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2 Introduction of the problem 
Air pollution and global warming are big issues nowadays. A large part of emissions 
are accounted for by transportation, so the need for cleaner vehicles is obvious. One 
of the possibilities of reducing emissions of vehicles is the use of hybrid drives. There 
are different kinds of hybrid configurations. The sectional drive is one of them and 
has specific advantages over the currently used configuration. 
In this report a small city car, with a sectional drive is considered. 
Goal is to make an energetic study on a small city car equipped with a sectional 
hybrid drive. 
The conditions are: cheap and simple. For cheap small city vehicles it is important to 
have cheap components and manufacturing processes. In general it means that simpler 
solutions, mean less parts en lower costs. 
A sectional hybrid drive for small city car is investigated, to see if it is a suitable 
solution for this kind of vehicles. The reason to use a hybrid solution is, that the trend 
is cleaner, more economical and silent. An alternative for now and the near future is a 
hybrid. The sectional drive is a new kind of hybrid so few research on this topic is 
done. It is probably a cheaper solution, so it is useful for a small car. 
Small city cars have to have low emissions, because it is important for old cities to 
stay clean. Partly they consist of pedestrian area’s, where no cars are allowed. But for 
cars with low noise and zero emission, exceptions are made. This makes small city 
cars very good items for implementing hybrid drives. 
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3 Theory of hybrid drives 

3.1 Hybrid drives 
In general there are two different kinds of hybrid drives, parallel and series. The 
parallel hybrid drives that are used today can roughly be characterized by the ‘Prius’ 
hybrid and the ‘Insight’ hybrid. The theory of both series and parallel are discussed in 
the following paragraphs. 

3.1.1 Series hybrid 
The series hybrid is characterized by the fact that there is no physical connection 
between the primary energy source, usually an internal combustion engine, and the 
wheels. Mechanical energy generated by the ICE is never used to drive the wheels but 
is always converted into electrical energy by a generator. The engine is operated in its 
highest efficiency point and has a more or less constant output. The electrical energy 
coming from the generator is consequently constant. This energy is used to drive the 
electric motor connected to the wheels. The load of the vehicle is far from constant, as 
well as the essential power. To fulfill this demand, a battery can deliver extra power 
when the generator power is too low. In case of energy surplus, the same battery can 
store this energy. If there is a low demand of power for a longer time, the engine can 
shut down. In this way, intermittent use of the engine can be effected. 
The advantage of this type of system is that the ICE can operate at its maximum 
efficiency at all times, which is not possible in parallel hybrids. However, losses in 
energy conversion (2x) and storage cancel for a large extent the higher efficiency of 
the engine. 

 

Figure 3.2 Layout series hybrid drive 
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3.1.2 Parallel hybrid 
Parallel hybrid drives differ from series hybrid mainly on the issue of the energy flow. 
In parallel hybrids, the main power source can be connected directly with the wheels. 
This creates a high efficiency for the energy transmission. The electric motor also has 
the possibility of a direct connection with the wheels. The engine and motor can drive 
the vehicle together or the motor can be used as a generator while the ICE drives the 
vehicle. A very common and powerful way of connecting the two power sources to 
the wheels is via a planetary gear as in Figure 3.3. It is also possible to mount engine 
and motor on the same shaft as is done in the Honda Insight. The use of a planetary 
gear gives more possibilities and the controllability of angular velocities and torques 
is better. 

 

Figure 3.3 Layout of a parallel hybrid drive 

3.2 Sectional drive 
The suggested new configuration [ 
 
Figure 3.4] in the small city vehicle differs from the mentioned ones. The ICE is 
connected directly to the wheels, so from that point of view it could be called a 
parallel hybrid. The energy transfer from the ICE to the electric motor is however not 
via a mechanical connection such a planetary gear. Energy flows via the wheels and 
the road to the electric motor. In the small city car the ICE drives the front wheels in a 
conventional way and the rear wheels are driven by an electric motor. 
 

Figure 3.4 Layout of a sectional hybrid drive 

Energy from the engine still can be accumulated in an indirect way. While the engine 
drives the vehicle, the motor can be used as a generator to brake the rear wheels. In 
order not to decelerate, the engine has to provide more power than necessary under 

 

 TE: thermal engine 
PG: two degrees of freedom planetary gear 
EM: motor/generator, BAT: battery, C: clutch 
B1, B2: shaft brakes, DG: main differential 
TW: traction wheels, CU: control unit 

TE 
B1 

CU EM 

BAT 

DG 

TW 

PG B2 

C 

TE: thermal engine 
EM: motor/generator 
BAT: battery, C: clutch 
GB: gearbox 
DG: main differential 
TW: traction wheels 
CU: control unit 

CU EM 

BAT 

DG 

TW 

DG 

TW 

TE C 

GB 



 6

normal conditions. In this way the engine can be operated in higher load regions, in 
which usually the engine is more efficient. 

