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Development of the range extender for a 48 V eleatrvehicle

The article deals with the concept, developmentrasdits of preliminary tests of a range extenderan electric light commercial
vehicle Melex with a 48 V electrical system. Theppse of the project is to build a prototype of taege extender powered by an inter-
nal combustion engine that will increase the ranfjghe vehicle with electric drive, and at the same will be characterized by a high
efficiency and low exhaust emissions. The develapegk extender is a combination of a 163cc simglaxder combustion engine with
a generator joined through a ribbed belt transnossiThe 3-phase generator from a heavy-duty vehiakeused. In order to match the
output voltage of the generator to the system gelt@f the electric vehicle, an external adjustablgulator and a rectifier bridge with
an increased operating voltage were used. The raxgender was attached to a body of the electiicleeby means of a welded frame
made of thin-walled steel profiles. Initial tesfistibe developed range extender showed its progeraction with both the lead-acid
battery of the vehicle as well as with the nickekahhydride battery (NiMH) adapted to 48 V voltdgem a hybrid electric vehicle.
A maximum output power exceeding 2 kW was obtaMeagimum value of the overall efficiency of thegarextender reaches up to
18.8%, which is a high value considering the sreizkt of the used engine and the type of generahar directions for further develop-

ment of the range extender were also revealedisrptper.
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1. Introduction

One of the most serious disadvantages in the fast e

Nowadays, the emphasis is on the ecology of trahspdending the use of electric vehicles, even in lyigievel-

with a special place for reducing carbon dioxidessions.
It is one of the ways to fight the greenhouse éféecwell
as environmental pollution. For this reason, hybadd all-
electric vehicles are becoming more and more popiria
hybrid vehicles, part of the electrical energy regttb drive
a vehicle is obtained from an electric machine tkabvers
energy while braking the vehicle [11]. It allows fo signif-
icant reduction of fuel consumption by a combusgagine
[17]. In pure electric vehicles, all the energy des to
drive the vehicle is drawn from the batteries ia tiehicle.
In highly developed countries, where renewable sior
nuclear energy are used to produce electricityallgws
significant reducing greenhouse gas emissions.oland,
electricity which is used to charge electric vehibhtteries,
is mostly obtained at power plants or combined feeat
power plants fired with coal or lignite. In courtsiproduc-
ing electric energy in similar way, the use of &liecvehi-
cles as a way of fighting against carbon dioxidessians
is not very well justified until now. It is truedhan electric
vehicle does not emit pollutants and this is itselfy bene-
ficial, but its use does not eliminate emissionaiwider
context. Emissions are moved from the place wheee
vehicle is used to a place where the power planfds

oped countries, is the limited range of these VeRi3].
This limitation results from the relatively low exgg densi-
ty for currently available batteries [5]. In order mitigate
this inconvenience for end-users, some manufastuoér
electric vehicles provide, as additional equipmentso-
called range extender [10, 14]. The device is d@gdnan
auxiliary power unit that usually consists of areotfic
generator powered by an internal combustion engjitie
a power up to about 30 kilowatts. Such device temaati-
cally activated when the battery state of chargpsibelow
the limit [19]. It is possible to continue drivingsually at
a limited speed. The most famous electric car aitlange
extender optionally available is BMW i3.

Based on the facts provided above in an outlinghén
Students Club of Combustion Engines operating i@
Institute of Automobiles and Internal Combustiongkes
of the Cracow University of Technology, an idea eqped
to create the range extender for an electric velwith a 48 V
electric system. The concept of the range extenss
adopted, consisting of a single-cylinder sparkiigni in-
ternal combustion engine driving a three-phasearadtang
tcurrent generator. The main objective of the ptoisdo
obtain the highest possible efficiency and the Eivpossi-

example, in Poland, CQmissions for each kWh of ener-ble CQ emission of the auxiliary power unit by selecting

gy drawn from the electric grid currently amountaeer
800 g [16], which is one of the highest values irdpe.
With the energy demand of about 0.15-0.20 kWh 1pen
driving for an average passenger car [21], thi®giCQ
emissions related to the use of an electric veleqigal to
about 120-160 g for each kilometer driven. Addaibyn
the above estimation does not take into accounenyaand
charger efficiencies, which are significantly lowtwan 1
[15]. Modern vehicles with hybrid drive achieve iioad
tests a fuel consumptions, which give results of €Mis-
sions of around 100 g/km [20].

the optimal operating conditions, modificationstioé en-
gine and its additional systems, and then throbghuse of
alternative fuels. In addition, the developmentiaf range
extender allows Students to use knowledge achievéue
course of their studies in many fields: design apération
of machines, combustion engines, electrical enginge
electronics, control engineering, programming, etc.

In the first phase of development, the use of alges
powered engine has been proposed, but in the filae
possibility of using more environmentally friendfyels,
such as bioethanol, natural gas or even hydrogefore-
seen. Compared to conventional fuels the use etlémol
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or natural gas would significantly reduce £€nissions in
a process of electricity production for the vehi@&]. The
use of hydrogen would practically eliminate thebca

the alternator was carried out using a 6-diodeifierct
bridge. A diagram of the concept of the range aeens
shown in a Fig. 2.

compounds from the exhaust gases emitted by thimesng

2, 6].

