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The main purpose of the paper is to describe a small size hybrid vehicle having ultracapacitors as on-board
storage unit. The vehicle on-board main power supply is achieved by a genset being formed of a 250 cm?
internal combustion engine and a permanent magnet synchronous electric generator, whereas 4 16V-
500F ultracapacitors modules are connected in series in order to supply as well as to store the power peaks
during respectively acceleration and braking vehicle modes of operation. The traction power is provided
by a permanent magnet synchronous electric motor, whereas a distributed power electronic interface
is in charge of all the required electronic conversions as well of controlling the operating conditions for
each power unit. The paper discusses the implemented control strategy and shows experimental results
on the modes of operation of both generation unit and storage unit.
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1. Introduction

Present researches concerning electric vehicles (EV) and hybrid-
electric vehicles (HEV) concentrate in the search for a compact,
lightweight, and efficient energy storage system that is both afford-
able and has acceptable cycle life. The traction system is usually
composed by electric motor, inverter, and associated control cir-
cuitry and it is not the limiting factor to obtain high performance
and to permit large-scale production of such vehicles [1-4]. Electric
power storage and generation units are whilst worthy of extended
investigation in order to reduce size and weight, as well to increase
reliability and vehicle long distance capability [5,6].

Attention is now increasingly focused on fuel cell (FC) and hybrid
technologies as a way of producing breakthrough vehicles with
alternative power plants. A number of automakers see fuel cell
powered vehicles (FC-EV) as the ultimate route to achieving sus-
tainable long-term alternative propulsion systems [7]. A number
of drive-train architectures have recently been proposed to com-
bine two or more on-board generation units (GU) and storage units
and to overcome constraints related to fuel consumption, pollu-
tion, vehicles long distance capability. Interfacing of traction drive
requirements with on-board GU and storage unit characteristics
and modes of operation calls for suitable power electronic con-
verter configuration and control [8-12].
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In terms of power sources, the proton exchange membrane
FCs are being increasingly accepted as the most appropriate sup-
ply for EVs because they offer clean and efficient energy without
penalizing either performance or driving range. However, today
technology and cost limits make FC generators not yet appro-
priate for commercial small size vehicles, which require reliable
and affordable technologies. As a consequence, use of internal
combustion engine (ICE) based gensets is still a convincing solu-
tion for providing needed on-board power supply to drive electric
and hybrid vehicles. Unfortunately, this solution is responsible
of almost same fuel consumption and pollution of traditional
vehicles when auxiliary storage systems are not included; the aux-
iliary storage unit is in fact responsible for running the ICE at
favorable conditions acting as power/energy buffer and making
the ICE operating conditions almost independent from traction
requirements.

As a consequence, ultracapacitors as auxiliary on-board storage
unit are investigated in the paper with reference to a ICE small size
hybrid vehicle. In the proposed vehicle, a 250 cm? ICE and a per-
manent magnet (PM) synchronous electric generator are directly
coupled in order to form a genset as the on-board main power sup-
ply, 4 ultracapacitors modules being rated 16V-500F are connected
in series in order to supply and to store the power peaks during
respectively acceleration and braking. The required traction power
is provided by a permanent magnet synchronous electric motor
(PMSM), whereas a distributed power electronic interface has been
designed to accomplish all the required electronic conversions (i.e.
ac-dc for the generation unit, dc-dc for the storage unit, dc-ac for
the traction unit) as well to control the operating conditions of each
power unit.
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Fig. 1. Vehicle proposed power train configuration.

The paper is organized as follows: description of the vehicle
power train as well of each power unit is given in Section 2, Sec-
tion 3 summarizes the achieved ICE optimization, description of
the control strategy for both the generation unit and the storage
system is given in Section 4. Achieved simulation and experimen-
tal results, on the basis of the different modes of operation which
can occur as a consequence of the proposed running driving cycle,
are shown in Section 5, together with the carried out experimental
activity, concerning the testing of the components to be mounted
on-board the vehicle; finally, conclusions are given in Section 6.

2. Vehicle power train

Parking difficulties and increasing density of road traffic are
indirectly promoting proliferation of small size vehicles in large
cities as Rome, Italy. Unfortunately, these vehicles are usually not
optimized for either pollution reduction or for fuel saving, besides
both pollution reduction and fuel saving are even more essential
characteristics of today and future vehicle technology. A hybrid
power train with ultracapacitors included is proposed in the paper
with the purpose of fuel saving and pollution reduction in small
size vehicles.