Figure 3.5 Forces in sectional hybrid drive 

As can be seen in fFigure 3.5 Forces in sectional hybrid drive, the engine connected to 
the front wheels delivers torque Teng. This torque is converted to a force on the rigid 
road. This force is used to overcome losses and to accelerate the vehicle. In this case 
the surplus of force can be taken by the rear wheels. The electric motor in generator 
mode can adsorb a part of the force to charge the batteries. If the engine cannot 
produce enough torque, the electric motor can also produce torque to assist the 
engine. 
Transferring force from a rotating wheel to the road causes wheel slip. This means 
that the wheel actually has a higher rotational speed than expected from radius of the 
wheel and the relative speed between road and vehicle. The following equations give 
the wheel slip of a driven and braked vehicle respectively. 
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With κd the slip of the driven vehicle and κb the slip of the braked vehicle. ωw is the 
angular velocity of the wheel, rdyn is the dynamic wheel radius and v is the velocity of 
the vehicle. 
The force that can be transmitted to the road is a function of wheel slip and the force, 
which the wheel is pushed to the road. The latter force is composed of two effects. 
First the mass causes a force on the axels with the following relationship: 

l

xl
gmF COG

axelg

−⋅⋅=,  

With m the mass of the vehicle, g the gravity constant, xCOG the horizontal distance 
between the considered axel and the center of gravity and l the distance between the 
front and rear axel. 
This holds for a vehicle in standstill. When the vehicle accelerates the pressure on the 
rear axel will become bigger and the pressure on the front axel will decrease. The 
opposite happens when the vehicle decelerates. For the rear axel: 

l

y
amF COG

racc ⋅⋅=,
 

For the front axel: 

l

y
amF COG

facc ⋅⋅−=,
 

With a the acceleration of the vehicle and yCOG the vertical distance between the 
center of gravity and the road surface. 
Also the aerodynamic drag can contribute to the vertical wheel force, as is utilized 
extensively in racecars, but is not considered in this report. 
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So the total force on an axel is the sum of both effects: 

axelaccaxelgaxelz FFF ,,, +=  

 
The longitudinal force, Fx that is transferred to the road is the force that is needed to 
give the vehicle the required acceleration. In Figure 3.6 the longitudinal slip can be 
found with knowing Fx and Fz. 

  
Figure 3.6 Longitudinal force versus longitudinal slip 

In Figure 3.6 negative values of Fx and κ are shown. This means that the vehicle is 
breaking. This figure can be mirrored around the x and y axis to get the same but 
positive values for accelerating. Simulations show that longitudinal slip stays small of 
the entire driving cycle, both for accelerating and braking. In the following figures 
slip values of one of the simulations are shown. 
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4 Description of the vehicle 
The vehicle treated in this report is a small vehicle for use in a city. In this chapter the 
requirements will be discussed as well as the essential parts. 

4.1 Necessary power 
A small city car has a mass of approximately 300 kg [1]. Batteries, passengers and 
luggage/payload not included. About 300 kg can be accounted for that, so the total 
mass is approximately 600 kg. To drive a constant velocity of 30, 50 and 80 km/h the 
needed power is listed below as well as the essential power for acceleration. 
 
Stationary velocity [km/h] 30 50 80 

Airdrag [N] 33.3 92.6 237 

Rolling resistance [N] 60 60 60 

Total stationairy [N] 93.3 152.6 297 

Needed power [W] 777.5 2119 6600 

    

Accelerating 1 m/s2 720 720 720 

Accelerating power [W] 6000 10000 16000 

    

Total power [kW] 6.8 12.1 22.6 

Figure 4.1 Table of power needed at given conditions 

For calculating the necessary power these values are used: Mass m=600 [kg], frontal 
area A = 2.0 [m2], Cw=0.4, ρair=1.2 [kg/m3], rolling resistance Fr=0.01 

4.2 Engine 
This power has to be delivered by an internal combustion engine and/or an electric 
motor. Several engines are tried, but for the final design a 2-cylinder Lombardini 505 
cc 15 kW petrol engine is used [appendix 9.1.2]. This engine is also suitable for lpg, 
which makes it easier to adapt it for natural gas. Natural gas can reduce both 
emissions of CO2 and poisonous gasses. 
A compression ignition engine is also considered. Apart from the environmental 
disadvantages, such as particle emission and higher NOx emission, the Otto cycle is, 
in theory, more efficient than the diesel cycle. In practice however the diesel engine is 
more efficient. This is mainly caused by the better partial load efficiency. A hybrid 
architecture can cancel this advantage by using the ICE only at full load. Simulations 
have shown that the diesel engine in the same architecture is still more efficient. 

