PHEV’s and EV’s gain more traction
in the consumer market. The available power in PHEV’s and
EV’s can be used as Distributed Generation (DG) and supply
power locally to a load [3]. V2G can also be used for peak load
shaving, voltage regulation, and reactive power compensation
[4].

Several EV charging topologies have been considered and
proposed for PHEV’s and EV’s [5], [6]. The topology in
[7], has bidirectional power flow between the traction drive
and the battery but lacks bidirectional power flow between
the battery and grid. The proposed converter in [8], is a
two stage converter with a 3 level NPC converter followed
by a bidirectional DC-DC converter. The converter only has
single phase input and lacks isolation. In [9], the converter
is an inductive charger but lacks bidirectional power flow.
The converter in [10], [11] is a contactless inductive charger
and provides bidirectional power flow and isolation, but the
topology has two stages, AC-DC back to back with an isolated
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DC-DC converter. A Z-Source Inverter is proposed in [12].
An advantage of the Z-Source Inverter is that it can work in
voltage buck or boost mode but it adds passives, L and C,
and lacks isolation. The topology in [13] [14] is designed for
single-phase only, uses two stages and lacks isolation. Two
new converters are proposed in [15]. The converters reuse the
motors inductance as the input inductance but lacks isolation
and is for only single-phase. The converter in [16] has isolation
and 3-ports, one for low voltage loads, but lacks bidirectional
power flow between the grid.

The proposed converter in [17] provides a new topol-
ogy, Fig. 1, for V2G . The topology provides single stage
power conversion with bidirectional power flow capability,
accepts single-phase or three-phase input, and isolation. The
modulation scheme used in [17] employed a complicated
closed loop control and achieved partial input power factor
correction . The control strategy added considerable amount
of line frequency harmonics in the input current. This paper
presents a novel modulation scheme for the same topology
that overcomes the problems in [17]. The advantages are as
follows : 1) single stage power conversion, 2) isolation with
high frequency transformer, 3) high power density, 4) voltage
matching through adjustment of the transformer turns ratio,
5) accepts single-phase or three-phase, 6) open loop input
power factor correction both in single and three-phase, 7)
zero current switching (ZCS) in the grid-side converter for
all load conditions ensuring high efficiency, 8) bidirectional
power flow. The switches in the H-bridge can be reused from
the motors inverter.

Section II presents a detailed analysis of the proposed
modulation scheme and analytical predictions of important
quantities like average power flow, transformer utilization,
etc. Section III presents simulations results that confirms the
advantages of the proposed scheme.

II. ANALYSIS

This section presents a detailed analysis of the three-phase
AC-DC dual active bridge converter, as shown in Fig. 1, with
a novel modulation technique proposed in this paper.

The input Converter (A) is a three-phase to single-phase
matrix converter supplied by the voltages given in (1). It
consists of six four quadrant switches, S,1, Sp1, Sc1, Sa2, Sb2s
Sc2, comprised of two common emitter connected IGBT’s. The
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output converter (B) is a H-bridge and consists of IGBT’s, S,
SZ, 53, S4'

Va(t) = V; cos (w;t)

2
vp(t) = V; cos (wit — g)

ve(t) = V; cos <wit — 4;)

In this analysis the magnetizing inductance of the trans-
former is assumed to be very large. The entire leakage induc-
tance of the transformer is lumped into a single inductance
L = Lpn2 + Ls. The winding resistances, including both
primary and secondary, and also the resistance modeling the
core loss is ignored. This transformer is modeled as an ideal
transformer with turns ratio 1 : n followed by the inductance
L in the secondary as in Fig. 1.

Fig. 2 depicts one complete time period of the modulation
strategy. In the first third of the period only source v, and
vp are used. By closing switches S,1 and Sy during the first
sixth of the period, v, is applied to the primary. Next —vgp
is applied to the primary during the second sixth of the period
by closing switches Sp; and S,5. During the first third of
the time period, the duty ratio d;, the fraction of time Vj to
be applied at vy by switching converter B, is given in (2).
The duty ratio is chosen such that the average voltage applied
across the inductor L over a time period of T /6 is zero. The
voltage applied at vy is shown in Fig. 2.

