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Abstract: The present paper is focusing on a basic research for an initial design of an internal combustion engine for use in a range extender 

unit for an electric vehicle. The paper introduces a short description of the power train concept as well some interesting points, problems 

and challenges during the design process of the internal combustion engine. Some of them are connected with a proper selection of the 

engine configuration (number of the cylinders, their configuration, etc.), a determination of the engine main parameters (bore and stroke) 

and how they affect the engine operation and performance. Different parametric models are used and some output results are presented. 
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1. Introduction

Alternative fuel vehicles are growing in popularity these days, 

especially the battery electric vehicles (BEVs). The pure electric 

power train of vehicles appeared more than a century ago. Since 

that time the available technologies, manufacturing processes and 

human knowledge have been changing incredibly. Thanks to these 

prerequisites, it is possible nowadays to create much better all-

electric powered vehicles with significant enhancement in 

efficiency and performance. 

Fig. 1. A Range Extender System with Twin Cylinder Boxer IC Engine from 
Robby Moto Engineering, Italy. 

Despite that, a disadvantage still prevents electric vehicles from 

a greater success (besides the high price). This disadvantage is the 

limited vehicle range, i.e. electric vehicles can travel less distance in 

comparison with conventional ones. Logically, the next step has to 

be a refinement of the available battery technologies (increasing the 

capacity, lowering the weight, lowering the price). This requires a 

large amount of further research and additional time. Fortunately, 

there is another very interesting and more accessible solution such 

as a discreet modification of the traditional all-electric vehicle. The 

vehicle power train system itself is supplemented with an additional 

auxiliary power unit, which is called commonly range extender 

(REx): it extends the reachable travel range of the vehicle by 

supplying the battery system with additional electrical energy 

directly on the road (during driving). A REx unit consists of a 

different power source: commonly a small internal combustion 

engine (ICE) that drives an electric generator (EG) to produce 

electrical energy for supplying (charging) the batteries of the 

vehicle. 

Fig. 2. A Range-Extended Electric Vehicle (ReEV). 

The power train layout (configuration) of BEV with REx looks 

very similar to that one, which the series hybrid vehicles use. The 

main role of the range extender unit is to increase the vehicle travel 

range to an acceptable level when it is necessary. However, in most 

cases this device has to serve only as a safety measure, to remove 

the anxiety of staying broken down on road with a flat (discharged) 

battery. 

2. Electric vehicle with Range Extender

Electric Vehicle Modelling and Simulation. Nowadays, in the 

automotive industry there are different simulation software 

products, which are used for convenient analyses of vehicles and 

their power trains (engines, transmissions, etc.) during the design 

process. For the next simulations, the package GT-SUITE from 

Gamma Technologies is used.  

This paper presents a brief comparison between a traditional 

battery electric vehicle (BEV) and a modified electric vehicle 

equipped with a range extender. In that case, simple models are 

prepared for a simulation study and then properties of the vehicles 

are explored. To compare how the vehicles perform under different 

circumstances, basic simulation analyses are done in the conditions 

of two driving cycles - the old NEDC and the new WLTP. 

Vehicle Simulation Model. As a representative example, a 

simple EV model is studied. The vehicle itself is equipped with a 

battery electric system and a single electric traction motor. The 

motion goes through a single drive shaft and a differential to the 

axles of the wheels. An external power source recharge the 

batteries, but a regenerative brake mode can be also present. 

As a next step, the same EV power train configuration is 

transformed to a ReEV one. The additional REx unit includes 

models of an IC engine and an electric generator. This ReEV 

architecture is similar to the layout of the series hybrid vehicles. For 

simplicity, a single simulation model is used to perform all analyses 

for both vehicles. The vehicle parameters are modified for each type 

of vehicle, e.g. in the pure EV the IC engine is simply disconnected. 

BEV 60 Ah BEV 94 Ah REx 60 Ah 

Vehicle weight [kg] 1270 1320 1390 

Battery weight [kg] 230 280 230 

REx weight [kg] - - 120 

EM power [kW/rpm] 125/4800 125/4800 125/4800 

Fig. 3. Some EVs Parameters 

Three different configurations are reviewed: 1) an EV with 60 

Ah battery, 2) the same EV with a REx unit and 3) the same EV 

with 94 Ah battery. Their analysis shows the differences in 

reachable electric range just by changing the size of the battery and 

the contribution of using a range extender instead of increasing the 

battery size. This quick study reveals also some preliminary 

parameters of the range extender unit. 

