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General introduction 

Nowadays trend in the field of electrical engineering is the integration of renewable energy 

sources in almost all industrial disciplines. For instance, wind, solar and tidal energies- which 

are clean and everlasting energy sources, have successfully replaced the conventional methods 

of electricity production. Transportation sector generates the largest share of greenhouse gas 

emissions [1]. Several research studies have been conducted to investigate sustainable low 

carbon transportation technologies that solve the carbon emission persisting problem. 

Electrified vehicles are among the alternative clean transportation technologies that are gaining 

customer’s confidence these last years. This increasing interest gave birth to many research 

axes that share one common objective which is the elaboration of an ecologic vehicle with 

good performances. Control of electric propulsion systems [2], intelligent energy management 

[3], power electronics [4], Power train architecture [5], vehicle safety [6], intelligent vehicle 

control [7], optimization of fuel utilization [8] are among the biggest nowadays trends in the 

field of automotive engineering. 

Despite their multiple advantages, electrified vehicles still have some lacks that require 

correction as any other engineering industrial products. Even though Proton Exchange 

Membrane Fuel Cells (PEMFC) are widely used in transportation sector because of their high 

effeciency, low operating temperature, and environmental friendliness, their sensitivity and 

poor transient dynamics are two serious problems that still lower electric vehicle performance. 

PEMFC slow transient response is due to the chemical reactions occurring at its anode and 

cathode prior energy deliverance. An illustration about fuel cell slowness is clearly seen in the 

simulation results of [9-10]. In [11-12], authors estimated fuel cell delay to be three times the 

time constant of the fuel cell resistive-capacitive (RC) branch. It is worth noticing that the 

random nature of driving conditions results in abrupt load variations and this subjects the fuel 

cell to large and harmful transient currents that may cause its damage. Authors in [13-16] 

recommended that fuel cells should be operated with protective procedures against over-

current, under-voltage, abnormal-pressure and over-temperature. To summarize, most 

researchers in the field of fuel cell electric vehicles emphasized on some major objectives such 

as fuel cell protection, fuel cell lifespan enhancement, efficient FC operation and compensation 

of FC slow transient response. 

Traction machine and drivetrain architecture are two necessary but not sufficient 

requirements toward the elaboration of an efficient vehicle with good performances. However, 

if not well managed, these two key elements will contribute in lowering further vehicle 

performances instead of enhancing them. Torque distribution strategies are developed to ensure 
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convenient torque allocation over vehicle wheels. Out of literature [17-18], the goal of most 

torque distribution strategies is either torque maximization through distributed drivetrains or 

minimize energy consumption during vehicle rides. It is true that these two last mentioned 

objectives enhance vehicle performance but it is at the expense of vehicle cost and weight. 

The various control strategies discussed throughout this thesis seek to address some 

persistent issues related to electric vehicles. The major objectives targeted in this work are 

summarized by the following points:  

 Promote the transient performances of electric vehicles via the use of metaheuristic 

algorithms. 

 Weaken the effect of random load variations on vehicle power sources and compensation of 

fuel cell poor transient response.  

 Elaboration of energy management strategy ensuring moderate and secure operation of 

vehicle power sources.  

 Build a torque distribution strategy that takes maximum vehicle propulsion power as an 

optimization goal. 

In the first chapter of this work, intelligent speed control and transient performance 

assessement of an electric vehicle are discussed. Speed and current controllers of the electric 

vehicle are tuned using two well known metaheuristic algorithms which are particle swarm 

optimization (PSO) and genetic algorithm (GA). Two proposed cost functions for step inputs 

and driving cycles were formulated to meet some design requirements which are: minimum 

torque and speed error for driving cycles and good tradeoff between percentage overshoot, 

rising time and steady state error for step inputs. It is important to point out that the two 

aforementioned metaheuristic algorithms were integrated on a closed loop control system that 

takes into account several vehicle components such as regulators, inverter, traction machine 

and sensors. 

The second contribution made in this thesis consists of  a new multi stage power 

management strategy that is applied to a fuel cell- battery vehicle. The proposed fuzzy energy 

management strategy ensures a moderate use of power sources by operating the fuel cell at 

several safe and predefined operating points. Furthermore, the proposed strategy is equipped 

with a fault detection bloc that detects possible faults at power source level and correct them. 

A novel coordinated switching strategy is incorporated at the last stage of the proposed energy 

management strategy. The aforementioned strategy relies on the use of transition functions to 

compensate the difference in transient dynamics between power sources and to protect them 

from possible damages caused by sudden load variations.  
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The third contribution made in this work aims to enhance vehicle performance by boosting 

its propulsion power via intelligent torque distribution strategies that use fuzzy logic control 

(FLC) and particle swarm optimization (PSO). The aforementioned metaheuristic algorithm 

determines the best differential arrangements and the suitable torque distributions using torque 

transfer ratio (TTR) as cost function. It is worth noticing that vehicle driving comfort and motor  

health are taken into account by incorporating the coordinated switching strategy already 

introduced in chapter two in the control of motors.  
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1.1 Introduction 

Transportation sector is a significant source of CO2 emissions. In [17], it is stated that it is 

responsible of 22% of global CO2 emissions in 2020 as it is pointed out in figure 1.1. To solve 

pollution issue or at least lower its effect, traditional vehicles that depend on exhaustible 

and polluting energy sources are constantly being replaced by electric vehicles because of 

their environmentally friendliness characteristic.  

 

 

 

 

 

 

 

 

Figure 1.1 CO2 emissions of various sectors [18]  

Electric vehicles have imposed themselves in the market of automotive engineering as a 

potential candidate that can successfully substitute conventional vehicles. This fact has pushed 

many countries around the world to reorient their policies toward the electrification of their 

transport sectors already suffering from greenhouse gas emissions. The growing interest given 

to electric vehicles is reflected by figure 1.2 which shows the global HEV sales till 2021. It 

could be noticed from that figure that vehicle sales reached 6.75 million units in 2021, 108 % 

more than in 2020. This volume includes passenger vehicles, light trucks and light commercial 

vehicles. The remarkable growth rate recorded in 2021 is relative to the low base volume of 

2020 mainly caused by regulations and Covid 19 [18]. It is important to notice that global HEV 

sales of 2019 and 2020 were below the long-term trajectory and in 2021 they returned back to 

trend as it can be seen in figure 1.2. 

Electric vehicles have dominated the market and forced many countries around the world 

to reorient their policies toward the electrification of their transportation sectors, which are 

already suffering from greenhouse gas emissions. This increasing interest given to the 

electrification of transportation sector gave birth to several research axes such that aim to 
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elaborate an ecologic and efficient electric vehicle. Extended range vehicles, Unmanned 

vehicles, Fuel optimization, Control of electric propulsion systems, energy management, 

vehicular communication systems, autonomous vehicles and vehicle security are among the 

biggest nowadays trends in automotive engineering. Throughout this chapter, a brief history 

about electrified vehicles is presented. Then, a detailed classification of electrified vehicles is 

discussed. After that, advantages and drawbacks of the aforementioned type of vehicles are 

debated. Finally, this chapter is closed by pointing out the different expectations and challenges 

facing the evolution of electric vehicles.   

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Global electric vehicle sales. 

1.2 History of electric vehicles  

Joint advances in energy accumulators such as batteries and electric motor as drive systems 

along with the predominance of the electromagnetic induction since 1831 have led to 

significant advances electric mobility technology. Two researchers stand out in this context: 

Alessandro Volta for the precursor of the battery in 1800 (“Battery Back”) and Michael 

Faraday, who developed the homopolar motor in 1821. The first electric vehicles appear in the 

1830s using non-rechargeable batteries [19]. In 1859 Mr. Gaston Plante invented the 

rechargeable lead-acid battery that is the nowadays most preferred type of batteries especially 

in automotive and storage applications. Following that, Aphonse Camille Faure enhanced the 

performance of the aforementioned battery type leading to its commercialization on vehicle 

boards in 1881 [20]. Mr. Trouvé created the first electric vehicle powered by a lead-acid battery 

in France in 1882. Meanwhile, other electric vehicles operated by lead-acid batteries made their 
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first appearance in the United States and the United Kingdom. Although steam mobility existed 

at the time, particularly in public transportation, the electric vehicle quickly established itself 

as an ideal choice for urban traffic because it produces no noise and pollutes the environment. 

In the early 1900s, Thomas Edison, intrigued by the potential of electric vehicles, developed 

the nickel-iron battery, which had a storage capacity 40 % greater than the lead battery but a 

much higher cost of production. To conclude, the nineteenth century is mainly characterized 

by important findings in battery technology such as the development of nickel-zinc and zinc-

air batteries [21].  

1.2.1 First cycle of electric vehicles (1837-1912) 

 

At the beginning of the twentieth century, many researchers thought that electric and 

conventional vehicles could coexist together and each vehicle type will find its own customers. 

However, researchers’ prediction was not correct and electric vehicles commercialization has 

decreased significantly during this period for the following reasons:  

 The removal of the crank used in combustion powered vehicles as a result of electric starter 

invention in 1912 [22].  

 In 1920, the highways in the United States interconnected several cities and this required 

vehicles with large autonomy capable of traveling long distances [23]. 

 Success of commercialization of petrol vehicles. According to [24], the number of electric 

power cars in 1912 in the United States reached 30 000 units and the amount of petrol cars 

was already thirty times larger. 

 Oil discoveries in Texas have reduced gasoline prices, making it an attractive fuel for the 

transportation sector [25].  

 The impressive progress of distillation techniques along with the low cost of petroleum 

products contributed together in the expansion of the automobile industry's technological 

development toward gasoline-powered vehicles [26]. 

Figure 1.3 depicts the performance achieved by the first generation of electric vehicles in 

terms of speed and autonomy. It can be seen that the maximum vehicle autonomy is around 65 

km and the maximum speed is 35 km/h. It is worth noticing that at the same time period, the 

autonomy of vehicles using combustion engines where 3 times larger for both autonomy and 

speed [27]. The last mentioned reference indicates that the petrol vehicles were between 

1000.00 and 2000.00 dollars with an operating cost of 0.01 dollar /mile. On the other side,  

electric vehicle cost at the was varying from 1250.00 to 3500 dollars with an operating cost of 

0.03 dollar/mile.  
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Figure 1.3 Autonomy and speed ratings for first generation of electric vehicles. 

 

1.2.2 Second generation of electric vehicles (1912-1973) 

Following the several discoveries made in oil the field, conventional vehicles based on the 

use of diesel and gasoline have gained a lot of momentum and they were a better choice in 

terms of speed, autonomy and operating cost compared to electric vehicles. The first world 

war in 1914 resulted in increasing oil prices and this has renewed optimism about electrified 

vehicles future. This enthusiasm was also amplified by the technical achievements in the favor 

of electric vehicles made in this period. For example, battery lifespan and storage capacity 

were enhanced by 35%. Despite the technical and commercial efforts spent to impose electric 

vehicle dominance in the vehicle market, the number of electric vehicles fell from 10% in 1913 

to only 3% in 1925 according to [28] because of its limited autonomy and reduced comfort. 

Moreover, the long charging time of vehicle batteries has reduced its large scale 

commercialization. 

Figure 1.4 shows the performance of the second generation of electric vehicles in terms of 

maximum speed and autonomy. At first look, it could be noticed that the vehicle speed and 

autonomy are significantly improved compared to the first generation of electric vehicles.    

According to [29], researchers’ interests during this period were oriented toward the 

elaboration of vehicles with minimum energy consumption and less CO2 emissions as issues 

about CO2 usage were raised and laws discussing fuel emissions restrictions began to be 

adopted. 
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 Figure 1.4 Autonomy and speed ratings for second generation of electric vehicles. 

 

1.2.3 Third generation of electric vehicles (1973-1996) 

Demand for electric vehicles grew rapidly until the late 1980s, when the issue of urban air 

pollution became more widely discussed [30]. The oil crisis caused by OPEC (Organization of 

Petroleum Exporting Countries) in 1973  had opened up new opportunities for electric vehicles. 

The countries which depend significantly on oil coming mainly from Arab region reconsidered 

their policies and have adopted some regulations and strategies to reduce oil dependence. 

Massive, progressive and continuous electrification of their transportation sectors was among 

the proposed solution for reducing oil dependence. Between the 1980s and 1990s, a number of 

top modern vehicles such as the General Motors EV-1, Toyota RAV4-EV, and Ford Ranger 

EV were commercialized and extensive research on battery costs and lifespan was conducted 

to evaluate the commercial prospects of these vehicles [31]. Although electric vehicles were 

more efficient than conventional ones, their advantages  were of little value at a time when oil 

prices were at their lowest values [32]. 

Figure 1.5 highlights the performance of the third cycle of electric vehicles in terms of 

maximum speed and autonomy. Despite the different barriers preventing the large scale 

commercialization of electrified vehicle, one could notice easily from figure 1.5 that significant 

enhancement in terms of speed and autonomy have been made compared to the first and second 

generations of electric vehicles shown respectively in figures 1.4 and 1.3. 
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Figure 1.5 Autonomy and speed ratings of the third generation of electric vehicles. 