2. Range extender for arelectric light commercial
vehicle

2.1. Vehicle

The prototype range extender described in the s
tion has been designed for the light commercialicleh
Melex 945DS. A general view of the vehicle thatnighe
equipment of the Laboratory of Mechatronics of @ra-
cow University of Technology is presented in Fig. 1

Fig. 1. Electric light commercial vehicle Melex 935

Vehicles of this type in many varieties has widesgr
use for transporting goods inside industrial plamtare-
houses, or as golf carts. They can be also fouraitdrts
and in many Polish city-centers as a transport nfean
tourists. The model used for research purposes tisoa
person vehicle (driver + passenger). The vehicle alao
carry loads up to 150 kg in a cargo space located @ rear
axle. The nominal voltage of the electric systen#8sV.
The energy storage system consists of eight 6\-deddl
batteries in series with a capacity of 221 Ah (30The
batteries are located under the driver's and pgeserseat.
The propulsion source is an electronically congcblsepa-
rately-excited DC motor with a rated power of 3\ lat
4300 rpm. The power is transmitted from the motothte
rear wheels through a two-stage gear reducer. €hile
in this configuration achieves a top speed of atloG0
km/h. The nominal amount of energy stored in thitebias
equal to approx. 10.6 kWh, what allows to drive distance
of 60 km. The described vehicle has a curb weidlé26
kg (with batteries). The vehicle is equipped withghting
system necessary to use in public roads [15].

2.2. Adopted concept of the range extender

LBATTERY [
- 48V J BT
i O

ECU

Fig. 2. Adopted concept of the range extender; dBternal Combustion
Engine, BT — Belt Transmission, GEN — Generator,CRE Rectifier
Bridge, ECU — Electronic Control Unit

AC';EN ICE

—

The estimated nominal output power of the powet uni
is about 2 kW. According to this value and the nmahi
voltage of the vehicle electrical system, individoampo-
nents have been selected, which will be describetktail
below.

2.3. Engine of the range extender

After estimating the power required to drive thaga-
tor, it was determined that it would be most reabba to
use a low power industrial four-stroke engine. Agk-
cylinder, forced air-cooled WEIMA 168FA engine with
a displacement of 163 énand a maximum power of 3.8
kW obtained at 3600 rpm was chosen. This is thenfe
version of the Honda GX 160 engine, which is popala
over the world.

The basic engine specifications are summarizedain T
ble 1.

Table 1. Technical specifications of the enginelliaghe project

Parameter Value

Engine type four-stroke, Sl, single-cylinder,
OHYV, forced air cooling

Displacement 163 cin

Bore x Stroke 68 x 45 mm

Compression ratio 8.5

Maximum power
Maximum torque
Length x Width x Height
Fuel system

Ignition system

3.8 kW at 3600 rpm
10 Nm at 2500 rpm
304 x 362 x 335 mm
float carburetor
transistorized magneto

Lubrication system splash-type
Shatft rotation counterclockwise
Net weight 15.0 kg

The engine is equipped with a centrifugal speecegov
nor, which is very convenient for a propulsion ajenera-
tor. In order to be able to automatically start émgine of
the range extender, apart from a recoil starterelantric
starter was also used. The float-type, horizoraaburetor

The concept of the student project of range extendef the engine is equipped with a manually contrbttaoke

foresaw the use of generally available, inexpensiue
easy to control devices. A three-phase alternatimgent
generator with electromagnetic excitation was ugdtbr-
nator propulsion using a single-cylinder spark-figmi
combustion engine through a ribbed-belt transmisgias
used, and rectification of the electric current egated in

valve. Because of the use of a splash lubricati@mengine
crankshaft is supported in ball bearings. The emdias
a forced air-cooling system. The fan made of plagi
mounted on the flywheel. As an ignition system ansis-
torized magneto was used. The ignition timing xedi at
25°CA BTDC.
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Currently, in industrial engines with an output ovof
about 3.5 kW, a side-valve arrangement is stilhtre¢ly
often used, which gives a simple cylinder headgiesind
low price of the engine, but does not allow to aghihigh
performance, thermal efficiency and low exhaustssions
[4]. The chosen engine is an OHV-type. Two valves a
driven by rocker arms and pushrods from the carsh
located in a cylinder block. A location of the vedvin the
cylinder head allowed a favorable shape of the cmtidn
chamber, hence the minimum brake specific fuel wons
tion of the engine at the factory carburetor sg#irs
around 330 g/kWh. For an engine of this size tlis be
considered a beneficial result. The mentioned B&#lts
were obtained by the authors of the work as parésgarch
conducted in another project.

2.4. Generator and other electrical components
In the project the three-phase AC generator from
heavy-duty vehicle was used. The used alternattir thie

symbol A004TA0592 was produced by Mitsubishi. The The maximum regulated engine speed is 3600 rpm.

general view of the used generator is shown in Fig.