4.3 Electric motor 
For electric traction several types of motors can be used. Asynchronous, PM, or DC 
motors all need a different electrical system and demand specific electronics. In 
general DC-motors in combination with the controllers are the easiest and cheapest 
solution. Efficiency however is not optimal. A 16 kW DC motor is chosen, because of 
the high torque demands at low motor speed. With this motor it is possible to use only 
the electric drive over the whole driving cycle. For regenerative braking a sufficiently 
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large motor is needed in order not to overload the motor too much. For a short time it 
is possible to overload the motor, but not more than twice the maximal rated power. 

4.4 Transmission 
The electric motor does not need a gearbox. The range of rotational speed is from 0 to 
3000 rpm, and the range of vehicle velocity is 0 to 90 km/h. The torque demand at 
any time in the driving cycle is met, so a fixed ratio is sufficient. To avoid high 
currents at lower velocities, the motor speed can be increased by a simple gearbox or 
a cvt. However this makes the vehicle more complicated and more expensive and is 
not necessary.  
The internal combustion engine needs definitely a gearbox in order to cover the whole 
range of vehicle speeds. For efficiency reasons, the distances between the gears 
should not be too big. To fill the gap between lowest engine speed and low vehicle 
speeds a clutch is needed. A standard 4-speed gearbox with dry plate clutch is taken. 

4.5 Braking 
Braking in an electric or hybrid vehicle in general can be done in two ways. The first 
one is regenerative braking. The electric traction motors are used as generators to 
decelerate the vehicle and thus recovering kinetic energy. This energy can be used for 
the next acceleration(s). The second option is to use conventional disk or drum 
brakes. These brakes dissipate the kinetic energy, so on first sight regenerative 
braking is preferable. As no additional equipment has to be installed, this is a very 
useful means of reducing the use of energy and thereby the fuel consumption. 
Regenerative braking does not only come with advantages. In normal driving, 
decelerations are generally higher in magnitude than accelerations. This causes higher 
torques for braking than for accelerating and current is approximately proportional to 
torque. High currents cause high losses so low currents are to be preferred. The 
internal resistance of the batteries results in too high voltages for braking and too low 
voltages for driving in case of a high current. 
The following equations hold for discharging and charging respectively. 

( ) ( )kRIkUV ⋅−=  (driving) 

( ) ( )kRIkUV ⋅+=  (braking) 
For the V is the battery voltage, U the electromotive force, R the internal resistance, k 
the state of charge and the current I>0. 
Too high charging voltages cause unfavorable electrolyte gassing in the battery. The 
problem can be solved to use an electric dissipater such as a heater to get rid of the 
excess electric braking power. In theory, mechanical brakes are not necessary 
anymore. For emergency braking and in case of failure of the electric system, it is 
necessary to have conventional brakes. 

4.6 Batteries 
To provide the vehicle of electrical power and to have an energy accumulator, 
batteries are used. There are several types of batteries of which the most common 
ones are Li-ion, NiMh and lead acid. In general the first two are superior to lead acid 
from a technical point of view, but are much more expensive [4] 
The costs have to be kept low for being an economical alternative to conventional 
vehicles. Lead acid batteries are mass produced and used intensively, therefore they 
are very robust and reliable. The lead acid batteries can be divided into two kinds, 
with liquid sulphuric acid or with a gel. The latter one has some deviate 
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characteristics. One of them is that they are maintenance free, no liquid has to be 
added, often referred to as ‘dry-fit’ batteries. The lack of liquid makes them safe to 
use. That is why lead acid gel batteries are chosen for this design. 
To create the needed voltage for the motor, the battery-pack has to have a voltage that 
is high enough to propel the motor at all speeds. Placing a lot of batteries in series 
seems the solution, but the mass of the battery pack becomes very large and the 
resulting capacity is too big. In the design 6 or 12 Volt batteries are used to create 72 
volts. 
Motorcycle batteries tend to be small, but still can deliver a voltage of 6 or 12 Volt. 
The low mass, and thereby low capacity makes them very useful for hybrid use. 
Unfortunately maximum currents are proportionally lower and to handle the high 
currents the capacity has to have a minimum value of about 50 Ah. Therefore a 12 
Volts, 50 Ah battery is taken from Sonnenschein [appendix 9.1.3]. This is a heavy-
duty type of battery that is especially suitable for traction purposes. To obtain 72 
Volts, 6 batteries are put in series. 