 

1.2.4 Fourth generation of electric vehicles (1996-2012) 

In this time period, hybrid electric vehicles and plug-in hybrid vehicles appeared as a 

potential solution that may solve many issues such as energy security, pollution and 

independency from fossil resources. The first major progress made in this period took place in 

1997 when the four-door vehicles “Toyota prius” and “Insight” were launched respectively in 

Japan and united states markets [33]. Since the launch of the Toyota Prius in 1997, 1.9 million 

HEVs (Hybrid Electric Vehicles) vehicles and 60.0 thousand PHEVs (Plug-in Hybrid Electric 

Vehicles) and BEVs (Battery Electric Vehicles) vehicles have been sold in the North-American 

market [34]. This commercialization success can be attributed in large part to the 

encouragement of the U.S. government to manufacturers and consumers of hybrid and electric 

vehicles. Worldwide, over the last decade, many HEVs, PHEVs and BEVs have been sold, 

totaling more than 2.5 million vehicles. In early 2011, the penetration of these technologies in 

the market is of 2% in the U.S. and 9% were sold in Japan [35]. With the new developments in 

batteries, electric vehicles now have their storage capacity between 20 and 60 kWh, allowing 

its interconnection with the electric distribution network through the consumption of energy. 

Furthermore, in the very near future, this will provide energy according to the needs of network 

functionality through the Vehicle Connected to grid technology (V2G). Figure 1.6 depicts the 

performance of the fourth generation of electric vehicles in terms of maximum speed and 

autonomy. One can deduce from figure 1.6 that important improvements in terms of speed and 

autonomy have been made compared to the three first generations.  
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Figure 1.6 Autonomy and speed ratings of the fourth generation of electric vehicles. 
 

1.3 Classification of electrified vehicles   

There exist three main types of electric vehicles. Each type is detailed below: 

1.3.1 Battery Electric Vehicle (BEV) 

This type of vehicles is powered only using batteries. In comparison to the conventional 

fuel powered vehicle shown in figure 1.7 (a), the BEV eliminates the internal combustion 

engine (ICE) and relies only on rechargeable batteries packs. As it is shown in figure 1.7 (b), 

the battery packs supply the electric machine (M/G) (which can operate as a motor or generator) 

with the necessary power to drive vehicle wheels. In addition to CO2 emissions, this type of 

vehicles ends the dependence to fossil fuel. 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                                  (b) 

Figure 1.7 (a) Conventional vehicle, (b) Battery electric vehicle. 
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1.3.2 Hybrid Electric Vehicle (HEV) 

Hybrid Electric Vehicles (HEV) are powered with two or more power sources which maybe 

of same or different nature. Figure 1.8 (a) shows a hybrid electric vehicle that is powered using 

two electric power sources which are: supercapacitor and battery. A hybrid electric vehicle 

powered by an internal combustion engine and a battery is depicted in figure 1.8 (b). Because 

battery packs can be recharged by recovering the vehicle's kinetic energy through regenerative 

braking, HEVs are better than BEVs in terms of autonomy and driving comfort. Furthermore, 

HEVs are very adequate for city driving which is known by the multiple starts and stops while 

city driving.  

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                            (b) 

Figure 1.8 (a) HEV (Full electric), (b) HEV (electric + thermal). 

 

1.3.3 Fuel Cell Electric Vehicle (FCEV) 

Fuel Cell vehicles contain hydrogen tanks that feed the fuel cell which, in turn, power the 

electric motor. Based on the number of on board power sources, fuel cell vehicles are classified 

into Fuel Cell Electric Vehicle (FCEV) and Fuel Cell Hybrid Electric Vehicle (FCHEV). 

Figure 1.9 depicts the two last mentioned types of electric vehicles.  Fuel cell electric vehicles 

are more efficient than conventional internal combustion engine vehicles and produce no 

tailpipe emissions. Instead, they only emit water vapor and warm air. The most common type 

of fuel cell type for vehicle applications is the polymer electrolyte membrane (PEM) fuel cell. 

In a PEM fuel cell, an electrolyte membrane is sandwiched between a positive electrode 

(cathode) and a negative electrode (anode). Hydrogen is introduced to the anode, and oxygen 

(from air) is introduced to the cathode. The hydrogen molecules break apart into protons and 
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electrons due to an electrochemical reaction in the fuel cell catalyst. Protons then travel through 

the membrane to the cathode. The electrons are forced to travel through an external circuit to 

perform work (providing power to the electric car) then recombine with the protons on the 

cathode side where the protons, electrons, and oxygen molecules combine to form water. 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                            (b) 

Figure 1.9 (a) Full cell hybrid electric vehicle, (b) Fuel cell electric vehicle. 

 

To summarize, Table 1.1 shown below provides some useful information about each vehicle 
type. 

Table 1.1 Characterestics of different electric vehicle types.  

Electric 
vehicle Type 

BEV HEV FCEV/ FCHEV 

Propulsion 
Electric 

machines 

 Electric machines 

 Internal combustion 

engine 

Electric machines 

Energy 

sources 
Battery 

 Battery/Supercapacitors 

 Internal combustion 

engine 

 Battery/Supercapacitors 

 Fuel cell 

Characteristics 

 Zero emission 

 Available on 

market   

 Independence 

to oil  

 Very low emissions 

 Long autonomy 

 Dependence  

 Zero emission 

 Independence to oil 
prices 

 Medium availability on 
markets 

Major issues 

Charging 

stations 
 

 Management of 
multiple energy sources  

 Driving cycle 
dependence 

 Fuel cell cost 

 Danger of electrical 

shock  

 Flammability of the fuel 
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1.4 Vehicle drivetrain architectures 

Drivetrain architecture affects significantly vehicle performance [36-37]. vehicles 

drivetrain architectures are mainly divided into three distinct types as will be discussed below:    

1.4.1 Series configuration 

Figure 1.10 shows a FCHEV with series drivetrain structure. It is worth noticing that 

FCHEVs always have a series configuration. This makes it possible for them to operate either 

on fuel cell mode or it in a hybrid mode where the secondary power source (supercapacitor) 

assists the fuel cell. This happens usually during acceleration periods.  

 

 

 

 

 

 

 

Figure 1.10 Series FCHEV. 

Figure 1.11 depicts a hybrid electric vehicle with series drivetrain structure. In this 

architecture, the internal combustion engine (ICE) drives an electric generator which is 

generally associated with a three phase alternator and a rectifier. In addition to the possibility 

of operating under engine mode, the HEV of figure 1.11 can be powered using battery and 

engine in situations of high power demand. In addition to powering vehicle wheels, the 

generator can also charge the battery through its associated charger. 

 

 

 

 

 

 

 

 

Figure 1.11 Series HEV. 
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1.4.2 Parallel configuration 

In contrast to series configuration which has only one connection point to the mechanical 

transmission, parallel hybrid electric vehicles have all their power sources linked directly to a 

mechanical coupler which is -in turn- connected to wheels. In the case of the hybrid electric 

vehicle considered in figure 1.12, both the internal combustion engine and an electric motor 

are connected in parallel connected to the mechanical transmission. It is worth noticing that the 

battery will be recharged only during regenerative breaking and during situations where ICE 

power is higher than the required power for propulsion. However, the battery can not be 

charged when the vehicle is not moving and this could be seen as a drawback for some users. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12 Parallel HEV. 

 

1.4.3 Combined configuration 

The structure of an electric vehicle with combined drivetrain structure is shown in figure 

1.13. One can notice that the drive axle has two connections. The first one is an electric (electric 

motor side) and the second connection is of type mechanical (engine side). This configuration 

gathers the features of both series and parallel configurations. Since internal combustion 

engines (ICE) are not efficient at low speeds, the HEV of figure 1.13 is operated as a series 

HEV and power is delivered to vehicle wheels through the electric connection. At high speeds, 

the engine takes over vehicle propulsion as it is more efficient at high speeds. In addition to its 

high implementation cost, this combined driveline architecture is more complex compared to 

series and parallel configurations as it requires extra components such as: generator, 
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mechanical coupler and additional control units to manage the intervention of each power 

source. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13 HEV with combined drivetrain architecture. 

 

To summarize, Table 1.2 shown below discusses in details the advantages and drawbacks of 

each drivetrain architecture: 

 

Table 1.2 Advantages and drawbacks of different HEV driveline architectures.  

Driveline type Advantages Drawbacks 

Series 

 No mechanical link between 

engine and wheels. 

 Efficient during stop-and-go 

city driving. 

 Excessive powertrain weight, 

cost and size  

 Multiple energy conversion 

stages   

Parallel 

 High engine efficiency during 

long distance driving. 

 Small motor size as it 
is only assisting traction. 

 High voltages needed for good 

effeciency  

 Battery cannot be charged at 

standstill. 

Combined 

 Flexible switching between 

electric and ICE powers 

Decoupling of the power 

supplied by the engine from the 

power demanded by the driver 
 

 Complex driveline  

 Very expensive   
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1.5 Vehicle traction machines  

In the field of automotive engineering, driving comfort and high transient performance are 

two key factors that are achieved by the use of different types of motors and generators. In 

traction applications, motor type is determined by the different factors such as vehicle type 

(light, medium and heavy duty vehicles), drivetrain architecture (series, parallel and combined) 

and vehicle duty cycle. The significant advances made in the field of machine design and 

construction gave birth to several machine types that are used in different areas of 

transportation sector. Alternative current (AC) machines are classified according to their 

rotation method into synchronous and asynchronous machines as it is highlighted in figure 

1.14. Some of these machines are discussed in the following subsections: 

 

 

 

 

 

 

 

 

Figure 1.14 AC machine classification according to their rotation method.  

1.5.1 Permanent magnet synchronous motor 

Permanent magnet synchronous machines are used in a wide range of industrial 

applications starting from line- start pump to high performance machine tool servos, robotics, 

actuators and electric vehicles. PMSMs have imposed themselves as a serious concurrent to 

induction machines in the field of electric traction applications [38]. The advantages of using 

PMSMs include lesser heating, higher power density and higher efficiency along with high 

torque to mass ratio. Depending on how magnets are attached to the rotor and the design of the 

rotor, permanent magnet synchronous motor can be classified into two types:  Surface 

permanent magnet synchronous motor (SPMSM) and Interior permanent magnet synchronous 

motor (IPMSM). SPMSM mounts all magnet pieces on the surface, and IPMSM places 

magnets inside the rotor.  Also, depending on the stator design, a permanent magnet 

synchronous motor can be with distributed winding or with concentrated winding. Despite of 

the several advantages listed above, PMSMs still suffer from some problems such as: high 

initial cost and difficulties to start up because it is not a self-starting motor. 
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1.5.2 Brushless permanent magnet machines 

Permanent magnet (PM) machines are divided into brushed and brushless machines. It is 

important to note that PM brushless machines are also divided according to several criteria 

such as operation mode (motor or generator), magnetic field direction (axial or radial field), 

rotor type (different rotor geometries). The motors can be further categorized as PM brushless 

DC motors (PMDC) characterised by trapezoidal back emf and PM synchronous motors 

(PMSM) characterised by sinusoidal back emf. Among all of these configurations of permanent 

magnet brushless motors, PMDC and PMSM are most popular form of PMBL motors used in 

various applications. These different classifications of PMBL machines are shown in Figure 1. 

The sinusoidal excited PMAC motor is commonly known as Permanent Magnet Synchronous 

Motor (PMSM). It is further subdivided into three categories based on type of rotor magnets 

and their excitation. The surface mounted rotor magnet PMSM is known as SPMSM, whereas 

interior mounted rotor magnet PMSM is known as IPMSM and inherently has additional 

saliency torque, suitable for some high torque requirement application. The third categories of 

hybrid excited PMSM has hybrid of PM and electrical excitation. In this category, provision 

for additional electrical excitation of rotor, results in tailor made magnetization profile of 

PMSM.  

1.6 Electrified vehicles: challenges and expectations 

Electric vehicles powered by renewable energy sources are a potential candidates that can 

contribute significantly in decarbonizing the transport sector and reduce the greenhouse gas 

emissions.  However, the important growth noticed in the field of automotive engineering will 

result in extra energy demand. According to [39], Europe's total electricity consumption by 

electric vehicles is expected to rise from 0.03 % in 2014 to 9.5 % in 2050 due to increased rates 

of electric vehicle ownership. Figure 1.15 depicts the expected energy demand for electric 

vehicles as a percentage of total electricity demand. From the last mentioned figure, in case of 

Luxembourg, energy demand for electric vehicles is expected to be almost one third of total 

energy production by 2050. The energy gap which will be created by the integration of a 

tremendous amount of vehicles will require additional grid infrastructure. This fact gives rise 

to many critical questions such as: How much electricity is needed? What type of generation 

is used to cover this additional energy demand? How to manage the charging peaks?. The 

intensity of electric vehicle charging could put local grid infrastructures under substantial stress 

and lead to severe technical problems in network operations. Hence, the integration of 

electrified vehicles to the grid will come at a cost and will require additional investment such 
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as fast charging stations, battery swapping stations, domestic or public individual charging 

points for slower charging.  

