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Abstract—This study proposes a flexible and marketable electric vehicle-to-electric vehicle (V2V) charge sharing solution that
will lead to faster and wider customer adoption of electric vehicles (EVs) as an alternative to current grid-to-vehicle charging
methodologies. The energy transfer between EVs will be through
a bidirectional DC-DC converter in a conductive way which
can take place at parking lots of workplaces, campuses, or
residential premises and highways. The proposed design provides
compact infrastructure, wide input and output voltage ranges
with bidirectional buck/boost operation, and fast power transfer
compared to Level 2 charging stations. To demonstrate this
idea, this study evaluated three different bidirectional DC-DC
converter topologies and validated the developed prototype with
experimental results. We further analyzed V2V energy sharing
in terms of impact on new charging station installations and
possible grid services that can be provided.

I. I NTRODUCTION
Today, real-time charging from the utility grid is recognized
to be the mainstream way of ’fueling’ electric vehicles (EVs).
However, since the current EV penetration rates are very
limited, many of the problems such as increased distribution
level peak demand [1]–[3] tied to grid-integration of EVs are
not clearly differentiated. Studies show that residential EV
charging will result in disruptive problems in the distribution
grid of the future [1]–[8]. This indicates that residential EV
charging must be accompanied by faster public stations to
sustain the EV growth. Therefore, approximately 40 million
EVs expected to be on the road in the US by 2030 will require
400K new DC fast charging (DCFC) outlets [9]. Furthermore,
an average US driver operates his/her vehicle 59.69 min per
day [10] and requests DCFC mainly around noon and between
3pm-6pm [11]. Consequently, to respond this tight spatiotemporal charging request within a city, more than $90K
upfront cost per DCFC station is needed [12]. Furthermore,
issues around land ownership, municipal permitting, electrical
grid limitations and other factors have slowed the DCFC
installations [13].
In this study, we propose a vehicle-to-vehicle (V2V) Charge
Sharing Network (CSN) philosophy to provide an alternative,
more convenient, and flexible way of conducting EV charging.
The design and implementation of V2V CSN will greatly
reduce the range anxiety of EVs with minimal infrastructure

cost. The proposed solution has the potential to provide an
invaluable service that will benefit EV owners, local communities and municipalities, and the utility grid, especially as a
demand response management tool during peak-times.Such a
scenario is very viable since most EV owners charge their EVs
daily at home after only using it for 25–30 miles of commute;
they have, therefore, on average about 50–60% of their battery
capacity available to sell [14]. V2V CSN will allow users
(either battery EV, plug-in hybrid, or fuel-cell EV) with unused
electric energy on their board to connect with users who need
charge at comparable transfer rates to fast charging stations.
V2V charging requires an analysis both in terms of how
to match suppliers to receivers with efficient matching algorithms and how to enable energy exchange with current EV
charging technologies. Authors previously developed a Javabased simulation tool to analyze the viability of the proposed
V2V CSN technology [15]. The tool generates a customizable
simulation environment with different parameters including
EV types and counts, charging station types and locations, and
user mobility patterns. Although the literature is limited on this
developing topic, some recent papers addressed the challenges
surrounding energy sharing between EVs. In [16], authors
present a matching algorithm to facilitate V2V cooperative
energy transfer. It compares two different V2V matching
algorithms with traditional grid-based charging. In [17], the
matching of demander EVs to both V2V suppliers and existing
charging stations has been studied in an efficient and privacy
preserving manner. In [18], an authentication protocol between
vehicles before they actually start V2V charging has been
presented.
On the other hand, the concept of dc-dc power conversion
for automotive applications has been addressed in the literature
for various applications [19], [20]. Recently, three different
solutions for V2V energy transfer have been compared in
[21]: vehicle-to-grid and grid-to-vehicle (V2G+G2V), V2V
over direct ac interconnection (acV2V), and V2V over dc
interconnection (dcV2V). It is shown that dcV2V is more
efficient than the other options due to reduced number of
energy conversions. Moreover, a combined half-bridge (CHB)
type converter is used for dcV2V which had previously been
reported in [22]. In [22], mobile charging with an energy

