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Abstract

Hybrid Electric Vehicles (HEVs) utilize energy both from internal com-
bustion engine and an electric drive system. For an efficient energy man-
agement between two different power sources, an effective control strategy is
needed. A governing algorithm is required which is developed and verified
by using a lab scale plant model that is verified by sample plant simula-
tions. An effective energy management can minimize fuel consumption and
reduce emissions. The algorithm that is developed in this study consists
of a finite state machine and a charge depleting control, which are mainly
based on some rules and an optimal control strategy. The work involves in-
tegration of a secondary power source on an existing karting vehicle. The
goal is to efficiently capture the released energy during the braking period
and utilize this energy to supplement power need during acceleration. A
full model of the system has been constructed using the commercially avail-
able code MATLAB/Simulink. In addition, an experimental test system has
been constructed to validate modeling and simulation work. Two different
power storage alternatives have been simulated and tested to determine most
efficient and economically advantageous configuration. Lead acid batteries
provided low cost and robustness at the expense of extra weight. Ultraca-
pacitor storage elements have been also studied to determine level of system
efficiency gains due to light weight and rapid charge/discharge characteristics
at the expense of extra cost. Furthermore, their performances on different
control algorithms are compared and discussed.
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Batarya, Modelleme, Kural Tabanlı Kontrol, Şarj Devamlılıklı Kontrol,
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Özet

Hibrid Elektrikli Vasıtalarda (HEV), enerji elektrik motoru ile içten yan-
malı motor arasında paylaştırılır. Daha verimli bir enerji yönetimi için,
sisteme uygun geliştirilmiş kontrol algoritması gerekir, bu kontrol algorit-
ması da makul bir şekilde oluşturulmuş bir donanım modeli ile geliştirilip,
gerçekleştirilerek doğrulanması gerekir. Etkili bir hibrid araç enerji yönetimi,
akaryakıt tüketimini veya emisyonu azaltmaktadır. Bu çalışmada geliştirilecek
olan kontrol algoritmaları kural tabanlı kontrol olan sonlu makine kontrol,
şarj devamlılıklı kontrol ve de optimum kontroldür. Bu çalışmanın ana fikri
gereğince sadece elektrik motorunun kontrolü ile geleneksel bir araç hib-
rid paralel araca dönüştürüleceğinden, geliştirilen kontrol algoritmaları elek-
trik motoru kontrolünde uygulanmaktadır. Bu çalışmada hedeflenen, fren-
leme anında aracın kinetik enerjisini yüksek verimle batarylarda depolaya-
bilmek ve bu geri kazandırılabilen enerji ile sonraki hızlanma anlarında aracın
gücünü destekleyebilmektir. Aracın tam bir modeli ticari olarak kullanıma
açık olan MATLAB/Simulink kullanılarak çıkarılmıştır. Buna ilaveten, bir
test düzeneği simulasyon sonuçlarının validasyonu için kurulmuştur. Hibrid
araç için gerekli batarya grubu ucuz ve dayanıklı olan kurşun asidi batarya ile
yüksek enerji depolama elemanları olan üstün-kapasitör modülü seçilmiştir.
Bu batarya gruplarının performansları, yukarıda verilen kontrol algoritmaları
ile beraber değerlendirilip karşılaştırılmıştır.
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Sanem Evren, Kübra Karayağız, Mariamu Kassim Ali, Burcu Atay, Murat

Ahmedov, Ahmet Selim Pehlivan and Ömer Kemal Adak for their support
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Chapter I

1 Introduction

Hybrid vehicle means incorporation of two or more power

resources in the drivetrain. According to type of drivetrains,

hybrid vehicles can be studied in two category such as series

and parallel hybrid vehicles. As one of the energy resources

works as primary source, the other source supply the required

acceleration when it is needed or functions as a generator on the

deceleration times.

The definition of the hybrid vehicle by Ford Motor company

is as follows:

”Hybrid vehicle is a conventionally fueled and operated
vehicle that has been equipped with a power train ca-
pable of implementing at least the first three of the
following four hybrid functions:

• Engine shutdown when power demand is zero or
negative.

• Engine down-size for improved thermal efficiency



• Regenerative braking for recovery and re-use of
braking energy

• Engine-off propulsion at low power (when engine
is inefficient)”

Most of the conventional vehicles are equipped with an in-

ternal combustion engine (ICE), which can use the fuel, the

primary energy source. On the other hand, the electric vehicles

with batteries, flywheels or super capacitors, introduce some

constraints. None of the plug-in electric vehicles can contin-

uously supply the energy as much as a hybrid electric vehicle

with fuel tank in reasonably long driving distances. Besides,

these plug-in electric vehicles are heavy, and battery life is an-

other issue for them. The combination of the conventional ICE

with electric motors tries to offer a solution to these problems.

While HEVs yield reduced emissions, they have also disadvan-

tages like performing less or lower acceleration rate of the ve-

hicle. HEVs also require maintenance service more often with

respect to a conventional vehicle, since battery life is limited in

addition to maintenance of the ICE and electric motor. The sta-

bility of the system is an another important issue which should

be paid attention in the design of a hybrid vehicle. Even under

unexpected conditions hybrid electric vehicle should allow the

3



driver drive safely.

In a conventional car, vehicles kinetic energy is dissipated as

heat through the Brakes during deceleration. Hybrid electric

vehicles recapture some of this energy by operating the electric

motor as a generator. This allows the recovered energy to be

gathered in batteries for further use. This is called regenerative

breaking which yields power savings and reduction emissions.

Different types of energy source combinations has been devel-

oped so far. While Honda developed a parallel hybrid car labeled

as Honda Insight, Toyota has developed series hybrid labeled as

Toyata Prius. Besides these developments, fuel cell hybrid ve-

hicle models may compete with conventional ICE driven cars in

near future.

In this study, it is aimed to utilize the regenerative brake en-

ergy efficiently, and boost of the tractive effort of the vehicle in

the acceleration time intervals as a part of a fuel minimization

problem. Acceleration, deceleration and transient states are an-

alyzed, as the power usage levels differ between them. Since

the temperature increase above an acceptable range effects the

battery life negatively, in order to slow down the battery ag-

ing process, temperature increase in batteries is also controlled
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within some limits.

1.1 Main Issues of Hybrid Vehicles

Critical point in hybrid electric vehicle design is management

of batteries and electrical motors. In plug-in electrical vehi-

cles, battery size and cost, recharging times constitute the main

problems for the vehicle. Therefore, series and parallel hybrid

vehicles are more preferable. Limited life of batteries pose prob-

lems in design of hybrid cars with big batteries.

The tests in Toronto showed that hybrid vehicles failed to

meet the expected 20 to 30 percent fuel savings [1]. The data

showed only 10 percent fuel savings could be realized. While the

hybrid vehicles are most efficient in the stop and go city traffic,

it is not realistic or possible to follow such a route continuously

during the course of a typical journey. Therefore, cost-energy

saving comparisons should be done for different driving condi-

tions before making a decision on the type of hybrid vehicle.

While a hybrid vehicle is fueled by gasoline and use bat-

tery, an electric vehicle uses only electric motor to power the

vehicle. Initially, electric vehicles were not adopted largely be-

cause of limited driving range before needing a recharge and
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long recharging times. The other reason that hybrid vehicle did

not become popular is that automakers did not have tendency

to produce and market these vehicles. As battery technology is

developing, energy storage improves and battery cost reduces.

Therefore, more manufacturers are expected to focus on electric

and hybrid electric vehicles.

1.2 Thesis Objectives

Electric vehicles are considered beneficial to environment in

several aspects. First of all, they have higher efficiency when

compared to conventional combustion engine vehicles. Carbon

dioxide production from an electric vehicle is typically one-half

to one-third of that of a conventional combustion engine vehi-

cle. Furthermore, electric vehicles do not release almost any air

pollutants to the environment in which they work. Third, elec-

tric vehicles typically have less noise pollution as compared to

conventional internal combustion engine vehicles. They do not

emit pollutants such as nitrogen oxides, volatile organic com-

pounds and atmospheric particulate matters. The other aspect

that can be considered as advantage of hybrid electric vehicle is

that they do not need much oxygen unlike vehicles which have
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internal combustion engine only.

Nowadays, hybrid buses are in rising trend in most of the

countries. While, new buses are mostly designed as hybrid elec-

tric vehicles, in Istanbul and other cities of Turkey, conventional

city buses are still common. In Istanbul city, there are approx-

imately 2600 city buses, among them 50 buses are hybrid [2].

Conventional city buses are economical burden with their fuel

consumption. Their emissions of NOx and CO2 pose danger to

cities.

At the beginning of this work, aim was to study conversion

of a conventional city bus into parallel hybrid vehicle. However,

due to high prototyping costs, it has been decided to start with

a smaller vehicle with an internal combustion engine. There-

fore, conversion of a conventional karting vehicle to the hybrid

karting vehicle has been decided as focus of this study. Karting

vehicle’s relatively small size and simple drive train make it eas-

ier to implement a hybrid conversion. Its small size also makes

it possible to construct the full-scale laboratory prototype and

conduct model validation and system calibration tests. How-

ever, eventual goal of the study is to develop a sample system

to be used in city busses.
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While serial hybrid vehicles supply all the power by electri-

cal motors in most recent designs, in this work electrical motor

will be functioning as additional torque supply in addition to

engine torque. The electric motor will be directly attached to

the drive train from ICE to wheels. The main objective with

electric motor addition is boosting the vehicle power when de-

sired power is high where ICE efficiency is low while capturing

energy when car is decelerating through regenerative breaking.

This way, electric motor can be used to help drive the vehicle

where internal combustion engine works more efficiently.

Figure 1.1: Conventional karting car

The vehicle drive modes can be categorized as: starting/accelerating,

cruising, passing and regenerative braking modes. In the start-

ing/accelerating mode of the car, a bad fuel mix or the lack
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of spark can be observed which leads to exhaust of unburned

fuel which also includes carbon monoxide (CO). Boost of vehi-

cle power via motor power will reduce the emission of unburned

fuel.

In the cruising mode of the vehicle, since the vehicle is not

accelerating or using a very little power, some of the engine

power can be used to charge the batteries. This energy can be

used again during starting/accelerating and passing modes of

the vehicle. While the vehicle is accelerating in these mode, the

additional power supplied by electrical motor boosts the vehicle

power in addition to engine power. By this mechanism, engine

power is intended to be worked at its optimum fuel consumption

points.

During the regenerative breaking, the kinetic energy of the

vehicle is captured and stored in batteries by functioning the

electrical motor as a generator. When the breaking action is

applied, the hybrid control unit informs the electrical motor to

work inversely as a generator. The generator output is supplied

to the electrical load, so the transfer of energy to the load pro-

vides braking effect. This energy is stored in the batteries for

further uses.
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A typical karting vehicle requires only 2-3 kW power. In the

parallel hybrid system that is subject of this study, 10-20% boost

power is considered to be supplemented via an electric motor.

Therefore, an electric motor with 1 kW power has been chosen

to be integrated on karting vehicle drive system.