 

 

 

 

 

 

 

 

 

Figure 1.15 Electric vehicle energy demand as a percentage of total electricity demand in 2050 [39] 

In addition to the aforementioned barriers that prevent the large-scale commercialization 

of electrified vehicles, there exist other challenges that still need to be faced. It is worth noticing 

that electrified vehicles are embedded systems that contain complex and advanced technologies 

which make their maintenance a complex task to be performed. Also, this type of vehicles is 

relatively silent in comparison to conventional vehicles and this may be dangerous especially 

for passengers. It is true that the autonomy of electrified vehicles is increased year after year, 

but it is still not sufficient for unpredicted trips as the number of charging stations is still also 

low and their location is not well studied.  

1.7 Conclusion  

In this chapter a detailed state of art concerning electrified vehicles is presented. Several 

cutting edge topics related to electrified vehicles are discussed. First, a detailed history that 

explains the advances made in the field of electrified transportation over year is presented. 

After that, the different driveline configuration of electrified vehicles existing on the market 

are pointed out and explained. Some traction machines used in vehicle traction along with their 

characteristics are discussed in this chapter which is concluded by a set of challenges and 

expectations.
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2.1 Introduction 

Different driving cycles are applied to electrical vehicles in order to predict the behavior 

and performance of electric drive systems. Some of these driving cycles are theoretically 

derived, as is preferred in the European Union, while others are derived from direct 

measurements. More information on driving cycles can be found in [40]. A driving cycle is a 

set of data that represents the speed of a HEV over time. The data gathered reflects the driver's 

behavior in various driving situations (e.g., city, highway). These cycles are used to assess 

various HEV performance characteristics such as battery life, fuel consumption reduction, and 

HEV roadside performance. The classifications of driving cycles found in the literature are 

summarized in Table 2.1. 

Table 2.1 Different driving cycle classifications. 

Criteria Type Characteristics 

Dynamics 

Transient  

driving cycles 
Random, aggressive accelerations 

Modal  

driving cycles 
Long periods at constant speeds. 

Distance 

Short 0 mile < distance ≤ 9 mile 

Medium 9 mile < distance ≤ 20 mile   

Long 20 mile < distance≤ inf 

Region 

Urban 0 < speed ≤ 25 mph 

Mixed 25 mph < speed ≤ 45 mph   

Highway 45 mph < speed < inf 

 

Metaheuristic algorithms are extensively used in various areas of industrial engineering 

applications. In this chapter, intelligent optimization algorithms (particle swarm optimization 

and genetic algorithm) are used to optimize the parameters of electric vehicle controllers. This 

is accomplished through the use of a proposed control scheme that takes into account the real 

load driving conditions to which the electric vehicle is subjected. It is worth noticing that the 

electric vehicle is driven using a permanent magnet synchronous machine that is controlled 

using field oriented control. The effectiveness of the integration of metaheuristic algorithms in 

the control of electric vehicles is confirmed by the various robustness test performed as it will 

be detailed throughout this chapter.  
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2.2 Vehicle dynamics 

When a vehicle is undergoing a given driving cycle it is subjected to some external forces 

which tend to attenuate or to amplify its speed [41-42]. The motion of the vehicle shown in 

figure 2.1 is governed by the following equation: 

∑�⃗�𝑒𝑥𝑡 = 𝑚�⃗� 

    

 

 

 

 

 

 

 

 

 

Figure 2.1 Forces exerted on the vehicle. 

�⃗�𝑒𝑥𝑡 is the net external force acting on the vehicle body, 𝑚 is the vehicle mass and 𝑎→ is the 

vehicle acceleration. Equation (2.1) can be rewritten as:     

�⃗�𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 − �⃗�𝑟 = 𝑚 𝑎
→

                                                 

𝐹𝑟
→ 

 is the net resistive force which is defined as follow: 

�⃗�𝑟 = �⃗�𝑎𝑒𝑟𝑜 + �⃗�𝑠𝑙𝑜𝑝𝑒 + �⃗�𝑟𝑜𝑙𝑙𝑖𝑛𝑔 

  �⃗�𝑎𝑒𝑟𝑜 is the aerodynamic force, �⃗�𝑠𝑙𝑜𝑝𝑒is the force due to road slope and �⃗�𝑟𝑜𝑙𝑙𝑖𝑛𝑔 is the force due 

to friction between vehicle tires and ground surface.  

2.2.1 Aerodynamic force 

 

The resistance offered by the air in the atmosphere while vehicle travelling through it is known 

as aerodynamic drag. This force is modeled by the following mathematical expression: 

𝐹𝑎𝑒𝑟𝑜 = 0.5𝜌𝐴𝐶𝑑(𝑉𝑤ℎ𝑒𝑒𝑙 + 𝑉𝑤𝑖𝑛𝑑)
2 

                                                                                                       

ρ is the air density (kg/m3). A is the vehicle frontal area (m2), 𝐶𝑑 is the aerodynamic drag  

coefficient (s2/m2), 𝑉𝑤ℎ𝑒𝑒𝑙 is the vehicle longitudinal speed ( m/s) and 𝑉𝑤𝑖𝑛𝑑 is the wind speed 

(m/s). 

(2.1) 

(2.2) 

(2.3) 

(2.4) 
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2.2.2 Slope  force 

This force is due to road inclination and it is proportional to the mass of the vehicle. It is 

given by equation (2.5) where g is the gravity acceleration (m/s2) and 𝛽 is the road inclination 

angle (radians).  

𝐹𝑠𝑙𝑜𝑝𝑒 = 𝑚𝑔 𝑠𝑖𝑛( 𝛽)                                                 (2.5) 

2.2.3 Rolling force 

 

This force is due to the friction between vehicle's tires and the ground surface. It depends 

on several parameters like: pressure, tire deflection, ground surface which may be hard or soft 

and vehicle speed. The rolling resistance force is given by the following expression: 

               𝐹𝑟𝑜𝑙𝑙𝑖𝑛𝑔 = 𝑚𝑔𝑓𝑟 𝑐𝑜𝑠( 𝛽)                                             (2.6) 

𝑓𝑟 is the rolling resistance coefficient. Typical values of the rolling resistance coefficient are 

provided in Table 2.2. 

Table 2.2 Rolling resistance values for different road types 

  

 

 

 

 

 

In fact, the values provided in Table 1 do not consider the variations of 𝑓𝑟 with respect to speed. 

In this work the rolling resistance is related to vehicle velocity with the following linear 

equation that predicts the values of the rolling resistance constant with acceptable accuracy for 

speeds up to 128 km/h [43]. 

𝑓𝑟 = 0.01 (1 +
𝑉𝑤ℎ𝑒𝑒𝑙
160

) 

2.2.4 Acceleration force 

 

It is the necessary force to accelerate from zero to maximum speed. It is given by the following 

equation: 

𝐹𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑚
(𝑉𝑤ℎ𝑒𝑒𝑙)𝑚𝑎𝑥

𝑔𝑡𝑎
 

Vwheel is the maximum vehicle speed (m/s), g is the gravity acceleration and 𝑡𝑎 is the time 

characteristic of the vehicle(s). The HEV shown in figure 2.1 will maintain its actual position 

or move forward only if it develops a torque that is respectively equal or greater than the load 

Road type Rolling coefficient 

Tarmac 0.025 

Concrete 0.011 

rolled gravel 0.02 

Unpaved 0.05 

loose sand 1.5e-4 

(2.7) 

(2.8) 
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torque applied on it. To overcome the resistive torque applied on it, HEV wheels have to 

develop a minimum torque given by equation (2.9) where r is the wheel radius and G is the 

gear ratio.  

𝑇𝑤 = (
𝑟

𝐺
)𝐹𝑟 

Generally, the electric motor is always connected to the drive wheels through a simple gear 

with a fixed ratio as shown in figure 2.2 [44]. The electromagnetic torque generated by the 

traction machine is transmitted through a gear box to HEV wheels which will develop a 

propulsion torque to move the vehicle.  

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Traction motor transmitting torque to HEV wheels.  

Relation between the torque generated by the traction machine and the one transmitted to 

HEV wheels is given by equation (2.10) in which  is the driveline effeciency and G is the 

total gear ratio which is defined as a ratio between the number of input teeth Zin and the number 

of output teeth Zout as illustrated by equation (2.11) shown below:  

 

𝑇𝑤 = 𝜂𝐺𝑇𝑒   

 

        𝐺 =
𝑍𝑖𝑛
𝑍𝑜𝑢𝑡

 

Relation between motor angular speed and wheel angular speed is described by equation 

(2.12) shown below:  

              Ω𝑤 = (
1

𝜂𝐺
)Ω𝑚 

(2.9) 

(2.10) 

(2.11) 

(2.12) 
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2.3 PMSM modeling 

 

Electric machines ensuring HEV traction must have high efficiency, high starting and 

rated torque, a wide speed range, a high overload capacity, a high power at cruising speeds, a 

high constant power speed range, a high specific power and power density, a fast dynamic 

response, a good flux weakening capability at high speeds, a high reliability, important torque 

to mass ratio and a high fault tolerance [45-46]. The electric machine that meets the 

aforementioned requirements must be of course at an acceptable cost. Table 2.1 provides useful 

information about traction machines used in some recently developed HEVs. Putting these data 

side by side, it is difficult to comment in any meaningful way the choice made about traction 

machine type without knowing further vehicle details such as HEV driveline system 

architecture. It could be noticed from Table 2.3 that most HEV constructors have migrated 

from the use of induction machines (IM) to permanent magnet (PM) machines. This is mainly 

because PMs present higher efficiency and have an important torque to mass ratio which 

contributes to space and weight optimization.  

                        Table 2.3 Traction machines used in different electric vehicles [47] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The flowchart presented in figure 2.3 present a general classification of permanent magnet 

synchronous machines. It can be seen that depending on how magnets are attached to the rotor,  

permanent magnet synchronous machines are classified into interior or surface mounted 

permanent magnet synchronous machines. 

Model Motor 

type 

Max torque 

(N.m) 

Max speed 

(RPM) 

Poles 

Roadster IM 370 14000 4 

Tesla S60 IM 430 14800 4 

Model 3 PM 410 18000 6 

Prius PM 400 6000 8 

Prius PM 207 13500 8 

Prius PM 163 17000 8 

Accord PM 136 6000 16 

Accord PM - 14000 8 

Spark PM 540 4500 12 

Volt PM 370 12000 12 

Bolt PM 360 8810 8 

Leaf PM 280 10390 8 

Leaf PM 280 10390 8 

Camry PM 270 14000 8 

Camry PM 270 14000 8 

Lexus PM 300 10230 8 

Sonata PM 205 6000 16 

BMW i3 PM 250 11400 12 
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Figure 2.3 Permanent magnet synchronous classification. 

The magnetic field of the stator is created by sinusoidal currents flowing through stator 

windings. At rotor level, the presence of magnets gives rise to a fixed magnetic field that seeks 

to align with the stator field. This causes the rotor to and stator to rotate at the same synchronous 

speed. Figure 2.4 shows the PMSM representation in three phase reference frame. 

 

 

 

 

 

 

 

 

 

Figure 2.4 Permanent magnet synchronous in abc frame. 

The voltage across each stator winding is given using equation (2.13) where [𝑉𝑠]3×3 and  

[𝑅𝑠]3×3 are, respectively, the voltage and resistance matrices of the stator. [𝜆𝑠]3×1 and [𝐼𝑠]3×1 

represent, accordingly, stator flux linkage and stator current column vectors.  

[𝑉𝑠] = [𝑅𝑠][𝐼𝑠] +
𝑑

𝑑𝑡
[𝜆𝑠] (2.13) 
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Flux linkage on each stator winding is expressed as indicated in equation (2.14):   

[

𝜆𝑠𝑎
𝜆𝑠𝑏
𝜆𝑠𝑐

] = [
𝐿𝑎𝑎 𝑀𝑎𝑏 𝑀𝑎𝑐
𝑀𝑏𝑎 𝐿𝑏𝑏 𝑀𝑏𝑐
𝑀𝑐𝑎 𝑀𝑐𝑏 𝐿𝑐𝑐

] [
𝐼𝑎
𝐼𝑏
𝐼𝑐

] + [

Φ𝑓𝑎
Φ𝑓𝑏
Φ𝑓𝑐

]                              (2.14) 

𝐿𝑎𝑎, 𝐿𝑏𝑏 and 𝐿𝑐𝑐 are PMSM self inductances. 𝑀𝑎𝑏, 𝑀𝑏𝑎, 𝑀𝑎𝑐, 𝑀𝑐𝑎, 𝑀𝑏𝑐 and 𝑀𝑐𝑏 represent 

PMSM mutual inductances between different PMSM phases. In this work, since a silent pole 

machine is used, all the self inductances are set equal to  𝐿𝑠. Also all mutual inductances are 

equal and set to 𝑀. Taking into account the two previous informations, equation (2.12) can be 

rewritten as it is pointed out in equation (2.15) shown below:  

[
𝑉𝑎
𝑉𝑏
𝑉𝑐

] = [

𝑅𝑠 0 0
0 𝑅𝑠 0
0 0 𝑅𝑠

] [
𝐼𝑎
𝐼𝑏
𝐼𝑐

] +
𝑑

𝑑𝑡
{[
𝐿𝑠 𝑀 𝑀
𝑀 𝐿𝑠 𝑀
𝑀 𝑀 𝐿𝑠

] [
𝐼𝑎
𝐼𝑏
𝐼𝑐

] + [

Φ𝑓𝑎
Φ𝑓𝑏
Φ𝑓𝑐

]}           (2.15) 

By defining PMSM cyclic inductance highlighted by equation (2.16), equation (2.15) can be 

rewritten as indicated in equation (2.17). 