Fig. 1. A Nissan Leaf is transferring energy to a Tesla Model S through a
conductive charging cable. A mobile app communicating with both vehicles
lets the drivers control the charging process [24], [26]

storage device using a three-phase, interleaved, bidirectional,
cascaded buck-boost (CBB) dc-dc converter was reported and
compared with CHB design counterpart. However, the study
does not completely outline technical challenges and design
procedures specific to V2V energy transfer. A converter design
is also proposed in [23] which allows four common energy
transfer modes which are V2G, G2V, vehicle-to-home (V2H),
and V2V. The paper focuses on higher power density design
with efficient operation for the above operation modes. V2V
operation proposed in [23] proposes to use on-board chargers
which limits the speed of energy transfer.
As a practical industry example, Fig. 1 shows the V2V
charging realized by Andromeda Power using ’Orca Inceptive’ [24]. This product is rated at 50 kW and designed as
a mobile charging station that also supports charging from
the grid. The hardware can be seen in the trunk of a Nissan
Leaf in Fig. 1. The charging process can also be controlled
via a mobile app as shown in Fig. 1. The proposed V2V
charger in this study will also communicate with the grid
over an app similar to the one shown in Fig. 1. The app
will help matching of demanders to suppliers, controlling the
energy exchanged, and completing the required transactions.
For demanders, the app will display on a map the available
supplier EVs in the vicinity, with information on the energy
amount that could be supplied. This map will mainly show
and reassure that there are potential suppliers. However, the
actual matching of suppliers to demanders will be done by
a server, after the demander requests for service (similar to
the Uber platform [25]). After the server assigns a supplier
to the demander, the supplier EV will come nearby and get
connected via a bi-directional dc-dc converter.
The unique challenge of this study different from the
literature is that the supplier and receiver voltages vary greatly
depending on the battery state of charge (SOC) levels and can
even overlap each other during the energy sharing. Furthermore, the V2V charger will need to be directionally agnostic
providing utmost flexibility for the customer usage so that any
side of the V2V charger can be supplier/receiver.
Our main contributions in this paper can be summarized as
follows:
• presenting an analysis of V2V energy sharing for better
EV integration and exploring its impacts on the grid.
• designing bidirectional interleaved single-phase, twophase, and three-phase converters (buck/boost) for flex-

Fig. 2.

V2V charging mechanism based on power system operation.

ible V2V charging and discussing their application specific operation modes.
• analyzing the interleaved converters in terms of input
current ripple.
• presenting the closed-loop current controller design and
their respective simulation results.
• verifying the operation by performing hardware experiments for single- and two-phase boost/buck interleaved
converters.
Section II of this paper presents a system analysis of
the proposed V2V CSN operation. Section III presents three
possible power electronics design approaches to the problem.
Section IV presents the simulation results and explains the
closed-loop control. Section V presents the results on the test
bench. Lastly, Section VI provides the concluding remarks and
the planned future work.
II. A NALYSIS OF V2V E NERGY S HARING AND P OSSIBLE
I MPACTS IN P OWER S YSTEM O PERATION
We developed a Java-based simulation tool to analyze and
verify the viability of the proposed V2V CSN technology [15]
and to show its impact on grid operation. As an example to
the prospective benefits of V2V CSN, Fig. 2 shows a possible
scenario of how V2V charging can be dispatched to result in
load-shifting services within a larger vehicle grid integration
(VGI) framework. The developed tool generates customized
simulation environment with different parameters including
EV types and counts, charging station types and locations,
and user mobility patterns. We used the locations of Level 2
(L2) charging stations in the Dallas metro area as a baseline
case study and assumed different number and types of EVs.
Using realistic battery charge levels of users and commuting
patterns, we analyzed the potential V2V CSN in comparison
to the scenario with only L2 stations.
Relevant to V2V CSN analysis, we only provide here some
motivating simulation results as the main focus of this paper is
to further investigate required power electronics. In Fig. 3, we
show the number of V2V chargers and L2 charging stations
used to supply the demand with increasing EV counts. We
assume that only a maximum of 10% of EVs participate in
the V2V CSN as a V2V charger (actual number of V2V
chargers used could be smaller). The graph shows that even
though the demand grows with increasing number of EVs, the
V2V chargers can sustain the demand while the number of
L2 stations used stabilizes. This shows that without building
L2 charging stations, with the support of V2V chargers, the
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TABLE I
O PERATION M ODES OF V EHICLE #1 AND #2

L2 stations

6
5
4
3
2
1

Voltage
V1 > V2
V1 < V2
V1 > V2
V1 < V2

Mode
Sa1
Buck-12 Active
Boost-12 ON
Boost-21 SR
Buck-21 ON

Sa2
SR
OFF
Active
OFF

Sa3
ON
SR
ON
Active

Sa4
OFF
Active
OFF
SR
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Fig. 3. Number of V2V chargers vs. L2 stations used to supply demand
with increasing EV counts.
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Fig. 4. Distribution of charging power demands from the grid with and
without V2V charging.