The decision mechanism to engage and manage electrical mo-

tor is controlled with a hybrid control unit. This unit serves as

intermediary between data feeds and electric motor. Vehicle’s

speed, acceleration, fuel consumption etc kind of information is

read from the electric control unit (ECU) of the vehicle via a

read unit. The information that comes from the ECU is evalu-

ated in hybrid control unit with other information coming from

the battery unit. According to the vehicle speed, battery state

of charge condition and the temperature of battery and motor,

the desired motor speed is determined. Integrated control algo-

rithms that are studied in the model are rule based algorithm,

charge sustaining control algorithm and optimal control algo-

rithm. For the battery package, lead acid battery group and

ultracapacitor modules are studied. These two battery units

show differences in terms of their energy storage capabilities,

size, price and performance on energy delivery. Performance of
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different control algorithms with different system combinations

have been studied and through actual simulations in a labora-

tory test bench system.
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1.3 Contribution of This Work

• A hybrid karting vehicle mathematical model has been de-

veloped. Then, the model is tested on Simulink/Matlab

with the usage of Simscape/Mechanical Library.

• Lead acid battery and ultracapacitor models have been in-

tegrated into the system model with their internal resis-

tance and temperature models.

• Three different control algorithms have been developed:

rule based control algorithm, charge sustaining control al-

gorithm and optimal control strategy based on fuel min-

imization on the constraint of no change in the state of

charge of the battery at the end of the driving cycle.

• The developed control algorithms have been simulated with

ultracapacitor and lead acid battery groups separately, while

battery performances are evaluated with developed control

algorithms.

• A prototype system model has been constructed in labo-

ratuary environment. Developed control algorithms have

been applied with both lead acid battery and ultracapaci-
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tor modules in laboratory environment, and their efficien-

cies have been calculated.
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Chapter II

2 Literature Survey on Hybrid Electric Vehi-

cles, HEV Components and HEV Control

Strategies

2.1 Hybrid Electric Vehicle Types

HEVs use regenerative brake energy efficiently by converting

kinetic energy into electric energy which is stored in batteries

instead of being wasted as heat dissipation through the brake

disks. Furthermore, many hybrid electric vehicles reduce idle

emission by stoping the ICE at idle time intervals. Some hybrid

electric vehicles use internal combustion engines to generate en-

ergy directly either to store the energy in the batteries for fur-

ther use through electrical motor, or to use it directly by the

electrical motor to supply drive power. On the other hand, in



some hybrid electrical vehicle models, internal combustion en-

gine and electric motor share the traction effort to make the

internal combustion engine work at its efficient region to reduce

the fuel consumption.

Hybrid vehicles can be categorized by how they power a vehi-

cle. One can categorize hybrid vehicles as parallel hybrid electric

vehicles, series hybrid electric vehicle and power split hybrids

which have the characteristics of both parallel and series hybrid

vehicles. While the series hybrid is efficient at lower speeds, par-

allel hybrid is efficient at higher speeds, and power split vehicles

can benefit both efficiently. On the other hand, plug-in hybrid

vehicles also exist which use the battery stored energy which is

charged by a plug while also having ICE to generate energy in

order to fill the batteries on the move.

It is also possible to categorize the hybrid vehicles with their

fuel sources as hybrid vehicles which use fossil fuels and biofuels.

Besides, fuel cell hybrid vehicle technology is developing which

uses hydrogen as fuel which is zero emission technology.

15



2.1.1 Parallel Hybrid Electric Vehicles

In a parallel hybrid vehicle a motor and internal combustion

engine power the vehicle together. The electric motor and engine

is coupled with a clutch mechanism. Vehicle can be tracked

purely in electric mode. While the vehicle is in the combustion

engine mode, the vehicle is powered by both electric motor and

the engine.

Figure 2.1: Parallel Hybrid Electric Vehicle Structure [3]

Besides powering the vehicle together, there is another kind of

parallel vehicle type which is mild parallel hybrid. Mild hybrid

electric vehicle has an electric motor in addition to the engine,

but in this type motor stands for power assisting in the acceler-
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ation mode and energy generator in the decelerating mode.

2.1.2 Series Hybrid Electric Vehicles

A series hybrid vehicle is mainly powered by the electric mo-

tors. In a series hybrid electric vehicle, a part of traction energy

is converted into electrical energy and then into the mechanical

energy and some part of the energy is directly sent to the wheels

via mechanical transmission. Series hybrid vehicle configuration

has the higher overall efficiency. Moreover, the pure electrical

output offers higher flexibility to control the power and reduced

noise output.

Figure 2.2: Series Hybrid Electric Vehicle Structure [3]
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There is another kind of parallel hybrid vehicle type which

is called mild parallel hybrid. Mild hybrid electric vehicle has

an electric motor in addition to an IC engine. However, in this

type, motor is used for power assisting in the acceleration mode,

and acts as electric energy generator in the decelerating mode.

2.1.3 Plug-in Hybrid Electric Vehicles

An plug-in electric vehicle is powered by electric motor in-

stead of a gasoline engine. Energy which is necessary for the

electric motor is controlled by a controller. Controller regulates

the amount of power based on the accelerator pedal position

that a driver applies. Energy is stored in rechargeable batteries

that can be charged by common household electricity.

In series and parallel hybrid vehicles, initial condition of the

battery does not have a considerable effect on driving range.

However, in plug-in hybrid electric vehicles (PHEV), mainly ex-

isting battery power has been used. Therefore, battery initial

state of condition (SOC) and their capacity has an important

effect on the driving range. Besides, while the trip length and

initial SOC have crucial role on the determination of fuel econ-

omy, the increasing trip distance makes PHEV less economical
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[4].

PHEV control strategies can be mainly divided in two cate-

gories: Blended Mode and EV Mode. EV mode can be described

as charge depleting mode as far as electric motor may supply the

needed power, and the SOC is above the described limit. In the

blended mode, it is aimed that the SOC reaches to the lower

limit at the end of the travel. This control strategy requires the

priori knowledge of the road and the velocity profile.

Furthermore, ECMS (Equivalent Consumption Minimization

Strategy) is an another control method for PHEVs which uses

the knowledge of total energy consumption to make the local op-

timization while keeping SOC constant. ECMS may have three

degrees of freedom which are internal combustion engine power,

electric motor power and belted starter alternator power. This

controller searches for optimum power share between engine and

EM to minimize equivalent fuel consumption [4].

2.1.4 Fuel Cell Hybrid Electric Vehicles

For sustainable mobility, it is important to consider the other

energy supplies other than the conventional ones like fossil fu-

els. It is also important to apprehend the CO2 emission to atmo-
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sphere. As it can be seen from the figure below, in parallel to the

increase of CO2 level, environmental problems also grow. Fuel

cell hybrid vehicles (FCHV) are environmental friendly, since

they do not emit CO2. However, they also cause indirect emis-

sion level of which may vary according to the primary source of

energy.

Figure 2.3: Influence of CO2 emission [5].

One of the drawbacks of the fuel cell hybrid vehicle is that

there is only a limited number of hydrogen stations [5]. It is

also hard to get sufficient fuel tank capacity for a range of 500

km [5]. Besides, in the cold weather conditions, freezing is an

inevitable phenomena. Considering all these conditions, more

research and developments are required to see the FCHVs on

20



roads.

2.2 Proposed System

The proposed hybrid karting vehicle can be called as par-

allel hybrid karting, since the primary power source is internal

combustion engine and the secondary power source is battery

powered electric motor. A karting vehicle is converted to the

hybrid karting vehicle with an electric motor coupling extension

to the engine shaft. The electric motor boosts the power during

the acceleration time intervals and functions as power generator

in the deceleration time intervals. Besides, the electric motor

may help the engine by sharing the power or functioning as gen-

erator in order to fill the batteries on lower SOC conditions, on

cruising time intervals.

2.3 Electrical Motor

In this work, as an electric motor of the hybrid karting ve-

hicle, permanent magnet (PM) motor has been chosen with its

generator characteristic. PM DC electric motor has the follow-

ing benefits [6]:

• ” Higher efficiency since no electrical energy is used or losses
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Figure 2.4: Proposed Hybrid Karting Vehicle Diagram

incurred for developing or maintaining the motor’s mag-

netic field.

• Higher torque and power density.

• Linear torque speed characteristics that are more predictable.

• Better dynamic performance due to higher magnetic flux

density in air gap.

• Better dynamic performance due to higher magnetic flux

density in air gap.

• Simplified construction and essentially maintenance-free.

More compact size.”
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2.4 Battery

Hybrid vehicles have capability to recover the kinetic energy

by regenerative breaking in the storage elements like ultraca-

pacitors; lithium-ion batteries etc and reuse it in the next accel-

eration processes. Storage elements show difference in terms of

their storage capability, charge and discharge times, and their

efficiencies. Besides technical issues, their size and cost are also

important to make a choice between them. In following sec-

tions, charge-discharge characteristics of storage elements are

analyzed and compared with respect to their size and cost in

order to provide optimum choice for a hybrid vehicle. Suitable

battery/energy storage options has been studied for a karting

vehicle. Then, their performance is compared through simula-

tion and experimental results based on a given driving cycle for

selected ultracapacitor and lead acid battery groups.

2.4.1 Nickel Metal Hydride batteries

Nickel metal hydride battery (NiMH) which was introduced

commercially in the last decade of 20th century is a type of

rechargeable battery. It resembles to nickel-cadmium battery

in terms of performance, but the only difference between them
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is that NiMH’s negative electrode uses hydrogen. As for their

capacity, NiMH battery has two or three times the capacity of

an equivalent size nickel-cadmium battery.

NiMH cell chemistry hasn’t had a good fame since the intro-

duction of lithium based cell chemistries. Although there are

several consumer applications in which the usage of NiMH have

been completely replaced by lithium-ion, NiMH chemistry has

been preferred in automotive applications. One of the main rea-

sons why this battery is applicable in this industry is that the

operation temperature range of NiMH cells has been expanded

to 100 Celsius while that range of Lithium cells can not reach

to this level. That is why, NiMH technology is regarded as ap-

propriate for automotive industry.

Advantages of nickel metal hydride batteries can be explained

as follows. First of all, these batteries have some benefits from

environmental perspective. As the technology progresses, the

electronic devices get smaller depending on batteries. Since

NiMH batteries can be charged over and over again, this reusage

can reduce the burden of landfills. Another advantage is that

NiMH batteries have very acceptable size and weight. While

other batteries are bulky and heavy, the size and weight of NiMH
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batteries make them ideal for general usage.

When it comes to disadvantages of NiMH batteries, it can

be said that these batteries can not work properly in higher or

lower temperatures. Another issue which can be regarded as

disadvantage of these batteries is that their self-discharge rates

are high. They are also much intolerant to over-discharging,

since this situation leads to polarity reversal which effects the

battery permanently. Moreover, it can be observed frequently

that NiMH batteries stop suddenly.

2.4.2 Lithium-ion batteries

Nickel cadmium batteries had been the unique suitable bat-

teries for portable equipments for many years. Lithium-ion cells

have been introduced during late 1980s. Today, lithium-ion bat-

teries are the fastest growing and the most prominent batteries.

The basic feature of these batteries is their increased energy

density and accordingly increased cost when it is compared to

other rechargeable batteries. These batteries can be observed in

the most expensive laptops in the market because of their high

prices.

The efforts to develop rechargeable lithium batteries were not
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successful due to security reason. Since lithium metal had an

instability especially during charging, researches started to focus

on non-metallic lithium battery, that is lithium-ion batteries.

Lithium-ion batteries are safe although they are slightly lower

in energy density than lithium metal batteries.

One of the main advantages of lithium-ion batteries is that

their low maintenance while most other chemistries can not have

this property. Additionally, they do not need to have memory

and scheduled cycling to prolong their lifetime. For another

advantage, it can be said that self-discharge of them is less than

half when compared to nickel-cadmium. That enables lithium-

ion batteries to be useful for modern fuel gauge applications.