INTERNATIONAL SCIENTIFIC JOURNAL "TRANS & MOTAUTO WORLD" WEB ISSN 2534-8493; PRINT ISSN 2367-8399

108 YEAR V, ISSUE 3, P.P. 108-111 (2020)



Most of the important parameters are inspired from products 

available on the market, i.e. BMW i3 series EV. The EV simulation 

models are not calibrated in any way and the provided input data are 

roughly adjusted to correspond to BMW parameters. Fig. 4 presents 

the described simulation model in GT-SUITE. 

 

Fig. 4. A Vehicle Simulation Model in GT-SUITE. 

 

Some results from EV simulations can be seen below. For 

simplicity, a single simulation model is used to perform all 

analyses. The vehicle parameters are modified for each case and in 

the pure EV the IC engine is disconnected. 

EV Simulation Results. The overall EV range is estimated by 

performing the selected driving cycle a few times in a sequence 

until the battery is fully discharged. The results show that by 

increasing the capacity of the battery from 60 to 94 Ah, i.e. adding 

additional 50 kg of weight, the EV can drive 65/53 km more in the 

NEDC/WLTP accordingly (i.e. +53 % for both). 

 

Fig. 5. A Vehicle Electric Range. 

 

ReEV Simulation Results. One more important question 

appears here: what amount of power the IC engine in the range 

extender unit has to generate and of course, how the engine 

operating to be controlled: when to start and stop it to guarantee an 

appropriate optimal extension of the vehicle range. The preliminary 

results indicate that an engine with output power of about 20 kW to 

30 kW has to be enough for ensuring an acceptable extension for 

this vehicle segment. For this model example, only one engine 

operating point is used (power of 20 kW). Clearly, it is meaningful 

to develop a more advanced control strategy with more than one 

operation points of the range extender. 

Because at that moment the parameters and properties of the IC 

engine are completely unknown, the simulation model is simplified. 

The IC engine is represented in the model by simple mechanical 

components that simulate the function of the engine just by 

applying torque and speed to the rotating shaft. In the electric mode, 

the state of charge (SoC) of the battery is set to 100 %, i.e. fully 

charged. The simulation runs the vehicle in the specific driving 

cycle a few times until the battery is completely depleted (fully 

discharged). In the REx mode the range extender is started when a 

specific battery SoC is reached. The total vehicles range is 

presented below. 

 

Fig. 6. A Comparison of the Total Vehicle Range 

 

Right now, it is roughly known what amount of power is needed 

for an IC engine in a REx unit to prolong the EV range. In the 

model example, a 20 kW IC engine can roughly provide 50 % 

longer travel range in both NEDC (+93 km) and WLTP (+80 km) 

compared to BEV 94. 

3. Internal Combustion Engine for EV Range 

Extender Unit 

The REx unit has to satisfy different requirements. Most of 

them depend on the IC engine itself such as fuel consumption, 

efficiency, exhaust emissions, costs, assembly size and weight, 

NHV properties etc. Shortly, the IC engine in a REx unit has to be 

small, compact and efficient. A naturally aspirated (NS) spark 

ignition (SI) IC engine seems to be the most suitable for this 

application because of its simplicity and undemanding design. 

At the beginning of the design process of a new reciprocating 

IC engine, there are four essential points, which need to be 

determined. They will significantly affect the engine design, size, 

performance and behaviour. They are as follows: the engine 

displacement volume needed to generate the required power, the 

number of the cylinders which the displacement volume will be 

divided to, the cylinder geometry (bore and stroke), and the engine 

(cylinders) configuration. 

For an estimation of the IC engine displacement volume Vd, the 

engine can be considered as a positive displacement air pump. To 

produce a certain amount of work (power P at a specific engine 

speed), the IC engine has to burn an appropriate quantity of fuel. To 

ensure a complete combustion of the fuel a sufficient amount of air 

has to enter into the engine. After a rough outline of the expected 

torque curve and prediction of the brake specific fuel consumption 

(BSFC), as well knowing the air to fuel (A/F) mass ratio, the needed 

mass airflow can be calculated as follows. 

𝑚 𝑓𝑢𝑒𝑙 = 𝐵𝑆𝐹𝐶.𝑃 →  𝑚 𝑎𝑖𝑟 = 𝑚 𝑓𝑢𝑒𝑙 .𝐴/𝐹 → 𝑉𝑑 =
𝑚 𝑎𝑖𝑟

𝜌𝑎𝑖𝑟 .  
𝑛

2
 . 𝜂𝑣𝑜𝑙

 

In our case, the objective is to propose a new NA spark ignition 

IC engine for an application in a REx unit for EVs. Let us state the 

IC engine has to deliver a power of 20 kW at 4000 rpm. It can be 

assumed the specific fuel consumption at that power could be 

around 250 g/(kW.h). In addition, an engine volumetric efficiency 

of around 90 % at that speed is supposed. The estimated 

displacement volume is calculated for these assumptions as 586 

cm3. 