4.7 Architecture 
In order to use one or both power sources an architecture is chosen. Familiar ones are 
parallel and series hybrids.  This architecture is, as far as I know, new.  It has in 
common with the parallel hybrid that the vehicle can be driven by both engines. In the 
suggested architecture, the power sources have no physical connection and is thereby 
modular. It can have advantages for certain applications. The internal combustion 
engine propels the front wheels and the electric motor/generator the rear axel. 
Existing electric vehicle have already a rear wheel mounted motor and can easily 
equipped with a ice on the front axel. Excess power from the ice can be transmitted 
via the wheels and the road to the rear axel. The motor can work as a generator, as it 
also does for regenerative braking. The coupling is less efficient than a parallel one, 
wheel slip will occur at the front wheels and with opposite sign at the rear wheels. So 
efficiency is reduced double by wheel slip. According to simulations, wheel slip does 
not exceed extremes of 7 percent per wheel. Increased tire wear can be significant but 
is not considered in this report. 
Existing front wheel drives including gearbox and couplings to the steered wheels can 
be used without or with less adaptation. When one of both power sources fails, the 
vehicle is still able to drive in this configuration. In the simulation performed, 
advantages and disadvantages will be shown. 

4.8 Engineering 

4.8.1 Electric motor 
The electric motor might have difficulties, when the vehicle starts uphill. Motor speed 
is zero and the torque demand is high. Because of direct coupling of the motor with 
the shaft the gear ratio is determined by the maximum engine speed. This causes high 
torques at low speeds. A dc-motor can deliver high torque at low speeds but at hill 
climbing, torques can get too high. 
There are several solutions. Most common would be a gearbox. One reduction would 
be enough to reduce torque. Normal driving can be done in second gear whereas 
accelerating uphill requires the first gear. Operating can be done manually as this 
situation will be rare, especially in a flat country like Poland. 
The second option would be a cvt. The gear ratio can be changed continuously, so not 
only the starting behavior can be improved, but also the motor can be operated in the 
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highest efficiency region. The efficiency of small cvt transmissions, around 85 %, is 
too low to compensate for these advantages. 
The use of a coupling is another option. Friction couplings, like an ordinary clutch can 
be used to start with an already spinning motor. Automated clutches like centrifugal 
clutches can be used for the same purpose, but do not require manual operation. 
The fourth option is a hydrodynamic clutch. It has the same principle as the other 
clutches but has a smoother characteristic. A torque converter would be a very good 
solution for is the only clutch that can increase the incoming torque. Electric motors 
usually have a flat characteristic at low speed and increasing of speed does not 
increase the torque. For efficiency reasons a lock-up is necessary. This lock-up could 
be closed at normal operation but opened at high torque demands. 

4.8.2 Internal combustion engine 
The engine has to be connected with the shaft. This can be done in several ways. A 
belt is flexible and can adsorb vibrations from the engine. The distance between the 
engine output shaft and the other shaft can be variable. This means that the design can 
easily be used for slightly different models of cars. Also position alterations due to 
deflection of suspension, torsion or other reasons can easily be compensated for by 
the pre-tensioned belt. 
A standard gearbox from a OEM can be used. The differential is then integrated in the 
gearbox and the shafts to the wheels, brakes etc can also be taken from existing 
manufacturers. The clutch is then the difficult part. One part is connected to the 
engine’s flywheel and the other is part of the gearbox. Normally this is compatible but 
in this case the engine and gearbox are from different manufacturers. To simplify the 
connection a rubber belt can be used. 
 

5 Simulink modelling 
To simulate the vehicle, a model is made in Matlab Simulink. Driving cycles can be 
given as input, output can be any signal of which SOC level and fuel consumption are 
the most important parameters.  

5.1 Model description 
In general the model comprises the road load conditions, the drive trains, controlling 
and monitoring possibilities, a tire slip model and a battery model. These models are 
connected together to become the final model. [appendix 9.2] This is done in an 
opposite way than it physically would be. In a real vehicle the consequence comes 
after the cause. For example, the throttle and the total resistance of the vehicle, cause 
the acceleration. The acceleration causes then the velocity of the vehicle. 
In the model this works the other way around. The vehicle has to perform according 
to the given driving cycle, so the velocity and as a result the acceleration are fixed. 
The torque that is needed to perform as asked is again a result of the latter. This way 
of reasoning finally gives the battery State Of Charge and the fuel consumption. 