Despite its advantages, it has some disadvantages. First,

lithium-ion battery is fragile and needs protection circuit to

maintain safe operation. Protection circuit which is built into

each pack puts a limit on zenith voltage of each cell during

charge and protects the cell voltage from dropping too low level

on discharge. Furthermore, the cell temperature is observed to

hinder the temperature extremes.
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2.4.3 Ultracapacitors

Ultracapacitors are quick chargeable storage elements which

are providing a solution as high energy accumulators for hy-

brid vehicle power trains. Ultracapacitors are being accepted

as power storage elements for many hybrid vehicle energy units.

Some of the main reason are their high pulse power capability,

fast transient response, and high efficiency during discharge and

recharging. They also endure full charge cycling in excess of

100000 cycles [13]. However, a big challenge for the usage of

ultracapacitors is the cost, since they are not being produced in

massive quantities.

Ultracapacitor is true choice if the energy is desired to be

stored by charge separation at the electrode-electrolyte inter-

face. Moreover, another characteristic of it is that its strength

to be able to withstand large amount of charge/discharge cycles

without suffering performance loss.

Ultracapacitors are energy storage devices, and in this re-

spect, they are similar to batteries. In order to meet the power,

energy and voltage necessity, various-sized cells are designed

into modules. While batteries store the charge with the help

of chemical process, ultracapacitors execute this task by apply-
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ing electro-statical procedure.

The working procedure of ultracapacitor can be defined as

follow: Electrolytic solution is polarized by ultracapacitor so as

to store the energy electrostatically. In this process, there is

no observable process. This mechanism can be reversed, that

is, ultracapacitor can be discharged and charged many times.

An ultracapacitor is constructed by two nonreactive collectors.

When the voltage is applied on the positive electrode, it attracts

the negative ions; whereas when the voltage is applied on nega-

tive electrode, it makes the positive-ions closer to itself.

Energy that is stored after charging the ultracapacitor can be

used by vehicle’s motor. When compared to usual capacitors,

the amount of stored energy very large due to extensive surface

area created by the porous carbon electrodes. On the other

hand, the stored energy seems to be less compared to that of

batteries. The proportions of charge and discharge operations

are determined by only physical properties of ultracapacitor.

That is why, the ultracapacitor can release energy much faster

than a battery.

Ultracapacitors can be prominent energy devices for power

supply during acceleration and climbing a hill. It is possible to
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use them with batteries correspondingly. In this case, the power

performance of ultracapacitors and energy storage capability of

batteries can be combined. Moreover, ultracapacitors are able

to make the lifetime of batteries longer.

2.4.4 Lead-Acid batteries

The oldest type of rechargeable batteries is lead acid battery

system. They are able to serve high surge currents and it means

that cells have relatively high power-to-weight ratio although

they have very low energy-to-weight ratio, and low energy-to-

volume ratio. Hence, they turn out to be available for motor

vehicles due to the fact that their cost is low, and they can

provide high current which is necessary for automobile starter

motors.

Between other battery groups lead acid batteries are abun-

dant, therefore, their prices are low. They are also reliable,

robust and tolerant to overcharging. However, charge-discharge

cycles are repeated in excessive number of times in hybrid vehi-

cles, while life cycles of lead acid batteries are limited to num-

bers of ∼ 500. Besides, they are bulky and can not be charged

quickly. Therefore, usage of lead acid batteries should be in
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combinations with the batteries with higher life cycles.

Some of the main problems of lead acid batteries are sul-

phation, shedding and decomposition of electrolyte. (Shedding

means loss of materials from the main plates). Therefore, they

should be maintained regularly. Battery resistance increases

with the rapid increase on current demand, which also degrades

the lifetime in the long process. Battery management should be

properly handled in order to take the optimum performance and

the life.
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2.4.5 Advantage and Disadvantage Comparison of Batteries

Battery Group Advantages Disadvantages

NiMH

Performs at high temperatures Limited temperature range

Small size and weight High self discharge

Environmently friendly Intolerant to overdischarging

Lithium-Ion

Low maintanence Fragile

High energy density Expensive

Low self discharge Instability issue on charging

Ultracapacitors

High specific power Low specific energy

High efficiency at dis/charging Self discharge

High cycle rate Very Expensive

Lead Acid

Cheap Slow charging

Low self discharge Limited cycle life

Robust Sulphation, shedding

Table 2.1: Battery comparison table

2.4.6 Ultracapacitor and Lead-Acid Battery Combinations

The braking energy that is recuperated through the genera-

tors can be fed into ultracapacitor modules fast. Since ultraca-

pacitors are storage elements with low energy per unit mass, it

is hard to meet the energy demand of the hybrid vehicle power-

train with the lower power density of ultracapacitors. Therefore,

combination of ultracapacitors with lead acid batteries, which
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have high energy per unit mass, are being used.

A DC/DC converter exists between the ultracapacitor and

lead acid battery. A power flow control unit is necessary to

maintain the power flow between lead-acid and ultracapacitor

as well as the flow to and from the ultracapacitor in order to

minimize the fuel consumption of the engine.

It is reported by the Argonne National Laboratory that lead

acid batteries best fit with ultracapacitors, since the specific

power deficiency of the lead acid battery can be compensated

by ultracapacitors [15]. Lead acid batteries lifetime is shorter,

and the combination with ultracapacitors extends their life. In

a work by Stienecker et. Al [16], in order to prolong the lifetime

of the lead acid battery group, SOC is kept at maximum and

only in the times of high current request lead acid batteries aid

the energy demand.

Baisden et. Al. [17] used capacitor and batteries in parallel

since batteries can store sufficient energy but capacitors cannot.

On the other hand, capacitors can supply the large burst of

current ad batteries cannot. They used 35 of PC2500 Maxwell

ultracapacitor (3000F - 2.7 V) and 18 of Hawker Genesis 12

V 26Ah 10EP lead acid battery combination in the simulation
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environment of ADVISOR. Their results showed that UC-LA

Battery combination fuel economy is 19.69% better than the

conventional (non-Hybrid) vehicle and 2.41% better than the

battery source used in parallel hybrid vehicle [17].

In another work by Napoli et. al. [18], the power sharing

is done according to optimum share of power flow with maxi-

mum efficiency and SOC values of batteries with a rule based

algorithm. Besides the choice of battery and control of them is

an important issue. The DC-DC converter topology used be-

tween the LA battery and ultracapacitors is also important. In

[19], ultracapacitor and battery combination is used with the

topology of the two-input bi-directional DC-DC converter and

compared with the passive parallel connection. Results showed

that two input bi-directional DC-DC converter is more efficient

and its output stability is better.

In a work by Garcia et. al. [20], the power demand has been

divided into categories of low frequency components and high

frequency components. While the low frequency components

are supplied by the batteries, high frequency components are

supplied by the ultracapacitors. In this method, it is aimed

that battery life will be longer.
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Figure 2.5: Topology of the Two-input Bi-Directional DC-DC Converter [19]

Figure 2.6: Topology of the Bi-Directional DC-DC Converter [19]

2.4.7 Comparison of Ultracapacitors

In order to use the capacitors effectively, when their voltage

is decreased by half, the recharging process should be restarted.

As one can see from the figure below, combinations of single
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cells in series is cheaper with respect to the modules. However,

problem arises with cell coordination problem. Each of the cells

require voltage balancing circuits. However, these circuits solve

the problem only partially. Another requirement is the isolation

of the cells. Therefore, it is highly recommended to use the

capacitor modules.

For a karting vehicle, it is suitable to have a 1kW motor.

The available ultracapacitor cell combinations, module types,

and their powers are tabulated with their estimated time to

support 1kW electric motor. Initial voltage values (Vi), final

Figure 2.7: Comparison table for ultracapacitor cell and modules to work
with 1kW and 2kW motors
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voltage values (Vs) and the increasing resistance by usage time

and system losses are considered in calculation of the time esti-

mates. One can choose the suitable module or cell combination

by considering price and estimated time to support a particular

electric motor.

2.5 HEV Control Strategies

In hybrid electric vehicles, a control strategy is necessary

in order to make the engine work at its efficient range. This

control strategy can be based on some rules, if the driving range

is not known priori. The rule based control strategy can be

based on look-up tables, or can be made robust by using fuzzy

logic control strategy. Moreover, HEV control can be based on

optimization process. Optimization can be conducted globally,

if the priori driving range and conditions are known. It can

also be done in real time, if the route conditions are reachable

periodically.

2.5.1 Rule Based Control Strategies

The overall aim of a rule-based (RB) control strategy is to

push the ICE to the optimal region of fuel consumption and ef-
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ficiency. However, this strategy is not efficient at the low engine

torques and speeds [40]. Vehicle controller is based on selection

of one of the five driving modes (motor alone mode, combined

power mode, engine alone mode, electric CVT mode, energy re-

covery mode) [22]. Aim of this strategy is optimization of the

engine power in different driving modes. Once the engine power

is specified, the engine angular velocity can be determined by

the optimum angular velocity that corresponds to desired engine

power. Then, the motor torque is the complementary part to

satisfy the required torque assistance [22].

2.5.1.1 Deterministic Rule Based Technics

The deterministic rule based control strategy is applied via

lookup tables by considering fuel economy, ICE operating maps,

power flows within the powertrain and driving experience [40].

The thermostat control cannot achieve supplication of enough

power demand. On the other hand electric assist control strat-

egy cannot achieve optimal powertrain efficiency [40].
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Figure 2.8: HEV Control Strategies [40]

Zhang et. al. [23] developed the charge depleting control

strategy which is called as optimal power strategy that is differ-

ent than electric assist mode. In the electric assist mode, electric

motor engages when the road load is more than the engine opti-
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mal. The concern of their study is developing control strategy in

addition to the assist control. First of all, electric motor will be

on working mode till the threshold power PS is reached. Then,

when the motor power is not sufficient, engine turns on to as-

sist. A constant motor power Pc will be continuously supplied

till the end of the drive cycle. Vehicle desired power has the

relationship ”Po = Peng + PEM”. Pc is arranged according to

Po , Pcmin
for optimal value by considering drive cycle and the

power demand. According to proposed control strategy, engine

turns off when the power demand is less than the optimal power

threshold Pcopt
. Pcopt

is determined according to system loss char-

acteristics, vehicle power demand, total battery energy and trip

distance. The proof of this optimization method is shown by

the simulations. The results show that above 70 mi/h power

saving is increasing. Moreover, it is shown that in the CR-City

drive cycle fuel efficiency is increased by 4.2% with respect to

the electric assist control strategy [23].

In a different work by Won et. al. [24], energy management

of a parallel hybrid vehicle is done with the charge sustaining

scheme. This is realized by the decision of torque distribution

on engine and the electric motor. In their work, torque distri-
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bution is formulated as a multi-objective nonlinear optimization

problem and solved by the single objective linear optimization

problem.

2.5.1.2 Fuzzy Rule Based Technics

Since HEVs have nonlinear and time-varying structure, fuzzy

logic control strategy is suitable to handle problems of HEVs

with its robust and adaptable properties [40]. Fuzzy logic con-

troller takes battery SOC and desired ICE torque as inputs.

However, it does not take into account the ICE efficiency maps.

In this control strategy, ICE is operating in its efficient region.