Ultracapacitors are electrical energy storage devices, which
offer high power density, extremely high cycling capability and
mechanical robustness. Recent technology improvements enabled
ultracapacitors (UCs) to be an interesting option for short-term
high power applications, such as in industry, automotive and
traction drives, regenerative energy systems, medical and telecom-
munication equipment. The latest UCs can outperform batteries
in several key performance parameters such as power density
(5kWkg=1), cycle life (>100,000 cycles), temperature sensitivity,
and dynamic behavior [13,14]. As the UC technology improves fur-
ther, an impressive world of applications should emerge. These
applications include storage of intermittent energy from solar and
wind sources, bulk power system peak shaving, APU for automo-
tive systems, load leveling in hybrid and electric vehicles, power
buffering in elevators [15].

UCs appear to be very promising in particular for applications
concerning hybrid and electric vehicles (HEVs), in fact, an UC mod-
ule is capable of very fast transients in its output current, thus
making this storage unit very suitable for electric traction appli-
cations where high current values and high dynamic behavior are
required during acceleration and regenerative braking. However,
in spite of reaching thousands of Farads, the UCs support very low
voltages (1-2.7V); as a consequence a stack of series-connected
UCs can produce an equivalent UC module of tens of Farads that is
able to hold up tens of Volts, in addition UC modules offer volt-

Table 1

Vehicle performances specifications.
Operating weight, driver not included [kg] 500
Maximum speed [kmh~1] 70
Maximum acceleration [ms—2] 1.35
Maximum climbing for 30 m length run 17%
Cooling system Liquid
hybrid configuration Series
Internal combustion engine size 250 cm?

Fuel consumption
Emission class

2.51 per 100 km
Euro III, Euro IV in case of
liquid propane fuel

age value at terminals which is almost directly proportional to
their state of charge (SOC) and therefore greatly dependent on UC
operating condition. A power electronic converter is then required
for conveniently utilise UC modules in the mentioned applications
[16,17], besides reliable converter topologies as well high dynamic
control techniques should be chosen in order to best operate the UC
storage unit. To this purpose, output voltage control is commonly
required for the UC power electronic converters in order to balance
sudden and deep variations either in the load or in the system main
power source.

The proposed vehicle power train is shown in Fig. 1 and design
specification for the small size vehicle is stated in Table 1. Each
power electronics converter makes use of the module Semikron
SKAI 5001 MD15, which is based on MOSFET technology, and main
characteristics of assembled genset, traction motor, UCs tank, and
distributed power electronic interface are respectively listed in
Tables 2-6.

Pictures of the vehicle during its recent presentation at the
Bologna Motor Show 2008 are shown in Figs. 2 and 3, which respec-
tively show UC tank and traction motor in the vehicle front view
and the genset system in the vehicle rear view.

Table 2

ICE Characteristics.
Manufacturer PIAGGIO
Type Spark Ignition, QUASAR family
Displacement [cm?] 2443
Bore size [mm)] 72
Stroke [mm)] 60
Cooling Liquid cooled
Timing 4 valves—SOHC
Max Power (@ 8250 revmin~') [kW] 16.2
Max Torque (@ 6500 revmin—') [Nm] 20.2
Injection Electronic
Weight [kg] 36
Emissions level EURO 3
Catalytic converter 3 Way
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Table 3
PM generator characteristics.
RMS line-to-line EMF (@ 5000 rev min—') [V] 55
Rated torque [Nm] 20
Maximum rotational speed [rev min~'] 5000
Poles pairs 3
Line-to-line resistance [£2] 0.087
Line-to-line inductance [mH] 0.096
Permanent magnets NdFeB
Iron losses [Wkg~'] 1.7
Total weight [kg] 25
Cooling system Water
Table 4
PM traction motor characteristics.
RMS line-to-line EMF (@ 4600 rev min—') [V] 55
Rated torque [Nm] 30
Maximum rotational speed [rev min~'] 4600
Poles pairs 4
Line-to-line resistance [£2] 0.040
Line-to-line inductance [mH] 0.058
Permanent magnets NdFeB
Iron losses [Wkg~'] 1.7
Total weight [kg] 23
Cooling system Water
Table 5
UCs tank characteristics.
Capacitance [F] 125
Rated voltage [V] 64.8
ESR DC [m€2] 10
ESR 1 kHz [mS2] 8.4
Maximum power [KW kg~!] 5.4
Rated power [KW kg~'] 2.1
Weight [kg] 23
Operating temperature range [°C] 40-65

Table 6

Distributed power electronic converter characteristics.