5.2 Driving cycle 
A driving cycle gives the velocity that the tested vehicle has to have at a certain time. 
Generally such a cycle consists of several parts. A typical part starts with an 
acceleration, then a constant speed and end with a deceleration, resulting zero 
velocity. 
There are lots of different driving cycles. For small city vehicles like the one 
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considered here, the Urban Driving Cycle is often used. This cycle has a maximum 
velocity of 50 km/h. To simulate behavior on main roads just outside the city center, 
an Extended Urban Driving Cycle can be used. The maximum speed is 90 km/h and it 
is used for the simulations. The duration is 1200 minutes and the traveled distance is 
about 10 km. 
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Figure 5.1 Driving cylce used in simulations 

5.3 Road load 
The vehicle is subject to resistance that consists of three parts. First one is air drag, 
second is rolling resistance and last is the acceleration resistance. Load by road 
gradient is not considered. 

5.3.1 Air drag 
When the vehicle has a relative velocity to the air, a force is working on the vehicle. 
In this report the absolute wind speed is neglected, so that the following equation can 
be used: 

2

2

1
AvcF wad ρ=  

With Fd is the drag force [N], density of air ρa [kg/m3], drag factor cw [-],frontal area 
A [m2] and the vehicle velocity v [m/s]. 

5.3.2 Rolling resistance 
The resistance caused by the rolling wheels can be described by: 

αcos⋅= mgfF rr  
With rolling resistance Fr [N], rolling resistance factor fr [-], gravity constant g [m/s2] 
and α [o] the angle of the slope. For small angles however, the last term can be 
neglected [2], hence the next formula is used. 

mgfF rr =  

5.3.3 Acceleration resistance 
To accelerate an item such as a vehicle, a force is needed. The vehicle has mass that 
has to be accelerated and all rotating parts have inertia. The equation that gives the 
acceleration resistance Fa is: 

a
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With the vehicle mass m [kg], the reduced moment of inertia Jred,i, the dynamic wheel 
radius rdyn and the acceleration of the vehicle a [m/s2] 
The reduced moment of inertia consists of several rotating parts and their moments of 
inertia are calculated as if they were at the wheel. So the sum of them is the moment 
of inertia that the vehicle experiences at the wheels. It means that the gear ratios 
between the parts and the wheel are very important. Fa is thereby dependent of the 
gear the vehicle is driving in. The lower the gear, the higher sum of Jred,i and the 
higher the resistance Fa. 
Hence the total resistance is: 

ardtot FFFF ++=  

5.4 Internal combustion engine 
The internal combustion engine that is chosen for the simulation is a Lombardini 
petrol engine with a maximum power of 15 kW. From the information supplied by the 
manufacturer [Appendix 9.1.2] and from another engine, an engine map is created 
[Appendix 9.1.4]. From the used engine, only the specific consumption at full load is 
known. A full engine map is taken from a 2.0 liter Otto engine [2] and scaled to the 
used engine. This map is used to look up the values of specific fuel consumption at a 
certain load and angular velocity. 
The transmission is a standard four speed gear box. For simulation purposes only this 
gearbox is automated. At a given maximum angular velocity, the gearbox shifts up 
and at a minimum speed it shifts down. When the highest gear is reached, the gearbox 
does not shift up anymore and if in first gear the vehicle reaches the speed, which 
causes the engine to run under the minimum angular velocity, the clutch is opened. 
The engine then operates at stationary speed and the maximum toque is the maximum 
torque at that speed found in the torque graph. So even at very low vehicle speeds the 
clutch transmits torque to the wheels. 
For simplicity reasons, the engine is always on and rotating in the model, even when 
it is off in real situations. Because the power that is needed from the engine is zero, 
fuel consumption is also zero. This can be seen as stopping the fuel injection at zero 
load. 

