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 	The intent of this study is the design, modeling, simulation and testing of  power management control strategy for increasing fuel efficiency over regulated driving cycles for a single seated post transmission parallel hybrid electric vehicle. A post transmission parallel hybrid power train has been studied, with the electric motive power coming after the transmission, utilizing a belt driven coupling.
A control strategy has been developed for the operation of the powertrain, Simulink models of the power train were built to obtain the results, which were validated against experimental data obtained from test carried out on a single seat HEV. The result shows that fuel consumption as well as the exhaust gas emissions of the hybrid vehicles are less than that of the comparable conventional vehicles. 
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[bookmark: _Toc413100322][bookmark: _Toc413279372][bookmark: _Toc413293344][bookmark: _Toc472626758]1.1 Motivation
Global passenger car fleet will be more than double by 2040[1] .This will increase the petroleum based fuel consumption in the transportation sector which will affect the fuel prices and consequently, consumers will be more interested to reduce fuel consumption of their vehicles and to purchase more fuel efficient and environmental friendly vehicles. The hybrid and alternative fuel vehicles will rise from 3% of the total cars in 2013 to 8% in 2040 as shown in Figure 1[1].
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[bookmark: _Toc472626833]Figure 1: Total number of passenger cars [1].

Egypt is the 5th largest oil producer in Africa, the 1st non-OPEC and holds 3.9 billion barrels of proved oil reserves. However, Egypt’s oil consumption is the 1st in Africa with a reserve to production ratio equals to 15 years [2]. Egypt consumes about 20% of the oil in Africa in 2013, mostly used in the transportation sector. The fuel subsidies cost about $26 billion 
in 2012 [3].
Egypt is trying to fulfil the increasing oil consumption accompanied by decreasing production. In Egypt the oil consumption increase by 3% annually over the past decade, the consumption is almost 770,000[bbl/d] in 2013. The oil consumption has exceeded production since 2010 as shown in Figure 2 [3].
Because of this, hybrid electric vehicles have become extremely important offering great advantages in comparison to conventional vehicles. Hybridization can reduce fuel consumption and reduce the transportation sector energy demand in Egypt. 
[image: ]
[bookmark: _Toc472626834]Figure 2: Petroleum production and consumption in Egypt[3].
Despite of the great benefits of hybrid vehicles, hybridization comes with additional components, greater complexity and has challenging demands from the control point of view. This study tries to solve these problems and design an optimal control strategy and describe it in detail.
[bookmark: _Toc413100323][bookmark: _Toc413279373][bookmark: _Toc413293345][bookmark: _Toc472626759]1.2 Introduction to Hybrid Electric Vehicles
Vehicle power train must be able to deliver  enough power to overcome the total resistance  faced by the vehicle, have sufficient energy storage for achieving an acceptable driving range, and reduce emissions [4]. 
Hybrid vehicles have two power trains. Power train is the combination of the energy storage and energy converter that convert this energy to kinetic energy, such as the gasoline internal combustion engines and electric motor systems. To regenerate the braking energy that is converted in the form of heat energy in ICE vehicles, a hybrid drive trains must have a bidirectional energy converter such as the motor system that is capable of capturing this energy and storing it for reuse. The other power train can be unidirectional[4]. HEV is a vehicle equipped with electric energy power train beside the conventional ICE powertrain[5].
Figure 3[4] shows a hybrid drive train schismatic and shows the energy flow directions in each power train. There are many energy flow patterns through the two power trains to overcome the different driving conditions such as:
1. Power train 1 supplies the vehicle with energy.
2. Power train 2 supplies the vehicle with energy.
3. Both power train 1 and power train 2 supply the vehicle with energy simultaneously.
4. Power train 2 regenerate energy from the vehicle.
5. Power train 2 captures energy from power train 1.
6. Power train 2 captures energy from power train 1 and the vehicle at the same time.
7. Power train 1 supplies energy to power train 2 and the vehicle at the same time.
8. Power train 1 supplies power train 2 with energy that drive the vehicle.
9. Power train 1 supplies the vehicle with energy , and the vehicle supplies it to power train 2

[image: ]
[bookmark: _Toc472626835]Figure 3: power flow in hybrid drive train[4]


[bookmark: _Toc472626760]1.3 Classification of HEV by Power Source 
Hybrid electric vehicles can be classified into internal combustion engine powered vehicle or fuelcell powered vehicle
[bookmark: _Toc472626761]1.3.1 ICE based hybrid electric vehicle 
Vehicles with conventional ICE based powertrain have great performance and prolonged driving range because of using petroleum with its high energy density. However, vehicles with conventional ICE have the disadvantages of high fuel consumption and environmental pollutants. This is because of the divergence between optimal fuel efficiency characteristics and the operation requirement of the vehicle(Figure 4 [4]) ,waste of kinetic energy of the vehicle during braking, specially during city driving; and high consumption during  in stop and go driving patterns [4].
BEVs Battery powered vehicles, Have advantages over ICE vehicles, such as zero environmental pollution and high-energy efficiency. However, the driving range per charge, is less than ICE powered vehicles, because of  the lower energy density of the battery in comparison with gasoline [4] .
ICE based HEV, which utilize two power converters; an ICE as a primary power converter and an electric system as a secondary power converter, have the advantages of both the ICE vehicle and electric vehicle and overcome their drawback.
[image: ]
[bookmark: _Toc472626836]Figure 4: Operating characteristics of ICE[4]
[bookmark: _Toc472626762]1.3.1 Fuel Cell Based Hybrid Vehicle 
Recently the fuel cells applications in vehicles have been the focus of automotive industry.The fuel cell convert hydrogen and oxygen into electric energy instead of storing it and the conversion will continue as long as a fuel supply is maintained. In comparison with the BEV battery powered electric vehicles, the fuel cell powered vehicle has the advantages of a longer operation range without the need of battery recharging[4].
Fuel cells applications in transportation have the advantages of lower emissions and high energy efficiency in comparison with the ICE vehicles. that is due to the direct conversion the chemical energy in the fuel to electric energy, without using combustion[6]. But, fuel cells powered vehicles have some disadvantages, such as a bulky and heavy power conversion unit because of fuel cell low power density, slow response and long start-up time.Also, in automotive applications, the low power demand at low driving speeds and the large power demand at acceleration lead to reduced efficiency, as shown in Figure 5.
 Fuel-cell powered vehicles hybridization is an effective method to reduce the disadvantages of the vehicles powered by fuel-cells only. The fuel cell hybrid electric vehicles is totally different from the internal combustion engine powered vehicles[4].
[image: ]
[bookmark: _Toc472626837]Figure 5: fuel-cell system operating characteristics[4]
[bookmark: _Toc472626763]1.4 Classification of Hybrid Vehicle Based on Powertrain Configuration 
The hybrid vehicles can be classified according to power train configuration into series, parallel and combined configuration as follows.


