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Abstract—In the emergent deployment of the smart grids,
storage systems play an important role into assets utilization
optimization, providing backup power and peak-shaving. This
concept becomes more critical in the context of microgrids with a
high penetration of renewable energy resources. Plug-in electric
vehicles provide an enormous distributed storage capability,
which favours the technical and economical exploitation of such
systems. This paper presents a comprehensive implementation
and control of a bidirectional power converter for vehicle-to-grid
integration, based on a bidirectional DC/DC converter followed
by a full bridge DC/AC converter. The evaluation of the adopted
topology and its control is performed through simulation and
experimental validation.

Keywords— Batteries; Converters; Distributed Generation;
Energy storage; Grid-to-Vehicle; Microgrids; Vehicle-to-Grid.

I. INTRODUCTION

Considering both existing policies and declared intentions
by countries, world primary energy demand is projected to
increase by 1,2% per year, on average, from now until 2035.
Electricity demand is projected to grow by a higher rate, 2,2%
per year, considering it is expected that applications, formerly
based on chemical energy, will be based on electrical energy in
the following decades [1]. Additionally, the need for
dependency reduction on imported fossil fuels and
decarbonised electricity have arisen and a sustainable energy
system is on the agenda. Electricity, heat generation and
transport are the three major consumers of fossil fuel [2-4].
These sectors were responsible for nearly two-thirds of global
CO, emissions in 2009 [5]. The first two sectors were
responsible for 41% of the world CO, emissions while the
transport sector was responsible for 23% [5]. In accordance
with the report from E3G with the Climate Change Group [6],
the emissions in this sector are projected to increase by 84% in
2030. Furthermore, the long-lasting instability in many fossil
fuel-producing countries increases the price of energy and
reinforces the need to find alternatives. As a consequence, a
paradigm shift has arisen in the global energy sector,
foreseeing a sustainable and environmentally friendlier
development [7].

There is not a single solution for the problem of energy in
the World, but an increasing utilization of distributed energy
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resources (DER), mainly based on renewable energy sources
(RES) allowing the organization of the energy infrastructure
into microgrids, can give a very important contribution to it. A
microgrid is a local grid integrating DER, energy storage
devices and dispersed loads, which may operate in utility grid
connected mode, enhancing the power generation capability, or
in islanded mode, allowing a reduction of the actual stress of
the transmission power systems and contributing to the
electrification of remote areas [8, 9].

Another significant contribution to the new paradigm in the
energy sector is the deployment of electric propulsion systems,
replacing internal combustion engine (ICE) vehicles by plug-in
electric vehicles (PEV), hybrid and also fuel-cell vehicles, with
similar driven performance, better efficiency, passenger
comfort and safety [7, 10, 11]. Thus, more and more
companies are focusing in vehicles driven by electrical
propulsion systems [7, 12] as well as governments and
customers [13]. Based on moderate expectations, up to 35% of
the total vehicles in the U.S. will be PEV or hybrid vehicles by
2020 [14]. It is a matter of fact that we are witnessing a
widespread dissemination of light electric vehicles with
enormous advantages in the urban areas [15] and, as predicted
in [12], by 2030 in the U.S., electric car sales will account for
64% of the light vehicle sales and comprise 24% of the light
vehicle fleet. Moreover, these new vehicles have an enormous
distributed energy storage capability with an attractive
potential of integration with the electrical grid providing
optimization of the assets utilization, smoothing the output and
variability of RES, by acting as a manageable backup power
device and discharging energy back to the grid when
necessary, in a grid-to-vehicle (G2V) and vehicle-to-grid
(V2G) concept, respectively, engendering the G2V/G2V
interface technologies [2-4, 11, 16].

This paper presents a bidirectional power converter
topology and the implemented control strategy, for the
integration of the battery of an electric vehicle in a small
microgrid which has been developed as a research platform and
also for demonstration purposes in the context of an university
campus [17]. The electric vehicle is called IPB ECO Buggy
[18] and it was developed for demonstration purposes and
widespread dissemination of electric vehicles.
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The IPB microgrid and the IPB ECO Buggy are described
in Section 2 and the bidirectional power topology for
G2V/V2G integration, as well as the control strategy are
described in Section 3. In section 4 the simulation results and
preliminary experimental results are presented. Finally, there
are drawn the main conclusions of the paper.