However, this efficiency leads to more torque generation than

necessary, so the increase of fuel consumption [40]. Fuzzy predic-

tive control strategy optimizes the fuel consumption with look-

ahead window which gives the future road driving conditions

[40]. Syed et. al. [25] used selective minimal rule-based fuzzy

gain-scheduling to determine proper gains for the PI controller

based on the system’s operating conditions. It is noted that

high-voltage battery management is critical in hybrid systems,

and a conventional PI controller may result in overshoots or de-

graded response and settling times due to nonlinearities. The
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designed minimal rule based fuzzy gains scheduling controller

improved the engine speed and the power behavior in a power-

split HEV.

In a work done by Tian Yi et. al. [26], fuzzy-genetic control

strategy is applied on parallel hybrid vehicle power management.

The experiments showed that fuzzy genetic control algorithm

resulted in reduced emissions, and improved fuel consumption

with respect to results with fuzzy controller. Genetic algorithm

is stated for the optimization of thirty parameters in the fuzzy

control law and applied on China HEV driving cycle.

In another research conducted by Lee et. al. [27], torque

control strategy is applied with the fuzzy logic on parallel hy-

brid bus. An induction machine is directly coupled to the engine

shaft. In their work, max-min composition techniques and cen-

ter of gravity methods are used. Moreover, they divided the

controller in two parts, driver’s intention predictor (DIP) and

power balance controller. The proposed design improved the

driveability of vehicle, balanced the battery charge and reduced

the emission.

Yifeng et. al. [28] also used the genetic-fuzzy control strategy

in order to keep the SOC at a certain level by employing repro-
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duction, crossover and mutation. When it is compared with

the fuzzy strategy, it gives better results. Genetic algorithm is

suitable for tuning the parameters in real time.

2.5.1.3 Sliding Mode Based Control

In a work done by Gokasan et. al. [29], series hybrid vehicle

power train control is based on two chattering-free sliding mode

controller. They achieved control of the engine speed and en-

gine/generator torque which together leads the engine to work

at its efficient regions. Engine/generator torque control with

sliding mode control based strategy gives better tracking perfor-

mance of speed and torque references in the optimal efficiency

region. Besides, in the work of Demirci et. al. [30], optimiza-

tion of auxiliary power unit (APU) is done by an offline optimum

search algorithm by regarding the demanded power. Moreover,

control of engine speed of APU is achieved by a chattering free

sliding mode control. This algorithm revealed high set point

tracking, smooth cranking, running and stopping of APU on

the applied series hybrid electric vehicle.

In another work by Wang et. al. [31], a sliding mode variable

structure control strategy is implemented on maximum torque
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per ampere vector control system of interior permanent magnet

synchronous machine (IPMSM) in order to resist against any

disturbances on hybrid electric vehicle. They used improved

variable exponent reaching law to reduce the chattering effect of

the system.

In a separate work [32], position-sensorless electric vehicle

with a brushless dc motor is studied. Implementation of elec-

tromotive force detection method allowed sensorless control of

the motor. Combination of nonsingular terminal sliding mode

with the higher order sliding mode method, hybrid terminal slid-

ing mode control (HTSM) algorithm resulted with good system

performance and robust stability when compared to the PID

controller for EVs.

Hong Fu et. al. [33] designed a controller using DTC-SVM

(Direct Torque Control-Space Vector Modulation) technique with

sliding mode controller for plug-in hybrid vehicle. By this tech-

nique, fast response and small torque ripples are achieved. The

claim that this control system is robust against load variations,

measurement errors and parameter uncertainties.

Tian-Jun Fu et. al. [34] improved speed-sensorless torque

control of an induction motor for HEVs with the principle based
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on Sliding Mode Control (SMC) combined with the space vector

modulation (SVM). They claim that this improves torque, flux

and current steady state performance by reducing the ripple.

This control model improved the accurate torque tracking and

robustness is realized to external disturbances.

Cheong et. al. [36] proposed that a model reference sliding

mode control which generates additional yaw moment for the

vehicle. It is simulated on a 4 wheel drive (4WD) hybrid elec-

tric vehicle considering the cornering stability. In the work of

Taghavipour et. al. [37], sliding mode control is designed to

use full-states closed loop feedback which satisfies the stability

of the vehicle in different modes.

In the study of Yim et. al [?], active roll control system

(ARCS) and integrated chassis control (ICC) for hybrid 4WD

vehicle whose rear tires are powered by the electric motor. ARCS

is designed with sliding mode control. An integrated chassis

control is designed to maintain the maneuverability. In ICC,

weighted least square method has been integrated to define ac-

tuator configurations.

In a study by Kasahara et. al. [39], sliding mode control

is applied on braking control. Optimal control is applied by
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switching wheel speed following and slip ratio following on the

boundary of slip ratio where the maximum braking force is ac-

quired.

2.5.2 Optimization Based Control Strategies

2.5.2.1 Global Optimization

Genetic Algorithms are efficient, since they can find the global

minima. However, these algorithms are time consuming, and

do not consider the SOC situation[40]. Real time equivalent

consumption minimization strategy only uses the current sys-

tem parameters. No future predictions are needed, and it varies

with the driving conditions. Only charge sustainability can not

be supplied[40]. Another real time optimization model is model

predictive control which uses the traffic information, driving pat-

tern and route information and saves fuel[40]. On the other

hand, there exist global optimization solutions which are work-

ing on fixed driving cycles. However, with this method, real time

management is not possible[40]. With dynamic programming,

HEV nonlinearities can be handled by minimizing cost function

over a fixed driving cycle [40].

Global optimization problem for energy can be solved by min-
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imizing fuel consumption or overall CO2 emission. Stockar et.

al. [41] solved the global optimization problem by minimizing

CO2 emission by Pontryagin’s minimum principle.

Delprat et. al. [42] applied optimal control theory for a

given driving cycle. In their study, optimal control theory is

based on different battery models. Ngo et. al. [43] combined

the dynamic programming and classical optimal control theory

for fuel minimization over a preview route segment. The Global

Positioning Systems and Geographical Information System is

used to utilize route information, this leads to the fuel economy

within a specified time length.

The hierarchical control strategy optimization can also be ap-

plied by the PSO (Particle Swarm Optimization) by combining

the best solutions of the sections and the global best value of

the whole part for fuel minimization [44]. In a study by Sciar-

retta et. al. [45], fuel optimization is developed without relying

on priori knowledge of the future conditions. They used the in-

stantaneous cost function, and weighting is used between two

different energy source by introducing equivalence factor.

In another work, Zhang et. al. [46] optimized blended mode

to study PHEV’s. This optimization is done by finding the
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optimum power to initiate the engine for constant battery energy

depletion, below that engine work power limit, vehicle power will

be sustained by the battery source.
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Chapter III

3 Modeling & Control of the Parallel Hybrid

Karting Vehicle

A modeling is required to see the performances of developed

control strategies before they get tested on a test-bench. In

order to simulate the reality, a correct model is required. In this

work, model is developed by considering the vehicle mechanical

system, environmental conditions like air, temperature etc, and

electrical system which includes electrical motor and battery

dynamical model.

Control of parallel hybrid vehicle is developed in order to

enable engine to work at its efficient region by controlling the

electrical motor effort. In this work, rule based control, charge

sustaining control and optimal control strategies have been de-

veloped for the karting vehicle in order to compare, and find the

suitable control strategy.



3.1 Parallel Hybrid Karting Vehicle Modeling

In the study of hybrid car modeling, electric motor is directly

attached to the shaft of the vehicle, so the engine and the elec-

tric motor are sharing the traction power. The engine does not

consider how much power should be delivered to the system by

the electric motor. Therefore, engine is functioning as velocity

controller by compensating the traction power.

Figure 3.1: Karting vehicle model diagram

3.1.1 Tractive Effort Calculation

A vehicle has to accomplish many tasks to do its main task,

going forward. Main tasks can be listed as follows

• Overcome rolling resistance.

• Overcome aerodynamic drag.
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• Supply sufficient energy to accelerate the vehicle when needed.

• Overcome the climbing resistance when driving up hill.

3.1.2 Rolling Resistance Force

Rolling resistance is mainly due to the friction of the wheels

with the roads. The resistance is correlated with the vehicle

speed, but most of the time the variation can be neglected to be

taken as a constant. Another direct factor of rolling resistance

is the weight of the vehicle which affects proportionally. Yet

another factor that affects rolling resistance is the wind that

goes in and around the wheel space. Rolling resistance force

can be described as in the following

Fr = µ ·m · g (1)

where µ is the friction constant, m (kg/m2) is the mass of

the vehicle and g (m/s2) is the gravitational constant. Here,

rolling resistance constant can be chosen by considering the tire

material, road properties and geometry.
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Figure 3.2: Rolling Resistance Simulink Model created by Sim-

scape/Mechanical Library

3.1.3 Aerodynamic Drag

The aerodynamic drag force is mainly due to the friction of

the vehicle body through the air. Shape and the surface material

are main components that affect the aerodynamic drag. In order

to describe the aerodynamic force, frontal area and shape of the

vehicle should be defined well. Aerodynamic force becomes more

significant in high speed ranges. The aerodynamic force can be

described as in the following:

Faero =
1

2
· ρ · Cd · Af · V 2 (2)
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where ρ (kg/m2) is the mass density of the air, Cd is the

aerodynamic drag coefficient which can be decided according to

frontal shape, Af (m2) is the cross sectional frontal area of the

vehicle and V (m/s) is the speed of the vehicle.

Figure 3.3: Aerodynamic Drag Simulink Model created by Sim-

scape/Mechanical Library

In figure 3.3 k drag is standing for 1
2ρCdAf . Left bottom

of the figure 3.3, ’R’, shows that aerodynamic drag model is

directly added to the vehicle model.
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3.1.4 Acceleration Force

In order to provide the required velocity change, an acceler-

ation force should be given to the vehicle. This equation is the

Newton’s second law as in the following:

Fa = Meff · a (3)

where Meff (kg) is the effective mass of the vehicle which can

be defined as

Meff = m +
Jrear wheel

r2
rear

+
Jfront wheel

r2
front

(4)

where Jrear wheel and Jfront wheel (kgm2) are the rear and front

wheel inertia, rrear and rfront (m) are the rear and front wheel

radii.

3.1.5 Climbing Resistance Force

In the existence of a up-hill terrain, vehicle needs to overcome

the climbing resistance force to due to the weight component

along the slope. On the opposite side, in the existence of a down-

hill, this climbing resistance force contributes to the tractive

force. The climbing resistance force can be described as in the
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following

Fc = m · g · sin(α) (5)

where m (kg) is the mass of the vehicle, g (m/s2) the gravi-

tational constant, and α (rad) is the road angle.

Figure 3.4: Climbing Resistance Model created by Simscape/Mechanical Li-

brary

3.1.6 Total Tractive Force

Total tractive force is the sum of the forces defined in 1, 2, 3

and 6.

Ftraction = Fr + Faero + Fa + Fc (6)
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Figure 3.5: Karting Vehicle Simulink Model created by Simscape/Mechanical

Library

3.2 Driving Cycles

Driving cycles are formulated in a way to measure the pol-

lutant emissions and fuel consumptions. They are also used to

formulate the vehicle emission regulations as well as to develop

a car model. Therefore, for different driving ranges and con-

ditions, various driving cycles are developed. Most cities have

different traffic capacities and road conditions. Therefore, opti-

mization of a driving cycle for a specific city condition will be

better for testing.
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3.2.1 ECE15

ECE Urban Driving Cycle has been using with EUDC (Extra

Urban Driving Cycle) to test the emission and for certification

in Europe. Since EUDC includes 120 km/h, it would not be pos-

sible to test it with a karting vehicle as in this study. Therefore,

ECE cycle is used for the simulations and tests.
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Figure 3.6: ECE cycle

3.3 Battery Model

In this work, it is intended to calculate, measure, and compare

the performances of ultracapacitor module and lead acid battery

groups. In battery modeling, battery SOC, temperature and
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charging and discharging resistances are simulated.