𝐿𝑠𝑐 = 𝐿𝑠 −𝑀                                                  (2.16) 

 

[
𝑉𝑎
𝑉𝑏
𝑉𝑐

] = [

𝑅𝑠 0 0
0 𝑅𝑠 0
0 0 𝑅𝑠

] [
𝐼𝑎
𝐼𝑏
𝐼𝑐

] +
𝑑

𝑑𝑡
{[

𝐿𝑠𝑐 0 0
0 𝐿𝑠𝑐 0
0 0 𝐿𝑠𝑐

] [
𝐼𝑎
𝐼𝑏
𝐼𝑐

] + [

Φ𝑓𝑎
Φ𝑓𝑏
Φ𝑓𝑐

]}                (2.17) 

In this work the modeling, control and analysis of PMSM is performed in the dq 

synchronous rotating frame as the one shown in figure 2.5. The fundamental reason to 

transform the three-phase instantaneous voltages and currents into the synchronously rotating 

reference frame is to make computations much easier. Furthermore, it allows the system 

operator to independently control the active (d-axis) and reactive (q-axis) components of the 

currents.  

 

 

 

 

 

 

 

Figure 2.5 abc to dq axis transformation.  



Intelligent electric vehicle control Chapter 2 

 

 

 
Page 26 

 

  

Stator voltage is expressed by the following set of equations: 

{
𝑉𝑑 = 𝑟𝑠𝑖𝑑 +

𝑑𝜆𝑑

𝑑𝑡
+𝑤𝑒𝜆𝑞

𝑉𝑞 = 𝑟𝑠𝑖𝑞 +
𝑑𝜆𝑞

𝑑𝑡
− 𝑤𝑒𝜆𝑑

                                           (2.18) 

Stator flux in both direct and quadrature axes is expressed by equation (2.19) shown below:  

                    {
𝜆𝑑 = 𝐿𝑑𝑖𝑑 + 𝜑
𝜆𝑞 = 𝐿𝑞𝑖𝑞

                                                  (2.19)  

Where rs is the stator resistance, id is the d-axis stator current, iq is the q-axis stator current, 

λd is the d-axis flux linkage, λq is the q-axis stator flux linkage. Ld is the d-axis inductance, Lq 

is the q-axis inductance,𝜑 is the flux linkage due permanent magnets. we is the electrical speed 

and wr is the motor mechanical speed. For a machine with p pair of poles, electrical and 

mechanical speed are related by the following mathematical formula:  

𝑤𝑒 = 𝑝𝑤𝑟                                                           (2.20) 

Substitution by equation (2.19) and (2.20) in equation (2.21) yield the set of equations shown 

below: 

{
 
 

 
 𝑑𝑖𝑑
𝑑𝑡
= −

𝑟𝑠
𝐿𝑑
𝑖𝑑 + 𝑝𝑤𝑟𝑖𝑞 +

𝑉𝑑
𝐿𝑑

𝑑𝑖𝑞

𝑑𝑡
= −

𝑟𝑠
𝐿𝑞
𝑖𝑞 − 𝑝𝑤𝑟𝑖𝑑 −

𝑝𝑤𝑟𝜑

𝐿𝑞
+
𝑉𝑞

𝐿𝑞

 

Converting the two last equations to Laplace domain yields: 

 

                                          {
𝑉𝑑 = (𝑟𝑠 + 𝐿𝑠)𝑖𝑑 − 𝐿𝑤𝑒𝑖𝑞
𝑉𝑞 = (𝑟𝑠 + 𝐿𝑠)𝑖𝑞 + 𝑤𝑒(𝐿𝑖𝑑 + 𝜑)

                                       (2.22)  

 

The electromagnetic torque developed by the PMSM is given by the following expression: 

𝑇𝑒 = (
3𝑝

2
) (𝜆𝑑𝑖𝑞 − 𝜆𝑞𝑖𝑑) 

It is worth noticing that rotor's rotation produces a mechanical torque given by the following 

equation where 𝑇𝑒 represents the electromagnetic torque and 𝑇𝑟 is the mechanical load torque. 

𝑇𝑒 − 𝑇𝑟 = 𝐽
𝑑𝑤𝑟
𝑑𝑡

+ 𝐵𝑤𝑟 

Equation (2.23) can be expressed in Laplace domain as follow where𝐽 is the inertia of the 

rotor (Kg.m²) and B is the mechanical damping coefficient. The parameters of the PMSM motor 

used in this work are shown in Table 2.4:  

𝑤𝑟 =
𝑇𝑒 − 𝑇𝑟
(𝐽𝑠 + 𝐵)

 

(2.23) 

(2.21) 

(2.24) 

(2.25) 
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Table 2.4 HEV and environment parameters 

 
 

 

 

 

 

 

 

 

 

2.4 Field oriented controlled PMSM 

 

AC machine control is a difficult task due to several reasons like the nonlinearity of the 

machine model and the strong coupling and interaction that exists between stator and rotor 

fields [48]. The idea behind field oriented control is to always keep the stator field 

perpendicular to the rotating rotor field as it is shown in the figure 2.6. 

 

 

 

 

 

 

 

 

Figure 2.6 Stator and rotor field orientations in dq axis. 

 

Nowadays, several control techniques are used for the control of PMSM such as direct 

torque control [49-50] and field oriented control [51]. This last control technique is used for 

obtaining large instantaneous speed regulation without developing current and torque ripples 

for low speeds as it is the case in DTC. Figure 2.7 shows a general scheme of field oriented 

control technique applied to a PMSM driving an HEV. A current feedback loop is formed by 

sensing then transforming the stator phase currents to a coordinate system rotating with the 

rotor of the machine. Vehicle speed is also measured then compared with its reference forming 

a speed loop. This speed error is fed into a PID controller which generates the reference torque.  

 

Parameter Value 

P 35 kW 

Tn 111 N.m 

rs 0.05 Ohm 

L 6.35 e-4 mH 

Φ 0.192 Wb 

J 0.011 kg.m2 

B 0.002 N.m.s 

P 4 
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Figure 2.7 Electric vehicle field oriented controlled scheme.

 
Setting the d-axis current to zero in equation 2.23 maximizes the electromagnetic torque 

of the PMSM and provides the following linear relationship between stator current and motor 

torque:   

𝑇𝑒 = (
3𝑝

2
) (𝜆𝑑𝑖𝑞) 

                 

From equation (2.26), one can see that the control of vehicle torque comes back to the control 

of the q-axis component of the stator current. The inputs to the decoupling block shown in 

figure 2.7 are given by equation (2.27) where a strong coupling between direct and quadrature 

axes can be noticed. Decoupling by compensation procedure is performed via the use of 

equation (2.27) shown below: 

                  {
𝑉𝑑 = 𝑉𝑑1 − 𝐿𝑤𝑒𝑖𝑞
𝑉𝑞 = 𝑉𝑞1 + 𝑤𝑒(𝐿𝑖𝑑 + 𝜑)

                                        (2.27) 

Equating equation (2.22) and equation (2.27) yields the following set of equations:  

 

{
 

 𝑖𝑑 =
𝑉𝑑1

(𝑟𝑠 + 𝐿𝑠)

𝑖𝑞 =
𝑉𝑞1

(𝑟𝑠 + 𝐿𝑠)

 

(2.26) 

(2.28) 
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Setting id to zero for torque maximization yields a decoupling that enables us to analyze, 

separately, the performance of the PMSM driving the HEV on the quadrature axis. Based on 

the previously derived equations, a control system model of an HEV driven by PMSM is 

derived and it is shown in figure 2.8. The outer loop of the control system shown below controls 

the speed of the electric vehicle, whereas the inner loop highlighted with red dashed lines is 

used to control PMSM currents. Out of figure 2.8, one can notice that dynamics of the inverter, 

PMSM and the tachometer are all described using first order transfer functions. Each of these 

aforementioned elements is discussed in details as it will be shown below: 

 

 

 

 

 

 

 

 

 

Figure 2.8 Decoupled control scheme of the electric vehicle driven by PMSM. 

2.4.1 Inverter model 

The output of the decoupling block is supplied to a the three-phase SPWM inverter whose 

transfer function is given as follow: 

𝑇𝑣𝑠𝑖(𝑠) =
𝐾𝑣𝑠𝑖

1 + 𝑇𝑝𝑤𝑚
 

Where 𝐾𝑉𝑆𝐼 is the inverter gain which is given by:  

𝐾𝑣𝑠𝑖 =
𝑉𝑑𝑐
2𝑉𝑡

 

Where 𝑉𝐷𝐶 is the DC voltage input to the inverter and 𝑉𝑇 is amplitude of the triangular 

modulation signal. The inverter time constant is given by the following equation where fm is 

the frequency of the triangular modulation signal 

𝑇𝑝𝑤𝑚 =
1

2𝑓𝑚
 

(2.29) 

(2.30) 

(2.31) 
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2.4.2 PID controller model 

PID controllers are used to provide an output which is as close as possible to the input 

reference value with minimum overshoot for a given input. The transfer function of the PID 

controller shown in Figure 2.9 which is used in the outer loop for speed and current regulation 

is given by the following equation: 

𝑇𝑝𝑖𝑑(𝑠) = 𝐾𝑝 +
𝐾𝑖
𝑠
+ 𝐾𝐷𝑠 

 

 

 

 

 

Figure 2.9 PID control scheme. 

2.4.3 Sensor model 

A tachometer is used as a tool to sense wheel's speed. This device can be represented by a 

simple first order transfer function with a static gain Ks and time constant Ts as it is given in 

equation (2.33): 

 

𝑇𝑣𝑠𝑖(𝑠) =
𝐾𝑠

1 + 𝜏𝑠
 

The parameters of the previously defined models are as follow: KS =1, τs=0.02, KVSI =1 and 

TPWM =1. 

2.5 Direct torque control 

DTC is a vector control method which was first proposed by Takahashi and M. Depenbrock 

[52] in 1980s. The principle of operation of this control strategy is the selection of suitable 

voltage vectors from the switching table based on the output of torque and flux hysteresis 

controllers which will keep the input error within a tolerated error band. Figure 2.10 points out  

direct torque control technique applied to an electric vehicle driven by a PMSM. 

The stator flux is estimated using the following equation: 

𝜑𝑠(𝑡) = 𝜑𝑃𝑀 +∫ (𝑉𝑠

𝑡

0

(𝑡) − 𝑅𝑠𝑖𝑠(𝑡))𝑑𝑡 

 Rs is the stator resistance and Vs is the stator voltage which is expressed in αβ frame as follow: 

𝑉𝑠 = 𝑉𝑠𝛼 + 𝑗𝑉𝑠𝛽 

(2.32) 

(2.33) 

(2.34) 

(2.35) 
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Figure 2.10 DTC scheme for an electric vehicle. 

The integration of difference between stator voltage and the voltage drop across the stator 

resistance in αβ frame yields equation (2.36): 

{
 
 

 
 𝜑𝑠𝛼(𝑡) = 𝜑𝑃𝑀 +∫ (𝑉𝑠𝛼

𝑡

0

(𝑡) − 𝑅𝑠𝑖𝑠𝛼(𝑡))𝑑𝑡

𝜑𝑠𝛽(𝑡) = ∫ (𝑉𝑠𝛽

𝑡

0

(𝑡) − 𝑅𝑠𝑖𝑠𝛽(𝑡))𝑑𝑡

 

Where PM is the permanent magnet flux. The estimated stator flux and angle are given by 

equation (2.37) and equation (2.38) respectively. 

    𝜑𝑠
∧
= √𝜑𝑠𝛼

2 + 𝜑𝑠𝛽
2                              

 

               𝜃𝑠
∧

= 𝑡𝑎𝑛−1 (
𝜑𝑠𝛽

𝜑𝑠𝛼
) 

 

A two level and three level hysteresis controllers are used for flux and torque control 

respectively. After comparing the stator reference flux to its estimated value, the hysteresis flux 

controller will output 1 if the input flux error is greater than the upper hysteresis limit εU and 

will output 0 if the flux error less than the lower hysteresis limit εL. The hysteresis torque 

controller will output -1 if the estimated torque is greater than the reference value, the output 

is 1 for torque values below the reference torque and 0 for estimated torque values laying 

between the lower and the upper torque hysteresis bands     

(2.36) 

(2.37) 

(2.38) 
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Figure 2.11 Stator flux vector evolution in the αβ subspace. 