Fig. 3. General view of a generator used the pt§iet

The generator's rated voltage is 28 V, while theinal
charging current is equal to 90 A and can be obthstart-
ing from a rotational speed of 6000 rpm. The geoers
excited electromagnetically by a rotor with 6 pglairs.
Stator windings are connected in a star. The weighhe
alternator is equal to 7 kg. In the factory versitre alter-
nator was equipped with an integrated rectifiedgei and
an electronic voltage regulator.

In order to match the generator's output voltagéhéo
battery of the electric vehicle, both the rectifigidge and
the voltage regulator were removed. Due to a neethtain
a significantly increased output voltage of theegator, the
connection of the stator's windings in the star redsined.
The original rectifier bridge was made of Zenerddi® with
a breakdown voltage of approx. 50 V. This value teas
low due to the voltage needed to fully charge theldw
vehicle batteries, which exceeds 60 V. The randeneber
design uses an external six-diode bridge with aimma
reverse voltage of 1200 V and a continuous outputeat
of 60 A. After attaching the aluminium heat sink ttee
rectifier, it was placed on the support frame beadk such
a way that it was cooled by air outflowing from #ileerna-
tor ventilation gaps. The generator's excitatiowuii uses
an adjusted electronic current stabilizer. The lagu al-

lows to maintain the set value of the battery cimaygur-
rent under given operating conditions. In a firahi of the
range extender, it will be replaced by an automagula-
tor of the generator's output parameters that imefds
a predetermined battery charging strategy.

(%,5. Power transmission

As mentioned earlier, the range extender concegitad
ed simple solutions, hence transmission with aedbbelt
was used to transmit the drive from the engindaéogener-
ator. A belt of 6PK-type for automotive applicatiowas
used. Transmissions with a ribbed belt are chaiaeteby
simple construction, low price, they are quiet aludnot
require lubrication. The efficiency of such a traission
reaches up to 97% at rated load, with a load eguhhlf
the rated load, the efficiency is slightly lowerdaamounts
to approximately 95% [23]. These can be considerbith
alues, especially taking into account average eslaf
efficiency obtained by internal combustion engines.

At
28 V, the generator requires a speed of at led¥ fim to
obtain a nominal output current. The charactesstitthe
used generator at the output voltage increasetideesb0 V
were not known. However, from the fundamentalslet-e
tric machines, it is known that at the same load tre
same excitation magnetic field, obtaining an inseeh
output voltage requires approximately proportidnatease
of the generator's rotational speed [1]. For tleigson, it
was decided to use a multiplier transmission withear
ratio of approximately 0.5. Finally, the originab 6nm
diameter pulley was left in the generator, whil&2® mm
diameter wheel was used on the motor shaft, whigbsg
a gear ratio of about 0.55. The generator pulleyttwhas
been reduced to the width of the 6PK belt by tugmmethod.

The internal combustion engine of range extender ha
a counterclockwise rotation direction, while thengetor
rotates in a clockwise direction in a powertrainichit
originates. It is true that due to the generatibali@rnating
current, the direction of rotation of the generatoirrele-
vant, however, both the fan and the excitatiorcutir
brushes are adapted (optimized) to work in only dinec-
tion. As a result, the internal combustion engind gen-
erator had to be placed on opposite sides of therbes-
mission. On the one hand, this increases the teassv
dimension of the engine-transmission-generator natdye
but on the other hand it allows the use of a stealjth belt,
which does not require additional tensioning pudldy addi-
tion, the longitudinal dimension of the engine-gaission-
generator assembly is clearly smaller in this case.

2.6. Support frame

As part of the project, it was planned to mount phe-
totype range extender in a rear part of the elegtrhicle in
a place intended for the cargo space.

In order to be able to mount the system on theclehit
was necessary to design and make a special supgoe.
The developed 3D model of the designed item is shiow
Fig. 4.

The support frame is made of thin-walled steel sgua
pipes. The object has dimensions of 850 mm x 500 mm
The frame is attached to the vehicle body througdiber-
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metal elements in four points. The purpose of thepers
is to diminish vibrations caused by the singletogér en-
gine of range extender. Unfortunately, the engiae ho
balancing shaft, so the role of rubber-metal eldmenthe
more important. The dampers are attached to thieleeha
special brackets. Direct mounting of the dampirggnants
to the vehicle was not possible due to a facttthebody of
the vehicle is made of a plastic of a relatively lmechani-
cal strength.