3.3.1 Super-Capacitor Model

Open circuit ultracapacitor voltage

VOC = SOC(Vmax − Vmin) + Vmin (7)

where Vmax = 2.7V and Vmin = 0.

3.3.1.1 State of Charge Calculation

VOC(n + 1) = VOC(n)− I
dt

Cmodule
(8)

SOC =
VOC(n + 1)− Vmin

Vmax − Vmin
(9)

Here, capacitance ’C’ can be found by interpolation for given

current and temperature values. Changing capacitance value

of the ultracapacitor cells with respect to output current and

temperature values can be observed in figure 3.7

Total capacitance value of the ultracapacitor module can be

found by the following equation

Cmodule = Ccell/# of cell (10)
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Figure 3.7: Ultracapacitor cell capacitance with respect to changing current

and temperature values

3.3.1.2 Output Current Calculation

Iout =
VOC − (V 2

OC − 4RPout)
5

2R
(11)

where R is the resistance of the ultracapacitor. It changes

in charging and discharging processes. While the ultracapacitor

resistance shows differences with the changing temperature and

current. Instantaneous resistance of ultracapacitor can be found

from the figure 3.8 for given temperature and current values.
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Figure 3.8: Ultracapacitor cell resistance with respect to changing current

and temperature values

The total ultracapacitor module resistance can be calculated

as follows:

T = (# of cell) ·Rcell (12)

The resistance calculation illustration can be found in figure

3.9.
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Figure 3.9: Resistance find by interpolation in look-up table whose elements

are given current and temperature data

In the model it is checked that charging current does not

exceed the charging limit and maximum current is enforced.

Moreover, decharging current is also checked with the minimum

decharging current. In the case of low currents battery current

is kept at or above the minimum. Maximum charging and min-

imum decharging currents can be found as in the following

Ichg max =
VOC − Vmax

R
(13)

Idischg min =
VOC − Vmax

R
(14)
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3.3.1.3 Output Voltage Calculation

Ultracapacitor output voltage can be found as in the following

Vout = VOC − Iout

R
(15)

3.3.2 Lead Acid Battery Model

In the simulation environment, the model developed by [47]

is used for lead acid batteries. The model has been applied for

56Ah 12V car battery. The equivalent circuit of the model is

shown in figure 3.10.

Figure 3.10: Equivalent Circuit of Lead Acid Battery

The set of equations for the model described in figure 3.10 is

provided below as
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• Main Branch Voltage

Vmain = Vmain 0 −KE(273 + T )(1− SOC) (16)

where Vmain (V ) is the main branch open circuit voltage,

Vmain 0 (V ) is the main branch open circuit voltage at full

charge and Ke (V/◦C) is a constant.

• Terminal Resistance

R0 = R0 initial[1 + ζ0(1− SOC)] (17)

where R0 (ohm) is the terminal resistance, R0 initial (ohm)

is the resistance value when SOC is 1 and ζ0 is a constant.

• Main Branch Resistance 1

R1 = −R1 initialln(DOC) (18)

where R1 (ohm) is the main branch resistance, R1 initial

(ohm) is the resistance value when SOC is 1.

• Main Branch Capacitance

C1 = τ1/R1 (19)
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where C1 (F ) is the main branch capacitance, τ1 is the main

branch time constant.

• Main Branch Resistance 2

R2 = R2 initial
e[ζ1(1−SOC)]

1 + e[ζ2(Imain/I∗)] (20)

R2 (ohm) is main branch resistance, R2 initial is a constant,

ζ1 and ζ2 are constant. Imain is the main branch resistance

and I∗ (A) is the nominal battery current.

• Parasitic Branch Current

Ip = VpGpe
(Vp/(τps+1)

Vp 0
+ζ3(1− T

Tf
))

(21)

where Ip (A) is the current loss at parasitic branch, Vp is

the voltage at parasitic branch, τp (s) parasitic branch time

constant, Vp 0 (V ) , Gp (s) and ζ3 are constant, Tf (◦C) is

the freezing temperature of the electrolyte.

• Extracted Charge

Qe(t) = Qeinit +

∫ t

0
−Im(τ)dτ (22)

where Qe (Amp − sec) is the extracted charge and Qe init
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(Amp − sec) is the initial extracted charge and Im (A) id

the main branch current.

• Total Capacity

C(I, Q) =
KcCoKt

1 + (Kc − 1)(I/I∗)δ
(23)

where Kc and δ are constant, C0 (Amp − sec) is no load

capacity, and Kt is temperature dependent constant.

• State of Charge and Depth of Charge

SOC = 1− Qe

C(0, Q)
(24)

DOC = 1− Qe

C(Iavg, Q)
(25)

• Estimate of Average Current

Iavg =
Im

τ1s + 1
(26)

where Iavg (A) is the main branch average current and τ1

(sec) is the main branch time constant

Integration of electric motor with lead acid battery group in

the simulation environment, can be found in figure 3.11.
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Figure 3.11: Lead Acid Battery group, electric motor and shaft integration

in Matlab/Simulink.

3.4 Parallel Hybrid Karting Vehicle Control

In this work, hybrid karting vehicle traction power is shared

between electric motor and the internal combustion engine. The

electric motor boosts the ICE power. The electrical motor is

controlled according to vehicle power demand condition. Since

the total traction power is shared between the electric motor

and the ICE, the electric motor provides complementary power

to the traction effort. In the simulation environment, driver’s
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input torque is modeled in a way that, for given a driving cycle

speed profile can be tracked

3.4.1 Driver’s Input Torque Model

In this work, driver would like to track the velocity trajectory

which is specified before. In the simulation environment, driver’s

force demand is calculated with an integration of controller to

the vehicle’s tractive force model. The tractive force is mainly

described as follows

Ftraction = Fr + Faero + Fa + Fc (27)

Traction power is calculated as

Ttraction = (Fr + Faero + Fa + Fc) · rrear wheel (28)

Since the electric motor is directly attached to the vehicle

shaft, electric motor will be directly affecting the driving per-

formance as well. In terms of engine and motor torques traction

power can be described as

Ttraction = Tm + Teng (29)
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Based on the equations 28 and 29, the engine torque model

can be described as

Teng = (Fr + Faero + Fa + Fc) · rrear wheel − Tm (30)

However, in our developed karting model, there is no feedback

information about how much the electrical motor is assisting to

system. Driver also needs to compensate the power added to

the system by the electric motor in order to follow the desired

velocity trajectory. Therefore, in the simulation environment

motor torque is compensated with a sliding mode controller.

Teng = (Fr + Faero + Fa + Fc) · rrear wheel − fvs− κsat(s) (31)

where fv is for transient duration adjustment, sat(s) is satu-

ration function which is defined in equation 78. s is the sliding

surface which is defined as in the following:

s = e + Λė (32)

where e = q − qref and ė = w − wref .
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sat(s) =





1 s > ε

s/ε |s| ≤ ε

−1 s < −ε

(33)

Lyapunov function candidate is selected as

V (s) =
1

2
sTMeffs (34)

Differentiating V(s) with respect to time, using the model

equation, one can obtain the following

V̇ = −sTΛ[fvs + Ksat(s)− Tm] (35)

Define Tv as error due to parameter estimation with bounded

motor torque

‖Tm‖ ≤ ν‖s‖ (36)

with a certain bound ν, K ≥ ν

V̇ (s) ≤ −sTfvΛs− (K − ν)Λ‖s‖ ≤ 0 (37)

Now, one can evaluate the stability of the system.

In order to increase the fuel economy of the vehicle, energy
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management strategy should be selected such that engine works

at its efficient regions. This way, engine losses will be dimin-

ished and fuel economy will be improved. The control strategy

should be managed carefully in order not to deteriorate the per-

formance.

3.4.2 Electrical Motor Control Strategies

Electrical motor control has been studied by finite state ma-

chine control strategy, charge sustaining control strategy, and

optimal control strategy separately. Finite state machine con-

trol is a rule based control strategy which depends on limited

rules. In the charge sustaining control strategy, it is aimed to

keep the SOC level in the given interval. Moreover, by the opti-

mal control strategy, an optimum electrical motor performance

is modeled in a way that fuel minimization is realized while the

constraint of SOC is kept at specified rate at the end of the

driving range. These three control strategies are developed and

implemented in order to evaluate their performances, and to

find the suitable control strategy on a given driving range for

the hybrid vehicle.
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3.4.2.1 Finite State Machine Control Strategy

In the start-up and acceleration time interval of the vehicle,

engine burns extra fuel. In this control strategy, it is aimed

that electric motor to assist in the vehicle start-up/acceleration

process where the engine is running in inefficient region. The

electric motor also assists during vehicle speed up and passing

conditions. During cruising time intervals, electric motor aids

the traction effort. In the deceleration time intervals, motor

functions as generator to convert the kinetic energy of the ve-

hicle into electrical energy. This way, regenerative brake energy

will be stored in batteries for the following start-up/acceleration

time interval.

In finite state machine control strategy, battery state of charge

condition is also important. SOC working range is chosen as

%50 - %100, when the battery charge level drops below %50,

electrical motor cannot assist the traction effort until the next

deceleration time interval when the batteries can be charged

again. The rules can be modified in a way such that batteries

can be charged during cruising time intervals where the traction

effort is not much.
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Figure 3.12: Starting and passing decision algorithm
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Figure 3.13: Cruising decision algorithm

Figure 3.14: Charging decision algorithm
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3.4.2.2 Charge Sustaining Control Strategy

Optimum control may give the best efficiency among the

other control strategies. However, road and battery conditions

cannot be predicted during an actual driving range. Therefore,

a control algorithm which sustains the system would be prefer-

able. The idea of the charge sustaining control strategy is based

on keeping the charge level of the battery in a desired range.

According to throttle demand and state of charge level, motor

effort can be calculated so that batteries can be filled if the SOC

level is low, and traction effort can be aided by electric motor

if the SOC level is high enough. Electric motor control effort

and ICE engine required power levels are formulated with the

knowledge of SOC level and throttle angle.

The total power that is supplied by engine and electric motor

can be defined as follow

Pm + Peng = Ptotal (38)

Since they drive the same shaft, the rotational speed is equal

on both of engine and electrical motor. Therefore, we can de-

scribe the equation (38) as
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(Tm + Teng) · w = Ttotal · w (39)

Simulation of vehicle engine torque vs rotational speed is pro-

vided with a graph in figure 3.15.
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Figure 3.15: Fuel consumption graph for given engine torque and angular

velocity

In order to reduce the fuel consumption, at a given speed

engine

SOC =
SOChigh + SOClow

2
(40)
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∆SOC = SOC − SOC (41)

Normalized SOC can be defined as in the equation (42)

N =
−2 ·∆SOC

SOChigh
(42)

Saturation point for charging is defined with the parame-

ter Sc. The saturation point for discharging is defined with

the parameter Sd. Moreover, throttle range for charge and dis-

charge conditions are defined with the parameters and Qth−ch

and Qth−disch. These can calculated with the given formulas

(43) and (44)

Qth−ch = Qup −Q (43)

Qth−disch = Q−Qlow (44)

where Qlow and Qup are the lower and the upper limit of the

throttle.