[bookmark: _Toc472626764]1.4.1 Series configuration 
In series hybrid one energy converter can provide power for propulsion. The ICE is used to deliver power to an electric generator that charge batteries and drive the propulsion motor [7]. The system components of  series hybrid electric vehicle is shown in Figure 6.
[image: ]
[bookmark: _Toc472626838]Figure 6: Series HEV drivetrain[5]
Advantages of a series HEV are:
1. Location flexibility of ICE-generator unit.
2. Drivetrain simplicity.
3. Suitable for short drives.
The series HEV disadvantages are:
1. It needs three energy conversion units engine, electric generator, and electric motor.
2. The electric motor must be able to deliver the maximum required power. However, most of the time the vehicle is operated below the maximum power.
3. The three drivetrain power converter units must to be designed to operate at the rated power to sustain driving at high speeds for a long distance. That is because the batteries would be depleted quickly, leaving engine to deliver all the required energy through the generator. 
[bookmark: _Toc472626765]1.4.2 Parallel configuration: 
In a parallel hybrid more than one energy converter units can provide drive power to the vehicle. The internal combustion engine and the electric machine are connected in parallel, By coupling them mechanically and adding the torque coming from the two energy converters[7], as shown in Figure 7.
[image: ]
[bookmark: _Toc472626839]Figure 7: Parallel HEV drivetrain[5]

The following are advantages of a parallel HEV:
1. It needs only two energy converter units: engine and an electric machine. The electric machine can be used as a generator or a motor.
2. A smaller motor and a smaller engine could be used to get similar performance, until the battery is consumed. Both of the motor and the engine can be sized at half the rated power to deliver the total power, assuming that the battery is never depleted. For long-distance driving, the ICE may be sized for the rated power, while the electric machine may be sized to half the rated power. 
The following are disadvantages of a parallel HEV:
1. The a more complex control system is needed to be regulate the power flow from the two power sources.
2. The a mechanical coupling device is needed to connect the electric motor and the ICE .
[bookmark: _Toc472626766]1.4.3 Series-parallel combination 
In this configuration, the ICE can be used to recharge the batteries, this add a series element to the main parallel powertrain. This series element can charge the batteries during long idling periods[7]. The arrangement of the component of a series-parallel combination hybrid is shown in Figure 8 
[bookmark: _Toc413100330][bookmark: _Toc413279380][bookmark: _Toc413293352][image: ]
[bookmark: _Toc472626840]Figure 8: Series-parallel combination HEV[5]
[bookmark: _Toc413100332][bookmark: _Toc413279382][bookmark: _Toc413293354][bookmark: _Toc472626767]1.5 Techniques to Enhance Hybrid Performance
As shown in figure 9 [8] there are different techniques to improve the fuel consumption of a HEV based on the relative sizing of the internal combustion engine and the electric motor which is called Hybridness (H).

	
	
	(1)


[bookmark: _Toc472626768]1.5.1 Engine start stop
The most common method to improve fuel consumption is by turning the engine off during stops in traffic. With the powerful electrical motors, the engine speed can be easily increased to the operating rpm.
[image: ]
[bookmark: _Toc472626841]Figure 9: Available techniques to enhance fuel consumption based on Hybridness[8]
[bookmark: _Toc472626769]1.5.2 Damping of driveline oscillations
The fuel consumption can be reduced by to shutting off fuel injection when the brake pedal is applied. But sudden turning off of the fuel flow create unpleasant oscillations in the engine and the driveline. Active damping by the use of the electrical machine can reduce the oscillations to an acceptable level.
[bookmark: _Toc472626770]1.5.3 Vehicle launch
Due to the low torque and efficiency of ICE at low rpm an electric motor with a high torque at low rpm can be used to fill the torque gap. Using a small electric motor can help significantly to the initial vehicle launch. 
[bookmark: _Toc472626771]1.5.4 Regenerative braking
For small values of Hybridness small generator is used, the small generator unit cannot harvest the vehicles kinetic energy during a fast stop. However acceptable regenerative braking energy could be absorbed when the hybridness is about 40%.
[bookmark: _Toc472626772]1.5.5 Motor assistance
Vehicle launch can be considered as a motor assist, but it is applied at slow driving speeds. However motor assist can be used in higher driving speeds and more demanding vehicle operating conditions such as climbing hills and snow driving. Larger and more powerful electric machines are required. Increasing Hybridness to about 50% generates enough power from the electrical machine to cover the lake of acceleration due to the engine downsizing.
[bookmark: _Toc472626773]1.5.6 Electric-only propulsion
[bookmark: _Toc413100331]During electric drive the ICE is turned off and there is no fuel consumption. Electric drive improves overall fuel consumption. To achieve the required performance, the electric motor has to be powerful enough to drive the car. At H = 50%, the electric motor is as big as the ICE. Alone, the electric motor yields the required performance. Also the electric-drive operation is preferable because of the low emissions. strict emission regulations can be met by electric-only propulsion.
[bookmark: _Toc472626774]1.5.7 Downsize engine
This is a result of the existence of the electric drive the ICE size can be reduced.
[bookmark: _Toc472626775]1.5.8 Miles per gallon gain
Due to the increases in hybridness, to about 50%, mpg increases also. This is a because of the balance between the available power and the required power. above 50% hybridness the mpg increase will be due to plug-in which requires external electrical energy from charging stations.
[bookmark: _Toc472626776]1.6 Organization of Thesis
The organization of this thesis is as the following:
Chapter 1 presents the motivation to this thesis and an introduction to the hybrid vehicles. 
Chapter 2 presents the literature review performed in the scope of work.
Chapter 3 presents the modelling and simulation.
Chapter 4 presents control system strategies.
Chapter 5 describes the experimental part of the research.
Chapter 6 presents simulations and experimental results.
Chapter 7 presents conclusions and recommendations for the future work





[bookmark: _Toc413279381][bookmark: _Toc413293353][bookmark: _Toc472626777]CH:2
 LITERATURE REVIEW
Several studies have investigated the hybrid control system in the last decade. Recent relevant research contributions are presented in this chapter.
The literature survey is divided into two main sections: 
· Hybrid control strategies
· Hybrid vehicle modeling and simulation 
[bookmark: _Toc472626778]2.1 Hybrid control strategies 
[bookmark: _Toc413100335][bookmark: _Toc413279385][bookmark: _Toc413293357]based on genetic algorithm Morteza and Mehdi[9]  developed an optimal energy management system for HEV. They investigated the effects of different component layouts of powertrain systems in a variety of driving cycles. Using ADVISOR they compared the HEV simulation results for default rule-based, fuzzy and GA-fuzzy controllers. Their results indicated the overhand of optimal controller on real world driving cycles. Furthermore, they proposed an optimal powertrain arrangement to enhance the emission efficiency and fuel consumption for all driving circumstances. At last, the effects of hybridization and batteries initial SOC on hybrid electric vehicles performance were inspected to evaluate fuel efficiency and emissions. Fuel consumption was reduced by about 14% by using optimum power train configuration if compared to the default configuration. Also the results showed that the proposed controller had reduced emissions by about 10% in various driving conditions.
S. Hong et al [10]  used two motors to assist the ICE or to recharge the batteries. The control algorithm was built so that it was able to control the torque of each of the two electric motors, to allow the ICE to operate near the optimal operating line by increasing the engine output torque in the Q zone and increasing the power in the P zone based on the ICE power and available battery power to achieve the driver’s acceleration demand as shown in
 figure 10.