II. DESCRIPTION OF THE MICROGRID

The IPB microgrid has been developed as a research
platform and also for demonstration purposes in the context of
an university campus, as part of a wider project named
VERCampus — Live Campus of Renewable Energies — which
integrates a set of technologies, infrastructures, and initiatives
carried out in the university Campus of the Polytechnic
Institute of Braganga (IPB). The main purpose of this project is
the promotion of DER with integration of renewable energies
technologies, for IPB students, stakeholders and all community
in general [17, 19].

Another interesting infrastructure to be integrated with the
microgrid is the electric vehicle IPB ECO Buggy developed
using state-of-the-art technology including a lithium battery
[18], as described below.

A. The IPB Microgrid Project

The IPB microgrid has been developed for isolated and
self-sustainable systems up to a rated power of 5kW
integrating RES with the purpose of being a demonstration
platform in terms of technology transfer and applied research.

The microgrid uses a bidirectional inverter Sunny Island,
from SMA, which is the core equipment responsible for the
management of the energy flow, and incorporates the following
DER: a small 1,4 kWp wind turbine; a solar tracker with a
3 kWp photovoltaic (PV) string; a 2 kWp PV string installed
on the roof of the laboratory; a 5 kW back-up diesel generator,
powered by a mix with 40% of biodiesel produced from wasted
oils in the biofuels laboratory and a 200 Ah battery bank.

A pico run-of-river hydropower plant with 1 kWp and a
1,34 Wp photovoltaic glass facade are also under development
and will be integrated into the microgrid in the foreseeable
future [20].

B. The IPB ECO Buggy

The IPB ECO Buggy [18] is a light electric vehicle using
state-of-the-art technology with respect to the electric
propulsion system. Its battery is to be integrated into the
microgrid as an additional energy storage element. A lithium
iron phosphate battery was chosen for the IPB ECO Buggy due
to its advantages. Indeed, nowadays, lithium iron phosphate
(LiFePO,) has been investigated intensively [21, 22] as a
potential cathode material for rechargeable lithium ion batteries
due to the low cost of raw materials, long life cycle and
superior safety characteristics [21, 23]. Table I shows the main
specifications of the battery.

A likely scenario in the context of smart grids, for storage-
grid interaction is the integration of electric vehicles, PEV and
fuel-cells, which provide an enormous distributed energy
storage capability, allowing the optimization of the assets
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utilization, acting as a manageable load and discharging energy
back to the grid when necessary. This potential is especially
important under the context of microgrids with an high
penetration of RES: this additional storage capability may be
used to smooth the intermittency and variability of most RES
and provide a balance in system cost for grid-integrated storage
systems. In fact, energy storage may enhance the exploitation
of RES, improving the payback period.

TABLE L TECHNICAL SPECIFICATIONS OF THE LiFePO4 BATTERY
Voltage 96 V
Capacity 70 Ah (6,5 kWh)
Weight 90 kg
Charging voltage 109,5 V
Discharging limit 75V

Max. charging/discharging current 140 A

III. BIDIRECTIONAL POWER TOPOLOGY FOR V2G/G2V
INTEGRATION

The converter topology is based on a bidirectional DC/DC
converter followed by a full bridge DC/AC converter. The first
works as a buck converter for charging the battery (G2V mode)
and as a boost converter for injecting current into the grid
(V2G mode). The second is a vector controlled single-phase
voltage source inverter (VSI).

The converter topology and the basic control schemes are
shown in Fig. 1. The shadowed area in Fig. 1 (a) represents an
integrated power module from Powerex that is being used in
the laboratory platform to implement the V2G/G2V interface.
In this case the first leg is used to implement the DC/DC
converter and the second and third legs are used as a single-
phase VSIL.