Fig. 4. Support frame of the range extender: 1 le fior mounting of

damping elements, 2 — bracket of a rectifier bri®®e hole for mounting
an engine, 4 — bracket of a generator, 5 — areméamting control devices,

6 — area for mounting an engine management sy@tefuture)

The support frame has a bracket that holds thergtame

and a bracket that allows to adjust the belt tensibthe
transmission by turning the alternator. The framealiso
equipped with mounting brackets for the rectifierdbe
with heatsink and engine speed sensor. Two shelees
made in the free spaces of the frame, thanks tohwihivas
possible to mount the range extender control systétar-
forated steel sheets were used to make shelvanerete-

ments were joined together by MAG-method weIdingt.
After finishing the construction works, the frameasw

cleaned and covered with two layers of anticormsigat-
ing.
2.7. Developed prototype of the range extender

panel of the generator control unit and on the bleatd of
the vehicle so that the range extender can beedtamd
stopped while the vehicle is being driven. A patmneter
for adjusting the charging current was placed engénera-
tor control panel.

Fig. 5. View of the developed 48 V range extender:engine, 2 — gener-
ator, 3 — support frame, 4 — rectifier bridge, Benerator control unit, 6 —
relays and voltage converter for a starter motor

The used engine electric starter is intended feraftpon
at 12 V. To avoid the need to use an additionakbatvith
this voltage, the starter is supplied from 48 Vigkhbatter-
ies via a DC-DC voltage converter.

3. Stationary research of the range extender

3.1. Preliminary tests of an efficiency of the rang

extender

Preliminary tests of the developed range extendee w
carried out when the engine with the generator mvasnt-
ed on the test frame, and the electric vehicle eegaspped
with a nickel-metal hydride (NiMH) battery insteasf
a lead-acid battery. These batteries were adapted elec-
tric vehicle from a hybrid car. The main issuela# adapta-
ion was the proper connection of the modules so tihe
output voltage of the pack match the system volt#fghe
Melex vehicle. Finally, a package with a nominakage of
50.8 V and a capacity of 32.5 Ah was obtained. dihe of
the work was to develop a lightweight battery patikw-
ing for increasing the payload of an electric véhidlore

After making the support frame, the range extendénformation for readers interested in this topio te found
components were mounted on it. Then the readyiaoxil in [16].

power unit was mounted on the Melex electric vehithe
view of the developed
electric vehicle at the place for the cargo spdds shown
in Fig. 5.

The electrical leads of the rectifier bridge haweer

The carried out preliminary research was aimeceat v

range extender mounted en tfying the feasibility of the range extender projbdilt ac-

cording to the adopted concept and using the chosen
ponents.
Already the first tests have confirmed that thepaeic

connected to the poles of the vehicle battery. @otions generator powered by the chosen combustion engiae e
were made using cables with a 6 fanoss-section. For bles effective charging of the battery of the eieatehicle.
safety reasons, double-insulated wires and oveegtur A NiMH battery pack charging current exceeding 3%v#s
protection in the form of fuses were used. obtained.

The generator control system has been equipped with A quantitative assessment of the range extendegisae
devices for measurements the battery voltage, oigargtion consisted in examining the overall efficienafy the
current and rotational speed of the internal coris power unit at selected operating points (enginatiatal
engine. The generator excitation circuit switchgiee off speed—battery charging current). The overall efficy
switch and starter button are located both on trrel means that this is considered as an energy ddliveréhe
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battery pack referred to an amount of used fuepdrticu-
lar, the overall efficiency of the range extendeswealcu-
lated using formula (1):

(1)

where:hge — overall efficiency of the range extender, %
Ere — energy delivered by the range extender, kJ; mass
of a gasoline consumed in the test, kg, LHV — lolheasiting
value of the gasoline, kJ/kg.

A denominator of the formula (1) represents the amo
of chemical energy of fuel consumed by the engiméngd
each test. The petrol LHV value of 43,000 kJ/kg waed
for calculations [13].

The energy delivered to the battery by the rangenei
er Erg was calculated using the following general formula

()

where: 5 — battery voltage, V gk — current delivered by
the range extender, A, t — time, s, 0/1 — stadt/ehthe
measurement.

The registration of measurement results was caaugd
using a digital data acquisition card, thus finallg formu-
la for calculating the energy delivered to the dogthas the
form:

3)

The measurement frequency was 10 Hz, so the tiepe st

the test no. 3 the range extender delivered al@mitkd of
electric energy to the battery.

Results of the overall efficiency tests of the marex-
tender for the three measurement points are surnethi
Table 2.

Test No. 3; 15,=20 A; n=2550 rpm;

w
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Fig. 6. Range extender operating parameters ifutietion of a charging
time at 2550 rpm anci¢ 20 A

Table 2. Summary of the results of measuremeras @verall efficiency
of the range extender

t was 0.1s in the formula. The measurement of doel

sumption was carried out using a laboratory digsidle.
Due to the measuring range of the data acquisti#wd for

measuring the battery voltage, a resistive dividith 1: 6

attenuation was used. The charging current was uresds

with a contactless transducer using the Hall eff@tte

measuring range of the transducer was 70 A, wtileen-

sitivity was 33 mV/A.

Parameter Test No.