5.5 DC motor 
The electric motor works via this equation: 

( ) ( ) ( ) ( )
( ) ( )

( ) ( )ttE

tItM

tE
dt

tdI
LtIRtU

m
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m
m
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ωφ
φ
⋅=
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,

,

 

With Um the voltage, Rm the internal resistance of the motor, Im the current, Lm the 
inductance, Tm the torque, ωm the angular velocity of the motor, Em the electromotive 
force and φ the flux. 
For motor and generator mode this equation is the same, however the current changes 
sign. 
So the torque and angular velocity are input and the current and voltage are output. 
There is a direct connection between the motor and the wheels. So the motor always 
rotates when the vehicle moves. To be in generator, motor or neutral mode, it is 
decided by the controller. 
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5.6 Battery 
The battery pack is modeled as subscribed in [3]. The State of charge of the battery 
changes in the following way: 
For discharging: 

( ) ( )

( ) ( ) ( )τβ

τ

τη

τη

−

−−









=

−= ∫
+

n

a
aA

t

t

aaAn

I

ti
i

dttiiQkk
mi

i

,

,,' 11

 

With k the State of Charge, k’ the State of Charge after discharging, Qn the nominal 
capacity, ηA the stored energy usefulness efficiency, ia the current, In the nominal 
current, τ the temperature and β Peukert’s constant. 
For charging holds: 
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t
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With k’’ the State of Charge after charging for a period m. 
The SOC is a complex function of temperature. In this report the temperature of the 
batteries is regarded constant. 
To drive the vehicle a certain torque is needed, and hence a current. When generating 
this current a voltage is the result. From paragraph 4.6 it is seen that the internal 
resistance R and the electromotive force E or EMF, together with the current 
determine this voltage. R and EMF however are strongly related to the State Of 
Charge k, as is shown in fFigure 5.2. The lower the SOC, the higher the R and the 
lower the EMF. The output voltage of the battery at low SOC levels will be very low. 
This bad performance is a sign that the battery is ‘empty’. At very high SOC the 
internal resistance is higher than at mediocre SOC levels. To avoid high losses it is 
advisable not to operate the battery at extreme SOC levels. In the simulations an 
initial SOC of 0.75 is used, if not mentioned otherwise. 
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Figure 5.2 Electromotive Force (EMF) and Internal Resistance (Rw) as a function of SOC for a 
gel lead acid battery [5] 
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5.7 Controller 
To decide when to use the ICE, the DC motor or both, a controller is needed. The 
parameters of the controller can be altered to reach SOC balance at the end of a 
driving cycle. 
The time that the use of the ICE or electric motor is allowed or not can be given. The 
threshold velocity below which the vehicle only uses the electric motor has to be 
entered. Another velocity threshold can be set to prevent the electric motor from 
generating. 
 

6 Results 
The performed simulations give a lot of output. In this chapter the most important 
data is presented. To make a fair comparison between different vehicles the method of 
simulation and comparison is explained. 

6.1 Strategies 
Classical drive trains are tested and simulated according to a driving cycle. Fuel 
consumption is measured in such driving cycle. For hybrid drives this approach 
cannot be used. For hybrid drives have two energy sources, petrol and electricity, both 
have to be taken into account to determine fuel consumption. The way to achieve this 
is to have the same state of charge of the batteries before and after the driving cycle. 
In total, all the energy came from the petrol and a fair comparison is made with 
conventional vehicles. 
To achieve a so-called SOC balance is not trivial. Different SOC control strategies 
can be used, but for changing parameters a different or a modified SOC control has to 
be used. A trial-and-error method is used to obtain SOC balance. This makes 
comparing different parameters of the vehicle time consuming and to reach SOC 
balance, compromises have to be made, so that fuel consumption is not optimal. 
Two different strategies are used. 

1. Use pure electric drive for low speeds and conventional propulsion at higher 
velocities. At even higher velocities both drives are working. Decisions to 
change mode are purely based on the vehicle velocity. 

2. Use electric drive for a certain time and then use strategy 1. 
Regenerative braking is used at all strategies 
In real road conditions this way of SOC balancing is not preferable. Never exact 
driving cycles will be driven and actual drivers act different than modeled. 
Actual SOC management should not only be based on vehicle velocity and time but 
also on SOC, acceleration and even better, route information from a gps. 