 

Based on HT, HФ and N, the commutation table will output three control signals Sa, Sb and 

Sc that will control the opening and the closing of inverter IGBTs as it is highlighted in figure 

2.10. The commutation table depicted in table 2.5 points out the appropriate voltage vector to 

be applied at each sector. 

Table2.5 Direct torque control commutation table.  

 

 

 

 

 

2.6 Intelligent controller tuning 

 

In electrical engineering or more precisely in drive control, PMSM speed regulation is 

usually ensured by PI controllers. Finding those optimum controller parameters is too time 

consuming and risky task at the same time since some the PI gains may damage the system or 

make it unstable. To overcome these problems, PI gains should be automatically adjusted using 

the idea that only the best proportional and integral gains should be provided to the PI controller 

at each instant. This is usually performed using population based optimization algorithms such 

as particle swarm optimization [53] or genetic algorithm [54]. These two aforementioned 

naturally inspired algorithms have been used in this work to tune the PI speed controller and 

optimize its parameters as it will be discussed in the forthcoming section. 
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2.6.1 Particle swarm optimization 

 

Particle swarm optimization is a population-based algorithm inspired from the social 

behavior of organisms such as birds and fishes. It was first introduced by Eberhart and Kennedy 

in 1995 [55]. It is similar to other population-based algorithms like (GA) in that the algorithm 

is initialized with a population of random solutions. To optimize the time complexity of the 

algorithm the idea of several evaluations at one iteration was adapted, this means that all the 

particles in the population are all exploring the search space at the same time attempting to find 

an optimal location (solution) with respect to a cost function.  

For a population of N particles. The personal and global bests are given by: 

 

           𝑃𝑏𝑒𝑠𝑡,𝑖
𝑡+1 = {

𝑃𝑏𝑒𝑠𝑡,𝑖
𝑡    𝑖𝑓    𝑓(𝑥𝑖

𝑡+1) > 𝑃𝑏𝑒𝑠𝑡,𝑖
𝑡        

  𝑥𝑏𝑒𝑠𝑡,𝑖
𝑡+1   𝑖𝑓   𝑃𝑏𝑒𝑠𝑡,𝑖

𝑡 ≥ 𝑓( 𝑥𝑖
𝑡+1)              

                            (2.39)   

                                                                                                                 

      𝐺𝑏𝑒𝑠𝑡
𝑡 = Min(𝑃𝑏𝑒𝑠𝑡,1

𝑡 𝑃𝑏𝑒𝑠𝑡,2
𝑡 …𝑃𝑏𝑒𝑠𝑡,𝑛

𝑡 )                                         (2.40)      

                                                                                                            

Where 𝑃𝑏𝑒𝑠𝑡,𝑖 
𝑡 and 𝐺𝑏𝑒𝑠𝑡

𝑡 are the personal and global best position of particle i at iteration t.  

Particles’ position is updated using equation (2.41): 

 

   𝑣𝑖
𝑡+1 = 𝑤𝑡𝑣𝑖

𝑡 + 𝑐1𝑟1[𝑃𝑏𝑒𝑠𝑡,𝑖
𝑡 − 𝑥𝑖

𝑡] + 𝑐2𝑟2[𝐺𝑏𝑒𝑠𝑡
𝑡 − 𝑥𝑖

𝑡]                     (2.41) 

                                                                                

Where:𝑣𝑖
𝑡 is the ith Particle’s velocity at iteration t, 𝑥𝑖

𝑡 is the ith Particle’s position at iteration t. 

𝑃𝑏𝑒𝑠𝑡,𝑖
𝑡  is the personal best position of particle i, 𝐺𝑏𝑒𝑠𝑡

𝑡  is the global best position of particle i 

found in [0 t]. 𝑐1, 𝑐2 represent respectively the cognitive and social influence on particle’s 

decision, 𝑟1, 𝑟2 are two random coefficients and 𝑤𝑡 is an inertia weighting factor that is linearly 

decreasing [0.4, 0.9].  

 

All the particles update the position is given by: 

 

𝑥𝑖
𝑡+1 = 𝑥𝑖

𝑡 + 𝑣𝑖
𝑡+1                                                (2.42)                                                                                                                                            

 

Table 2.6 represents all the PSO parameters that have been used when performing the different 

simulations and PSO pseudocode is shown in figure 2.10. 
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Table 2.6  PSO parameters. 

Population 32 

Iterations 50 

c1 2 

c2 2 

wmin 0.4 

wmax 0.9 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 Pseudo code of PSO algorithm. 

2.6.2 Genetic algorithm 

 

GA is a stochastic universal adaptive search optimization technique based on the procedure 

of inherent selection. Darwin also stated that the survival of an organism can be maintained 

through the process of selection, crossover and mutation. The solution generated by GA is 

called a chromosome, while collection of chromosomes is referred as a population which will 

undergo a process called evaluation to measure the suitability of solution. Some chromosomes 

will mate through a process called crossover producing offspring’s which are the combination 

of their parent’s genes. In a generation, few chromosomes will undergo mutation in their genes. 

The number of chromosomes which will undergo crossover and mutation is controlled by 

crossover rate and mutation rate value. The chromosomes that will be maintained for the next 

generation will be selected based on Darwin’s rule, the chromosome with higher fitness or 

lower cost value will have greater probability of being selected again in the next generation. 
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After several generations, the chromosome value will converge to a certain value which is the 

best solution for the problem. Figure 2.13 shown below points out GA flowchart which 

explains the different major steps of this algorithm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 Genetic algorithm flowchart. 

Each of the genetic algorithm steps shown in flowchart 2.11 are detailed below:  

 

2.6.2.1 Search space initialization 

In solving problems, some solutions will be the best among others. The space of all feasible 

solutions (among which the desired solution resides) is called search space. Each point on this 

state space is a possible solution which is characterized by its cost for the problem. Figure 2.12 

shows a GA population in a four dimension search space. One can remark that the first two 

dimensions are dedicated for the speed regulator and the last two ones are reserved for PI 

current controller. 
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Figure 2.14 GA PI controller.  

2.6.2.2 Selection 

It is the process of choosing the fittest chromosomes based on their cost. The number of 

chromosomes selected for crossover is decided by the selection factor. There exist many 

techniques for selecting chromosomes like roulette Wheel selection, rank selection and 

tournament selection. Roulette wheel selection which is the most commonly used technique 

for chromosome selection is the technique that has been used in this work, for this reason we 

will explain below its principal of operation.    

 Calculate the cost of each chromosome F(i). 

 Calculate the selection probability for each chromosome using the equation (2.36):  

𝑃 =
𝐹(𝑖)

∑ 𝐹(𝑖)𝑚
𝑖=1

 

 Compute the cumulative probability values. 

 Generate two random vectors R1 and R2. 

 Based on R1 and R2 we select two sets of chromosomes (parents) for crossover. In this 

method, each individual is allocated a section of a roulette wheel. The size of the section is 

proportional to the cost of the individual. A pointer is spun and the individual to whom it 

points is selected. This continues until the selection criterion has been met. The probability 

of an individual being selected is related to its cost ensuring that fitter individuals are more 

likely to leave offspring. Figure 2.15 shown in the next page illustrates the roulette wheel 

selection: 

 

(2.43) 
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Figure 2.15 Roulette wheel selection. 

2.6.2.3 Crossover 

It is a genetic operator that combines (mates) two chromosomes (parents) to produce a new 

chromosome (offspring). The idea behind crossover is that the new chromosome may be better 

than both of the parents if it takes the best characteristics from each of the parents. There exist 

two types of crossover: single point crossover and two point crossover. When performing 

single point crossover, both parental chromosomes are split at a randomly determined crossover 

point, then a new child genotype is created by appending the first part of the first parent with 

the second part of the second parent. A single crossover point on both parents’ organism strings 

is selected.  All data beyond that point in either organism string is swapped between the two 

parent organisms. The advantage of having more crossover points is that the search space may 

be searched more thoroughly. However, adding further crossover points reduce the 

performance of the GA. 

 

2.6.2.4 Mutation 

Mutation means the flipping of variable values. For every chromosome, the variable value 

which will change is randomly selected. Using selection and crossover on their own will 

generate a large amount of different strings. However the following problem will be faced 

when using only selection and crossover: Depending on the initial population chosen, there 

may not be enough diversity in the initial strings to ensure the Genetic Algorithm searches the 

entire search space. Furthermore, The Genetic Algorithm may converge to sub-optimum strings 

due to a bad choice of initial population. These problems may be overcome by introducing a 

mutation operator into the Genetic Algorithm.  

Table 2.5 points out all the GA parameters used when performing the different simulations 
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Table 2.7 GA parameters 

 

 

 

 

 

 

2.7 Cost function formulation and performance assessement 

 

A cost function is a mathematical formula used to measure and evaluate the goodness or 

the performance of a given particle (potential solution). In most of cases, the cost function is 

constructed from the different parameters that do affect the system output or simply by using 

some well defined error functions. In general, four criteria are employed to judge the goodness 

of the PID parameters. The performance criteria which are mostly used in control system design 

and summarized as follows: 

             𝐼𝑆𝐸 = ∫ 𝑒2(𝑡)𝑑𝑡            
𝑇

0
                                    (2.44)                                                                                                                                                                  

 

                      𝐼𝐴𝐸  = ∫ │𝑒(𝑡)│𝑑𝑡
𝑇

0
                                           (2.45)                                                                                                                                        

 

                    𝐼𝑇𝑆𝐸 = ∫ 𝑡 𝑒2(𝑡)𝑑𝑡
𝑇

0
                                            (2.46)                                                                                                                                      

 

                      𝐼𝑇𝐴𝐸 = ∫ 𝑡│𝑒(𝑡)│𝑑𝑡
𝑇

0
                                         (2.47)                                                                                                                                     

The performance of our system is measured with a cost function. It is used to provide a 

measure of how good the solution is and how the potential solutions have performed in the 

problem domain. A good formulation of the cost function will have a positive impact on the 

HEV system by enhancing its performances. In this work, we have considered two types of 

speed inputs: step input reference (simple) and driving cycles (complex). For simple speed 

inputs, one can use system performance indices such as rising time, percentage overshoot and 

steady state speed and torque errors to formulate a good fitness function that optimizes HEV 

system response. When driving cycles are used as reference speed, it is meaningless to use the 

performance indices mentioned above since the input is a set of random data points which does 

not settle during all the simulation time. This is why two cost functions were formulated for 

Parameters Values 

Population size 32 

Number of iterations 50 

Selection rate 0.5 

Mutation rate 0.5 

Crossover rate Single point 
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the two different types of inputs in terms of instantaneous errors, steady state errors and other 

quantities that we want to optimize. 

The cost function proposed for simple step input is given by equation (2.48). Its first term 

includes steady state torque error 𝑒ssT and steady state speed error 𝑒ssΩ that are both multiplied 

by a weighting factor α. The second term includes percentage overshoot PO and settling time 

Ts which are all multiplied by a weighting factor of (1- α). 

 

𝐽1 = 𝛼(|𝑒𝑠𝑠Ω| + |𝑒𝑠𝑠𝑇|) + (1 − 𝛼)(PO +  Ts)                              (2.48) 

 

For driving cycles reference speed, the proposed cost function is given by equation (2.49). 

It is a weighted sum of average mean speed error and average mean torque error. This cost 

function is a tradeoff between vehicle speed and torque. So, it gives the designer the freedom 

of prioritizing either vehicle speed or vehicle torque by attributing a larger weighting factor to 

it. In this work, the weighting factor α was set to 0.5 so that an equivalent importance will be 

attributed to both speed and torque. 

 

𝐽2 = 𝛼|𝑒𝛺| + (1 − 𝛼)|𝑒𝑇|                                               (2.49) 

Average absolute speed error |𝑒𝛺| and average absolute torque error |𝑒𝑇| are respectively 

calculated using equations (2.50) and equation (2.51) where Ωi and Ti represent, respectively, 

HEV reference speed and torque. 𝑇�̂� and Ωî represent the measured HEV speed and torque 

respectively. 

  

|𝑒𝛺| =
1

𝑛
∑ |𝛺𝑖 − 𝛺𝑖

^

|𝑛
𝑘=1                                                   (2.50) 

 |𝑒𝑇| =
1

𝑛
∑ |𝑇𝑖 − 𝑇𝑖

^

|𝑛
𝑘=1                                                    (2.51)

 
 

It is worth noticing that N in the two above equations is the length of the torque and speed 

vectors during a given driving cycle. N is given equation (2.52) where 𝑇𝑑
𝑐𝑦

 is the duration of 

the speed profile.  

𝑁 =
𝑇𝑑
𝑐𝑦

𝑇𝑠
 

                                    

The flowchart presented in figure 2.16 explains how PSO is adapted for use to find the optimum 

controller gains that satisfy the design requirements established via the proposed cost functions. 