1 2 3
Current delivered by setpoint 20 9 20
RE, ke [A] average in the test 18.9 8.6 201
Engine rotational speed, n [rpm] 290D 3000 2550
Charging time, t [s] 505 688.1 501.p
Fuel consumption, afkg] 0.1 0.1 0.1001
Energy delivered by RE g [kJ] 523.31| 335.83 584.95
Overall efficiency of RE, ge 12.2 7.8 13.6

The efficiency measurements were carried out aethr
operating points. In each of the tests, the consompime
of 100 g of fuel was measured. As the system wssnas
bled in the test version, it was decided to perfoneas-
urements at a charging current not exceeding teevsedue
of 20 A. The first test was carried out at a spek#,900
rpm and an adopted load of 20 A. The second measmte
was made for the same lever position of the engpe=d
governor, but with a reduced load value — 9 A. Bu¢he
reduced engine load, the rotational speed in &8 was
slightly higher — around 3000 rpm. The last, thésgeri-
ment was made at a set speed reduced to 2550 mptime |
third test, the load was adopted to be the sanreths first
measurement, i.e. 20 A.

Figure 6 shows exemplary graphs of the range egtend

operating parameters at 20 A load and an enginedspet
to 2550 rpm (Test No. 3).

The value of the excitation current allowing to aibt
the desired value of the charging current was teha
beginning of the test, and then it was not corckery-
more. Because of this, the current delivered byrtrge
extender decreased slightly during the test. Thas the

result of a gradual increase in the battery voltdydring |

Due to slight variability of the range extender puit

current during the test, the table lists both autreetpoints
as well as averaged values from the actual measmtem
Figure 7 presents a comparison the overall effoyesf the
range extender.

Overall efficiency of the RE Nge [%]

18.9A @ 2900rpm

8.6A @ 3000rpm 20.1A @ 2550rpm

Fig. 7. Comparison of the overall efficiency of ttenge extender in dif-

ferent operating points

The maximum efficiency of the range extender in the

preliminary experiments was 13.6% and was obtaatdide

oad 20 A and at the engine rotational speed 2p5Q
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This can be explained by the fact that under tergcon-
ditions the engine load was the highest. Similadiye to
the properties of the used generator, it is adggmutas that
the desired current value is obtained at the lopessible
rotor speed, i.e. at the lowest frequency of theegated
alternating current [1]. The result obtained in #econd
test confirms that the operation of the power ahihe low
load is inefficient. For this reason, the operatanthe
range extender in the low load region should bédaeb

3.2. Overall efficiency and exhaust gas toxicity
of the range extender with air-fuel ratio correctim

In addition, as part of the carried out work, therall
efficiencies of the range extender fed with the tom
without modifying its air-fuel ratio, and after alning the
stoichiometric AFR were compared.

In order to supply an air stream after the carlouret
a stub pipe was added to the intake port of thenagt
head, which was connected to an additional thretilee
via a rubber hose. The purpose of the valve wasdolate
the air flow that dilutes the air-fuel mixture foedh in the
carburetor. The concept of modification of the ketasys-
tem is shown in Fig. 9.

After installation the range extender assembly loa t

electric vehicle, further research and developmeatk
was carried out. One of the directions of furthewedop-
ment of the design was the adaptation of a motteogx-
haust system with an integrated three-way catalyon-
verter. These actions were taken to reduce the roistted
by the power unit [7], but also to reduce concditng of
toxic exhaust compounds in the future. The useshedr

comes from a Yamaha Majesty S XC125R motorcyclé wit

a 125 cm displacement engine and a maximum power
8.8 kW at 7500 rpm. A view of the range extendehhe
adapted motorcycle exhaust system is presented.if8.F

Fig. 8. An adapted exhaust system mounted to tigeraxtender: 1 —
exhaust pipe, 2 — muffler with TWC, 3 — widebanggean sensor

Adaptation of the exhaust system for mounting ® t
range extender required the use of a new pipe ctinge
the cylinder head exhaust port to the muffler. Atygen
sensor was installed in the new exhaust pipe towal
a regulation of the air-fuel ratio in a closed lobpthe next
stage of development of the range-extender, arayfbe
maintaining the stoichiometric air-fuel ratio ofetimixture
will be prepared so that the catalytic convertéedgnated in
the exhaust system can operate effectively [12] Tér
search of the range extender equipped with a néauest
system was aimed at verifying the considered metffitide
maintaining stoichiometric AFR, as well as an estibn of
the operation of the catalytic converter under ¢hesndi-
tions. As the result of previous activities, it wavealed
that with the carburetor factory settings, the eags fed
with a rich mixture. The value of relative AFR) (s varia-
ble between 0.8 and 0.9, depending on the engat:dad
rotational speed. This makes, that it is possibleupply
additional air downstream from the carburetor ideorto
dilute the mixture so as to obtain a stoichiomesircfuel
ratio.