[image: ]
[bookmark: _Toc472626842]Figure 10: Optimal operation line[10]
Poursamad and  Montazeri[11]  used a Genetic-fuzzy control strategy for parallel hybrid electric vehicles. The genetic-fuzzy control strategy is a fuzzy logic controller, which was tuned using genetic algorithm. The target was the emission minimization, fuel consumption reduction and maintaining the vehicle performance characteristics within acceptable limit. The tuning process was done to maintain the computational efficiency, using expert knowledge, together with global optimality and diversity of solution. The rule base of the fuzzy logic controller was designed based on the knowledge of experts. By utilizing this method, the performance of the tuned fuzzy logic controller could be easily expected. The results of the simulation showed the effectiveness of this method with regard to improving the driving performance. An important result was that the parameters of the fuzzy control strategies affected the hybrid electric vehicle driving performance characteristics and that the control strategies must be designed such that driving requirements were met. Three different driving cycles were used and the results showed that the tuning process was affected by the selected driving cycle characteristics therefore an optimal set of membership functions for a driving situations was not necessarily optimal for another driving cycle. 
[image: C:\source\2015-3\hybrid\my thesis\results\photos\uuu.jpg]
[bookmark: _Toc472626843]Figure 11: The schematic of control strategy tuning phase[11] .

[image: C:\source\2015-3\hybrid\my thesis\results\photos\uuu.jpg]
[bookmark: _Toc472626844]Figure 12: The schematic of control strategy application phase[11] .
Chen et al[12] focused on developing an efficient, intelligent and online energy management controller to decrease  the fuel consumption of a plug-in hybrid electric vehicle. By using dynamic programming (DP) the battery current was optimized to decrease the fuel consumption. Six drive cycles divided into three types urban, urban (congested), and highway were used. The intelligent online energy management controller consisted of two neural network modules the NNs were trained by using the results from the dynamic programming methods, taking into consideration the trip duration and length. Depending on the availability of the trip duration and length, the controller would select the corresponding NN module that will be used to calculate the electric battery current command to achieve the required energy management. Simulation results showed that the developed controller can decrease the fuel consumption of the vehicle. The developed controller managed the energy distribution between the ICE and the electric motor more intelligently in comparison with the conventional charge depleting and charge sustaining control approach. When the trip duration and length were known and the length of trip was greater than the all electric range, the neural network 1 would be used as shown in Figure 13 to calculate the optimal battery current commands based on the vehicle target velocity and the other related parameters. When the trip length was less than the calculated all electric range, the battery would be used first to drive the vehicle. When the controller was no able calculate the trip duration and length before the start of the trip, the vehicle would be using the electric battery first until the battery state of charge droped to the preset lower limit, and then neural network 2 would be used as shown in Figure 14 to calculate the optimal battery current commands. However, the controller had been only validated by simulation and the results showed the effectiveness of the developed controller in reducing fuel consumption.
[image: ]
[bookmark: _Toc472626845]Figure 13: NN controller N1 trip duration and length were known[12].
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[bookmark: _Toc472626846]Figure 14: NN controller N2 trip duration and length were unknown[12].
[bookmark: _Toc472626779]2.2 Hybrid vehicle modeling and simulation 
Ambuhl et al [13] presented a realistic and simplified model of a HEV powertrain and used it to develop the solution of the optimal energy management. The optimal control problem solution consisted of rules that depended on  parameters of the powertrain only as shown in Figure 15 where electric motor (EM) and the internal combustion engine (ICE) are static blocks while battery (BAT) is a dynamic block with state variable. Then the simplified model was validated by using a more complex model depending on actual measured values.
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[bookmark: _Toc472626847]Figure 15: block diagram of the parallel hybrid electric powertrain[13]
Markel et al. [14] provides an overview of (ADVISOR) Advanced Vehicle Simulator ,the simulator is written in the Simulink/MATLAB environment. It was robust, flexible and supported analysis package for vehicle advanced simulations. It is manly used to determine the fuel consumption, the acceleration performance, and the gas emissions of the car that utilize alternative energy technologies such as electric motors, batteries, fuel cells and ICE in hybrid configurations as shown in figure 16 and 17. The backward-facing simulation approach was used in ADVISOR assuming the vehicle met the required target speed, No driver model was required in this model. Instead, the tractive effort needed to accelerate the car during the time step is calculated from the target speed. The needed tractive effort was then transformed into torque that must be provided by the mechanical components upstream, also the car’s linear velocity was changed into a required rotational velocity. then these calculations was carried backward through the powertrain, in the opposite direction of the power flow, then the consumed fuel or the consumed electrical energy were calculated that would be required  to meet the target speeds. 
[bookmark: _Toc472626848][image: C:\source\2015-3\hybrid\my thesis\results\photos\Untitled11.jpg]Figure 16: Energy usage analysis of conventional vehicle [14]
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[bookmark: _Toc472626849]Figure 17: Energy usage analysis of a hybrid vehicle [14]
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[bookmark: _Toc472626850]Figure 18: ADVISOR backward-facing block diagram for parallel HEV[14]
Same et al.[15]. three hybrid drive train configurations were  investigated and their advantages and disadvantages the configurains were: series, parallel, and “through-the-ground” parallel. Simulink/MATLAB-based software (ADVISOR) was used to conducted the Power flow simulations. The simulation calculations were done by using ADVISOR using a combined backward/forward method. the simulations were used to know the effect of the  fuel converter, motor, and hybrid configuration on the agility and efficiency. The simulations output were a group of plots of energy storage State of Charge and velocity profile that provided a reliable estimatation of the performance of  the Formula Hybrid vehicle on the track. The most apparent divergence between the input driving cycle and the actual speed of the car happens during braking. Results showed that the 
front-mounted motors with a through-the-ground parallel configuration accomplished the best balance between simplicity and efficiency. 

[image: ]
[bookmark: _Toc472626851]Figure 19: common forward-facing simulation approach[15]
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[bookmark: _Toc472626852]Figure 20: common backward-facing simulation approach[15]
 	In [16] Cipek, et al. used a bonded graph modeling approach to simulate the performance of the dual mode series–parallel HEV mechanical transmission. The essential advantages of this modeling method is a direct  way of changing the mechanical physical system to a bond graph mathematical model, ease of management of repeated variables and modularity of the  model. This developed a minimum-realization dynamics model suitable from the control system design point of view. The major benefit of the power split transmission was its capability to control the engine rpm by using rpm control of the high-bandwidth electric motor, this made the engine rpm virtually independent of the car speed. Therfore, the engine could be operated inside the low fuel consumption or/and low-emission operating zones in almost all the operation modes during the standard driving cycles. PI controller is used for low level transmission control the pi controller controlled the electric motor rpm and was tuned according to balanced optimum criteria. A (BPTT) Backpropagation through time method like the conjugate gradient-based optimization algorithm was used to get the optimum control variables of the ICE rpm and torque of the dualmode series–parallel hybrid vehicle transmission for The New European Driving Cycle. The parameters optimization had been based on a backward power train model with the batteries SOC as the model variable, the other variables had been considered as model outputs or inputs. The fuel consumption was set as the optimization target, while satisfying the mechanical transmission constraints and SOC limits. The optimization results showed that the ICE operated near its maximum efficiency zone, while also satisfying the SOC limits. The used model and optimization method provided the base of the optimum energy management and similar online high feedback levels control strategies.
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[bookmark: _Toc472626853]Figure 21: Forward model block diagram for a power split HEV[16]
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[bookmark: _Toc472626854]Figure 22: Engine fuel consumption map[16]
[bookmark: _Toc413100336][image: C:\source\2015-3\hybrid\my thesis\results\photos\Untitled78.jpg]
[bookmark: _Toc472626855]Figure 23: Electric motor generator efficiency map[16]