A. Control of the DC/DC Converter

For the control of the DC/DC converter in V2G mode
(discharging mode) the IGBT 1 is always turned OFF and the
IGBT 2 is turned ON and OFF at the switching frequency. The
IGBT 2, the inductor L and the diode 1 (of IGBT 1) operate as

a boost converter. The reference current, 7, ,,; , is set

according to the power to be injected into the grid and the
maximum admissible depth of discharge.

On the other hand, to control the DC/DC converter in G2V
mode (charging mode), the IGBT 2 is always turned OFF and
the IGBT 1 is turned ON and OFF at the switching frequency.
The IGBT 1, the inductor L, the capacitor C and the diode 2
(of IGBT 2) operate as a buck converter. In this case, the

reference current, [;,GZV’ and the reference battery voltage,

are set according to a three-stage charge curve defined by the
battery manufacturer.

Adopting the generator reference-arrow system, current
and power delivered by the battery are positive, i.e.,, in V2G
mode and if the battery is charging, those quantities are
negative (G2V mode).

A PI current controller compares the reference current with
the measured one, /,, and generates the control signal for

pulse generation (Fig. 1 (b)).
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Fig. 1. Converter topology (a) and control schemes: (b) V2G (discharge)
and G2V (charge) control; (c) Voltage oriented control of the VSI; (d)
VOC scheme.

B. Control of the Voltage Source Inverter

The control scheme of the VSI is shown in Fig. 1 (d) and it
is based on the Voltage Oriented Control (VOC) applied to
three-phase systems. Three-phase quantities such as grid
voltages and currents can be represented by their space
phasors which are vectors with two components described in a
fixed orthogonal ¢f system. In single-phase systems, the use

of such representation is not possible unless a virtual
orthogonal component is coupled to the real axis in order to
emulate a two axis reference frame. For this purpose, an
additional orthogonal component was proposed in [24] by
introducing the imaginary orthogonal circuit concept. Thus,
auxiliary orthogonal components are obtained by applying a
90° phase shift with respect to their counterparts in the real
circuit. Hence, voltages and currents can be represented by
their space phasors:

M

{Vaﬂ =V, T vy

Ty =i+ Jig

From the output LC filter of Fig. 1(d), and applying
Kirchhoff’s voltage law,
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Vep =Veop + Riy +Lleﬂ/dt (2)

where R and L are the parasitic resistance and the inductance
of the filter, respectively.

The resulting off components are 90° phase shifted
sinusoidal signals that can be used for the control of the VSI
using classical PI controllers. However, two well-known
drawbacks appear: the inability of PI controllers to track
sinusoidal references without steady-state error and poor
disturbance rejection capability [25]. This occurs due to the
poor performance of the integral action if the disturbance is a
periodic signal. To overcome these drawbacks of PI
controllers with a sinusoidal reference and harmonic
disturbances, the power control of the VSI can be
implemented in a dg reference frame rotating at an angular
speed w=2xf , where f is the grid frequency. In this so-
called synchronous reference frame, the orthogonal
components of the grid voltage and current space phasors are
DC quantities and, therefore, classical PI controllers can be
used since they achieve zero steady state error at the
fundamental frequency and improve their dynamic response.

VOC is based on the use of this synchronous reference
frame with the dg axes rotating at @ speed and oriented such
that the d axis is aligned with the grid voltage phasor as drawn
in Fig. 1 (¢). By doing this, the quadrature component of the
grid voltage will be zero and, consequently, active and
reactive powers can be controlled separately by controlling,
respectively, the d and g components of the grid current as
presented hereinafter.