The needed throttle deviation from the nominal throttle an-

gle, in order to sustain the charging discharging balance in the

starting, cruising and decelerating processes, can be described
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as in the following.

• When N < −1

∆Q =





Qth−ch · (−N) if Sc ≤ N

Qth−ch if N < Sc

(45)

• When N ≥ −1

∆Q =




−Qth−disch · (N) if Sd ≤ N ;

−Qth−disch if N < Sp;
(46)

During idle condition of the vehicle the needed throttle posi-

tion, to sustain the charge balance is described as in the follow-

ing

• When N < 0

∆Q =





Qbase + λ ·Qth−ch · (−N) if Sc ≤ N

Qbase + λ ·Qth−ch if N < Sc

(47)

• When N ≥ 0

∆Q =





Qbase + λ ·Qth−ch · (−N) if Sc ≤ N

Qbase + λ ·Qth−ch if N < Sc

(48)

76



Now, total torque on vehicle shaft can be described as in the

following

• When Vvehicle > 0 (accelerating, cruising and decelerating

processes)

Ttotal = (γ1(w) ·∆Q + Ttraction)︸ ︷︷ ︸
Teng

+ γ2(w) ·∆Im︸ ︷︷ ︸
Tm

(49)

• When Vvehicle == 0 (idle times)

Ttotal = (γ3(w) ·Q)︸ ︷︷ ︸
Teng

+ γ4(w) · Im︸ ︷︷ ︸
Tm

(50)

3.4.2.3 Optimal Control Strategy

Optimal control strategies for hybrid vehicles can be grouped

in two categories which are real time optimal control strategy

and offline global optimization. Offline global optimization has

been applied on given a driving cycle. Offline global optimiza-

tion technic requires parameter tuning and computational time

effort before implementation on a case. In this section, the opti-

mization has been conducted on given driving cycle ECE which

will be offline global optimization.

First of all, battery is modeled as a dynamical system with
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xb

xb(t + 1) = xb(t) + P (Tm(t), w(t)) ·∆ (51)

where P (Tm(t), wm(t)) represents the power required to pro-

duce torque Tm at a given speed w.

Energy required by the engine over an interval can be defined

as

J =

∫ t=tf

t=ti

ṁ(Tm(t), w(t))dt (52)

Fuel consumption can also be described over N samples as in

the following

J =
N−1∑
t=0

ṁ(Tm(t), w(t)) ·∆ (53)

Mechanical constraints can be defined as in the following.

• Rotational speed constraint

wmin < w(t) < wmax (54)

• Torque constraint

0 ≤ Tm(t) ≤ Tm(w(t)) (55)
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Maximum motor torque with respect to changing motor speed

can be found in figure 3.16.
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Figure 3.16: Motor torque graphic with respect to motor speed

Torque relation between motor and engine as in the following

Tm + Teng = Ttraction (56)

Problem Formulation In the optimal control problem, fuel

consumption will be minimized over a period

min
Tm(t),w(t)

J =
N−1∑
t=0

F (Tm(t), w(t)) ·∆ (57)
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Mechanical constraint torque will have role on optimization

problem

0 ≤ Tm(t) ≤ Tm(w(t)) (58)

Over one period of the driving cycle, state of the battery

charge is kept constant. In addition to the constraint defined in

formula (59), the following constraint is also defined.

x(N)− x(0) = 0 (59)

This constraint is used to keep the state of charge for battery

constant at the initial state. This way, the battery is in ready

condition for the next period. In this optimum control problem,

periods are defined as:

’At the beginning of the period, initial velocity is zero and at

the end of the period final velocity is zero. Each period cycle

has acceleration and deceleration time intervals.’

Motor torque constraint inequality can be converted into equal-

ity with a new variable κ.

Tm(t)2 + γ1(w(t), t) · Tm + γ2(w(t), t) + κ2 = 0 (60)
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Now, overall problem definition can be defined as in the fol-

lowing

min
Tm(t),w(t)

J =
N−1∑
t=0

(F (Tm(t), w(t)) ·∆

+ λ1(t) · (xb(t + 1)− xb(t)− P (Tm(t), w(t)) ·∆)

+ λ2(t) · (Tm(t)2 + γ1(w(t), t) · Tm + γ2(w(t), t) + κ(t)2))

(61)

For the optimality condition, the followings should be satis-

fied

∂J

xb(t)
= 0 (62)

∂J

λ1(t)
= 0 (63)

∂J

λ2(t)
= 0 (64)

∂J

Tm(t)
= 0 (65)
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∂J

κ(t)
= 0 (66)

According to the equation (62), λ1(t) = λ1(t + 1) should be

satisfied for each sampling time. Moreover, (66) results with

2 · λ2(t) · κ(t) = 0 (67)

With the choice of λ2(t) = 0 , equation (61) simplifies to

min
Tm(t),w(t)

J =
N−1∑
t=0

(F (Tm(t), w(t)) ·∆

+ λ1(t) · (xb(t + 1)− xb(t)− P (Tm(t), w(t)) ·∆))

(68)

Applying the condition given in equation (59) on equation

(68) and considering the equality λ1(t) = λ1(t + 1) , equation

(68) becomes
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,

min
Tm(t),w(t)

J =
N−1∑
t=0

(F (Tm(t), w(t)) ·∆

+ λ1 · (−P (Tm(t), w(t)) ·∆)) + λ1(xb(t + 1)− xb(t))

(69)

Control input can be finalized with the following

min
Tm(t),w(t)

J =
N−1∑
t=0

(F (Tm(t), w(t)) ·∆ + λ1 · (−P (Tm(t), w(t)) ·∆))

(70)

By the choice of λ1, Tm will be determined for each sampling

time. Results and discussion regarding this issue can be found

in chapter 4.

3.4.3 DC PM Motor Control Strategy for Experiments

The torque obtained with the control strategies described at

section 3.4.2 are applied on the DC PM motor during the ex-

periment. Obtained torque reference is applied to the test bench

motor with the sliding mode controller which is described in the

following.

Torque equality can be described as
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Tref = Ti + Tµ + Tf(q, w) (71)

Tµ = µw (72)

where the w (rpm) represents the angular velocity and µ

(Nm/rpm) represents the viscous friction coefficient.

Ti = Jẇ (73)

Reference torque 74 is the product of motor torque constant

kt and reference current, which overcomes the torque due to

stiction, viscosity and inertia.

Tref = ktiref (74)

kti = Jẇ + µw + Tf(q, w) (75)

Reference current is chosen as in the following

kt0i = Joẇ + µ0w − fvs− κsat(s) (76)

where fv is for transient duration adjustment, sat(s) is sat-
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uration function which is defined in equation 78 and s is the

sliding surface which is defined as in the following.

s = e + Λė (77)

where e = q − qref and ė = w − wref .

sat(s) =





1 s > ε

s/ε |s| ≤ ε

−1 s < −ε

(78)

Lyapunov function candidate is chosen as

V (s) =
1

2
sTJs (79)

Differentiating V(s) with respect to time, using the model

equation, one can obtain the following

V̇ = −sTΛ[fvs + Ksat(s)− Tv(i, w)] (80)

Defining Tv which is errors due to parameter estimation errors

Tv(i, w) = J [J−1(kti− µw − Tf)− J−1
0 (kt0i− µow − Tf0

)] (81)
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with the bounded parameter estimation error

‖Tv(i, w)‖ ≤ ν‖s‖ (82)

with a certain bound ν, K ≥ ν

V̇ (s) ≤ −sTfvΛs− (K − ν)Λ‖s‖ ≤ 0 (83)

Now, one can evaluate the stability of the system.
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Chapter IV

4 Simulation Results and Discussion

Simulations have been performed with the model described

in chapter 3. Simulation parameters can be found in table 4.1.

Here, ”m” stands for the overall mass of the karting vehicle with

its driver, electric motor and batteries.

System Parameters Values

m 180kg

rrear 0.1m

rfront 0.07m

Jfront wheel 0.05kgm2

Jrear wheel 0.06kgm2

ρ 1.2kg/m3

Cd 0.5

Af 1m2

Table 4.1: Simulation Parameters of Karting Vehicle



4.1 Rule-Based Control Strategy Simulation Results

Hybrid karting vehicle’s electric motor has been controlled

with the rules specified in figures 3.12, 3.13 and 3.14. Driver

follows the trajectory given by ECE15. Driver input torque is

calculated as described in the section 3.4.1 with sliding mode

controller. In real case, driver input torque would be managed

by the ICE through the throttle and brake pedals.

As it can be seen in figures 4.1 and 4.5, during acceleration

time intervals the current sign is negative which means charge is

depleting. During deceleration time intervals, the current sign

becomes positive which means batteries are charging with the

regenerative brake energy. Correspondingly, battery voltages

and SOC levels are decreasing while battery charge is depleting,

and increasing while battery is charging.

4.1.1 Results with Ultracapacitor

During simulations and tests with ultracapacitor system, a

module whith 83F and 48V has been selected as the storage

package. The reference speed given as in figure 4.4 with the

control of engine torque. Electric motor aides with the trac-

tion torque which is controlled by a rule based controller. The
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obtained motor torque can be seen in figure 4.1. During speed-

up/acceleration processes of the vehicle, electric motor generates

positive torque. During deceleration time intervals, it functions

as a generator, and its torque is negative to help the vehicle to

slow down.
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Figure 4.1: Lead acid battery current, voltage, energy and state of charge

variations by time with the UC usage in the Rule Based control strategy
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Figure 4.2: Motor and engine torque and power variations by time with the

UC usage in the Rule Based control strategy
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Figure 4.3: Total fuel consumption by time with the UC usage in the Rule

Based control strategy
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Figure 4.4: Actual and Reference Vehicle Speed with the UC usage in the

Rule Based control strategy

4.1.2 Results with Lead Acid Battery

In these simulations, lead acid car batteries with 12V and

60Ah have been used. Two of them were connected in series as

a battery package. While the vehicle is tracking the reference

speed given in figure 4.8 with the control of engine torque, mo-

tor aids the traction torque which is controlled by a rule based

controller. The obtained motor torque can be seen in figure 4.6.

During the speed-up/acceleration processes of the vehicle, elec-

tric motor generates positive torque. During the deceleration

time intervals it functions as a generator.
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Figure 4.5: Lead acid battery current, voltage, energy and state of charge

variations by time with the LA usage in the Rule Based control strategy
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Figure 4.6: Motor and engine torque and power variations by time with the

LA usage in the Rule Based control strategy
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Figure 4.7: Total fuel consumption by time with the LA usage in the Charge

Sustaining control strategy
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Figure 4.8: Actual and Reference Vehicle Speed with the LA usage in the

Rule Based control strategy
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While the vehicle’s internal combustion engine consumes 44.7

kWs energy with the ultracapacitor battery pack, it consumes

46.32 kWs energy with the lead acid battery pack. In the time

intervals of the electric motor assist, electric motor consumes

26.2 kWs with the ultracapacitor battery pack, it consumes

25.50 kWs energy with the lead acid battery pack. In the re-

generative breaking time intervals, while ultracapacitor package

saves 13.13 kWs energy, lead acid battery saves 11.8 kWs.

These results show that the usage of UC battery pack and

LA battery pack does not make any significant difference. It

only matters in terms of energy recuperation.