Building block module

Device maximum voltage [V]
Device maximum current [A]
MOSFET on resistance @ Tj=125°C [m€2]

Switching energy (Eon +Eoff) at =300 A [m]]

Total dc-link capacitance [mF]
UC-side inductors [H]
Overall size [mm x mm x mm]
Total weight [kg]

Cooling system

Semikron SKAI 5001
MD15 1420W

150

400

3.39

5.1

3x9

2x39
3x315x115x 95
3x3

Water

Fig. 2. Bologna Motor Show 2008: vehicle prototype front view.

Fig. 3. Bologna Motor Show 2008: vehicle prototype left side-rear view.

3. Ice optimization

In order to achieve a light, modern and efficient generator set,
an ICE with characteristics of Table 2 and derived from the scooter
market has been considered.

The maximum power output is higher than the power needed
for the investigated application; however, the maximum power is
achieved at high revolution speed (8500 revmin~!) that was not
considered for the generator set because of noise emission reasons,
in order to avoid high revolution speed the choice of a less powerful
engine has been rejected. In fact, the characteristics of lightness,
emissions level and overall engine design quality assured by the
selected 250 cm? engine are not typical of smaller engines, in many
cases less sophisticated and efficient.

The selected engine has been optimized for the generator set
mode of operation by modifying some characteristics as inlet and
outlet manifold length, valve timing, compression ratio, injection
timing. Further, in order to implement ICE load remote control, a
motorized throttle body has been designed and installed on the
inlet duct, without compromising the original manifold design
and leaving untouched the throttle position sensor utilised by the
engine injection control unit. In order to perform the efficiency opti-
mization of the ICE, a redesign strategy of the engine was defined;
a fine tuning was considered to this purpose, avoiding major mod-
ifications to the engine base structure.

A first simple analysis was performed by considering engine
modifications only to the intake manifold length, exhaust manifold
length and compression ratio. These modifications were performed
with simple and cost effective operations. The most significant
parameter, as expected, is the compression ratio, which can cut
up to 5% of fuel consumption when approaching the higher val-
ues being considered (minimum fuel consumption rate equal to
239gkWh1).

A further step forward in the optimization analysis of the engine
was achieved by considering more invasive modifications to ICE
valves diameters and exhausts conducts size; the achieved fuel con-
sumption best operating point results 232.8 gkWh~1 at 4000 rpm
as revolution speed, with full open throttle (85°). These results
show a further 5% cut of the fuel consumption in comparison with
the achieved first optimization result.

4. Generation unit and Storage System Control Strategy
The control system of the entire on-board propulsion system is

designed as four different subsystems which communicate through
the Controller Area Network (CAN) following the CAN 2.0A spec-
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Fig. 4. MicroCar Schematic Control System.

ifications at data rate of 1 Mbits~! [18]. The four subsystems are
shown in Fig. 4 and identified as Generation Unit control, Ultra-
capacitors control, Traction Motor (TM) control, and Engine and
Vehicle control unit [19].

The power electronic converters are controlled in order to sup-
ply the dc-link according to the traction power demand; however,
each on-board source should feed the power on the basis of their
own characteristics. Thus, the Vehicle control unit is responsible for
the control references generation in order to appropriately share
the power flow on the basis of UC state of charge, the efficiency
map and the per second maximum current variation of the gen-
eration unit. Dynamic behavior of the transient variations of the
power supplied by the generation unitis limited in order to improve
ICE efficiency as well to reduce polluting emissions. However, the
power exchange among generation unit, storage unit and trac-
tion unit is accomplished at constant dc-link voltage, as a result
the power supplied by the generation unit can be controlled by
means of current regulation. In fact, current control is adopted
for the GU converter; as a result, appropriate controlled dynamic
response during acceleration and braking of the vehicle is achieved
for the operating point variation of the ICE. Furthermore, desired
dc-link voltage level is accomplished in every working condition
by operating on UC-side converter; as a consequence UC unit is
responsible for the traction drive dynamic behavior fulfillment. In
conclusion, UC converter is voltage controlled and its control struc-
ture is designed to keep the dc-link voltage at 84 V. In the following
a more detailed description of the control system is given.