<

<=

1

Ls
s

Fig. 9. Scheme of a modification of the air intalystem: 1— intake port,
2 — intake valve, 3 — carburetor, 4 — additionalvailve, 5 — additional-air
port

of

Comparative tests using the mixture compositiorureg
lation were carried out at a rotational speed gfaxmate-
ly 3400 rpm and a load of about 42 A. With a batteplt-
age of 52-53V, this gives the output power of thege
extender within 2.2 kW, which is significantly highthan
that obtained in the previous tests. This was plesdie-
cause the range extender was already mounted ettie
cle on the support frame made in a target form. Mie¢th-
odology of the conducted research was analogoukab
described in subsection 3.1. The only difference et
the range extender was mounted in the space pstyiou
occupied by the NiMH battery, hence the load far thnge
extender was this time lead-acid batteries. Howetres

pfact did not affect the results. As before, thaqebof regis-
tration of the operating parameters of the randenaler
was determined until the engine consumed 100 qieif f
Arcon Oliver K-4500 gas analyzer was used to detezm
the exhaust composition and conversion efficientyhe
catalyst. The analyzer allows the measurement of @D,
HC, NQ, and Q concentrations in dry exhaust gas. The
relative air-fuel ratio is calculated by the analybased on
the exhaust gas composition. In order to measweadm-
position of the exhaust gas, two exhaust gas inpekets
were made, one in the pipe in upstream from thalysif
and the other in the muffler downstream from thacter
support.

During the first measurement the engine operatéd avi
closed additional-air valve. As the second, a vest car-
ried out in which the mixture formed by the carltaravas
diluted by additional air supplied downstream frahe
throttle. The opening degree of the additionalvaive was
adjusted so as to obtain a stoichiometric AFR.
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Figure 10 presents graphs of energies deliveretie€o
battery and overall efficiencies of the range edé&znob-
tained in the both measurements.

Fig. 10. Comparison of energies delivered to bptterd efficiencies of the
range extender working with factory settings(91) and with a modified
relative AFR ( 1.0) by the supplying of additional air

When the engine was running without additional thie,
mixture composition oscillated around the valueebative
air-fuel ratio of 0.91. When using the dilution tble mix-
ture with additional air, the fuel consumption bétengine
decreased, hence the time of consumption of 10Dfgeb
increased. For this reason, in the second tesigeherator
delivered a significantly larger amount of eledtyico the
battery, and this gave a significant increase & dkerall
efficiency of the range-extender when fed with atome of
stoichiometric air-fuel ratio.

Figure 11 shows the results of the exhaust comiposit

measurement in the both experiments. In the fiesisare-
ment, with the unmodified air-fuel ratio of the ke, the
composition of the exhaust gases upstream froroatadyt-

resulted in a significant decrease in the concgoitreof
carbon monoxide, but also in an increase in theemnation
of NO, upstream from the catalytic converter. This was
pected when shifting from a rich to stoichiomeinixture. It
was also observed, that the concentration of hydbons
upstream from the catalytic converter was highet ®yppm
in relation to the result for the composition of thixture
0.91. This may be due to the deterioration of tred &tomi-
zation conditions associated with the reductiothefair flow
rate through the carburetor when additional aisupplied.
However, this was not a particularly large incredisshould
also be noted that particularly for a low-powerieaded by

a carburetor, a very favorable proportions of COCIO,
upstream from the catalytic converter was obsewrseh the
engine was fed with a stoichiometric mixture. Tinidicates
that the mixture was correctly prepared, as welt@abus-
tion process occurred properly.

Figure 12 shows the results of conversion efficienc
when engine was fed with a stoichiometric mixtuedi-
ciencies were calculated from exhaust gas compaositi
upstream from and downstream from the catalytioczerter
that were presented above.

ex

ic converter ( 0.91) was recorded. During the second

measurement, the compositions of exhaust gas boeth

stream from ( 1.0 upstr. TWC) and downstream from the

u Fig. 12. Conversion efficiency of TWC during opévatof the engine

with stoichiometric air-fuel ratio

catalytic reactor ( 1.0 dwnstr. TWC) were recorded. This

made it possible to evaluate the conversion efficyeof the
reactor being part of the new exhaust system.

Fig. 11. Comparison of CO, GOHC and NQ concentrations in exhaust
of the RE engine working with factory settings@.91), as well as with
AFR modification ( 1.0)

The use of modification of the air-fuel ratio byution
with additional air caused that the catalytic reagttegrat-
ed in the new exhaust system started to work. Bneear-
sion efficiency for CO and NQobtained relatively high
values. In the case of hydrocarbons, a lower efiicy was
obtained. This is usually observed for reactorat thvere
aged in a some extent, like the one used. In asyg, dhe
concentrations of toxic compounds downstream from t
catalytic converter, when the engine is runninghvitie
stoichiometric mixture are clearly lower than theseord-
ed when working with the unmodified AFR € 0.91). This
confirms the correctness of the adopted concephtefir-
fuel ratio adjustment in order to enable decreasingpxic
components emissions of the developed range extende

4. Road tests of the vehicle equipped with RE

In order to determine the impact of the range ed¢en
implementation on the traction parameters of thestst
vehicle, road tests were carried out. During treistéhe

During operation without adding air downstream fronyehicle behavior was compared at an acceleratn fr =

the carburetor, the engine was fed with a rich un&thence
a high CO concentration and a relatively low,N®ncentra-
tion in the exhaust. The correction to the stoietgtric AFR

0 to v = v With RE off, and then with RE turned on. In
tests, the vehicle load was the driver and passemdgch
together with a weight of the range extender gthestotal

COMBUSTION ENGINES, 2019, 177(2)
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vehicle weight of 820 kg. The engine rotationalespaas
set at 3450 rpm, while the current delivered to lihtery
was approximately 40A. During the tests, the vehiuht-
teries remained charged at around 70%. With a higlate
of charge, turning on the range extender could sl
affect the life of the batteries.