Considering the rotating transformation of a general
variable X , given by X, =x,¢" =X, /", where §=axr is
the angle of the rotating reference frame with respect to the
fixed off axes, and replacing (1) into (2), after simple

mathematical manipulations the following equations are
obtained:

{vc,d =Ri, + Ldi,/dt — wLi, +v, )

v, ,=Ri,+Ldi [dt-oLi,+v,,

From Fig. 1 (c¢) and aligning the d axis with the grid
voltage phasor results that v, =0, from which (3) becomes

v, =v —wLi +v
{ R (4)
Ve =Vy—OLI,
where
v, =Ri, + Ldi,/dt 5
V= Ri, + Ldi, Jdr ©)

In the VOC scheme depicted in Fig. 1 (d), the reference
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grid current is composed by two terms: i, and i:;. The first
one is used to perform the DC-link voltage control and the
second one is used to control the reactive power in an
independent way. Typically, i; is managed to obtain unity

power factor, though the implemented VOC is prepared for
reactive power support to the grid, described as follows.

The power control of the grid VSI is based on the
instantaneous power theory [26], where the power can be
defined in the synchronous reference frame. Assuming that the
d axis is perfectly aligned with the grid voltage phasor, i.e.,

Vey= 0, therefore, active power and reactive power, in single-

phase systems, are proportional to i, and i , respectively, as
follows [27]:

p= 1/2(vg,did + vg,qiq) =1/2v, i,

. . . (©)
q=1/2(vg,qld —vg)dzq)=—1/2vg,dzq

From the above equation the dg components of the
reference current are defined by the active and reactive power
reference values:

{i; =2Pfv, ,=2P'[p] o

=20y, ,=20'/

Y

Concerning the active power control, instead of using (7),
the i, component of the grid reference current is given by the

PI controller in order to maintain the voltage at DC-link
constant. The active power control is performed by the boost
converter and the reference value is given by the power to be
extracted from the battery, in the V2G operation mode, or by
the battery charge control algorithm in G2V mode, as depicted
in Fig. 1 (b).

Finally, the VOC scheme of Fig. 1 (d) shows the 90° phase
delay block (0,25T - a quarter of the grid period) that creates
the virtual quadrature component, allowing the emulation of a
two-phase system, and also a PLL block that has been
implemented to obtain the angle, 8, of the grid voltage, for
reference frame transformation and synchronization purposes.
The implemented PLL is a second order generalized integrator
[28].

A. Simulation Results

The simulated scenario, with an elapsed time of 4s,
considers that the battery is charging during the first 1,5 s
(G2V mode) and in the remaining time interval, it is
discharging (V2G mode). Concerning the initial state of
charge (SoC) of the battery, it is assumed to be equal to 90%.
An additional operating condition is introduced around 3 s,
where the VSI starts supporting the grid with reactive power.

Fig. 2 shows the voltage and current of the battery during
the simulation time span. In G2V mode, the current reference
value is set by the charging algorithm which is -10 A. In V2G
mode, it is defined by the power to be extracted from the
battery which was set to 1000 W giving a reference current of
about 10 A for the battery voltage 0f 99,5 V.

Fig. 3 shows the voltage across the DC link capacitor,
C, .The initial voltage of the capacitor is 400 V and, after an

initial transient, the voltage PI controller brings the DC
voltage to the reference value. When the power converter
changes from G2V to V2G operation mode, then the DC/DC
converter changes from “buck” to “boost” operation mode.
Consequently, the current changes from about -10 A to 10 A
and, therefore, the DC voltage tends to increase dramatically
but the voltage PI controller rapidly brings the DC voltage to
the reference value once again. This is accomplished because
the inverter starts injecting current into the grid, as can be seen
in Fig. 4: before reaching 1,5s, the current is in phase
opposition with respect to the voltage and after 1,5 s it is in
phase. Thus, firstly the power flows from the grid to the
battery (negative power) and afterwards from the battery to
the grid (positive power). The change from G2V to V2G does

sl
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=
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-10

Battery current (A)
o

i i i i i
0.5 1 1.5 2 25 3 35 4
Time (s)

Fig. 2. Battery current (above) and voltage (below).
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IV. SIMULATION AND EXPERIMENTAL RESULTS Vdc sim
450 il Vdc ref
In order to evaluate the control performance of the s | \ —
bidirectional converter for V2G/G2V integration described g ¥
above, it was performed a simulation validation, using = 350
MATLAB/Simulink. As far as the control of the VSI is fsoo
concerned, preliminary experimental results have been S e
achieved. The experimental setup and obtained results are 200
presented in this section. 05 1 18 Timi(s) 25 3 35 4
Fig. 3. Voltage across the DC-Link capacitor.
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not happen at exactly 1,5 s because there is a ramp limiter to
avoid a sudden change in the current reference value.