A next critical issue to decide is how to divide the IC engine 

displacement volume, i.e. the number of cylinders and their 

orientation. The engine layout has serious impact to costs, 

complexity, components mass, engine speed, acting mechanical 

forces and their balancing, surface to volume ratio, losses etc. 
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An essential point to solve is the ratio of the cylinder bore (B) 

and the piston stroke (S). In theory, for a specific cylinder 

displacement, an endless number of bore to stroke (B/S) ratios is 

feasible. However, selecting the right B/S ratio will significantly 

affect the overall size and design of the engine (i.e. engine block 

length and height). Moreover, it has an essential impact on the 

engine performance, efficiency and losses. 

ICE Simulation Model. A simple study (sensitivity analysis) 

can show the impact of the B/S ratio on the IC engine behaviour. 

For a better image, the IC engine displacement is maintained at a 

constant value and a few different B/S ratios are used. For this aim, 

a simple model of a twin-cylinder boxer IC engine in GT-SUITE is 

used for a parameters analysis. At this stage of the IC engine design, 

there are many unknown parameters and some assumptions are 

done. Some parameters of the IC engine that can also significantly 

affect the engine behaviour are considered and maintained similar 

for all variants, e.g. compression ratio (CR), ignition and valve 

timing, intake and exhaust system (diameters and lengths), etc. 

However, their further design and optimization are needed.  

ICE Simulation Results. Some output parameters of the IC 

engine, as the brake power produced at the specific speed, the brake 

fuel consumption and the volumetric efficiency at that speed are 

presented. 

B/S Ratio Bore B [mm] Stroke S [mm] Displ. vol. [cm3] 

0,6 60,7 101,2 585,7 

0,7 63,9 91,3 585,6 

0,8 66,8 83,5 585,6 

0,9 69,5 77,2 585,6 

1,0 72,0 72,0 586,3 

1,1 74,3 67,6 585,6 

1,2 76,5 63,8 585,6 

1,3 78,6 60,4 585,6 

1,4 80,5 57,5 585,6 
  

Fig. 7. An Overview of Bore/Stroke Ratios 

 

The cylinder bore specifies the size (diameter) of the intake and 

exhaust valves. That is why, the B/S ratio and the parameters of the 

valve train system have to be tuned together to optimize the 

cylinder charge exchange and thus, the engine performance. A 

larger value of B/S ratio, i.e. a larger cylinder bore, will make 

possible operating at higher engine speeds and together with larger 

valves (i.e. an optimized intake velocity) will ensure a higher power 

density. On the other hand, a smaller value of B/S ratio, i.e. a longer 

stroke, will allow locating the peak power at lower engine speeds. 

 

Fig. 8. An Output Power at 4000 rpm, CR 12  

 

The brake (output) power, which the engine generates at 4000 

rpm is presented in Fig. 8, where it can be seen that all engine 

variants meet the power requirement. The maximal value of power 

occurs at B/S ratio 1,1 - 1,3. It is clear that the engine with higher 

B/S ratio performs better at this speed. 

The pistons move in a reciprocating manner and continuously 

change their velocity and acceleration during the strokes. The piston 

velocity is zero at TDC, and the piston accelerates to its maximum 

velocity around the middle of the stroke, and then decelerates and 

stops at BDC at every stroke. The maximum values of the piston 

velocity and acceleration depend to the stroke length and the engine 

speed. A higher rate of acceleration causes higher mechanical 

stresses of the engine components. An effective method for stating 

the engine design limits is to define the mean (average) piston speed 

(Vp
 = (Stroke.rpm)/30 [m/s]). The mean piston speed is one 

parameter that limits an engine structural design. A higher piston 

speed increases friction and wearing, but it increases also the load 

forces in the connecting rod. In some cases, it is possible to reduce 

the stress in the connecting rod by using of a longer connecting rod 

in a combination with a shorter and lighter piston. Fig. 9 shows a 

comparison of engine variants from this point of view. 

 

Fig. 9. A Mean Piston Speed at 4000 rpm 

 

Fig.10 presents the IC engine volumetric efficiency at defined 

speed. The results corresponds with the preliminary assumption 

made at the beginning of the IC engine design process. 