The GU control must be able to start the ICE up to its idle speed.
After that, when the requested power is different from zero, the
electric generator will supply power toward the 84V common dc-
bus. It means the electric machine works as a motor to start the
ICE and as a generator during the normal mode of operation. The
transition between these two modes is accomplished avoiding dis-

continuities. In fact, machine control is based on the Field Oriented
Control (FOC) algorithm [20] and a resolver is used to acquire the
rotor speed and position. Modulation scheme is the 3-phase cen-
tered Space Vector Modulation, which has been chosen in order to
reach low Total Harmonic Distortion (THD) and torque ripple [21].
The control program is implemented on a 16 bits fixed-point Digi-
tal Signal Processor (DSP) from Analog Devices. The communication
between the position transducer interface and the DSP is accom-
plished by the SPI (Serial Peripheral Interface) serial standard from
Motorola.

An extensive simulation activity has been carried out in order to
investigate average and peak power requirements for the proposed
propulsion system. Typical driving performances of conventional
microcars have been considered as well several standardized urban
driving cycles such as ECE UDC, FTP 72 and JC08 cycles have been
analyzed. Based on the energy requirements simulation results, the
MicroCar typical requested transient power can be supplied by a
storage system, which is able to deliver almost 10 kW for 20s. It
means a capacitance around 125 F for the Ultracapacitors tank with
reference to the rated voltage of 64 V. During the different modes
of operation, such as acceleration, regenerative braking and cruis-
ing speed, UC voltage varies between 32V and 64V depending on
SOC and the UCs tank parasitic resistance which is about 10 m€2.
As a consequence, at minimum voltage level the maximum cur-
rent requested to the UCs is expected to be 320 A. The quite large
amount of peak current requires the selection of parallel connec-
tion of two bidirectional dc—dc Boost converters in order to connect
the Ultracapacitors to the dc-link; the chosen topology is able to
supply power with output voltage higher than input voltage dur-
ing motoring mode of operation, as well it is able to supply power
in the reverse way during braking mode of operation with output
voltage lower than input voltage [22]. The traction drive requested
transient current is evenly shared between the two dc-dc Boost
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power converters; anyway, all of them co-operate to keep the dc-
link voltage at 84 V.

Bidirectional dc-dc Boost converters are used in step-up mode
of operation in order to transfer energy from UC tank to the dc-
link, whereas step-down operation is used to charge UC tank and
to recover the braking energy. The selected bidirectional topol-
ogy is suitable to connect power sources, in which the voltage
level is load and/or state of charge dependent, at lower voltage
level with respect to traction electric drives, which are usually
fed at high voltage in order to reach high efficiency; on the con-
trary, in UC tanks and battery systems the number of elements
connected in series is usually limited to improve the system
reliability.

Each dc-dc boost converter is composed of two controlled
switches (MOSFET), two power diodes, one input inductor and one
output capacitor. The power semiconductors of each converter are
connected to form a phase-leg; thus, these four components can be
purchased as a single three-terminal assembly. Furthermore, in the
proposed solution all the semiconductor devices can be obtained as
one six-pack MOSFET module, where three phase-legs are included,
then reducing the converter overall dimensions. As a consequence,
two phase-legs are directly used to achieve the two bidirectional
dc-dc boost converters, whereas the remaining phase-legis used to
dissipate onto a braking resistor the dc-link power in excess during
regenerating, in case the UC tank is already fully charged.

In UC power stage converter, switches operate in comple-
mentary way thus the bidirectional converter works always in
continuous conduction mode (CCM) and it promptly compensates
the dc-link voltage unbalances. Whole system stability, dynamic
behavior and both current and voltage loops performances have
been investigated through simulation models, Fig. 5 shows the cir-

cuital model of UC power stage and its control loops for each dc-dc
Boost converter.