growing demand could be sustained. Therefore, such a system
could yield larger number of EVs operating in the area without
new L2 station installations.
We also obtain the change in the daily charging power from
the grid with and without V2V charging. As it is shown in
Fig. 4, the peak time demand could be shifted towards night
using V2V suppliers. These V2V suppliers charge themselves
during night and supply receivers during the day. In this
specific setting, V2V charging effectively reduces the peak
charging load by 44% reducing the stress on the system.
Different grid services, such as charging when renewable
generation is high, will be investigated as a future study. That
is, supplier EVs will receive incentives to charge during the
times when renewable generation (i.e. wind and solar), which
is intermittent in nature, is high. This will in turn impact the
scheduling of charging events of supplier EVs.
III. A NALYSIS OF V2V E NERGY T RANSFER U SING DC-DC
C ONVERTERS
The dc-dc converter topologies investigated in this paper are
non-isolated as there is no grid connection requirement. Three
candidate solutions to this operation reported for similar applications in the literature known as bidirectional (interleaved)
dc-dc converters are shown in Fig. 5 [22], [27], [28]. Each
V2V charger solution presented in Fig. 5 consists of a power
stage with an appropriate set of gate-drive circuits, a digital
signal processor (DSP), voltage sensing circuits to measure
the local EV battery voltages (V1 , V2 ), and one current sensor
to measure the real-time phase current (ILa ). The DSP will

Boost converter Buck converter
Vin
Vout
1−
Vout
Vin
Vin · d
Vout · (1 − d)
fs · L
fs · L

communicate with the vehicles via CAN through a data link
embedded in the charging cable to coordinate the two ends.
The direction of charge transfer will be determined by the
on-board DSP.
The charger has four separate operational modes, identified
in Table I for the sample case of single-phase conversion
(Fig. 5(a)). Since the buck and boost mode cannot occur at
the same time, only one phase-leg operates at switching mode
while the other is in static mode. For instance, referring to
Fig. 5(a), there is one switch which is actively modulating
the flow of power between the vehicles (active) and one
switch which is operating as a synchronous rectifier (SR). The
remaining two switches are fixed in a constant state (ON/OFF)
to statically attach the sink (buck mode) or source (boost
mode).
In multiple phase operation as shown in Fig. 5(b) and
(c) the switching signal for the parallel, active switches is
shifted by T /N where T is the switching period, and N is the
number of parallel phases. This operation is called interleaving. Interleaving the dc-dc converter brings in advantages in
terms of reducing passive filter requirements at the expense of
more circuit complexity [29], [30]. Another advantage is that
the peak phase current reduces with interleaving. Therefore,
maximum average power that can be transferred to the receiver
battery increases for a given semiconductor device.
The reduction of the current ripple can be seen at the input
(V1 in Fig. 5) during boost mode or at the output (V2 in Fig. 5)
during buck mode. Table II provides the equations for the
duty cycle and the resulting current ripple seen at a single
inductor for boost and buck operation. The current ripple at
one inductor not only depends on the operating mode but also
on the switching frequency and inductance value. Another
approach for reducing the current ripple is to increase the
switching frequency or inductance. However, increasing the
inductance usually is not desired for a compact and flexible
V2V charger. Table III further shows how the current ripple
reduces depending on the number of parallel phases and the
duty cycle.
A baseline analysis for the converter operation is done using
a switching frequency of 20 kHz and La =Lb =Lc =262 µH.
The operating point is chosen at Vin =250 V and Vout =300 V
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Bidirectional DC-DC converters for V2V charger: a) single-phase, b) two-phase, c) three-phase and d) hardware set-up.