5. Conclusions and further development

The first stage of the project development was detnp
ed. The developed range extender works correctily o
stationary conditions and when driving a vehicleséveral
selected measurement points, the overall efficieresys
were carried out, during which promising resultgeveb-

Figure 13 presents a comparison of waveforms ef thained. In the further part of the work, the engaxdaust

battery voltage, the battery current and the velspeed in
acceleration tests with the range extender switdikdnd
then running.

Fig. 13. Comparisons of battery parameters andciebpeed during
acceleration with the range extender off (dashad)ranning (solid)

The use of the range extender causes a signifi@nt
crease in the current drawn from the batteriesentiiiving
at a speed close to maximum. The decrease of tentu
drawn from the battery causes that proportionaitalter
decrease in battery voltage under load are obseived
increase in the voltage of the battery operatingeudoad
by about 2 V, caused by the decrease of the vollegeon
the internal resistance of the batteries [9], tesuthat the

system was modified by using a muffler with a thnesy
catalytic converter. The use of a simple methodegtilat-
ing the air-fuel ratio of the mixture allowed torifg the
efficiency of the engine's cooperation with the axdt gas
aftertreatment system. The use of a three-way \tital
reactor, when the engine is running a stoichiometrix-
ture, significantly reduces the emission of toxihaust
components. In addition, the leaning the mixturented by
the carburetor up to stoichiometric ratio in thet laf the
analyzed measurement points resulted in obtaimiagrtost
favorable, so far, result of the overall efficienalythe de-
veloped RE amounting to 18.8%. Taking into accdhet
low output power of the auxiliary power unit, thiiaency
can be considered very beneficial. A positive restilthe
verification of the method of regulation the sta@hetric
mixture, confirms the desirability of developingeti\FR
automatic correction system.

The results of the carried out work allowed alsaés
termine the area and extent of further work on dbeel-
oped range extender. In the next step, these tasivvill
be focused on the development of an automatic aontr
system of the range extender. The next researtthedéffi-
ciency of the power unit at various points of ibperation
map will allow to determine the effective algorithfor
controlling the engine speed depending on the ddnfam
electrical power. As mentioned in the introductiiris also
planned to introduce modifications to the engind &rel
system oriented at increasing the overall efficjeacd the
use of alternative fuels, what will allow for a mificant
reduction of CQ emissions. To accomplish these goals it
will be necessary to equip the engine with an irategl
injection-ignition system [3]. Among engine modétmons,
an application of a strategy of the late intakeveatlosing
allowing the implementation of a work cycle wittcieased
expansion (Miller—Atkinson) is considered [18].
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Nomenclature

hre overall efficiency of the range extender, % CA crank angle, degrees
relative air-fuel ratio dwnstr. downstream from
AFR  air-fuel ratio ECU electronic control unit
APU  auxiliary power unit Ere energy delivered by the range extender, kJ
BSFC brake specific fuel consumption, g/kWh GEN  generator
BT belt transmission Ibat battery current, A
BTDC before top dead center Ire current delivered by the range extender, A
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ICE internal combustion engine Sl spark ignition

LHV  lower heating value, kJ/kg t time, s

my mass of a gasoline consumed in the test, kg TWC three-way catalyst
MAG metal active gas upstr.  upstream from

n engine rotational speed, rpm Y vehicle speed, km/h
OHV overhead valve Vpat battery voltage, V
RE range extender w/o without

REC rectifier bridge

Bibliography

[1]

(2]

3]

[4]

5]

[6]

[7]

(8]
(9]

[10]

[11]

[12]

Marcin Noga, DEng. — Faculty of Mechanical Enc¢

neer

e-mail:noga@pk.edu.pl

ADAMIEC, M., DZIUBI SKI, M., SIEMIONEK, E. Re-
search of the alternator on the stand — efficierspectlOP
Conference Series: Materials Science and Engingerin

2018,421, 022001. DOI:10.1088/1757-899x/421/2/022001. [14]

BRZE A SKI, M., MARECZEK, M., MAREK, W. et al.
The realized concept of variable chemical compasifuel
gas supply systems, for internal combustion engi@Ges-
bustion Enginesl7((3), 2017, 108-114. DOI:10.19206/CE-
2017-318.

DzZIUBI SKI, M. Ecological aspect of electronic ignition
and electronic injection systefanvironmental Engineering
V. 2016. DOI:10.1201/9781315281971-42.
EICHLSEDER, , M., PIOCK, W.F. Grundla-
gen und Technologien des Ottomotors: Der Fahrzerigan
Springer Vienna 2008.