The dc-dc Boost converter is a non-linear time variant system.
Many control solutions have been proposed in literature. Double
loop linear control has been selected as control strategy. The inner
loop is responsible for the current regulation and the outer volt-
age loop keeps the dc-link voltage constant. Linear control design
procedure requires the system to be linearized around a partic-
ular selected operating point. This means that when the system
works on the linearization point it is stable and has the investigated
behavior. In any different operating condition, stability and behav-
ior must be verified. For this reason, the operating point for UC unit
control tuning has been chosen to be the worst working condi-
tion. Load current is chosen equal to the maximum value (160 A for
each dc-dc converter) and duty cycle are set to the highest value
(65%) (i.e. when the UCs SOC reaches the minimum value). Two
paralleled phase-legs compose the UCs system; hence, the current
in each phase-leg must be controlled separately by means of two
independent current regulators.

The simplest and reliable way to control the inner current loops
is to use Proportional-Integral (PI) regulators. The integral term
assures the system to reach the reference value whereas the pro-
portional gain increases its performance. The operating point (i.e.
the linearization point) has been selected according to the step-up
mode of operation converter transfer functions. The most critical
aspect is the presence of a Right Half Plane-Zero (RHP-Z) which
is strictly dependent to the load current; when the load current
increases, as well the converter duty cycle increases, the RHP-
Z moves closer to the control frequency. This behavior causes a
reduction of the stability margin or in the worst case the system
instability. It is found that converter inductance, as well remain-

Fig. 5. UC power stage and control loops.
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ing converter parameters, such as output capacitance, switches and
diodes characteristics, do not affect significantly the RHP-Z location.

As previously mentioned, the Ultracapacitors control architec-
ture has an outer voltage loop which task is to maintain the dc-link
voltage at 84V, a double control loop structure is then required
[23]. Voltage compensator design needs the current loop to be
closed. The design procedure is the same as discussed for the cur-
rent loop. In this case, the controller structure is more complicated
because it must be optimized for load variations, as a consequence
the derivative action should be added to the regulator. Voltage loop
compensator is a second order system; the first pole is in the origin
(pure integral action) whereas the second pole has been added to
make it physically feasible. The high frequency pole has been added
according to the frequency value of 1/(Ty/N) where Ty is the deriva-
tive term time constant and N is a coefficient devoted to filter the
derivative action. N has been set to 20 as a trade off between load
unbalances compensation speed and noise filtering.

The vehicle management system is in charge for assessing the
instantaneous reference values of power flows for TM, GU and UC.
The vehicle driver, through the acceleration pedal, decides the trac-
tion motor operating point in terms of torque and then also of
rotational speed; a variation of the position of the acceleration
pedal produces a torque variation of the electric motor which is
supplied by the power inverter, as a consequence change of the
electric power value is experimented at the dc-link. Power varia-
tions mean electric current variations at constant voltage dc-link;
for this reason, the generation unit is controlled by a reference
which follows the dc-link current changes. However, the dc-link
current variations are dependent on vehicle dynamics in terms of
accelerations and braking, transients which are not congruent with
the desired fuel low consumption as well reduced emissions modes
of operation which are expected for the proposed genset. For this
reason, the dc-link current transients are filtered by means a low
pass Butterworth filter, the filter output is the reference for the
AC-DC Boost Rectifier which is responsible for the genset modes
of operation; the filter crossover frequency is set in order to reach
the envisaged fuel consumption and emissions. As a result, the cur-
rent supplied by the generation unit follows the dc-link current
transients at low dynamic and the dc-link voltage either reduces or
increases, with respect to 84V, during respectively accelerations
and braking. The dc-link voltage variation is used as control ref-
erence for the ultracapacitors unit, which is regulated in order to
supply the required power and to recover the available regenerative
braking during transients. The vehicle management system adjusts
the low pass filter bandwidth as a function of the UCs state of charge,
in fact the storage unit is well capable of either supplying power
during accelerations or recovering energy during braking provided
respectively high and low SOC, as a consequence low bandwidth for
the genset reference current is demanded; whereas, the bandwidth
is increased for intermediate SOC conditions. The vehicle manage-
ment system is also in charge for controlling the storage system
SOC on the basis of two reference values, the maximum SOC and
the minimum SOC; the mentioned SOC limits are adjusted as a con-
sequence of the vehicle speed with the purpose of complying with
the dc-link power during the vehicle transients.