From the above review it is obvious that the hybrid vehicle control strategies can be classified in a rule based control technique, fuzzy logic control technique, dynamic programming control technique and neural network controller technique. In the modeling topic there are two main vehicle modeling approaches; the forward-facing modelling approach and the backward-facing modelling approach.
The aim of the present work is a control strategy development for a post transmission parallel-hybrid single seated car which will be accomplished by proposing a vehicle model suitable for building a control algorism. after that a software in a loop approach will be performed on the proposed controller, then this controller will be implemented and validated experimentally.
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[bookmark: _Toc413279386][bookmark: _Toc413293358][bookmark: _Toc472626780]CH:3
MODELING AND SIMULATION
[bookmark: _Toc413100337][bookmark: _Toc413279387][bookmark: _Toc413293359]This chapter starts with the modeling approach then describes the mathematical modeling of the system. The model is divided in three main parts; as shown in figure 24 the first part is the vehicle model in which all the physical parts of the vehicle will be modeled mathematically. The second part is the driver model. In this subsystem a human driver behavior will be presented to achieve a selected driving cycle. The third part is the control system which will be described in detail in chapter 4.
[image: C:\source\2015-3\hybrid\my thesis\results\photos\Untitledlk.jpg]
[bookmark: _Toc472626856]Figure 24: Overall system simulink model block diagram


[bookmark: _Toc472626781]3.1 modeling approach
Drivetrain modeling approaches are based on the objective of the modeling process in three main categories quasi-static, low-frequency and the high-frequency model as shown in figure 25

[image: ]
[bookmark: _Toc472626857]Figure 25: Power spectrum schematic of the of the vehicle acceleration and the used modeling approch[17].
Quasi-Static Models: Static and quasi-static models are treated under the same category since both types of models serve similar purposes. The main objectives are to evaluate the performance characteristics, fuel economy and exhaust emissions of vehicles over pre-determined test cycles. The preliminary design and testing of high- level control strategies for HEVs are usually done using quasi-static vehicle models.[17]

Low-Frequency Dynamic Models: In addition to the benefits of quasi-static models, low-frequency dynamic models provide further insight into driveline and vehicle dynamics that have impact on the drivability, transient response and stability of the vehicle.[17]
High-Frequency Dynamic Models: These types of models are generally developed to analyze the noise, vibration and harshness (NVH) characteristics of vehicles. Finite-element models are often utilized for analysis.[17]
Mixed-bandwidth vehicle simulators and modeling environments that combine quasi-static and dynamic component models have also been developed. These types of models generally aim to serve specific purposes. For example, the Simscape  SimPowerSystems SimDrivelineTM toolbox, developed by The MathWorks Inc.[19], is a modeling environment that incorporates dynamic models of driveline components (such as the transmission and the tires) in addition to a number of quasi-static models that characterize the behavior of the components upstream from the transmission (such as the engine and the torque converter). A study by [20] describes the development of an HEV simulator with emphasis on the dynamic modeling of the power electronics. Another example of mixed-bandwidth HEV models  is based on a simplified longitudinal drivetrain model of a series HEV[21]  using combined detailed lateral dynamics to facilitate the development of a vehicle stability controller.
Mixed-bandwidth combining quasi-static and Low-frequency dynamic vehicle model is built with forward-looking calculation approach with the objective of predicting the transient behavior and the steady state performance of the power train. This model will be presented in detail in the next section.
[bookmark: _Toc472626782]3.2 Vehicle model
The vehicle model is divided into seven parts representing all the physical parts of the vehicle, mainly, the vehicle and tire dynamics, final drive, gearbox, clutch, electric drive, engine and torque coupling.
[bookmark: _Toc472626783]3.2.1 Vehicle and tire dynamics
	This subsystem is divided in three main parts the vehicle longitudinal dynamics, the tire dynamincs and the brake system  as shown in figure 26.
[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture555555.JPG]
[bookmark: _Toc472626858]Figure 26: Vehicle and tire dynamics subsystem




3.2.1.1 Vehicle longitudinal dynamics
The first part is the longitudinal dynamics of the vehicle which was used to determine vehicle motion by calculating the resultant force on the vehicle. The tire forces act on the vehicle to the front or to the rear whether the vehicle is accelerating or braking. The weight of the vehicle acts downward at the CG of the car. The gradient angle pulls the vehicle either forward or backward. Aerodynamic resistance acts through the CG and is always acting against the direction of motion of the car.
[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture111111.JPG]
[bookmark: _Toc472626859]Figure 27: Vehicle body block[18]
The input ports are wind velocity at port W and road gradient angle β at port beta. The block outputs are the vehicle speed at port V, the tires reactions at ports NR, and NF. The longitudinal force acting on the vehicle at port H.
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[bookmark: _Toc472626860]Figure 28: Vehicle model variables[18]
The longitudinal acceleration is determined as follow[18]:
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 The front tires reaction:
[image: C:\source\2015-3\hybrid\my thesis\results\photos\11111.JPG]
[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture11111.JPG]


3.2.1.2 Tire longitudinal dynamics
	In this part the tire longitudinal dynamics is represented by using Tire block, this model represents the tire as a rigid tire-wheel combination. The tire is exposed to slip with the road surface when drive force act on the tire, the tire reaction on the road surface is transferred a force back on the axle. This drives the vehicle forward or backward. 

[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture1.JPG]
[bookmark: _Toc472626861]Figure 29: Tire (Magic Formula) block[18]

[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture333.JPG]
[bookmark: _Toc472626862]Figure 30: Tire transient and steady state behavior model[18]


The tire simulation is based on the Magic Formula which is an empirical formula used for predicting the tire performance. The Magic Formula represents the relationships between the lateral force, self-aligning torque and longitudinal force with slip and slip angle as follow:
[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture222.JPG]
Where Y(X) is the lateral force, self-aligning torque, or longitudinal force and X is the slip or slip angle. B is the factor of stiffness, C factor of shape, D factor based on maximum value, and E factor of curvature. Sv and Sh are the vertical and horizontal shift[19].

[image: ]
[bookmark: _Toc472626863]Figure 31: Parameters of Magic Formula [19].





3.2.1.3 Braking system
The braking system was built using a loaded contact rotational friction block that transmits torque between a rotating shaft and a fixed end. The braking torque operates when the normal force presented at the physical signal port N is applied. Then the torque is transmitted to the tire model to calculate the slip and determine the lock condition.
[image: ]
[bookmark: _Toc472626864]Figure 32:Braking model subsystem
[bookmark: _Toc413100339][bookmark: _Toc413279389][bookmark: _Toc413293361][bookmark: _Toc472626784]3.2.2 Torque coupling 
The function of the torque coupling is to connect the electric motor power and the engine power to the final drive, the coupling type used in this model is a chain drive.

[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture777.JPG]
[bookmark: _Toc472626865]Figure 33: Chain drive block[18]
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[bookmark: _Toc472626866]Figure 34: Chain model variables[18]
The block represents a drive built of two sprockets that are connected by a roller chain. The model accounts for the transient characteristics of the chain through stiffness that counteracts stretching and damping relative to its linear velocity, for steady state the transmitted torque will be: 
[image: ]
[bookmark: _Toc413100340][bookmark: _Toc413279390][bookmark: _Toc413293362][bookmark: _Toc472626785]3.2.3 Final Drive
The Differential is represented by a Simscape differential model block that connect rotational motion from the transmission output shaft to two lateral shafts to drive the rear tires of the vehicle this is done  by using a crown gear that drive the carrier of the sun bevel gear that drive two planet gears at the output shaft.