GIS, W., MENES, M. The development of the woeléctric
vehicles fleet in years 2010-201IDP Conference Series:
Materials Science and Engineerin@018, 421, 022008.
DOI:10.1088/1757-899x/421/2/022008.

GIS, W., PIELECHA, J., WAKIEWICZ, J. et al. Use of
certain alternative fuels in road transport in RdldOP

Conference Series: Materials Science and Engingerin[19]

2016,148 012040. DOI:10.1088/1757-899x/148/1/012040.
HEBDA, R. Adaptation of the exhaust system wdtltata-
Iytic converter for a low power industrial engir@racow
University of TechnologyMaster Thesis, Cracow 2019.
HUSAIN, 1. Electric and hybrid vehicles: desifgmdamen-
tals.CRC Press, Taylor&Francis Groupoca Raton 2010.
JUDA, Z., NOGA, M. The influence of battery degation
level on the selected traction parameters of &-ligity elec-

tric vehicle.IOP Conference Series: Materials Science an¢R1]

Engineering. 2016, 148 012042.
899x/148/1/012042.

KARPUKHIN, K., TERENCHENKO, A. The creation of
energy efficient hybrid vehicles in the Russian ératon.
Combustion Engine2017,1681), 145-148. DOI:10.19206/
CE-2017-123.

KHAJEPOUR, A., FALLAH, S., GOODARZI, A. Eleatr
and hybrid vehicles: technologies, modeling andtrobr-
a mechatronic approachlohn Wiley&Sons.Chichester
2014.

KOZIO -JAROSZ, M., BRZE A SKI, M. The role and
tasks of the support mats in the construction aélgac
converters. Combustion Engines2017, 170(3), 96-99.
DOI:10.19206/CE-2017-315.

DOI:10.1088/1757-

ing, Cracow University of Technology.

[15]

[16]

[17]

[18]

[20]

[22]

(23]

[24]

[13] MICHAELIDES, E.E. Energy, the environment, asds-

tainability. CRC Press, Taylor&Francis Groufgoca Raton
2018.

NOGA, M. Application of the internal combusti@ngine as
a range extender for electric vehicl€&mbustion Engines.
2013,1543), 781-786.

NOGA, M., JUDA, Z. Energy efficiency and eqalent
CO; emissions of a light-duty electric vehicle depagdon
driving distancelOP Conference Series: Materials Science
and Engineering 2018, 421, 022023. DOI:10.1088/1757-
899x/421/2/022023.

NOGA, M., JUDA, Z. The application of NiMH Katies in
a light-duty electric vehicleCzasopismo Techniczn2019,
1, 197-222. DOI:10.4467/2353737xct.19.014.10054.
PIELECHA, I., CIE LIK, W., BOROWSKI, P., CZAJKA, J.,
The development of combustion engines for hybrigdedr
systemsCombustion Engine2014,1583), 2014, 23-35.
PIELECHA, I., CZAJKA, J., BOROWSKI, P., WIS OKI,

K. Thermodynamic indexes of Atkinson cycle combuwrsti
engine operation under transient conditio@@mbustion
Engines2013,1543), 517-524.

RIBAU, J., SILVA, C., BRITO, F.P. et al. Anais of four-
stroke, Wankel, and microturbine based range egrsnitr
electric vehicles.Energy Conversion and Management.
2012,58, 120-133. DOI:10.1016/j.enconman.2012.01.011.
RODAK, ., SZRAMOWIAT, M. Comparison of fuel
consumption between a vehicle with standard andidhyb
drive systemlOP Conference Series: Materials Science and
Engineering.2018, 421, 042068. DOI:10.1088/1757-899x/
421/4/042068.

SLASKI, G., OHDE, B. A statistical analysis efergy and
power demand for the tractive purposes of an éteeghi-
cle in urban traffic — an analysis of a short asmhl observa-
tion period.IOP Conference Series: Materials Science and
Engineering.2016,148 012027. DOI:10.1088/1757-899x/
148/1/012027.

STELMASIAK, Z., PIETRAS, D. Utilization of was
glycerin to fuelling of spark ignition enginedP Confer-
ence Series: Materials Science and Engineer?16,148
012087. DOI:10.1088/1757-899x/148/1/012087.
STOCKMAN, K., DEREYNE, S., DEFREYNE, P. et &n
efficiency measurement campaign on belt driraceed-
ings of Energy Efficiency in Motor Driven SystefB&-
MODS 2015)Helsinki 2015, 366-377.
https://www.motorcityreman.com/20366n.html -€cessed
on 2019-03-25.

Pawe Gorczyca, Eng. — Faculty of Mechanic
Engineering, Cracow University of Technology.

e-mail:gorczycap7@gmail.com

COM

BUSTION ENGINES, 2019, 177(2)

121



Title of the paper

COMBUSTION ENGINES, 2019, 177(2) 122