5. Experimental results

The achieved main components characterization allowed mod-
elling of the whole vehicle as well the identification of an
appropriate control law in order to suitably manage both the gen-
eration unit and the storage unit. The investigation of the proposed
hybrid system was firstly carried out by means of simulations
referred to conventional urban driving cycles with the purpose of
defining both the value for the low pass filter bandwidth used for

Fig. 6. Experimental driving cycle.

generating the genset reference current and the values for the real-
time calculation of upper and lower SOC references as a function
of the vehicle speed. Then, the prototypal system has been tested
along with an experimental driving cycle, which was achieved
through instrumentation directly installed on a small size vehicle
being driven along the center of the city of Rome. The driving cycle
lasts about 1000 s with a speed peak value of 66 km h~! as shown in
Fig. 6. The experimental results have been achieved by measuring
current and voltage levels for the different storage and generation
units, as well for the distributed power electronic converter.

The traction electric drive requires the power supply being
depicted in Fig. 7, which is related to the dc-link value of 84 V. The
power peak value is slightly higher than 12 kW, whereas the regen-
erative electric power shows a peak value of 8 kW, being the braking
function accomplished both electrically and mechanically accord-
ing to a suitable repartition between the two braking systems.

Power value at the dc-link is used by the control system in order
to provide the reference for the operating point of the generation
unit, any variation of the required power is conditioned through
the low pass filter in order to avoid fast transients for the ICE
which would occur in bad efficiency and high exhausts emissions,
the difference between the required traction power and the gen-
erated power is covered by the ultracapacitors unit. Fig. 8 shows
a detailed portion of the on-board power management, whereas
Fig. 9 depicts a zoom view of the supplied and required current at
dc-link; each dc-link required current variation is accomplished by
the UC tank during first transients, whereas the GU operating points
are changed at lower dynamic according to the ICE efficiency map.
The chosen bandwidth for the low pass filter is 0.5 rad s~!, which
means that, under a step variation, the genset current reference
reaches its steady state value in about 8s; the value of the band-
width has been chosen following the trial and error procedure with

Fig. 7. Electric power at dc-link.
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Fig. 8. Detail of the traction electric power at dc-link (blue), ice mechanical power
(red), generated electric power at dc-link (green). (For interpretation of the refer-
ences to color in this figure caption, the reader is referred to the web version of the
article.)

Fig. 9. Detail of the dc-link required current (blue), GU supplied current at dc-link
(green), UC supplied current at dc-link (red). (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of the article.)

the purpose of assuring the required transient modes of operation
of the vehicle and, at the same time, the slowest as possible dynamic
for the on-board generation system together with proper UCs state
of charge operating range (0.5-0.95).

Fig. 10 shows the UCs unit state of charge along the driving cycle.
UCs SOCis managed in order to assure enough power during vehicle
accelerations as well the desired recovered power during braking.
To this purpose, SOC is controlled on the basis of two reference

Fig. 10. UCs Unit State of Charge (blue), maximum SOC reference (red), minimum
SOC reference (green). (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of the article.)

Fig. 11. Power electronics modular element.

values, the maximum SOC and the minimum SOC; whenever the
state of charge is either higher or lower than the mentioned limits
the UCs unit is consequently discharged or charged. The selected
strategy considers the variation of SOC limits as a consequence of
the vehicle speed, in fact at high speed the UCs unit must be able
to recover the power available through a braking action, whereas
at low speed the storage unit must be able to provide the required
power for accelerations.

Achieved results show that lower dynamic behavior for the GU
as well management of UCs SOC at fixed upper and lower ref-
erence values (i.e. not dependant with the vehicle speed) would
produce anirreversible storage unit discharge as well the risk to fail
the traction requirement during intense accelerations; instead, the
chosen speed dependent SOC strategy properly controls the storage
system. In fact, UC SOC level does not show significant difference
between the end and the beginning of the investigate driving cycles,
as well at the most critical point (720-730s) of the experimental
driving cycle it can be recognized the UCs are still over the bottom
level of their SOC range. The used parameters in the control system
allow to reach a fuel consumption of almost 2.6 1 per 100 km, which
is a significant improvement with respect to 3-3.51 per 100 km of
the conventional ICE small size vehicles. A further improvement in
fuel consumption is achieved when even lower transients could be
accepted for the genset (i.e. filter lower bandwidth), to this purpose
larger sized UCs storage system should be used, however increasing
of the storage unit volume and weight should be also considered.