4.2 Charge Sustaining Control Strategy Simulation Re-

sults

Hybrid karting vehicle’s electric motor has been directed with

the control algorithm specified in section 3.4.2.2. Charge sus-

taining control strategy parameters can be found in table 4.2.

Herein, ECE15 driving cycle is followed. Driver’s input torque is

calculated as described in the section 3.4.1 with a sliding mode

controller.

As it can be seen in figures 4.10 and 4.16, during the accel-
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eration time intervals current is negative which shows charge is

depleting. During the deceleration time intervals, the current

is positive which shows that batteries are charging with the re-

generative brake energy. Correspondingly, battery voltages and

SOC levels are decreasing while battery charge is depleting, and

increasing while battery is charging.

Control Parameters Values

λ 0.1

Sc 0.5

Sd -0.5

Qup 60

Qlow 0

Qbase 2

Table 4.2: Charge Sustaining Control Strategy Simulation Parameters and

their values.

Scaling factor λ is used in order to adjust the energy conver-

sion from electric motor to the supercapacitor/lead acid battery

during idle time.
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Figure 4.9: Reference speed and actual speed with Charge Sustaining Control

4.2.1 Results with Ultracapacitor (UC)

In this part of the work, a 83F and 48V ultracapacitor module

has been used. The reference speed given in figure 4.25 with the

control of engine torque. The motor aids the traction torque

which is controlled by charge sustaining control algorithm. The

resulting motor torque can be seen in figure 4.12. During the

speed-up/acceleration processes of the vehicle, electric motor

generates positive torque. During the deceleration time intervals

it performs as a generator, and its torque is negative in these

intervals which helps the vehicle to slow down.

While ultracapacitor’s charge condition is %80 at the begin-
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ning of the simulation, at the end its SOC has fallen to %70.04.

In this control strategy, it is aimed to keep the battery SOC

between %50-%100. So that, battery full depletion will not be

realized during long driving cycles.

As it can be seen in figure 4.13, fuel consumption with charge

sustaining control strategy is 18.73g with the use of ultracapac-

itor as the storage media.
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Figure 4.10: UC current, voltage, energy and state of charge variations with

the UC usage in the Charge Sustaining Control strategy
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Figure 4.11: Normalized SOC, throttle angle deviation and throttle angle

positions
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Figure 4.12: Motor and engine torque and power variations with the UC

usage in the Charge Sustaining Control strategy
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Figure 4.13: Total fuel consumption with the UC usage in the Charge Sus-

taining Control strategy

4.2.2 Results with Lead Acid Battery (LA)

In these simulations, lead acid car batteries have been used

with 12V and 60Ah capacity. Two of them were connected in

series as a battery package. The reference speed is given in fig-

ure 4.25 with the control of engine torque. The motor aids the

traction torque which is controlled by charge sustaining con-

troller. The obtained motor torque can be seen in figure 4.15.

In the speed-up/acceleration processes of the vehicle, electric

motor boosts the traction power, and in the deceleration time

intervals it functions as a generator.
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Figure 4.14: Total fuel consumption by time with the LA usage in the Charge

Sustaining control strategy
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Figure 4.15: Motor and engine torque and power variations by time with the

LA usage in the Charge Sustaining control strategy
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Figure 4.16: Lead acid battery current, voltage, energy and state of charge

variations by time with the LA usage in the Charge Sustaining control strat-

egy
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Figure 4.17: Normalized SOC, throttle angle deviation and throttle angle

positions with the LA usage in the Charge Sustaining control strategy
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While the vehicle engine consumes 49.6 kWs energy with

the ultracapacitor storage module, vehicle engine consumes 46.6

kWs energy with the lead acid battery pack. During the time in-

tervals of the electric motor assist, electric motor consumes 19.76

kWs with the ultracapacitor storage module, it consumes 25.5

kWs energy with the lead acid battery pack. In the regenerative

breaking time intervals, while ultracapacitor package saves 7.28

kWs energy, lead acid battery saves 7.45 kWs. These results

show that the usage of LA battery yields less fuel consumption

with respect to the ultracapacitor module usage.

4.3 Optimal Control Strategy Simulation Results

During these simulations and experiments, hybrid karting

vehicle’s electric motor has been controlled with the control al-

gorithm specified in section 3.4.2.3. In these simulations, vehicle

follows the ECE15 driving cycle. Driver’s input torque is calcu-

lated as described in the section 3.4.1 with a sliding mode con-

troller. In a real scenario, driver input torque would be managed

by the ICE through the throttle and brake pedals.

As it can be seen in figures 4.28 and 4.22, during acceleration

time intervals current sign is negative which means charge is
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depleting. During the deceleration time intervals, current sign

becomes positive which means batteries are charging with the

regenerative brake energy. Correspondingly, battery voltages

and SOC levels are decreasing while battery charge is depleting,

and increasing while battery is charging.

In this optimal control strategy, it is aimed that battery SOC

level is protected at the end of the driving cycle while the fuel

consumption minimization problem is solved. For maximum

energy recuperation, engine functions as generator with its full

torque. Moreover, motor boosts the engine power only during

the acceleration time interval where the required power is above

the average power.

4.3.1 Results with Ultracapacitor

In this part of the work, a 83F and 48V ultracapacitor mod-

ule has been used. The reference speed given in figure 4.21 with

the control of engine torque. The motor aids the traction torque

which is controlled by optimal control strategy. The obtained

motor torque can be seen in figure 4.29. During the speed-

up/acceleration processes of the vehicle, electric motor gener-

ates positive torque. During the deceleration time intervals it
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functions as a generator. As it can be seen in figure 4.28, final

state of charge level is similar to the beginning of the driving

range.
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Figure 4.18: Battery current, voltage, energy and state of charge variations

with UC usage in the Optimal Control strategy
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Figure 4.19: Motor and engine torque and power variations with UC usage

in the Optimal Control strategy
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Figure 4.20: Total fuel consumption with UC usage in the Optimal Control

strategy
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Figure 4.21: Reference speed and actual speed with Optimum Control

4.3.2 Results with Lead Acid Battery

In these simulations, lead acid car batteries have been used

with 12V and 60Ah capacity. Two of them were connected in

series as a battery package. The reference speed is given in

figure 4.25 with the control of engine torque. The motor aids the

traction torque which is controlled by optimal control strategy.

The obtained motor torque can be seen in figure 4.23. During

the speed-up/acceleration processes of the vehicle, electric motor

boosts the engine power, and in the deceleration time intervals

it functions as a generator.
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Figure 4.22: Battery current, voltage, energy and state of charge variations

with LA battery usage in the Optimal Control strategy
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Figure 4.23: Motor and engine torque and power variations with LA battery

usage in the Optimal Control strategy
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Figure 4.24: Total fuel consumption with LA battery usage in the Optimal

Control strategy
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Figure 4.25: Reference speed and actual speed with Optimum Control

While the vehicle engine consumes 53.364 kWs energy with

108



the ultracapacitor storage module, vehicle engine consumes 56.89

kWs energy with the lead acid battery pack. During the time in-

tervals of the electric motor assist, electric motor consumes 16.57

kWs with the ultracapacitor storage module, while it consumes

12.282 kWs energy with the lead acid battery pack. During re-

generative breaking time intervals, while ultracapacitor package

recuperates 16.02 kWs energy, lead acid battery saves 12.282

kWs.

In the optimal control problem, the usage of UC battery pack

is important in terms of energy saving. Results show that %23.4

more energy is captured by the system with the use of ultraca-

pacitor module.

4.4 Conventional Karting Vehicle Performance (with-

out motor assist)

In this section, simulations have been performed in the ab-

sence of any battery and electric motor. It is aimed to see the

required engine torque values and how much fuel is consumed

to drive the karting vehicle in a given driving cycle.
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Figure 4.26: Motor and engine torque and power variations in the absence

of electric motor

0 50 100 150 200
0

5

10

15

20

F
ue

l C
on

su
m

pt
io

n 
(g

)

Time (sec)

Figure 4.27: Total fuel consumption of engine in the absence of electric motor
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It can be observed from the figure 4.27 that total fuel con-

sumption to complete the ECE driving cycle is 22.12g. One can

compare how much fuel is saved in the existence of electric mo-

tor by comparing the fuel consumption observed in section 4.1,

4.2 and 4.3. Furthermore, it is observed that engine reaches its

maximum torque level around 21.59 Nm. It is calculated that

the total energy required to drive the vehicle is 69,5 kWs in

order to complete one ECE15 cycle.

4.5 Corrected Simulation After Experiments

During the experiments due to practical and physical limi-

tations, some deviations from the estimated vs actual voltage

levels have been observed. Details of these observations have

been discussed later in the experimental work section. Based on

the observations the simulation model has been corrected, and

analyses have been repeated with reduced voltage levels. The

results are presented as follows.
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Figure 4.28: Battery current, voltage, energy and state of charge variations

with UC usage in the Rule Based Control strategy
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Figure 4.29: Motor and engine torque and power variations with UC usage

in the Rule Based Control strategy
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Figure 4.30: Total fuel consumption with UC usage in the Rule Based Control

strategy

4.6 Discussion of Simulation Results

In this work, main aim is to achieve the maximum fuel saving.

The simulation results showed that the maximum fuel saving

can be achieved by the rule based controller by trading of the

battery final SOC. Simulation results yield that maximum %35

fuel save can be obtained with the rule based controller while

the recuperated energy is almost half of the used battery energy.

In a real life application, the loss in stored energy should be

compensated by charging from ICE during cruising times that

may occur between typical simulated driving cycles.
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Moreover, with the charge sustaining control algorithm, %28.63

fuel save is realized with the battery charge level trade off. Since

the optimal control is strict on final SOC level, in order to pro-

tect the battery charge condition, less energy is consumed at the

engine assist mode. It is observed that %23.74 is realized with

the optimal control strategy.

While the rule based controller needs less computational ef-

fort, it has some disadvantages. All the road conditions may

not be predicted beforehand. Therefore, rule based controller

should be designed carefully. Even so, some problems may arise

like unsustainable battery charge condition. It is observed that

charge sustaining controller is creating problems in terms of con-

trollability. Charge sustaining controller is sensitive to the pedal

position which is creating problems in terms of electric motor

controllability. Furthermore, optimal controller has high com-

putational burden, since it requires pre-computation. In the

optimal controller, SOC can be sustained with the constraints.

However, optimal controller is not robust to system changes.

Therefore, in order to use an optimal controller on a hybrid ve-

hicle, an online-predictive controller should be developed. Be-

sides, parameter tuning is harder than the other controllers.
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Chapter V

5 Experimental Setup & Experimental Re-

sults

5.1 Laboratory Equipment

In order to test the simulation models and the performance

of different storage systems in a laboratory environment, a test

bench setup has been prepared with a Permanent Magnet DC

motor and a servo-motor. The test bench setup can seen in

figure 5.3



Figure 5.1: Test Bench Setup (right : DC Permanent Magnet Motor, left :

Servo DC motor)

For the generator mode of the DC permanent motor, Servo

motor was initially insufficient due to its low power capability.

Therefore, another test-bench setup has been prepared as it can

be seen in figure 5.2.

Figure 5.2: Test Bench Setup (right : 15 kW AC Motor, left : DC Permanent

Magnet Motor)
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5.1.1 Permanent Magnet DC Motor

As an electric motor, direct current (DC) permanent magnet

(PM) motor has been selected. The PM DC motor uses per-

manent magnet to generate the magnetic field. This magnetic

field rotates the armature. A FEMSAN 1 kW PM DC motor

has been used. The motor properties are defined in table 5.1.