6.2 Results strategy 1 
The first strategy comprises two different sets of parameters to achieve SOC balance. 
One possibility is shown here: 
Velocity [km/h] Means of propulsion 

0-50 electric 

50-58 ICE 

58-90 hybrid 
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Figure 6.1 Velocity and gear number, velocity-strategy 
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Figure 6.2 DC motor torque and rotational speed, velocity-strategy 
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Figure 6.3 SI engine torque and rotational speed, velocity-strategy 
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In figure  and  it can be seen that the internal combustion engine rotates and shifts 
even when this drive is not used. For simplicity reasons the engine is programmed 
like that. It does not affect the rest of the simulation. 
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Figure 6.4 DC motor current en voltage, velocity-strategy 
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Figure 6.5 Energy use, velocity-strategy 

 
The other parameters to achieve SOC balance are: 
Velocity [km/h] Means of propulsion 

0-44 electric 

44-70 ICE 

70-90 hybrid 

 

6.3 Results strategy 2 
The second strategy states that for a certain time only the electric motor is used. This 
can be useful in a city centre, because there is no emission and little noise in this 
mode. Two ways of SOC balance have been found. The first is given in this table: 
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Time [s] Velocity [km/h] Means of propulsion 

0-910 all electric 

910-1200 0-20 electric 

910-1200 >20 hybrid 
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Figure 6.6 Velocity and gear number, time-strategy 
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Figure 6.7 DC motor torque and rotational speed, time-strategy 
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Figure 6.8 SI engine torque and rotational speed, time-strategy 
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Figure 6.9 DC motor current and voltage, time-strategy 
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Figure 6.10 Energy use, time- and velocity-strategy 
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The other parameters to achieve SOC balance are: 
Time [s] Velocity [km/h] Means of propulsion 

0-630 all electric 

630-1200 0-20 electric 

630-1200 20-52 ICE 

630-1200 >52 hybrid 

 

6.4 Pure ICE 
To compare the simulated vehicle with a classical petrol driven vehicle, another 
simulation is made. The hybrid vehicle is tested in the same way but the electrical 
drive not function. The vehicle is purely driven by the engine, but the rest of the 
parameters are the same. 
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Figure 6.11 Enery use, hybrid versus ICE 

This is not a fare comparison with it competitors, because they do not have the weight 
of the batteries. Therefore a simulation is done for a vehicle without batteries. The 
resulting fuel consumption is 4.0 l/100 km. In fFigure 6.12 the different fuel 
consumptions can be compared. 
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Figure 6.12 Comparison fuel consumption all simulated vehicles 

6.5 Pure electric 
The hybrid vehicle can be compared with a petrol driven one, but also with its full 
electric competitor. The same simulations are done, but only with the electric drive. 
Off course there is no SOC balance anymore but to measure its performance, the 
maximum range of driving can be measured at different constant speeds. 
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Figure 6.13 Travelling range pure electic driving at constant velocity 
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7 Conclusions and recommendations 
From the results in chapter 6, one can conclude that the use of sectional hybrid drive 
can reduce the fuel consumption of a small city car. The range of travelling is 
extended largely compared to an electric vehicle and it is no longer dependent of the 
socket. In contrast to a purely petrol driven vehicle, it has the advantage to drive 
without emissions and with low noise for a certain time. 
The kind of strategy does not have a big influence on the fuel consumption. For all 
strategies this is 3.2, 3.3 or 3.4 l/100 km. For pure ICE drive with the same weight it 
is 4.1 l/100 km, this is a reduction of almost 22 %. For an ICE-vehicle without 
batteries the fuel consumption is 4.0 l/100 km, still a reduction of 20%. 
These values are purely based on simulation, so it is just an indication. To get better 
knowledge about this sectional drive a test bench can be made. The dynamic 
behaviour of the drive is not considered in this report, but it is expected that this is 
quite different from the dynamics known in other drive trains. 
This kind of hybrid drive has almost twice the power of a comparable vehicle, 
because of the two drives. This makes higher accelerations and higher top speeds 
possible. 
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9 Appendix 

9.1 Specifications 

9.1.1 Vehicle parameters 
The matlab m-file with all necessary parameters: 
load eudc_low.mat; 
lomb_map; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% GENERAL 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
g=9.81; % [m/s^2] gravity constant 
rho_a=1.225; % [kg/m^3] mass density of air 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% GEARS 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
% INTERNAL COMBUTION ENGINE 
i_1=4; % [-] 
i_2=2.1; % [-] 
i_3=1.3; % [-] 
i_4=0.9; % [-] 
i_diff_eng=4; % [-] 
J_gb_1=0.0015;% [-] inertia of primairy gearbox shaft (estimated) 
J_gb_2=0.0015;% [-] inertia of secondairy gearbox shaft (estimated) 
 