An extensive activity has been also carried out with the purpose
of experimentally characterize the main electrical and electronic
components which form the proposed vehicle powertrain.

The modular element used to accomplish the distributed power
electronicinterface is shown in Fig. 11, whereas the assembled con-
trol board is visible in Fig. 12. The control board has been designed
in order to be positioned directly on the top side of the power
electronics modular element.

Phase current waveform is shown in Fig. 13 for the electric gen-
erator, the electric generator resolver waveform is also plotted to
assure the correct timing of the phase current with the position
of the electrical machine rotor. Phase current waveform shows a
quite sinusoidal behavior with very low Total Harmonic Distortion

Fig. 12. Control board.
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Fig. 13. Electric motor phase current (55Adiv-',1msdiv-')at3350 rpmand 17 Nm
operating condition.

(THD), as a consequence very low torque ripple is experimented at
the electric generator shaft.

Similar experimental results were achieved for the electric
motor whichis responsible for the traction function. UCs unit power
electronic converter input current is depicted in Fig. 14 when the
dc-link voltage and current are respectively 84V and 55 A, the UCs
voltage was 40V (i.e. SOCwas 0.625). Experimental testing has been
carried out for several different operating conditions in terms of
speed and torque as far as it concerns both the traction electric
drive and the generation unit, as well for several different operat-
ing conditions in terms of different UCs SOC and load current as far
as it concerns the storage unit power electronic converter.

Results achieved by means of the testing activity allowed to
characterize the efficiency of the components being installed on
board the vehicle. Efficiencies of respectively the Boost Rectifier,
being used to interface the electric generator with the dc-link, the
electric generator and of the whole generation unit electric drive

Fig. 14. UCs unit power electronic converter input current (20 Adiv-!, 20 psdiv")
at 0.625 UCs SOC and 84V dc-link.

Fig. 15. Generation unit electric drive efficiency vs. ICE speed at 20 Nm (Boost
Rectifier—blue trace, electric generator—red trace, electric drive—green trace). (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of the article.)

Fig. 16. UCs unit power electronic converter efficiency vs. output power (UCs SOC
0.94—Dblue trace, UCs SOC 0.625—red trace). (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of the article.)

Fig. 17. dc-link voltage transient at 0-50A load step current and 0.625 UCs SOC
(20Vdiv-',20msdiv-1).
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are illustrated in Fig. 15 as a function of the ICE speed with a con-
stant torque of 20 Nm. Similar results have been achieved for the
traction drive. Experimental efficiency of the UCs power electronic
converter is shown in Fig. 16 respectively at 0.94 and 0.625 UCs SOC
as a function of the required output power.

Both the electric drives show efficiency close to 90%, where
improvement of about 2% can be achieved by enhancing the active
materials (mainly the permanent magnets characteristics) of the
electric machines; whereas the power electronic converter for the
storage system performs at least 95% of efficiency for a quite large
range of the operating power values.

Experimental activity was also carried out in order to test the
transient behavior of the dc-link voltage during load step variation;
in fact, the UCs unit is responsible for the dc-link voltage which is set
at 84V, and the control loops of the UCs unit power electronic con-
verter was designed in order to assure high dynamic performances
to the storage system. Fig. 17 depicts the voltage transient when a
load step current 0-50 A is directly applied to the dc-link, the test
was performed at 0.625 UCs SOC and it is proved that the dc-link
voltage level is completely recovered in less than 80 ms. The good
performances achieved for each single component are fundamental
in order to reach the consumption target of 2.51 per 100 km.

6. Conclusions

The paper presented a small size hybrid vehicle having ultra-
capacitors as on-board storage unit. Simulations and experimental
activity were carried out with the purpose of characterizing the
power components being installed onto the vehicle; internal com-
bustion engine, electric generator, ultracapacitors, electric motor,
as well the distributed power electronic interface were investi-
gated in order to reach good performance, which in terms of fuel
consumption is expected to be 2.51 per 100 km. The transient
behavior of the power system was also analyzed in order to show
the dynamic characteristics of both storage unit and power elec-
tronic interface. The MicroCar prototype has been presented at the
Bologna Motor Show and future developments will be focused on

testing the vehicle at rolling test bench with several driving cycles
in order to experimentally verify the fuel consumption at various
operating conditions.
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