[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture1111111.JPG]
[bookmark: _Toc472626867]Figure 35: Differential model block[18]
D is the input longitudinal driveshaft, S1 and S2 are the side output shafts, and the two respectively. The kinematic relations between the three connected axes are as follows:
[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture2222.JPG]
The power constraint is:
[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture55.JPG]
Neglecting the friction losses yields 
[image: ]

[bookmark: _Toc413100341][bookmark: _Toc413279391][bookmark: _Toc413293363][bookmark: _Toc472626786]3.2.4 Gearbox and clutch
The gear box was built using two gear blocks to achieve the required reduction ratio and a loaded contact rotational friction block functioning as a synchronizer and dog clutch when locked., The control signal was imported through a from block then passed through a gain and rate limiter then converted to a physical signal to activate the selected shift as shown 
in figure 36.
In the gear block the viscous friction losses were neglected and replaced with a constant transfer efficiency.
The loaded contact rotational friction the viscous friction is neglected and only a constant kinetic friction coefficient is used until the clutch is locked.
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[bookmark: _Toc472626868]Figure 36: First gear model
For the gear kinematic constraint on the two connected axes is
[image: ]
The torque transfer is
[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture68.JPG]
For the loaded contact rotational friction block the friction torque is determined with the following equation until the two rotating bodies are locked.
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[bookmark: _Toc472626787]3.2.5 Clutch
The clutch is built using a loaded contact rotational friction block. The block has two rotational ports and a normal force input. The block simulates friction between two rotating bodies loaded with a normal force. The viscous friction is neglected and only a constant kinetic friction coefficient is used until the clutch is locked.
Normal force input signal is imported by a from block then passed through a gain , a rate limiter and a signal converter .The gain and rate limiter parameters were optimized to achieve a smooth  engagement  and a stable lock under operating conditions.
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[bookmark: _Toc472626869]Figure 37: Clutch subsystem model
[bookmark: _Toc413100342][bookmark: _Toc413279392][bookmark: _Toc413293364][bookmark: _Toc472626788]3.2.6 Motor 
The motor model was based on a DC machine block. The DC Machine block used a wound-field direct current machine. The field current was supplied through terminals F+ and  F−  as shown in figure 38, The stator  current is supplied through A+ and A−. 
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[bookmark: _Toc472626870]Figure 38: DC Machine block[18].
The CEMF is proportional to the rotational speed[20].
[image: C:\source\2015-3\hybrid\my thesis\results\photos\fhfjgj.JPG]
The voltage constant KE is directly proportional to the current in the  field winding. 
[image: ]
The developed torque motor is directly proportional to the current in the armature.
[image: ]
The torque constant is equal to the KE.
[image: ]
The mechanical part implements this equation: 
[image: ]
[bookmark: _Toc413100344][bookmark: _Toc413279394][bookmark: _Toc413293366][bookmark: _Toc472626789]3.2.7 Battery 
 A generic battery block was used to simulate the battery. The block outputs are the SOC of the battery between 100 and 0% ,the Battery current and the voltage. Also there are physical terminals one for the positive and the other for the negative.
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[bookmark: _Toc472626871]Figure 39:Generic battery model block[18]
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[bookmark: _Toc472626872]Figure 40: The equivalent circuit used in the battery model[21].
For the lead acid battery model [21]
During discharge (i* > 0)
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During charge (i* < 0)
[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture 99.JPG]
A constant internal resistance was assumed in this model during the charge and the discharge cycles and doesn't change with the current. The model variables were determined during discharge and then the charging characteristics were assumed to be similar. The battery capacity didn't change with the current amplitude. The heat generated by the internal resistance was not calculated in this model. The memory effect and the Self-Discharge of the battery were not represented. 

[bookmark: _Toc413100343][bookmark: _Toc413279393][bookmark: _Toc413293365][bookmark: _Toc472626790]3.2.8 Engine
	The engine model is based on the generic engine model block. The block represents a general internal combustion engine, which utilize a relationship between engine rpm and output torque, that can regulated by the throttle signal. 
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[bookmark: _Toc472626873]Figure 41:ICE subsystem

The throttle signal is imported from the low level control subsystem then modified by a proportional controller to limit the maximum engine speed. The fuel consumption output port represents the ICE fuel consumption rate based on the efficiency map. The fuel efficiency map of the ICE was obtained during steady state operation of the vehicle on an inertia chassis dynamometer. The fuel consumption map then extrapolated to maintain the typical profile of the engine map as shown in figure 42,43[22]. The generated engine map used in the model is shown in figure 44.
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[bookmark: _Toc472626874]Figure 42: Typical fuel consumption map of a spark ignition engine[4]
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[bookmark: _Toc472626907]Table 1: Typical values for fuel consumption at the best point[4]
[image: C:\source\2015-3\hybrid\my thesis\results\photos\enginemap2.jpg]
[bookmark: _Toc472626875]Figure 43:fuel consumption map 
[bookmark: _Toc472626791][bookmark: _Toc413100338][bookmark: _Toc413279388][bookmark: _Toc413293360][bookmark: _Toc413100345]3.3 Vehicle model parameters identification
	The vehicle parameters was identified experimentally by performing a full load acceleration from rest until the car reach the maximum speed using the electric drive only then power supply is cut and the car is left to coast down. The same test was performed on the model and the friction and inertia parameters were modified until the same performance was obtained.
	Also, the same test was performed by using the ICE to detect the inertia of the rotating parts and the engine braking effect.
The test results showed agreement between both the experimental and the model results as shown in figure 73 which will be discussed in detail in chapter 6.
[bookmark: _Toc472626792]3.4 Driver model
	The driver subsystem objective is to simulate the human behavior to achieve a required driving cycle. The driving cycle is generated by using a 
1-D lookup table then multiplied by a scaling factor[23] so that the cycle speed requirements can be fulfilled without exceeding the limitations of the vehicle. The actual vehicle speed is subtracted from the target speed to calculate the error. Based on the error value, a stateflow chart decide whether to accelerate by activating the accelerator PI and resetting the brake PI controller, or to decelerate by activating the brake PI and resetting the accelerator PI controller.
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[bookmark: _Toc472626876]Figure 44: Driver model subsystem
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[bookmark: _Toc472626877]Figure 45: Driver accelerate and brake states selection
The driver model passed through several optimization processes until it was able to achieve a good driving cycle tracking performance and will be shown in chapter 6.