(2.52) 
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Figure 2.16 EV controller tuning with PSO 

The following steps explain point by point how optimum controllers’ gains are found using 

PSO algorithm. It is worth noticing that the same steps are almost followed while using genetic 

algorithm only the algorithm philosophy differs: 

 Initialize the swarm in a six dimensions search space.  

 For each population particle, run the HEV system for a complete speed profile and evaluate 

particle’s performance using equation (2.49). 

 Apply penalty function to exclude unstable PI combinations that resulted in infinite cost 

values. Infinite or large cost values mean that the actual PMSM speed or torque values are 

too far from their references.  

 Update particles’speed and position. 

 Evaluate the cost of the particle at its new location. If is smaller than the previous cost value 

then update it. 

 Keep iterating until the decison signal D (figure 2.16) is 1. This last mentionned signal is 

equal to 1 when the maximum number of iterations is elapsed or the minimum cost is 

reached. 

 Extract the particles that resulted in smallest cost value. 

 Apply the optimum gains to the HEV system of figure 2.8. 
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2.8 Simulation and results 

To test PSO and GA performance before their integration to the HEV system, the 

convergence of the two bio inspired algorithms is evaluated using the two benchmark test 

functions given by equations (2.48) and (2.49) for which the optimum is already known. It is 

worth noticing that the minimums of F1 and F3 are respectively -18.56 and -0.5231. Equations 

2.53 and 2.54 are respectively depicted in figures 2.17 and 2.18.  

𝐹1 = 𝑥2 sin(4𝑥1) + 𝑥1 sin(4𝑥2)                                     (2.53) 

𝐹3 = 0.5 +
𝑠𝑖𝑛2√𝑥2 + 𝑦2 − 0.5

1 + 0.1(𝑥2 + 𝑦2)
 

  

 

 

 

 

 

 

Figure 2.17 First used test function 

 

 

 

 

 

 

Figure 2.18 Second used test function. 

The results of minimization of F1 and F3 using GA and PSO algorithms are depicted in 

figure 2.17 and 2.18. It could be noticed that both algorithms have converged to the minimum 

of used test functions with a slight tolerable error and this confirms that the convergence of 

PSO and GA.  

(2.54) 
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Figure 2.19 Cost minimization of F1. 

 

 

 

 

 

 

 

 

Figure 2.20 Cost minimization of F3. 

All the simulations carried out through this chapter are under a constant wind speed of 10 

Kph against vehicle motion and a road slope of 10°. The HEV is subjected to two speed inputs: 

step speed input: we want our response to have minimum overshoot, minimum settling time 

and minimum speed and torque steady state error. For driving cycle input speed: since the 

UDDS driving cycle is a series of data points that does not settle so it is meaningless to include 

peak overshoot or settling time in the design specification. This is why the design specifications 

for driving cycle input speed are minimum instantaneous absolute torque and speed errors. 

2.8.1 Simple step reference input speed 

 

Figure 2.21 shows the electric vehicle response when it is subjected to a simple reference 

speed input of 50 km/h. One can remark form figure 2.21 that PSO and GA algorithms yielded 

a speed response with almost a null peak overshoot but trial and error approach yielded a 

response relatively faster response with 5% overshoot. From figure 2.22 to 2.27, one can state 

that the absolute speed error gotten either using trial and error approach or intelligent tuning 

approach is approximately the same and it is in the order of 1e-5 km/h. For absolute torque 

error the trial and error approach yielded a mean error of 1.5 N.m whereas genetic algorithm 
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and particle swarm optimization resulted respectively in an average absolute torque error of 

0.007 N.m and 0.01 N.m.  

 

 

 

 

 

 

 

 

 

Figure 2.21 BEV speed response for simple input speed reference.  

 

 

 

 

 

 

 

 

Figure 2.22 BEV absolute speed error based on trial and error.  

 

 

 

 

 

 

 

Figure 2.23 BEV absolute speed error using genetic algorithm.  
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Figure 2.24 BEV absolute speed error using PSO.  

 

 

 

 

 

 

Figure 2.25 BEV absolute torque error based on trial and error. 

 

 

 

 

 

 

Figure 2.26 BEV absolute torque error using GA.  

 

 

 

 

 

 

Figure 2.27 BEV absolute torque error using PSO. 
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Figure 2.28 highlights the cost value for PSO and GA algorithms while minimizing the 

fitness function J1 given in equation (2.48). One can notice the cost value for both algorithms 

keeps decreasing as the number of iterations increases which mean that the used cost function 

was effectively optimized. From figure 2.28 also, one can remark that both algorithms 

converged to the same value only that GA converged faster.  

 

 

 

 

 

 

 

Figure 2.28 Cost value for PSO and GA algorithm 

Figure 2.29 shows the evolution of controller parameters using PSO and GA algorithms. 

After each iteration, the PID parameters resulting in minimizing the cost function given by 

equation (2.48) are kept. After that, the best global cost is deduced using equation (2.40).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.29 Best controller position for PSO and GA algorithm 
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2.8.2 ECE 15 driving cycle 

Figure 2.30 shows the HEV speed response and its reference when ECE15 driving cycle is 

applied. One can notice that there is almost a perfect matching between the actual HEV speed 

and its reference. This is confirmed by figure 2.31 which highlights that the maximum absolute 

speed error is 3.5e-3. From figure 2.32, it can be remarked that the HEV torque response 

follows precisely its reference with a maximum absolute torque error of 0.42 N.m as it is shown 

in figure 2.33. 

 

 

 

 

 

 

 

 

Figure 2.30 BEV speed response and its reference for ECE driving cycle 

 

 

 

 

 

 

 

Figure 2.31 BEV absolute speed error for ECE driving cycle.  

 

 

 

 

 

 

 

 

Figure 2.32 BEV torque response and its reference for ECE driving cycle. 
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Figure 2.33 BEV absolute speed error for ECE driving cycle 

PMSM phase currents are shown in figure 2.34, the zooms on that figure shows that they 

are pure sinusoidal and 120 degree apart which means that the traction motor operates under 

balanced or normal conditions. The amplitude of PMSM phase currents depends on HEV 

torque and both of them vary in the same manner. When the HEV torque is constant, phase 

currents amplitude is also are constant, when HEV torque increases, phase currents amplitude 

increases and when HEV torque decreases, so does phase current amplitude.  One can also 

conclude from the zooms of figure 2.34 that the frequency of PMSM phase currents is variable 

and depends on vehicle speed. To confirm this, let's first mention that PMSM rotor speed is 

related to frequency as follow:  

𝑓 =
pΩ

60
 

                                                             

 

 

 

 

 

 

 

 

 

Figure 2.34 PMSM phase currents and their zooms. 

When t 𝜖 [96 s, 117 s] in figure 2.30, the HEV speed or rotor speed is null. According to 

equation (2.54), this means that the f=0 Hz which means that the PMSM currents must be 

constant at that time interval. Indeed, in figure 2.34, PMSM phase currents are constant at that 

0 15 30 45 60 75 90 105 120 135 150 165 180 195
-20

-10

0

10

20

Time (s)

P
h
a
s
e
 c

u
rr

e
n
ts

 (
A

)

 

 
i
a

i
b

i
c

19.2 19.25 19.3
-6

6

 

 

150.05 150.06 150.07 150.08 150.09 150.1
-13

0
13

 

 

0 15 30 45 60 75 90 105 120 135 150 165 180 195
0

0.1

0.2

0.3

0.4

0.5

Time (s)

A
b
s
o
lu

te
 t

o
rq

u
e
 e

rr
o
r 

(N
.m

)

(2.54) 
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time interval and their sum is null which means that there is no current flowing to the motor 

because the vehicle is at rest.  

2.8.3 HWFET driving cycle  

Figure 2.35 shows the HEV speed response and its reference when HWFET driving cycle 

is used as input speed reference. The vehicle absolute speed error is shown in figure 2.36 where 

one can see that the speed error is satisfactory and it is in the order of 1e-3.  Figure 2.37 shows  

that the HEV torque follows its reference during all the driving cycle period. The absolute 

torque error lays in a narrow band as it is shown in figure 2.38 where one can see that the 

maximum torque error is 0.6 N.m. Figure 2.39 shows PMSM phase currents during the 

HWFET driving cycle, their zoom provided in figure 2.40 shows a sinusoidal shape with 

variable amplitude and frequency. From equation (2.54), one can conclude that the variable 

current frequency is due to HEV speed variation. The amplitude of PMSM phase currents 

depends on HEV torque and both of them vary in the same manner. When the HEV torque is 

constant, phase currents amplitude is also are constant , when HEV torque increases, phase 

currents amplitude increases and when HEV torque decreases, so does phase current amplitude.       

    

 

 

 

 

 

 

 

Figure 2.35 BEV speed response and its reference for HWEFT driving cycle. 

 

 

 

 

 

 

 

 

 

Figure 2.36 BEV absolute speed error for HWEFT driving cycle. 
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Figure 2.37 BEV torque response for HWEFT driving cycle. 

 

 

 

 

 

 

 

 

 

 

Figure 2.38 Absolute torque error for HWEFT driving cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.39 PMSM phase currents for HWEFT 
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(a)                                                                     (b) 

Figure 2.40 Zoom of PMSM phase currents for HWEFT 

 

2.8.4 Robustness against environmental parameters  

As mentioned in the previous section, the load torque is varying as the vehicle is 

undergoing a given path. This variation is due to some external and environmental parameters 

such as road type which maybe concrete, snowy or sandy road. Road slop and wind are also 

crucial factors that affect the system response. The impact of surface friction on HEV response 

is shown in figure 2.39 where one can see that the HEV response remains always stable with 

zero steady state error which means that the HEV response is robust. Figure 2.40 shows that 

the road slope does have an impact on vehicle dynamics which tend to become slower as the 

slope angle becomes larger. From figure 2.41, it can be concluded that when the speed is 

negative (which means that the speed is in the same direction as the vehicle response becomes 

faster and when the speed is against vehicle motion, vehicle dynamics become slower. 

 

 

 

 

 

 

 

 

 

 

Figure 2.41 Effect of variation of surface-friction coefficient on BEV speed response.  
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Figure 2.42 Effect of variation of road slope on BEV speed response. 

 

 

 

 

 

 

 

 

Figure 2.43 Effect of variation of wind speed on BEV speed response 

 

From figure 2.44 one can deduce that when wind speed is in the same direction as HEV 

motion, its response becomes faster and this increases the performance of its speed response in 

terms of rising and settling time. However, when wind speed is against vehicle motion, the 

overshoot of the speed response gets lowered and its dynamics becomes relatively slow. Figure 

2.45 confirms that HEV performances gets slow as road slope increases and the inverse is 

correct. Figure 2.46 confirms that road type does affect HEV speed response. 
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Figure 2.44 Effect of wind speed variation on BEV performance 

 

 

 

 

 

 

 

Figure 2.45 Effect of road slope variation on BEV performance 

 

 

 

 

 

 

 

 

 

Figure 2.46 Effect of road friction coefficient variation on BEV performance. 
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2.8.5 Robustness against vehicle parameters variation  

The parameters of any electrical system may be subjected to variations due to different 

factors such as heat, moisture and uncertainty of the measurement device. In this section a 

robustness analysis is carried out by varying the time constant of some of the EV components 

which are vehicle sensor and inverter. Table 2.6 shows that the effect of parameter variation is 

very small. Figure 2.47 and figure 2.48 show respectively the HEV speed response for different 

inverter and sensor time constants. Changes in inverter and sensor time constants have been 

made in the interval of -50% to +50% in steps of 25%. 

 

 

 

 

 

 

 

 

                            

 

Figure 2.47 Effect of inverter time constant variation on BEV performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.48 Effect of inverter time constant variation on BEV performance.  
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Table 2.8 Results of robustness analysis against HEV parameter variation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.9 Conclusion 

 

In this chapter, the speed of the electric vehicle is controlled using FOC technique which 

simplicity to the control task by providing decoupling between direct and quadrature axes. The 

PI speed and current regulators were simultaneously tuned using the classical method based on 

trial and error then using PSO and GA algorithms. These two last mentioned algorithms have 

succeeded to provide better results and they have also succeeded to provide a good tradeoff 

between speed and current control which was the main problem of trial and error method. This 

last mentioned achievement was reached thanks to the two proposed objective functions that 

provided a good trade off between the parameters to be minimized. 