 

Fig. 10. A Cylinder Volumetric Efficiency at 4000 rpm, CR 12 

 

The B/S ratio affects significantly the heat transfer process in 

the cylinders and the combustion efficiency. For a number of 

reasons, the design and optimization of the combustion chamber 

with a rising bore diameter is getting more and more complicated. 

The B/S ratio has a major impact on the shape of the combustion 

chamber for a specific cylinder size. The rising bore diameter will 

cause a change of the aspect ratio of the combustion chamber to a 

shallow disc. 

The achievable engine compression ratio (CR) is also dependent 

on the B/S ratio, which specifies the volume of the cylinder and the 

combustion chamber. A higher CR is necessary to enhance the 

engine thermal (and fuel) efficiency. For a given displacement, it is 

not easy to reach a high CR. With a growing cylinder bore, the 
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piston stroke shortens and the compression chamber height shortens 

also, and an interference of the valves and the piston crown can 

occur at TDC. 

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 _𝑅𝑎𝑡𝑖𝑜 =
𝑉𝑜𝑙𝑢𝑚𝑒_𝑚𝑎𝑥

𝑉𝑜𝑙𝑢𝑚𝑒_𝑚𝑖𝑛
=

𝑉𝑐𝑐 + 𝑉𝑐𝑦𝑙

𝑉𝑐𝑐
 

 

Fig. 11. A Compression Ratio for Equal Combustion Chamber Height 

 

The B/S ratio slightly affects the engine frictional losses. A 

larger B/S ratio means that a similar peak combustion pressure will 

act on an increased piston surface area and this will cause higher 

loads on engine components and bearings (Fig. 12). That is 

necessary to take into account during the design and optimization of 

all separate engine components. Higher loads will result in a need 

for larger bearings and higher hydrodynamic losses. The mass of 

the piston grows as a function of the bore and this will negatively 

affects the inertial forces, which also increases the loads. On the 

other hand, a longer piston stroke will result in a higher mean piston 

speed, which leads to an increase of friction between the piston and 

piston rings and the cylinder wall. 

 

Fig. 12. Force on piston vs. cylinder peak pressure at 4000 rpm, CR 12 

 

Fig. 13 shows the engine brake specific fuel consumption 

(BSFC) at the defined speed. It can be seen that the variants of an 

IC engine with B/S ratio of 1,0 to 1,3 have one of the best fuel 

economy. 

 

Fig. 13. Brake Specific Fuel Consumption at 4000 rpm, CR 12 

Also the values of the fuel consumption in the simulation are more 

optimistic than the preliminary expected value of 250 g/(kW.h). 

4. Summary 

This paper presents a brief outline of the problems connected to 

the design of range-extended electric vehicles. An initial study of 

vehicle properties shows a comparison of a traditional BEV and the 

same vehicle equipped with a REx unit to ensure an extension of the 

vehicle range. The results confirm the fact that the EVs with REx 

have a great potential and need a further research. In the Figure 14 

one more challenge can be seen, i.e. the weight of the REx unit is 

also deciding (of course together with the solution price). Therefore, 

the main question is: is it worth going to a higher battery capacity or 

to a REx unit from this point of view (i.e. weight vs. price)? 

 

Fig. 14. BEV vs. ReEV Range Comparison 

 

A brief overview of some issues related to the IC engine design 

for REx units for EVs is presented here focusing on the main IC 

engine parameters (geometrical properties): the cylinder bore and 

the piston stoke. The research outlines some trends how the relation 

between these two parameters (B/S ratio) can affect the 

performance and behaviour of the engine. A basic review of a 

possible REx unit IC engine layout – a twin cylinder spark ignition 

boxer IC engine with displacement volume of 586 cm3 is presented 

and a preliminary simulation study has shown the sensitivity of the 

engine parameters and its performance to different B/S ratios.  

In any case, a further study and optimisation of the IC engine 

parameters and its individual systems will give better advice which 

parameter values are better and more suitable. According to the 

noticeable at this design stage trends, most of the IC engine 

parameters are getting better with a higher value of B/S ratio. So a 

B/S ratio of around 1,1 - 1,2 could be recommended. A magic rule 

for a right selection of the parameters does not exist. The ratio 

between the cylinder bore and piston stroke of the IC engine 

depends on many different factors and of course, on the engine 

purpose. That is why the general knowledge and engineering 

experience have to be always supported additionally with 

parametric studies (simulations) and optimizations. 
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