[bookmark: _Toc413279395][bookmark: _Toc413293367][bookmark: _Toc472626793]CH:4
CONTROL SYSTEM
[bookmark: _Toc413100346][bookmark: _Toc413279396][bookmark: _Toc413293368] A control algorithm has been developed and is divided into main parts .The first part is the low level control which is used to select the optimum gear shift and limit the engine throttle position to avoid engine exceeding the max speed limit and also control the clutch engagement and disengagement rates. The second part is the hybrid control strategy which is responsible for controlling the motor and engine states. The developed control strategy has three approaches that will be discussed in the control strategy section.
[bookmark: _Toc472626794]4.1 low level control 
The objective of the low level control is to make sure that a correct output is given to the different power train related actuators in both the simulation and the experimental setup.
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[bookmark: _Toc472626878]Figure 46: low level control
The low level control is divided in five main parts as follows;  
[bookmark: _Toc472626795]4.1.1 Cutch control
The clutch control main objective is to avoid the engine stall during low speed and minimize sudden change in acceleration during engagement and disengagement of the clutch. The first objective was achieved by using a switch that starts to disengage the clutch in case the target speed is below an allowable threshold and reengage the clutch above this speed. The second objective was achieved by using a rate limiter shown in figure 37 which was able to perform a smooth engagement.  
[bookmark: _Toc472626796]4.1.2 Shifting logic controller
The shifting logic objective is to select the correct shift and to engage this shift without any sudden impacts in the power tain and to make sure the engagement is only done after the previous shift is completely disengaged.
	This was achieved by using the state flow with the main state of the transmission is the neutral state from which 5 shift up and 5 shift down set points was optimized to maintain the engine in the economical operation range. If the shifting condition set point is met the shift process is started into two main stages; The engagement process in which the engine throttle input is reduced to zero to achieve a smooth revolution matching across the transmission after the temporal logic requirement is met for this state the transition to the next state. The locked state is done in which the throttle signal is allowed to reach the internal combustion engine to start the flow of the power to the rest of the powertrain figure 47 and 48 show the details of the shifting logic.
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[bookmark: _Toc472626879]Figure 47: Shifting logic
[image: C:\source\2015-3\hybrid\my thesis\results\photos\ggggggg.jpg]
[bookmark: _Toc472626880]Figure 48: A closer view of the shift logic (third shift only)
[bookmark: _Toc472626797]4.1.3 Throttle control
The internal combustion engine throttle controller main objective is to restrict the engine in the safe operating speed, maintain a stable idle speed and avoid any hard shifting.
	The engine speed is limited by using a  proportional controller tuned to only operate near the max safe engine speed. Once this limit is reached the controller starts to reduce the throttle signal reaching the engine which reduce the engine output power and reduce the speed. The engine speed limiter is shown in figure 49. The idle speed is controlled by adjusting the throttle position to increase the ICE speed above a target speed. The hard shift is avoided by the shifting logic stated in the above section which ensures a good synchronization between the gear box and the engine.
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[bookmark: _Toc472626881]Figure 49: Engine rpm limiter set to 10800rpm
[bookmark: _Toc472626798]4.1.4 Brake control
	The brake control objective is to sustain a good brake force distribution between the front tires and the rear tires, also, to achieve smooth braking. This objectives were achieved by using a gain block(shown in 
figure 32) which is optimized for the front tires and rear tires separately to accomplish a good distribution . The smooth brake force was done by using a rate limiter. 
[bookmark: _Toc472626799]4.1.5 Motor control
	The motor controller consists of pulse width generator which change the pulse width of a signal delivered to two switches that control the field and the armature currents and change the output torque of the electric motor.
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[bookmark: _Toc472626882]Figure 50: Motor controller




[bookmark: _Toc472626800]4.2 Control strategy
	In this section three potential control strategies will be discussed in detail as follows: 
[bookmark: _Toc413100347][bookmark: _Toc413279397][bookmark: _Toc413293369][bookmark: _Toc472626801]4.2.1 Conventional engine control strategy
The  first and the most common control strategy is the Conventional engine control strategy in which the hybrid vehicle is operated as if it is not equipped with an electric power train and the main motive force is from the ICE . To do this, the input to the electric motor was set to zero and the internal combustion engine is operated during the entire duration of the cycle. The driver command is sent to the internal combustion engine without any changes except during the gear shifting process .Figure 50 shows the engine states during this control strategy. The default state is the ready state in which the engine will keep operating and there is no transition condition to the off state.
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[bookmark: _Toc472626883]Figure 51: Engine states during the Conventional control strategy

[bookmark: _Toc413100348][bookmark: _Toc413279398][bookmark: _Toc413293370][bookmark: _Toc472626802]4.2.2 Engine on-off control strategy
In the Engine on-off control strategy the hybrid vehicle is operated as if it is not equipped with an electric power train also and the main motive force is from the internal combustion engine, but the engine will be shut down during the idle time to minimize the fuel consumption. To do this, the input to the electric motor was set to zero and the internal combustion engine is operated using an on-off strategy based on the target speed required from the vehicle as shown in figure 51. The default state is the off state and the engine will start only if the target speed is above zero. When this condition is met the engine state will change to ready from which the state will change to cranking to start the engine smoothly with a ten percent throttle opening then at 2000 rpm the cranking process is ended and the state of the engine is changed to ready to deliver the required torque to the power train 
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[bookmark: _Toc472626884]Figure 52: Engine states during the on-off control strategy
[bookmark: _Toc413100349][bookmark: _Toc413279399][bookmark: _Toc413293371][bookmark: _Toc472626803]4.2.3 Launch assisted control strategy
[bookmark: _Toc413100351]In the Launch assisted control strategy in which the electric power train is used to launch the vehicle from standstill then the internal combustion engine will be turned on and start to support the electric motor which will start to turn off at this point. The engine will be shut down during the idle time and when the target speed is less than 10 kph then will be started by the same method discussed in the previous control strategy.  Electric motor will remain operational in second and third speed till a top speed of 12 kph then electric assistance will be turned off as shown in figure 53 and 54.
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[bookmark: _Toc472626885]Figure 53: Engine states during launch assisted control strategy
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[bookmark: _Toc472626886]Figure 54: Motor states during launch assisted control strategy

[bookmark: _Toc472626804]4.2.4 Control strategy selection conditions 
	The mentioned control strategies can be used according to different criteria based on the advantages of each strategy. For the Conventional engine control strategy main advantage is that no electric energy is consumed so it is mainly used when the SOC of the batteries drops to a low limit which may affect the life of the battery.  Engine on-off control strategy has moderate electric energy consumption during starting the ICE and can be used to achieve a reduction in fuel consumption especially during stop and go traffic. The Launch assisted control strategy increases  the electric energy consumption but will be able to  move the vehicle during low speed driving which will lead to increase the duration in which the engine is turned off  which will reduce the fuel consumption.





















[bookmark: _Toc413279401][bookmark: _Toc413293373][bookmark: _Toc472626805]CH:5
EXPERIMENTAL WORK
[bookmark: _Toc413100352]In this chapter the experimental work will be presented in three sections. The first section will describe the preparation of the experimental test rig. The second section will describe the selected cases, driving cycles and the. Test procedure the third section is about the limitations in the experimental setup that will require more modifications in the future.
[bookmark: _Toc472626806]5.1 Experimental Setup
A laboratory single seat car was modified to accommodate testing the mentioned strategies as follow.
[bookmark: _Toc472626807]5.1.1 Vehicle 
The vehicle testing was performed on a rear wheel drive single seated prototype vehicle (shown in figure 55). The test vehicle was equipped with an electric motor to allow using both the ICE as well as the electric motor to drive the rear axle in a parallel post transmission hybrid configuration.