Parameter 
Degree of 

variation 

Percentage 

overshoot 

(%) 

Rise time 

(s) 

Settling 

time (s)  

Steady 

state error 

 

𝑇𝑃𝑊𝑀 

 

+50% 0.8798 2.9021 4.5091 0 

+25% 0.8798 2.9020 4.5102 0 

-25% 0.8798 2.9013 4.5091 0 

-50% 0.8798 2.9019 4.5090 0 

𝜏𝑠 

 

+50% 0.8824 2.8794 4.4761 0 

+25% 0.8811 2.8909 4.4926 0 

-25% 0.8786 2.9130 4.5264 0 

-50% 0.8775 2.9237 4.5420 0 
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3.1 Introduction 

 

Fuel cell based electric vehicles hold great promise for eventually replacing conventional 

fuel vehicles in the long run. Although the fuel cells are environmentally friendly power 

sources, there are still some challenges that prevent their large commercialization such as their 

high cost per unit of power, inability to allow bi-directional power flow, and slow transient 

response during abrupt load variations [56]. The randomness of road conditions results in 

sudden load variations which subject fuel cells to harmful transient currents that have a 

negative impact on their performance and lifespan. Oxygen starvation is a dangerous 

consequence caused by abrupt load variation that may result in fuel cell damage as it is stated 

in [58-59]. Authors in [60] have summarized the various control strategies adopted to address 

the problem of fuel starvation as a result of sudden current demand. Unlike most of the energy 

management strategies [61-64] which take minimum energy consumption as a design 

objective, the novel fuzzy multi stage power management strategy that will be presented in this 

chapter takes into account poor fuel cell transient dynamics, improves vehicle security, 

compensates the difference, enhances vehicle transient performance and provides moderate 

usage of power sources. The first stage of the proposed strategy is made of a new developed 

power management algorithm that offers precise control over fuel cell  power by operating it 

at safe and defined operating points. Since vehicle power sources are sensitive and subjected 

to harsh external conditions, fault detection algorithms are incorporated in the second stage of 

the power management strategy to detect and correct possible fuel cell failures and guarantee 

continuous and safe vehicle operation. The last stage of the proposed power management 

strategy is a new coordinated switching technique that protects fuel from high and abrupt load 

power variation suppresses large transient switching ripples and compensates for the poor fuel 

transient dynamics as it will be demonstrated throughout this chapter  

3.2 Power Sources Transient Dynamics 

 

Because of the randomness and unpredictability of driving conditions, load power varies in 

amplitude and frequency. To address the sudden changes occurring in vehicle load power, the 

use of power sources is related to the frequency of load power demand as shown it is illustrated 

in figure 3.1. Supercapacitors are generally used for high frequency power variations, batteries 

for medium frequency power variations and FC for low frequency power variations due to their 

slow transient dynamics. Details about the power sources transient will be detailed in the 

following subsections. 
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Figure 3.1 Classification of power sources usage. 

3.2.1 Fuel cell transient dynamics 

FC delivers power after chemical reactions and this causes important delay toward fast load 

variations. In [65], it has been stated that the reformer or the purifier, which is responsible of 

transforming fuel to pure hydrogen causes a time delay of several seconds. Purifier’s dynamics 

are estimated to be of first order as it is highlighted in Figure 3.2, 

 

 

 

 

 

 

 

 
 

 

 

Figure 3.2  PEMFC scheme and reformer’s dynamics. 
 

The attenuation caused by the reformer will delay the whole FC response. To determine 

FC time constant, the no load and full load FC voltage equations are expressed using equations 

(3.1) and equation (3.2) respectively: 
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𝑉𝐹𝐶,𝐶𝐸𝐿𝐿 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 −𝑈𝑎𝑐𝑡 − 𝑈𝑐𝑜𝑛 − 𝑈𝑜ℎ𝑚                                (3.1) 

𝑉𝐹𝐶,𝐶𝐸𝐿𝐿 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 −𝑈𝑎𝑐𝑡 − 𝑈𝑐𝑜𝑛 − 𝑈𝑜ℎ𝑚 − 𝑅𝐿𝑖(𝑡)                 (3.2) 

Where Ucon is the concentration polarization due to the variation in gradients’ concentration 

at FC anode and cathode and Uact is the activation polarization due to the slowness of chemical 

reactions at the two electrodes. Uohm is the ohmic polarization that represents the voltage drop 

caused by the specific FC conductivity. Mathematical expressions that relate concentration, 

activation and ohmic polarizations to current are respectively given by equations (3.3, 3.4, 3.5). 

       𝑈𝑎𝑐𝑡 =
𝑅𝑇

𝑧𝑛𝐹
𝑙𝑛(𝑖0[𝑖(𝑡)]

2.303) 

 

𝑈𝑐𝑜𝑛 =
𝑅𝑇

𝑛𝐹
𝑙𝑛 (
𝑖𝐿 − 𝑖(𝑡)

𝑖𝐿
) 

 

           𝑈𝑜ℎ𝑚 =
𝑛𝐹𝐷

𝜎(1 − 𝑡𝑖)
𝑙𝑛 (

𝑖𝐿 − 𝑖(𝑡)

𝑖𝐿
) 

Where R is the gas constant (8.314 Jmol-1K-1), T is the fuel cell temperature (K), z is the 

activity coefficient, n is the number of electrons in the FC reaction, F stands for Faraday’s 

constant (96485.3 Cmol-1),i0 is the exchange current (A), i(t) is the FC current (A), iL is the limit 

current (A), 𝜎 is the equivalent conductance (m2Ω1) and ti is the transference number. The 

linearization of FC current around an operating current iX and the definition of three resistances 

Ract(T), Rcon(T) and Rohm(T) yield the following set of the equation: 

{
  
 

  
 

𝜕

𝜕𝑖(𝑡)
[𝑈𝑎𝑐𝑡] = 𝑅𝑎𝑐𝑡(𝑇)𝑖(𝑡)

𝜕

𝜕𝑖(𝑡)
[𝑈𝑐𝑜𝑛] = 𝑅𝑐𝑜𝑛(𝑇)𝑖(𝑡)

𝜕

𝜕𝑖(𝑡)
[𝑈𝑜ℎ𝑚] = 𝑅𝑜ℎ𝑚(𝑇)𝑖(𝑡)

 

Substituting equation (3.6) in equations (3.1) and (3.2) yield the following: 

 

𝑉𝐹𝐶,𝐶𝐸𝐿𝐿 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 − 𝑅𝑎𝑐𝑡(𝑇)𝑖(𝑡) − 𝑅𝑐𝑜𝑛(𝑇)𝑖(𝑡) − 𝑅𝑜ℎ𝑚(𝑇)𝑖(𝑡)              (3.7) 

 

𝑉𝐹𝐶,𝐶𝐸𝐿𝐿 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 − 𝑅𝑎𝑐𝑡(𝑇)𝑖(𝑡) − 𝑅𝑐𝑜𝑛(𝑇)𝑖(𝑡) − 𝑅𝑜ℎ𝑚(𝑇)𝑖(𝑡) − 𝑅𝐿(𝑇)𝑖(𝑡)    (3.8) 

 

From these two previous equations and by modeling the electric field that arises between 

the anode and the cathode by a capacity C, the FC equivalent circuits in cases of no and full 

loads are respectively presented in figures 3.3.a and 3.3.b. 

(3.3) 

 

(3.4) 

(3.5) 

(3.6) 
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Figure 3.3 PEMFC electric circuit. (a)No load, (b)Full load. 

From Figure 3.3, one can notice that, under no load connected to it, FC has no load time 

constant, 𝜏𝐹𝐶
𝑁𝐿, given by Equation (3.9) and when it is loaded, its time constant 𝜏𝐹𝐶

𝐹𝐿 expressed 

using equation (3.10). These two last mentionned equations highlight the slowness of FC and 

show that it takes a well defined time to respond to transient peak demands. In [68], fuel cell 

transient delay is estimated to be 2.2𝜏𝐹𝐶
𝑁𝐿 . In [66-67], it is approximated to be 3𝜏𝐹𝐶

𝑁𝐿. 

𝜏𝐹𝐶
𝑁𝐿 = (𝑅𝑎𝑐𝑡 + 𝑅𝑐𝑜𝑛 + 𝑅𝑜ℎ𝑚)𝐶                                        (3.9) 

𝜏𝐹𝐶
𝐹𝐿 = [

(𝑅𝑎𝑐𝑡 + 𝑅𝑐𝑜𝑛 + 𝑅𝑜ℎ𝑚)(𝑅𝑖 + 𝑅𝐿)

(𝑅𝑎𝑐𝑡 + 𝑅𝑐𝑜𝑛 + 𝑅𝑜ℎ𝑚 + 𝑅𝑖 + 𝑅𝐿)
] 𝐶 

The voltage-current and power-current characteristics of one fuel cell stack are depicted in 

Figure 3.4. The green points on curves represent the nominal current, voltage and power of the 

used FC and the red points depict the maximum FC values, The FC is formed by a series 

connection of six FC stacks and each one is formed by serial grouping of Ns =68 which makes 

the stack nominal voltage approximately 48V. 

 

 

 

 

  

 
 

            

 

 

 

  

Figure 3.4 Fuel cell characteristic curves.  

(3.10) 
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3.2.2 Battery dynamics 

Batteries power HEVs and they are used as a storage element too. Even though lithium-ion 

battery is todays’ preferred choice in the field of automotive engineering, there exist 

nonetheless a variety of other technologies such as lead-acid, nickel-cadmium, nickel-metal 

hybrid and solid-state batteries. The equivalent circuit of the Li-Ion battery used in this work 

is shown in Figure 3.5.  It can be seen that Li-Ion battery model is made of charge and discharge 

models given respectively using equations (3.11) and (3.12).  

𝑉𝑏𝑎𝑡𝑡 = 𝐸0 − (𝐾
𝑄

𝑄 − 𝑖𝑡
𝑖∗) − (𝐾

𝑄

𝑄 − 𝑖𝑡
𝑖𝑡) + 𝐴𝑒−𝐵𝑖𝑡 

𝑉𝑏𝑎𝑡𝑡 = 𝐸0 − (𝐾
𝑄

𝑖𝑡 + 0.1𝑄
𝑖∗) − (𝐾

𝑄

𝑄 − 𝑖𝑡
𝑖𝑡) + 𝐴𝑒−𝐵𝑖𝑡 

The low pass filter and the first order transfer function used in Li-ion battery model shown 

in Figure 3.5 represent the time delay required by the battery for the evolution and 

establishment of the reference voltage at its terminals. Authors in [65] estimated this delay 

using the battery equivalent model shown in Figure 3.6. They have concluded that the time 

required by the battery before the deliverance of reference current or power is nothing more 

than its full load time constant given by Equation (3.13) below:  

𝜏1 = [
(𝑅𝑖 + 𝑅𝐿)𝑅𝑝
(𝑅𝑖 + 𝑅𝐿) + 𝑅𝑝

] 𝐶𝑝 

 

 

 

 

 

 

 

 

 

Figure 3.5 Fuel cell characteristic curves. 

(3.11) 

(3.12) 

(3.13) 
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Figure 3.6  Li-Io battery electric circuit. (a) No load, (b) Full load. 

The parameters of equations (3.11) and (3.12) are depicted in Figure 3.7 which represents 

the nominal discharge curve at nominal discharge current and the discharge curves at the 

specified discharge currents.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7  Li-Io battery discharge characteristics 

Out of equations (3.9), (3.10) and (3.13), one can deduce that the transient response of FCs 

and Li-Ion batteries are different from each other. This causes miscoordination during 

switching instants and gives rise to undesired transient ripples. Furthermore, Some HEV power 

sources such as FC are sensitive and have a poor transient response.  As it will be discussed in 

the forthcoming sections, these problems are addressed by a proposed coordinated switching 

strategy that considers power sources’ slowness and protects them from damages that may be 

caused by sudden load variation.    
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3.3 Multi Stage Energy Management Strategy 

The global HEV scheme is shown in Figure 3.8 in which the proposed multi stage energy 

management strategy is highlighted in dashed red lines. It can be seen that it is made of three 

main stages. In the first stage, a developed energy management algorithm determines the 

percentage of total power that will be delivered by FC based on BAT state of charge, level of 

required power (PHEV) and power slope. The second stage detects possible failures in HEV 

power sources and corrects them via the reconfiguration of FC and BAT control loops to ensure 

continuous HEV operation. The control loops associated with HEV power sources are pointed 

out with blue dashed lines as it is shown in Figure 3.8. A new coordinated switching strategy 

is integrated into the third stage of the proposed energy management strategy to protect FC 

from the harmful transient power ripples noticed during power source switching and abrupt 

load variations. The last stage of the proposed energy management strategy is also intended to 

compensate for the difference in power sources transient dynamics and to ensure switchings 

with minimum transient ripples. Notice that FC and BAT are, respectively, connected to DC 

bus through bidirectional and unidirectional DC/DC converters. The inverter feeds the traction 

machine which will in turn drive the HEV wheels. 

  

 

 

 

 

 

 

 

 

 

 

[1]  

[2]  

[3]  

[4]  

 

Figure 3.8 Global HEV system scheme. 
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The internal structure and the working principles of each stage of the proposed multi stage 

energy management strategy are explained in detail in the forthcoming sections: 

3.3.1 Fuzzy energy management  

At any instant, HEV power is expressed as the sum of FC and BAT powers as it is given in 

equation (3.14). 