At 3 s (plus 2 ms to avoid the zero crossing of the current
for this test) a step of -400 var is set in the reactive power
reference and, therefore, the grid current is not anymore in
phase with the voltage and, therefore, the current starts leading
the voltage, as can be seen in Fig. 5. This means that the VSI
is now delivering reactive power to the grid.

At this time instant, the ¢ component of the grid current in
the synchronous reference frame changes from 0 to 2,4 A, as
can be observed in Fig. 6 (b). The later current value is the one
required to inject the specified capacitive reactive power. The
evolution of d component of the grid current during the
simulation time interval is shown in Fig. 6 (a). As expected,
this current component does not change when the step of
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reactive power is introduced but, naturally, the rms value of
the grid current increases, in accordance with Fig. 5.

B. Experimental Results

Preliminary experimental results of the VSI control
implementation have already been achieved. The experimental
developed setup is based on the MATLAB with Simulink and
the dSPACE ACE kit based on the 1103 controller board. The
VSI was implemented with the intelligent power module
(IPM) PM75RLA120 from Powerex. This is a power module
with a three-phase 1200 V IGBT VSI plus an IGBT break.
The interface circuit BP7B was used for isolation between the
IPM and the controller board connector panel. As remarked in
the simulation phase, one leg of the IPM was used for the
DC/DC converter and the other two legs were used to
implement the single-phase VSI.

The DC-Link voltage was achieved by means of a variable
three-phase autotransformer and a rectifier bridge with a 1 mF
electrolytic capacitor.

Fig. 7 shows the measured grid voltage and the PLL
output. As can be seen, in spite of the grid voltage distortion
the PLL extracts perfectly the fundamental component. Fig. 8
shows the dg components of the grid current when a step of
400 W is applied, from 800 W to 1200 W. The g component
keeps equal to zero because the reference value of the reactive
power was set to zero. The corresponding active and reactive
powers, calculated using (6) and (7), are shown in Fig. 9 (a).
The measured DC-Link voltage is also plotted in this figure.
The measure grid voltage (scaled), the measured grid current
and its reference amplitude can be seen in Fig. 9 (b). As
expected the grid current is in phase with the voltage, i.e.,
assuring a unity power factor.

Another test performed consists in the implementation of
reactive power compensation. With initial values of the active
and reactive power references set to 800 W and 500 var,
respectively, it was imposed a step change of -500 var in the
reactive power reference, in order to emulate a full power
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Fig. 7. Grid voltage and PLL output.
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factor correction of the microgrid. Fig. 10 (a) shows the DC-
Link voltage and measured active and reactive powers and
Fig. 10 (b) plots the grid voltage (scaled), the grid current and
the reference amplitude of the grid current. As can be seen
from Fig. 10 (b), after the step change, the grid current is in
phase with the voltage, while before the current lags the
voltage. Thus, VOC can support the microgrid with full
reactive power compensation.
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Fig. 9. Application of 400 W step in the active power reference: (a) DC-
Link voltage and measured active and reactive powers; (b) grid voltage
(scaled), grid current and reference amplitude of the grid current.
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Fig. 10. Application of a -500 var step in the reactive power reference: (a)
DC-Link voltage and measured active and reactive powers; (b) grid
voltage (scaled), grid current and reference amplitude of the grid current.

V. CONCLUSIONS

This paper presented an on-going implementation and
validation of a power converter topology for a V2G/G2V
interface, for a microgrid project of 5 kW and a light electric
vehicle with a lithium ion phosphate battery.
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Simulation and experimental results showed that the
adopted topology is able to manage bidirectional active and
reactive power flow, allowing the battery to behave as an
electric load or generator and also to perform power factor
compensation of the microgrid.
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