[image: C:\Users\HP\Documents\My Received Files\a-hybrid-vehicle-configuration-with-zero-emission-11-638.jpg]
[bookmark: _Toc472626887]Figure 55: vehicle test rig
[bookmark: _Toc472626808]5.1.2 Internal combustion engine power train 
A single cylinder air cooled engine was used to drive a sequential 5 speed gear box through a wet clutch then the motive power is transferred to the rear axle by using a drive shaft then the rear axle open differential split the power to the rear wheels of the vehicle.
[image: C:\source\2015-3\hybrid\New folder\v2\specs\cg200.jpg]
[bookmark: _Toc472626888]Figure 56: Air cooled engine used in the vehicle
A throttle by wire system was designed and was equipped to the engine so that the engine output power can be controlled electronically according to the control strategy. A servo motor was used to actuate the throttle valve.
[image: C:\source\2015-3\hybrid\my thesis\results\photos\CAM12043.jpg]
[bookmark: _Toc472626889]Figure 57: Throttle by wire actuator

A clutch by wire system was built to control the engagement and disengagement of the clutch especially during moving from rest or during shifting. The clutch actuator is activated manually by a bottom at the end of the shifting lever. 
[image: C:\source\2015-3\hybrid\my thesis\results\photos\20160616_140437.jpg]
[bookmark: _Toc472626890]Figure 58: Clutch actuator

[image: C:\source\2015-3\hybrid\my thesis\results\photos\20160616_145749.jpg]
[bookmark: _Toc472626891]Figure 59: Shifting lever and clutch control bottom

[bookmark: _Toc472626809]5.1.3 Electric Power Train 
A dc series motor drive the rear axle through a belt coupled with the input shaft of the differential capable of achieving a hybridness ratio of 10%. The electric motor is controlled by a discrete electro switch driver used to apply a constant voltage to the electric motor ranging from 0 to 48 volt by using of four relays.
[image: C:\source\2015-3\hybrid\my thesis\results\photos\CAM11680.jpg]
[bookmark: _Toc472626892]Figure 60: Belt connecting the motor pulley to differential pulley

[bookmark: _Toc472626810]5.1.4 Energy storage 
Four 12V 62 A.h valve-regulated deep-cycle lead-acid battery [24]  was used as the main energy storage of the electric energy needed to drive the motor. Each battery can deliver up to 1.19 kW-h at 100-h discharge rate.

[bookmark: _Toc472626811]5.1.5 Chassis dynamometer
	An inertia type chassis dynamometer was used to apply a load on the vehicle during testing the selected drive cycles.

[bookmark: _Toc472626812]5.1.6 Control system  

Two arduino boards microcontrollers were used to control the vehicle. The first one is used to control the location of the intake throttle valve of the internal combustion engine. The second and main control unit manage the electric motor, contain the control strategy and monitor the real time data. The reason to distribute the control system over two controllers instead of centralized control system is the limitation in the processing power available, The two controlling modules were communicated with each other by a controller network using a two wires UART communication protocol. The real time data of the vehicle is acquired by a laptop connected to the main control unit of the vehicle by using Matlab Simulink external mode.
[image: C:\Users\HP\Documents\My Received Files\CAM12472.jpg]
[bookmark: _Toc472626893]Figure 61: Two control modules inside the protective case
Control modules digital signal is then transferred to a main rely box to activate the main function of the vehicle. Each relay control a separate system of the car such as the ignition system, electric starter and the electric motor drivers. Both the relay box and the controller box are powered by two separate kill switches to enable powering the controllers first to upload the required control strategy. 

[image: C:\source\2015-3\hybrid\my thesis\results\photos\CAM12048.jpg]
[bookmark: _Toc472626894]Figure 62: Main relay box



[bookmark: _Toc472626813]5.2 Measurement system and Experiment Design
	To build a robust control system many physical properties were measured in the real time and acquired for further analysis.
[bookmark: _Toc472626814]5.2.1 Engine RPM measurement 
	The engine RPM is measured by using a frequency to voltage converter circuit that monitor the ignition coil input signal. The engine is a four stroke engine equipped with  a CDI ignition system that generate a spark every revolution of the engine.
[image: C:\source\2015-3\hybrid\my thesis\results\photos\CAM11685.jpg]
[bookmark: _Toc472626895]Figure 63: Shape of the ignition signal used for RPM measurement

The circuit used in the frequency to voltage convergence is shown in figure 64 the circuit gain parameters was optimized by using a function generator to ensure a reliable responsive reading in all the operating speeds of the engine.


[image: ]
[bookmark: _Toc472626896]Figure 64: RPM to voltage convergence circuit

[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture111.JPG]
[bookmark: _Toc472626897]Figure 65: RPM circuit testing


[bookmark: _Toc472626815]5.2.2 Vehicle speed measurement 
	The speed is measured by using a frequency to voltage converter circuit similar to that used in RPM measurement by using an optical proximity sensor installed in front of an encoder connected to the input shaft of the differential(shown in figure 60). Then the output signal was calibrated by using an optical tachometer.
[image: C:\source\2015-3\hybrid\my thesis\results\photos\CAM11676.jpg]
[bookmark: _Toc472626898]Figure 66: RPM and Speed measurement circuit

[image: C:\source\2015-3\hybrid\my thesis\results\photos\CAM10739.jpg]
[bookmark: _Toc472626899]Figure 67: Speed measurement circuit calibration
[bookmark: _Toc472626816]5.2.3 Motor electric current measurement 
The motor electric current was measured by using the main power line of the motor as a known value ballast resistance. The voltage drop across it was measured and amplified so that the output signal was linearly proportional to the motor electric current. The measurements were checked and calibrated by using a clamp meter as shown in figure 68.

[image: C:\source\2015-3\hybrid\my thesis\results\photos\Capture.JPG]
[bookmark: _Toc472626900]Figure 68: Electric current measurement system calibration

[bookmark: _Toc472626817]5.2.4 Accelerator pedal position measurement 
	The accelerator pedal position was detected by using a potentiometer that is supplied by a constant voltage from the controller. The signal is sent back to the input ports of the controller.
[image: C:\source\2015-3\hybrid\my thesis\results\photos\111.JPG]
[bookmark: _Toc472626901]Figure 69: Accelerator Pedal equipped with a potentiometer
[bookmark: _Toc472626818]5.2.5 Fuel consumption measurement 
A gravimetric fuel consumption measurement approach was used instead of volumetric measurements. The measurement is performed by using a digital scale with 0.01 gram sensitivity placed in a location isolated from the vibration and any wind currents to maintain the stability of the measurements, then the fuel is supplied by a transparent hose to the engine.

[image: C:\source\2015-3\hybrid\my thesis\results\photos\CAM11801.jpg]
[bookmark: _Toc472626902]Figure 70: Gravimetric fuel consumption measurement

[bookmark: _Toc472626819]5.3 Experiment Design and Selected Cases
The internal combustion engine was warmed up before testing the selected cycles on the chassis dynamometer to avoid cold start drawbacks. The cold engine start generally affects both fuel consumption and vehicle drivability.The vehicle main control unit was connected to a laptop to upload both the control strategy and the required driving cycle. The real time data of the vehicle is then acquired by the laptop for monitoring and further data analysis by using Matlab Simulink external mode. When the vehicle and the control system are checked and ready, the digital scale (for the fuel consumption) is reset to zero and the driving cycle is performed. During the driving cycle the fuel consumption is recorded at the end of the urban sector of the cycle and at the end of the high way.
[bookmark: _Toc413100356][bookmark: _Toc413279406][bookmark: _Toc413293378][bookmark: _Toc472626820]5.4 Limitations in Experimental Setup
The vehicle recharge capability was not implemented in this research due to the limitations in the experimental setup. This limited the utilization of the regenerative braking energy to recharge the batteries.
The maximum speed of the car was limited to 40 (km/hr) for the internal combustion engine and 16 (km/hr) for the electric motor operation. This affected the selection of the driving cycle and the cycle scale factor during performing the experimental trials.
	The processing power of the controller was limited that required the control strategy to be simplified and two controllers were used instead of one centralized controller.