(D

|vap (£) |
d t = —
1(t) v,
[vbe(t) |12
do(t) = ———— 2
2(t) 7 (2)
[Vea(t) |10
ds(t) = ———
The phase shift of the pulse at vy with a duration of dl@.TS

and amplitude V; with respect to v, pulse at vy is depicted
as At in Fig. 2. At needs to be restricted so that the pulse of
V4 at vy is within the time period % The inequality in (3)
imposes this condition. The phase shift § is defined as a ratio
from -1 to 1 as noted in (4). Using the definition (4), (3) can
be simplified to (5).

Va _/Sal
Vp _/Sb1 .
ip 1
Ve _/Scl N L]
Va _/Sa2 vp
v _/sz
Ve _/Sc2

Converter A

Converter B

Fig. 1: AC-DC Dual Active Bridge
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The voltage across the inductor L is given in (6). It is
assumed at the beginning of the cycle 7%, the inductor current
is zero. The current reaches I; and I at first two consecutive
switchings of converter B. At the first switching instant of the
converter A the inductor current reaches I3. Because of the
choice of d; according to (2) it is expected that I3 is equal
to zero. I, I, and I35 are given in (7), (8), and (9). Using
2), (7), (8), and (9) I3, simplifies to zero. This implies the
converter A is switched at zero current (ZCS).

In the second sixth of T negative of v,y is applied. In the
secondary side of the transformer a V; pulse of duty ratio d;,
phase shifted by the same amount J, is applied such that the
average voltage applied across the inductor is zero.

dir,

v (t) = nup(t) — ve(t) = LE (6)
. NUab Ts dTS
L = T (12+At 12) @)
NUqp — Vd dTS
I=1 + et — 74
o =1 + 7 5 3
_ nvgy [ Ts dT
I3=1+ I (12 At 12) 9
. 6 [
<Zab>[o_%] = i/o ZL(t) (10)
noV,
:4Lf”f 1(t) (11)

Fig. 3 shows a balanced three-phase star connected source
which is actually connected to converter A.

The current iy, is a virtual current depicted in Fig. 3. During
the first third of 7 the current 7, is same as ¢;,. The average
iqp current in the first sixth of T is the same as the average
current in the second sixth of T, because of the symmetry
of the current waveform. Therefore the average current only
needs to be calculated during the first sixth of T and will be
same as the average i, current during the first third of 7T
as given in (10). Given a constant phase shift J, the average
current i,, is proportional to the voltage v,;. The virtual
current i, only flows when either switches S, and Sy are
closed or when switches S;; and S, are closed. This happens
only during the first third of Ts consequently the current 7, is
zero during the second third and third third of 7. This results
in the average current i, over a full period of T, being equal
to % of the average computed in (11). The average current i,
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Fig. 2: Modulation Cycle
over a full period of Tj,is given in (12). The analysis for the
average current for the first third of T is complete. = V3n24V; wit n (14)
The average current during the second and third third of « 12L f 6

T is investigated. During the third sixth of T, switches Sp;
and S0 are closed and during the fourth sixth of T, switches 2 hal . .
S.1 and Sy are closed. Lastly during the fifth sixth of T, average currents i, ip, %, are calf:ulated using mesh analysis,
switches S.; and S,o are closed and during the sixth sixth of (15). These Cl.lI’I’eIlt.S are shgwn mn (16?' Clearlly the average
T, switches S,1 and S.o are closed. The analysis previously cur.rents are .s1nus.01dal and in-phase w1th the input voltages.
shown is repeated for the second third and third third of 7,  LNis results in unity power factor correction.

and leads to the average currents (13) and (14).

The virtual currents 44y, ipc, and i., are shown in Fig. 3. The

la = tab — lca

- VBtV m iy = be — i, (15)
- — ? + 7) 12 b — lbe Tab
et 12Lfs cos (wl * 6 ( ) gc = gca - Ebc
- V3PV, ( ™ n2sV;
Toe = YV 0% s itf—) (13) - _niov; .
’ 12Lf, i ALT, cos (w;t)
- n2s5v; 27
iy = iLT cos <wit — 3> (16)
e = n*oV; cos | wt — in
, “ ALf, 3
Le Lab

The duty cycles in (2) are time varying and they reach their
extrema when the corresponding line to line voltages peak.
The maximum value of d, defined as d, is given in (17). As

remains constant in the entire operation, by (5), the maximum
Ve v value of |6 must be less than or equal to (1 — d). Note that
ine as d is actually a duty ratio, d has to be a positive fraction.