TABLE III
T OTAL RIPPLE CURRENT IN CONT. BOOST & BUCK OPERATIONS [31], [32]
∑
Configuration Duty ratio
Ripple of
IL
Single-phase 0 < d < 1.0
∆iL
( 1 − 2d )
Two-phase
0 < d < 0.5
∆iL ·
1−d
( 2d − 1 )
Two-phase
0.5 < d < 1
∆iL ·
d
( 1 − 3d )
Three-phase
0 < d < 0.33
∆iL ·
1−d
(1 − 3d) · (3d − 2)
}
Three-phase
0.33 < d < 0.66 ∆iL · {
3d · (1 − d)
( 3d − 2 )
Three-phase
0.66 < d < 1
∆iL ·
d

for the boost mode and Vin =300 V and Vout =250 V for the
buck mode. The reasoning behind choosing these values is
to stay within the same rating region with the experimental
setup which is detailed in Section V. However, similar analysis results can be obtained for higher voltage levels as the
new EV battery voltage levels tend to have higher values.
Fig. 6 shows the analysis results for the ripple current for
the selected values. As the input and output voltage levels
get closer to each other, the amount of the current ripple
reduction becomes smaller and interleaving gets less attractive.
Assuming a 50 V voltage difference between supplier EV and
receiver EV (which can be a good starting point based on
the current EV battery voltage data), there is a current ripple
reduction of 20% for two-phase operation and 40% for threephase operation compared to single-phase. However, as the
voltage difference decreases, this reduction is less pronounced
making interleaving less attractive. This analysis approach will
be similar to higher pack voltages as well.
It is also important to note that the maximum value of battery current ripple is defined by the EV charging/discharging
standards at 5% of the charging/discharging nominal current
or 5 A whichever is lower [33], [34]. During a charging/discharging session, the on-board battery management system (BMS) monitors the current ripple, and when is above the
standard limit, the BMS triggers an alert in the EV dashboard
stopping the charging session. The charger should always
stay away from entering this faulty operation mode further
emphasizing the importance of current ripple calculations
presented here.

IV. S IMULATION R ESULTS WITH C LOSED - LOOP C ON TROLLER D ESIGN
We developed a Simulink model for single, two-phase, and
three-phase boost and buck converter topologies. The model
operates with a close-loop control with the sum of the inductor
currents as control variable. The reason behind this selection
is to clearly control the power or supplied current between the
two EVs. However, this can also be done by only sensing and
feeding back one inductor current. The controlled duty cycle
to inductor current transfer functions are given as follows:
1 + s RC
2Vout
2
·
L
2 LC
(1−D)2 R 1+s (1−D)
2 R +s (1−D)2
Vout
1 + sRC
Gbuck
·
id (s) =
L
DR 1 + s R
+ s2 LC

Gboost
(s) =
id

(1)

A unity gain for the controller would be enough to get a
stable closed-loop response even though the current dynamics
of both systems are too fast. However, we design PI controllers
to slow down the response and remove the steady-state error
as shown below:
Ki
)
(2)
s
The PI coefficients used in this study are Kp = 4.1624·10−6
and Ki = 247686.81 for boost converter, and Kp = 6.65014 ·
10−6 and Ki = 350005.50 for buck converter. The coefficients
GP I (s) = Kp (1 +

Fig. 6. Ripple of sum of inductor currents (fs = 20 kHz, inductance La =
Lb = Lc = 262 µH, Vout = 300 V in boost mode, and Vin = 300 V in
buck mode).

are tested and verified in simulations for single, two- and threephase configurations and the results are demonstrated in Fig. 7
for boost, and in Fig. 8 for buck. They present the simulation
results at the previously mentioned operating points. The
inductor currents are shown for different commanded mean
values, to verify the closed-loop operation. Note that the
current ripple is independent of the mean current as long
as the mean current is high enough to operate in continuous
mode. These controller coefficients are also used in the actual
controller running on dSPACE MicroLabBox for hardware
experiment which is detailed in the next section.
V. E XPERIMENTAL T EST R ESULTS
This section explains the experimental verification of the
proposed method. For this, a special purpose built back-toback inverter system and dSPACE MicroLabBox are used
as illustrated in Fig. 9. The back-to-back inverter system is
composed of a dual three-phase inverter ready to be interfaced
with dSPACE MicroLabBox development system. This system
is rated at 10 kW with the maximum switching frequency of
20 kHz and a maximum input/output voltage of 750 VDC.
For the three-phase modules, APTGT50A120T1G IGBTs from
Microsemi with SP1 package is used. As for the passive components, a 260 µH inductor for each phase and a 100 µF film
capacitor for the output are used. The dSpace MicroLabBox
functions as the electronics control module where all highlevel and low-level controllers are executed. The algorithms
used are developed in MATLAB Simulink, and the execution
code is generated via real time code generation. For the
emulation of the supplier battery, a 10 kW MagnaPower XR
series power supply is used. For the receiver battery, a 2.5 kW
ALx Series MagnaLOAD DC electronic load is used via
controlling it in the constant voltage mode. The real hardware
rack set-up is also shown in Fig. 5(d).
The hardware system is tested for both boost and buck operations for single- and two-phase interleaved typologies. We
were not able to test three-phase topology with the available
dSPACE controller due to not having access to 120◦ phaseshifted PWM generation. V1 =250 V and V2 =300 V are chosen
as battery voltage levels of supplier and receiver vehicles for
boost mode, and V1 =300 V and V2 =250 V are selected for
buck mode of operation. These voltage levels are relatively

Fig. 8. Simulation results of sum of inductor currents for single-, two- and
three-phase interleaved buck converters.