[bookmark: _Toc413279402][bookmark: _Toc413293374][bookmark: _Toc472626821]CH:6
RESULTS
	The aim of this chapter is to show the experimental results for running the cycle jp10-15 and to show the correlation between the obtained results in simulation and experiment in order to validate the developed model that can be used to overcome the experimental setup limitations.
[bookmark: _Toc472626822]6.1 Engine Characterization
	The engine rated torque and power were available in the engine manufacturer specifications, however, the fuel consumption map was not available. To find the fuel consumption the vehicle was driven with a constant speed .The same test was run on the simulation model to optimize the fuel consumption. The optimized points were extrapolated to maintain the typical profile of the engine map which was used in developing the control strategies specially the transmission shifting logic to maintain the engine in the most efficient zone.
[image: C:\source\2015-3\hybrid\my thesis\results\photos\enginemap2.jpg]
[bookmark: _Toc472626903]Figure 71: fuel consumption map
	T, N.m
Ne, rpm
	0
	2
	4
	6
	8
	10
	12
	14

	0
	0
	630
	550
	480
	470
	500
	540
	620

	2000
	830
	660
	440
	400
	400
	380
	495
	660

	4000
	860
	670
	440
	320
	300
	370
	380
	550

	6000
	870
	650
	400
	290
	260
	260
	370
	440

	8000
	880
	660
	450
	320
	310
	350
	410
	520

	10000
	890
	690
	670
	650
	600
	590
	650
	710


[bookmark: _Toc472626908]Table 2: fuel consumption matrix in [g/kwh]
[bookmark: _Toc472626823]6.2 Simulation Results
A full load acceleration test was performed from rest until the car reach the maximum speed using the electric drive only then power supply is cut and the car is left to coast down. The same test was performed on the model and a good agreement between simulation and experimental results was found as shown in figure 72.
[image: ]
[bookmark: _Toc472626904]Figure 72: Full load acceleration using electric motor


The same test was performed by using the ICE to detect the inertia of the rotating parts and the engine braking effect. And a good agreement between both the model results and the experimental  results was found as shown in figure 73.
[image: ]
[bookmark: _Toc472626905]Figure 73: Full load acceleration using internal combustion engine








[bookmark: _Toc472626824]6.2 Experimental Results
	The experimental test rig was used for running a 50% scaled jp10-15 cycle to overcome the experimental setup limitations mentioned before. The experimental test show a good cycle tracking of the vehicle.

[image: C:\Users\HP\Documents\untitled.bmp]
[bookmark: _Toc472626906]Figure 74: actual vehicle speed using 50% scaled jp10-15 driving cycle

The urban, highway and the combined fuel consumption was measured for the three proposed control strategies as shown in table 3.
	Fuel consumed in driving cycle [gram]
	urban
	highway
	combined

	Conventional control strategy
	79
	51
	130

	Engine on-off control strategy
	60
	43
	103

	Launch assisted control strategy
	37
	41
	78


[bookmark: _Toc472626909]Table 3: Fuel consumption for the jp10-15 driving cycle



	Fuel consumption improvement compared to conventional control strategy [%]
	urban
	highway
	combined

	Engine on-off control strategy
	24.1%
	15.7%
	20.8%

	Launch assisted control strategy
	53.2%
	19.6%
	40.0%


[bookmark: _Toc472626910]Table 4: Improvement Percentage in fuel consumption

For the hybrid control strategy the fuel consumption results represent the fuel consumed by the ICE as the electric energy stored in the batteries was supplied by using the electric outlet similar to plug-in hybrids. So, the results in the lunch assisted control strategy may vary from place to another based on the type of fuel used in the power plants whether it uses fossil fuel or renewable energy sources.






[bookmark: _Toc413100353]
[bookmark: _Toc413279403][bookmark: _Toc413293375][bookmark: _Toc472626825]CH:7
CONCLUSIONS AND FUTURE WORK
[bookmark: _Toc413100354][bookmark: _Toc413279404][bookmark: _Toc413293376][bookmark: _Toc472626826]7.1 Conclusions
Hybrid systems can develop into many types of configurations depending on the task and the space available. In this thesis, a parallel hybrid post transmission system topology was used for a personal single seated vehicle.
	In order to develop a fast and accurate control system for the vehicle, the powertrain was modeled using Matlab Simulink, in conjunction with Simscape. The model was validated and showed good agreement with the experimental data.
In the hardware experiments there was a 20.8% improvement in the combined fuel consumption when using the Engine on-off strategy and a 40.0% improvement when using the Launch assisted control strategy compared to the conventional power train.
The Launch assisted control strategy fuel consumption great improvement was based on an external electric supply for charging the batteries which is recommended to be supplied from renewable energy power plants.
[bookmark: _Toc413100357][bookmark: _Toc413279407][bookmark: _Toc413293379][bookmark: _Toc472626827]7.2 Recommendations for Future Work
	As mentioned before the vehicle recharge capability was not implemented in this research. Due to the limitations in the experimental setup In order to make this a reality, a bidirectional buck-boost converter must be used to power the electric motor instead of the discrete electro switch driver, To allow the utilization of the regenerative braking energy to recharge the batteries and improve the overall fuel consumption of the system. The validated model can be used to simulate the performance of advanced control strategies such as neural controllers that cannot be tested on the test rig due to the high processing power required.
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[bookmark: _Toc472626829]الملخص العربي
[bookmark: _Toc459317310][bookmark: _Toc462755366][bookmark: _Toc472622776][bookmark: _Toc472626830]إن الهدف من هذا البحث هو تصميم و عمل نموذج حسابي و محاكاة و اختبار أداء إلية تحكم في مصادر الطاقة لتقليل معدل استهلاك الوقود لسيارة كهربية هجينة عند استخدامها في دورات القيادة القياسية. تم تجهيز سيارة بالات جر كهربية هجينة متصلة على التوالي مع آلات الجر التقليدية عند مخرج صندوق السرعات لسيارة ذات مقعد واحد كما تم تزويدها بمنظومة تحكم اليكترونية لإجراء الاختبارات عليها. 
[bookmark: _Toc459317311][bookmark: _Toc462755367][bookmark: _Toc472622777][bookmark: _Toc472626831]تم إعداد آلية تحكم في مصادر الطاقة استخدام (Simulink) و اختبارها على السيارة و قياس استهلاك الوقود عند استخدام كل آلية تحكم  كما تم عمل نموذج حسابي و مقارنة نتائجه مع النتائج العملية للتأكد من توافقهم و أظهرت النتائج تحسن ملحوظ في استهلاك الوقود و ما يتبعه من انخفاض في انبعاثات العادم بالمقارنة بسيارة مزودة بنظام جر تقليدي.
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