Given V; and V,, the turns ratio n has to be chosen in order

Fig. 3: Virtual Currents to keep d within its permissible range.
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Fig. 4: Average Power Per Unit

The average power for this converter can be computed over
a cycle of T using (16) and (18). As this power is constant,
this is also the average power, P, that flows through this
converter over a complete cycle of the input voltages. The
average power is converted to per unit using the base (21) and
plotted for various fixed values of d over the allowable range
of § in Fig. 4.

s ny/3V;

d= 17
v (17)
<P>T5 = ’Uaga + Ubgb + ’UCEC (18)
1d°V?

= - 1
8 Lfs (19
=P (20)

Vi

Prase = 27rf5L 21

Note that Ppu is a linear function of the control variable ¢,
unlike the classical DAB case, here the control is relatively
simple. The maximum P,,, per unit available in this modula-
tion strategy is (5-) and it happens at a d of 2 and a ¢ of 1
One of the 1mp0rtant quantities in DAB type of converter 1s
the ratio of the average power to the reactive power. Here the
reactive power is defined as (22).

1

PT = §(vp7~ms7;p7~ms + U?rmsiers> (22)

This is equivalent to the volt-ampere rating of the transformer.
This quantity is a measure of the utilization of this type of
converter. For example, even when § is equal to zero, the net
average power transferred is zero, but a non trivial amount
flows back and forth between the two sources. This ratio has
been plotted as a function of § for various fixed values of
d in Fig. 5. An interesting observation in Fig. 5, is that the
maximum utilization of the converter occurs at a d equals to £
It is the same d that provides the maximum amount of power
transfer.
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Fig. 5: Transformer Utilization
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Fig. 6: Output RMS Ripple Current

The per unit RMS ripple current (ipqse = o f L) through
V4, which is a measure of the output capacitor size, is plotted
for various fixed d, as a function of § in Fig. 6. Considering a
design just based on the minimum ripple current would lead
to a duty ratio of zero or near zero which is undesirable.
Upon further investigation of the plots in Fig. 6, it is observed
that there is maximum near d equal to 2 The trade off is
while operating the converter at max1mum average power and
utilization, the ripple current is also maximum.

To conclude the optimum choice of d is %

III. SIMULATION

The converter in Fig. 1 is simulated in MATLAB Simulink
using the parameters listed in Table 1.

Fig. 7 shows the simulation results of vy, vo, and ¢, for a
complete period of T. At each switching of the voltage v;
in Fig. 7, the current 77, is zero which confirms zero current
switching in converter A.

The simulation results of the average input current i, along
with v, and the switch current ¢,, are shown in Fig. 8. The
input current is sinusoidal and in-phase with the input voltage.
This confirms unity input power factor correction. Using the
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TABLE I: Simulation Values

L 100uH
vV, 100V
Vy 400V
n 1
1 60
fs  3.33kHz
5 0.3
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Fig. 7: Simulation Result : Zero Current Switching (ZCS)

values in Table I combined with the equations in (16), the
peak of the average currents is 7.5A which matches with the
simulation results. Fourier analysis is completed on the input
currents 4., %, and 7.. The results are normalized and shown
in Fig. 9. The current spectrum contains the fundamental and
the switching current at 3.33kHz.

IV. CONCLUSION

A novel modulation technique for a bidirectional V2G con-
verter has been presented in this paper. The modulation scheme
provides open loop sinusoidal input current and through ad-
justment of phase shift § the power can be consumed from or
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Fig. 8: Simulation Result : Input Power Factor Correction
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Fig. 9: Frequency Spectrum of i,

supplied to the grid. The simulation results have confirmed the
following advantages: the motor inverter is reused as the h-
bridge converter, isolation, bidirectional power flow, open loop
input power factor correction, accepts single or three-phase
input, zero current switching under all load conditions, single
stage converter, voltage matching by design of the transformer
turns ratio, and high power density. The topology, with the
proposed modulation scheme, presented in this paper provides
an integrated, isolated, and bidirectional converter for V2G.
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