PM DC Motor Parameters Values

Power 1 kW

Voltage 24 Volt

Current 48 A

Angular Velocity 1500 rpm

Torque Constant 0.1325 Nm/A

Back-EMF constant 0.1528 Vs/rad

Table 5.1: Permanent magnet DC motor characteristics

5.1.2 Battery/Storage Groups

In these experiments a 48V and 83F Maxwell ultracapacitor

module and two 60Ah and 12V Varta car batteries have been

used as storage elements.
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Figure 5.3: 48V, 83F Maxwell Ultracapacitor Module

Figure 5.4: 60Ah, 12V Varta Car Battery

5.1.3 Voltage Acquisition

Voltage acquisition has been realized by NI USB-6009 low-

cost multifunction data acquisition card (DAQ) which is 14-Bit

and 48 kS/s. Properties of the data acquisition card can be

found in table 5.2.
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Figure 5.5: NI USB-6009

Properties Values

Resolution 14 bits

Sample Rate 48 kS/s

Max. Voltage 10 V

Min. Voltage -10 V

Voltage Range Accuracy 138 mV

Single Ended Channels 8

Table 5.2: NI USB-6009 Characteristics

5.1.4 Current Acquisition

Usually the hall current sensors measurements consist of high-

frequency components, bursts and spikes, and a low frequency

offset trend [48]. Hall effect sensor current measurement values

can be described as in the following
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Ihallsensor(t) = Ie + w(t) + Iactual (1)

where Ie is the offset error, w(t) is the white measurement

noise and Iactual is the actual current value. As it can be observed

from the figure 3.16, hall effect sensor noise is relatively high.

Therefore, a smoothing filter is used.
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Figure 5.6: Hall effect sensor current value measurements and filtered current

values

5.1.5 State of Charge Estimation Method

While some people prefer to use voltage method for state

of charge estimations, this method is not very accurate, since

the battery voltage value may show different values at different

temperature intervals. Similarly, batteries may not show the

correct voltage value with time. A more preferable method is

coulomb counting method which uses current measurement.
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State of charge can be defined as

SOC(t) =
Cnom −

∫ t

0 I(t)dt

Cnom
(2)

where I(t) (A) is the battery current and Cnom is the bat-

tery nominal capacity. This definition is valid for fully charged

batteries.

5.1.5.1 Coulomb Method

Coulomb counting method is the most preferable and simple

way to get SOC information of battery. The problem with this

method is the initial SOC of the battery can not be estimated.

The coulomb counting method can be defined as in the following

SOC(t) = SOC(0)−
∫ t

0 Im(t)dt

Cnom
(3)

where SOC(0) is the initial state of charge of the battery.

However, it can not be measured without any prior knowledge.

The noisy signal also creates problems with integration.
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5.1.5.2 EMF voltage relationship with SOC

According to the Coleman et. al [49], there is a relationship

between the electromotive voltage of the battery and the SOC

of the battery as it is described in the following .

VEMF = α · SOC + VEMF min (4)

Therefore, one can calculate the state of the charge of the

battery as in the following

SOC =
VEMF − VEMF min

α
(5)

where VEMF is the electromotive force which is the battery

open circuit voltage when the battery in equilibrium or in open

circuit for a long period of time. α is the slope of EMF voltage

change with SOC.
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Figure 5.7: Current value measurement of hall effect sensor and filtered cur-

rent values [50]

We can compensate the deficiency of the coulomb method

SOC estimation by calculating the initial SOC of the battery by

using the relationship between electromotive voltage and SOC.

5.2 Experiment Work

Experimental set-up can be visualized as in the figure 5.10.

While the Motor:1 is standing for the engine and the vehicle

load, Motor:2 is standing for the electric motor of the hybrid

karting vehicle.
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Figure 5.8: Test Bench Setup Visualization

5.2.1 Acceleration Tests

In acceleration mode of the karting vehicle, PM DC motor

is in the power assisting mode where it is is sharing the driving

torque of the vehicle. The tests have been conducted such that

Motor No.2 (PM DC motor) is accelerating the shaft while the

Motor No.1 (AC motor) is loading the shaft in order to match

the motor torque during experiments. In simulations, motor

torque has been represented with Tm. In experimental setup,

Motor No.2 takes this role, and its torque is represented with

Tm2. Motor No.2 torque is set similar to that of the motor torque

of the karting vehicle.

Tm2 = Tm (6)
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In short, Motor No.2 is accelerating the shaft against the

resisting torque of Motor No.1 which represents inertia loads.

Tm2 = Jtotalα + Tm1 (7)

where Jtotal is equal to total inertia of the shaft such that

Jtotal = Jm1 + Jm2 (8)

From the experiments it is calculated that the total inertia

of the shaft is 0.4255 kgm2.

5.2.2 Deceleration Tests

In the deceleration time intervals of the vehicle, electrical

motor is functioning as generator. While Motor No.1 simulates

car and system loads in accordance with the driving cycle de-

celeration rate, Motor No.2 functions as generator and applies

resisting torque to the system. One can calculate how much

torque should be applied by the Motor No.1 to follow the de-

celeration profile of the driving cycle, as it is described in the

following.

Tm1 = Jα− Tm2 (9)
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Motor No.2 torque is calculated with the current measure-

ment Im2 as in the following

Tm2 = kt2Im2 (10)

Torque sensor measurement gives one the total torque due to

Motor.No1 and Motor.No2.

Tsensor = Tm1 + Tm2 (11)

In the generation mode of the Motor.No2, motor voltage can

be described with the following formula.

Em2 = km2im2 (12)

where km1 is the back-EMF (torque) constant. Motor gener-

ated voltage is proportional to the shaft velocity. This voltage

can be described with the system dynamics as in the following

km2w = Lm2
dim2

dt
+ (Rm2 + Rbatt)im2 (13)
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5.3 Experiment Results

In this section experiments have been conducted with the rule

based controller with the lead acid battery and ultracapacitor

one by one.

5.3.1 Experiment Results with Lead Acid Battery Package

It is observed that in the rule based control, while 25.6 kWs

energy is discharged from the battery, 3.6 kWs energy is charged

in the generation mode of the motor. As it can be seen from

the figure 5.10, battery charge current is reaching its top value

13.46A at the maximum speed value of the driving cycle angular

velocity of 1326rpm.
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Figure 5.9: Motor.No2 Angular velocity profile and required acceleration

torque graphics.
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Figure 5.10: LA battery current and its state of charge change by time.
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Figure 5.11: Motor.No2 reference torque (red) and its actual torque (blue),

and Motor:1 followed torque in experiment
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Figure 5.12: LA battery power in experiment (blue) and LA battery power

in simulations (red), and energy change of LA battery by time in experiment

(blue) and in simulation (red)
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5.3.2 Experiment Results with Ultracapacitor Package

It is observed that in the rule based control, while 27.2 kWs

energy is discharged from the ultracapacitor package, ultraca-

pacitor is charged with the 4.6 kWs energy in the generation

mode of the motor. As it can be seen from the figure 5.10, bat-

tery charge current is reaching its top value of 13.56A at the

maximum speed value of the driving cycle angular velocity of

1326rpm.
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Figure 5.13: Motor.No2 Angular velocity profile and required acceleration

torque graphics.
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Figure 5.14: UC current and its state of charge change by time.
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Figure 5.15: Motor.No2 reference torque (red) and its actual torque (blue),

and Motor:1 followed torque in experiment
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Figure 5.16: UC power in experiment (blue) and UC power in simulations

(red), and energy change of UC by time in experiment (blue) and in simula-

tion (red)
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• Experimental result and simulation results comparison af-

ter correction in simulation environment
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Figure 5.17: Motor.No2 reference torque (red) and its actual torque (blue),

and Motor:1 followed torque in experiment
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Figure 5.18: UC current and its state of charge change by time.
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5.4 Comparison of Simulation and Experimental Re-

sults

As it can be observed from figure 4.1, ultracapacitor voltage

is started from the 42.93V which corresponds to battery SOC of

80%. On the other side, hardware restriction limited the work-

ing range of ultracapacitor module. While the PM DC motor

driver’s working range is 18V to 48V, this range is restricted

by the manufacturer in the voltage interval of 18.5V to 28.5V.

Therefore, experimental results show differences in terms of UC

SOC level and working voltage range as it can be seen in figure

5.14. In the experiments, beginning UC voltage is 28.5V which

corresponds to %35 SOC level and at the end of the driving

cycle its voltage drops to 16.44V which corresponds to %11.64

SOC level of the battery. Working in high voltage level of ultra-

capacitor is advantageous, since its capacity is proportional to

square of its voltage.

Working voltage interval also effected the battery charge and

discharge current values, since the required power is product

of battery voltage and its current, lower voltage working range

leads to higher current levels.

The difference between the experiments and the simulation
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is the generating power. The simulations that were conducted

before the experiments, assumed the supply of full torque in the

generation mode. After the experiments, a generator model has

been integrated to the model, with changing generation energy.
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Chapter VI

6 Conclusion & Future Works

In this study, a model is developed for a hybrid karting vehicle

which is converted to hybrid from an conventional vehicle. The

conversion is achieved by integrating an electric motor to the

shaft of the IC engine. A power storage module is added in order

to boost the engine power during acceleration and to recapture

the kinetic energy of the vehicle during breaking.

In order to develop an efficient control methodology for the

electric motor control during the driving range, a model is needed

in simulation environment. A mathematical model is developed

using Simulink/Matlab with the Simscape/Mechanical library.

A lead acid battery pack and ultracapacitor module are inte-

grated into the model. Battery models are developed considering

charging and discharging resistances for different temperatures.

In order to find the best controller for the hybrid vehicle con-

trol model algorithms are developed with three different con-



trollers. First, a rule based control algorithm which is based on

vehicle speed and battery SOC condition is developed. Then, a

charge sustaining control algorithm is developed in order to eval-

uate the system efficiency while the charge is sustained. Finally,

an optimal controller is developed in order to make the engine

work at its efficient regions while the battery SOC is protected

at the end of its driving range.

After the control algorithms are developed, system is tested

at a test bench. The experimental study has showed that lead

acid batteries can be used in hybrid karting vehicles. Lead acid

batteries can stand to high current rates during discharging pro-

cesses with 2C rate. However, their charging current limits are

limited with 0.25-0.3C rate. On the other side, ultracapacitors

can stand to both high charging and discharging rates. Since re-

generative break energy requires immediate energy conversion,

ultracapacitors play an important role in energy conversion pro-

cess with their high current rate capabilities. The results indi-

cate that for minimal fuel consumption one should prefer ultra-

capacitors by trading off the price.

As future work, control scenarios can be implemented to a

hybrid karting car road test. For this implementation, a hybrid
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control unit and engine control unit will be required as shown

in the figure 6.1. Hybrid control unit will be responsible of the

management of the electric motor under changing conditions.

For the driveline management, it is required to know the the

pedal position and vehicle actual speed. Battery temperature

and its state of charge knowledge should be under control to

prevent any damage to them.

Power consumption can be optimized with integration of op-

timization algorithms into the rule based algorithm. In order

to put the optimal controller on a real driving case, online opti-

mization method should be developed with the predicted road

conditions.
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Figure 6.1: Hybrid karting car management units communication.
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