% ELECTRIC MOTOR 
% i_mot=0.5; % [-] 
i_mot=0.94; % [-] 
i_diff_mot=4; % [-] 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% WHEELS 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
r_w=0.30; % [m] wheel radius 
J_w=0.5; % [kg*m^2] wheel inertia 
load kappa_mu.mat; % slip table 
f=0.01; % [-] coefficient rolling resistance 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% INTERNAL COMBUSTION ENGINE 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
J_eng=0.09; % [kg*m^2] estimation (ford transit (2.5 l) is 5 times 
bigger, so r scales down ... 
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                    ... with 5^(1/3)=1.71 and J goes with r^4. So 
J=1.71^4=8.55 times J_ford... 
                    ... J_ford is 0.80 so J_eng=0.09 
load eng_map.mat; % engine map file. contains matrix e_map 
N_idle=1500; %[rpm] idle speed of engine 
N_low=180; % [rad/s] shift down at N_low 
N_high=400; % [rad/s] shift up at N_high 
% rho_fuel=0.83; % [kg/l] mass density of diesel fuel 
rho_fuel=0.75; % [kg/l] mass density of petrol fuel 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% ELECTIC MOTOR 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
                     
% J_mot=0.014; % [kg*m^2] moment of inertia of electric motor 
% flux=4.1187; % [] constant flux of pm motor 
% L=0.015; % [H] 
% R_mot=0.465; % [Ohm] internal resistance of motor 
 
% 16 kW dc-motor 
J_mot=0.01; 
flux=0.423; 
L=0.005; 
R_mot=0.1; 
 
% J_mot=0.015; 
% flux=0.105; 
% L=0.005; 
% R_mot=0.15; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% BATTERY 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
n_bat=6; % [-] number of batteries 
n_cell=12; % [-] number of cells per battery 
% bat_mass=37.5; % [kg] mass of one battery 
bat_mass=20; 
m_bat=n_bat*bat_mass; % [kg] mass of batterypack 
% cap_bat=185; % [Ah] capacity of one battery 
cap_bat=50; 
beta=0.325; % peukerts constant for this battery 
init_k=0.75; % [-] initial State Of Charge of batterypack 
int_res=[0.013 0.006 0.004 0.003 0.003 0.003 0.003 0.003 0.0035 0.004 
0.005]; % internal resistance 
e_force=[2.01 2.06 2.075 2.08 2.083 2.09 2.093 2.095 2.097 2.1 2.12]; 
% electric motive force 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% INVERTER 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
eff_inv=0.90; % efficiency of inverter 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% VEHICLE PARAMETERS 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
m_veh=300; % [kg] mass of vehicle 
m_load=100; % [kg] mass of passengers and luggage 
m=m_veh+m_load+m_bat; % [kg] 
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l=1.5; % [m] distance between front and rear axel 
w=1.3; % [kg] whith of vehicle 
cog_x=1.0; % [m] horizontal distance between front axel and center of 
gravity 
cog_y=0.5; % [m] vertical distance between road and center of gravity 
A=2.0; % [m^2] frontal area 
Cw=0.5; % [-] drag coefficient 

 

9.1.2 Engine specifications 
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9.1.3 Battery specifications 
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The type of battery used is the ‘GF 12 050 V’ 
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9.1.4 Engine map 
 RPM diagram of 0,5 liter lombardini engine  
Torque (Nm) 1400 1900 2400 2900 3400 3900 4400 4900 5400 

1,8 960 960 960 960 960 960 960 960 960 
4 840 840 840 840 840 840 840 840 840 

6,2 600 600 600 660 660 660 720 720 780 
8,4 540 540 540 540 540 540 600 600 600 

10,6 480 480 480 480 480 480 480 540 540 
12,8 420 420 420 420 420 420 420 480 480 

15 390 390 390 390 390 420 420 420 420 
17,2 390 420 360 360 360 390 390 390 390 
19,4 360 360 360 360 360 360 360 360 390 
21,6 360 330 330 330 330 330 360 360 360 
23,8 330 330 330 330 330 330 330 360 0 

26 330 330 330 330 330 330 330 330 0 
28,2 330 330 300 330 330 330 330 330 0 
30,4 330 300 300 300 300 330 330 0 0 
32,6 300 300 300 300 300 300 0 0 0 
34,8 300 300 300 300 300 0 0 0 0 

37 0 0 300 300 0 0 0 0 0 

Engine map Lombardini 505 cc petrol engine, specific fuel consumption in g/kWh 

9.2 Matlab Simulink model 

  
Main model 
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Electric-drive 

 

 
Electric-drive: gear system 

 

 

Calc. red. mass  
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Electric-drive: Battery model 

 
Electric-drive: Inverter model 
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Road load 

 
 

 
ICE-drive 
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ICE-drive: Fuel consumption 

 

 
ICE-drive: Gear system 
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Traction management 