Fig. 9.

V2V charging system test set-up.

low compared to battery pack voltages of today, however,
they are intentionally set low to have a wide range over the
controlled current without exceeding the power limits of the
electronic load. The switching frequency is set to be 20 kHz
for all operations, and Ts =0.05 ms is used for the closedloop controller and data acquisition sampling period. For both
operations (boost and buck), the sum of the inductor currents
is controlled for consistency, and to better observe the impact
of additional phases.
Fig. 10 (a) and (b) depict the input and output current and
voltage waveforms for single and two-phase boost converters,
respectively. The effective switching frequency seen from the
input is doubled due to the additional phase. This results in
a 26.31% decrease in the input current ripple for the twophase design compared to the single phase one. Fig. 11 (a)
and (b) show the current and voltage waveforms for single
and two-phase buck converters, respectively. We observe the
same effective frequency for the buck converter, and as a result
the ripple current reduces by 30%.
Table IV summarizes the test results and compares them
with the calculation results. There is a slight difference between the experimental and theoretical results. Our set-up is
current controlled, thus the actual operating duty ratio is going
to be slightly different every time we change our commanded
current due to non-ideal measurements. However, we can see
that the actual ripples are in line with the calculated ones.
TABLE IV
E XPERIMENTAL RESULTS FOR CURRENT RIPPLE VALUES .

Fig. 7. Simulation results of input currents for single-, two- and three-phase
interleaved boost converters.

Single phase
Two-phase
Three-phase

Boost conv. ripple (A)
Calculation Experiment
7.95
7.6
6.36
5.6
4.77
-

Buck conv.
Calculation
7.95
6.36
4.77

ripple (A)
Experiment
6.6
4.6
-

(a)
(a)

(b)
Fig. 10. Comparison of (a) single and (b) two-phase boost mode of operation
results (Vin and Vout : 100 V/div, iL and iout : 5 A/div, and t: 20 µs/div).
(b)
Fig. 12. Comparison of measured and reference current to verify closed-loop
control in (a) single-phase and (b) two-phase boost mode

(a)

(a)

(b)
Fig. 11. Comparison of (a) single and (b) two-phase buck mode of operation
results, (Vin and Vout : 100 V/div, iL and iout : 5 A/div, and t: 20 µs/div))

To test the performance of the closed-loop controller designed in Chapter IV, we commanded different current values
as our reference. The resulting currents are recorded at the
sampling frequency of 20 kHz and demonstrated along with
the reference current in Fig. 12 (a) and (b) for the boost single

(b)
Fig. 13. Comparison of measured and reference current to verify closed-loop
control in (a) single-phase and (b) two-phase buck mode

and two-phase, and in Fig. 13 (a) and (b) for the buck single
and two-phase converters. As seen, the controller works stable
and the system follows the commanded currents. We see that
the experimental results verify our theoretical and simulation
results in that the current ripple is being reduced by each
additional phase. The amount of reduction depends on the duty
ratio (operating point), and it gets significantly smaller as the
battery voltages get closer to each other, and vice versa.
VI. C ONCLUSIONS
This study envisions the viability of an EV-to-EV energy
sharing using compact and flexible charging infrastructure.
Such infrastructure will help and facilitate widespread penetration of EVs into the market reducing the reliance on expensive
and non-ubiquitous DCFC infrastructure. The overall merit
of this study lies in the design of a V2V charger to be
used in CSN. The study presents the design of a compact
bidirectional two-way buck/boost DC-DC converter to provide
a proof of concept for energy transfer between two different
battery packs of any typical voltage level. We analyzed three
candidate options to transfer energy between two wide battery
voltage levels and compared their advantages. A significant
improvement in inductor ripple current is observed when
multi-phase bidirectional dc-dc converters are used as opposed
to the single-phase counterpart at the expense of increased
complexity. Future work will involve a high power density and
efficient design of the V2V charger. We will also investigate its
impact on grid integration along with more renewable energy
generation.
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