𝑃𝐻𝐸𝑉 = 𝑃𝐹𝐶
𝑟𝑒𝑓
+ 𝑃𝐹𝐶

𝑟𝑒𝑓
 

 

In this work, the proposed power management algorithm is summarized by the following 

sentence: “At any driving instant, FC and BAT can deliver any desired fraction of the total 

power required for traction”. This last sentence can be expressed mathematically as follow:  

 

𝑃𝐻𝐸𝑉 = (𝐶𝐹𝐶
𝑐𝑜𝑟 + 𝐶𝐵𝐴𝑇

𝑐𝑜𝑟 ) 𝑃𝐻𝐸𝑉 

 

Where 𝐶𝐹𝐶
𝑐𝑜𝑟and 𝐶𝐵𝐴𝑇

𝑐𝑜𝑟 are, respectively, the corrected FC and BAT power contribution 

factors that represent the percentage of total traction power that FC and BAT will deliver. These 

two factors are defined by equations (3.16) and (3.17) shown below. 

𝐶𝐹𝐶
𝑐𝑜𝑟  =

𝑃𝐹𝐶
𝑟𝑒𝑓

𝑃𝐻𝐸𝑉
 

𝐶𝐵𝐴𝑇
𝑐𝑜𝑟  = 1 − 𝐶𝐹𝐶

𝑐𝑜𝑟 

The fuzzy logic controller (FLC) shown in Figure 3.9 determines the amount of total power 

that will be delivered by the FC. To do so, BAT state of charge, traction power level and its 

slope are fuzzified using adequate membership functions. Figure 3.10 highlights the three 

trapezoidal membership functions used to fuzzify HEV power level. Notice that three fuzzy 

sets are used: P means low power, pM stands for medium power and pH signifies high power. 

The membership functions shown in Figure 3.11 fuzzify battery state of charge using four 

membership functions of type triangular and trapezoidal. The four sets used for battery SOC 

fuzzification and their corresponding symbols are as follow: L means low power, pM stands 

for medium power and pH signifies high power. Figure 3.12 shows the singleton membership 

functions used for CFC deffuzification. Each singleton operates the FC at a given defined 

operating point. In this work, the FC can be operated at five distinct contribution factors. The 

surface maps shown in Figure 3.13 better explain the dependency between FLC inputs and 

outputs presented by their corresponding membership functions and the set of established fuzzy 

rules. 

(3.14) 

(3.15) 

(3.16) 

(3.17) 
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         Figure 3.9 Fuzzy logic controller.                 Figure 3.10 Fuzzification of HEV power. 

 

 

 

 

 

 

 

   Figure 3.11 Battery SOC fuzzification.                   Figure 3.12 CFC membership functions. 

 

 

 

 

 

 

 

 

 

 

 

  

 

(a)                                                                                      (b) 

 

 Figure 3.13 FLC surface map during: (a) acceleration; (b) deceleration 

 

3.3.2 Failure detection and correction 

 

Many research works [70-71] designed correction strategies for possible failures in HEV 

components that are more robust than FC and BAT. In this chapter, possible failures in HEV 

power sources are considered during the design of the design of the proposed energy 

management strategy. Table 3.1 shown below explains the operating principle of the fault 

detection and correction bloc. 
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Table 3.1 Fault correction truth table. 

 

 

 

 

 

 

 

 

 

Note that in the absence of failures (FBAT = FFC = 0), the output of the fault detection and 

correction bloc shown in Figure 3.14 is equal to one of the fuzzy energy management defined 

by equation (3.18). Under normal operating mode (FBAT=0, FFC=0), the BAT regulates DC bus 

voltage and FC receives a reference current iFC,ref =iFC,1 that allows it to deliver 𝐶𝐹𝐶
𝑐𝑜𝑟 of the total 

power required for traction. When a failure occurs at battery level (FBAT=1), the FC control 

loop will be reconfigured and the FC will receive a reference power iFC,ref  = iFC,2 that lets it 

deliver all the required power for traction (𝐶𝐹𝐶
𝑐𝑜𝑟=100%) while ensuring dc bus voltage stability. 

When a failure occurs at FC level (FFC=1), 𝐶𝐵𝐴𝑇
𝑐𝑜𝑟  will toggle from its value to 100% and the 

battery current will also increase. Figure 3.14 depicts the internal structure of FC fault detection 

bloc used in this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Internal structure of FC failure detection bloc. 
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3.3.3 Coordinated switching strategy 

Large transient ripples are observed during abrupt power source switching [72-73]. These 

ripples, which reduce riding comfort, are primarily caused by differences in the transient 

responses of HEV power sources. To address this problem, a coordinated switching strategy is 

proposed in this chapter to improve low HEV performance during switching instants. 

Mathematically, variations in FC reference power PFC(t) between two distinct instants t1 and t2 

are expressed using equation (3.18): 

𝛥𝑃𝐹𝐶
𝛥𝑡

=
𝑃𝐹𝐶(𝑡2) − 𝑃𝐹𝐶(𝑡1)

𝑡2 − 𝑡1
 

For the sake of real time implementation of equation (3.18), only fixed step solvers, with 

sampling time Ts, are considered. Hence, the last mentioned equation becomes: 

𝛥𝑃𝐹𝐶
𝛥𝑡

=
𝑃𝐹𝐶(𝑡 + 𝑇𝑠) − 𝑃𝐹𝐶(𝑡)

𝑇𝑠
 

Fast FC power variations can be expressed at any instant using equation (3.20): 

𝑙𝑖𝑚
𝑇𝑠→0

[
𝑃𝐹𝐶(𝑡 + 𝑇𝑠) − 𝑃𝐹𝐶(𝑡)

𝑇𝑠
] =

𝑑𝑃𝐹𝐶(𝑡)

𝑑𝑡
 

Using equation (3.14- 3.17), the instantaneous transient ripples arising during switching 

instants are expressed using equation (3.21) shown below:  

𝑑𝑃𝐻𝐸𝑉
𝑑𝑡

= [𝐶𝐹𝐶
𝑐𝑜𝑟
𝑑𝑃𝐹𝐶
𝑑𝑡

+ 𝑃𝐹𝐶
𝑑𝐶𝐹𝐶

𝑐𝑜𝑟

𝑑𝑡
] + [𝐶𝐵𝐴𝑇

𝑐𝑜𝑟
𝑑𝑃𝐵𝐴𝑇
𝑑𝑡

+ 𝑃𝐵𝐴𝑇
𝑑𝐶𝐵𝐴𝑇

𝑐𝑜𝑟

𝑑𝑡
] 

Equation (3.22) provides a numerical approximation of each left-hand side term of equation 

(3.21). Ts in Equation (3.22) represents the calculation step. Derivative of Tm1 and Tm2 are equal 

to zero because the torque developed by PMSM1 and PMSM2 between t and t+Ts is nearly the 

same. 

{
 
 
 
 

 
 
 
 
𝑑𝑃𝐹𝐶
𝑑𝑡

≈ [
𝑃𝐹𝐶(𝑡 + 𝑇𝑠) − 𝑃𝐹𝐶(𝑡)

𝑇𝑠
] ≈ 0

𝑑𝑃𝐵𝐴𝑇
𝑑𝑡

≈ [
𝑃𝐵𝐴𝑇(𝑡 + 𝑇𝑠) − 𝑃𝐵𝐴𝑇(𝑡)

𝑇𝑠
] ≈ 0

𝑑𝐶𝐹𝐶
𝑐𝑜𝑟

𝑑𝑡
≈ [
𝐶𝐹𝐶
𝑐𝑜𝑟(𝑡 + 𝑇𝑠) − 𝐶𝐹𝐶

𝑐𝑜𝑟(𝑡)

𝑇𝑠
] ≈

𝛥𝐶𝐹𝐶
𝑐𝑜𝑟

𝑇𝑠
𝑑𝐶𝐵𝐴𝑇

𝑐𝑜𝑟

𝑑𝑡
≈ [
𝐶𝐵𝐴𝑇
𝑐𝑜𝑟 (𝑡 + 𝑇𝑠) − 𝐶𝐵𝐴𝑇

𝑐𝑜𝑟 (𝑡)

𝑇𝑠
] ≈

𝛥𝐶𝐵𝐴𝑇
𝑐𝑜𝑟

𝑇𝑠

 

 

Equation (3.22) can be rewritten using the approximations of Equation (3.23) as follows: 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

(3.22) 
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𝑑𝑃𝐻𝐸𝑉
𝑑𝑡

≈ 𝐶𝐹𝐶
𝑐𝑜𝑟 (

𝛥𝐶𝐹𝐶
𝑐𝑜𝑟

𝑇𝑠
) + 𝐶𝐵𝐴𝑇

𝑐𝑜𝑟 (
𝛥𝐶𝐵𝐴𝑇

𝑐𝑜𝑟

𝑇𝑠
) 

Because Ts is in the order of 10-6, the two ratios on the right-hand side of equation (3.21) 

will result in significant transient ripples that reduce HEV driving comfort during drive mode 

switchings and reduce HEV power source lifespan. To avoid the aforementioned drawbacks, a 

coordinated switching strategy that smoothens drive mode switchings is proposed in this work 

and its basic steps are shown in the flowchart of figure 3.15. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 FC coordinated the switching flowchart. 

 

The old and the new FC operating points are calculated as given in Equation (3.24) where 

ttrig is the time instant at which a change in CFC is detected. 

{
𝐶𝐹𝐶
𝑛𝑒𝑤 = 𝐶𝐹𝐶

𝑐𝑜𝑟(𝑡𝑡𝑟𝑖𝑔)

𝐶𝐹𝐶
𝑜𝑙𝑑 = 𝐶𝐹𝐶

𝑐𝑜𝑟(𝑡𝑡𝑟𝑖𝑔 − 𝑇𝑠)
 

Old and new FC power references are then calculated as given in equation (3.25): 

{
𝑃𝐹𝐶
𝑜𝑙𝑑 = 𝐶𝐹𝐶

𝑜𝑙𝑑𝑃𝐻𝐸𝑉
𝑃𝐹𝐶
𝑛𝑒𝑤 = 𝐶𝐹𝐶

𝑛𝑒𝑤𝑃𝐻𝐸𝑉
 

The exponential transition function given by equation (3.26) is used to provide coordinated 

FC and BAT switching. This function is used mainly because many electric phenomena follow 

(3.23) 

(3.24) 

(3.25) 
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exponential law during their evolution. Using Equation (3.24) and Equation (3.25), FC and 

BAT reference powers can be expressed as given in Equations (3.27) and (3.28) respectively. 

Figure 3.16 illustrates how FC operating point is toggled from its actual to its new operating 

point smoothly following an exponential transition function. 

𝑃𝐹𝐶
𝑟𝑒𝑓(𝑡) = [(𝑃𝐹𝐶

𝑜𝑙𝑑 − 𝑃𝐹𝐶
𝑛𝑒𝑤)𝒆

−
(𝒕−𝒕𝒕𝒓𝒊𝒈)

𝝉𝑭𝑪
𝑭𝑳

+ 𝑃𝐹𝐶
𝑛𝑒𝑤] 

𝑃𝐹𝐶
𝑟𝑒𝑓(𝑡) = [(𝐶𝐹𝐶

𝑜𝑙𝑑 − 𝐶𝐹𝐶
𝑛𝑒𝑤)𝑒

−
(𝑡−𝑡𝑡𝑟𝑖𝑔)

𝜏𝐹𝐶
𝐹𝐿

+ 𝐶𝐹𝐶
𝑛𝑒𝑤] 𝑃𝐻𝐸𝑉 

       𝑃𝐵𝐴𝑇
𝑟𝑒𝑓
(𝑡) = [1 − 𝐶𝐹𝐶

𝑛𝑒𝑤 − (𝐶𝐹𝐶
𝑜𝑙𝑑 − 𝐶𝐹𝐶

𝑛𝑒𝑤)𝑒
−
(𝑡−𝑡𝑡𝑟𝑖𝑔)

𝜏𝐹𝐶
𝐹𝐿

] 𝑃𝐻𝐸𝑉 

  

 

 

 

  

   

 

 

 

 

 

Figure 3.16 Three dimensional exponential CFC evolution. 

3.4 Numerical Simulation Results 

SOCSC is depicted in Figure 3.17 along with FC contribution factor CFC. One can note that 

SOCSC is maintained within safe limits during all HEV rides and this is the result of good power 

management. A zoom of figure 3.17 during [0; 8 s] is presented in figure 3.18. The green 

waveform on it represents CFC which is shifted on the y axis for more figure clarity. The battery 

discharge rate in zone 3 (Z3) is greater than the one in Z1. This is because the battery is 

delivering 100% of the required power for traction in Z3 whereas in Z1, it is delivering only 70% 

of the required power for traction. One can conclude that the proposed power management 

(3.26) 

(3.27) 

(3.28) 
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strategy controls BAT depth of discharge via the control of CFC. The greater CFC value, the 

slower the BAT depth of discharge will be. In Z2, CFC=100%. This means that FC is off and its 

SOC will remain constant. 

 

 

 

 

 

 

 

 

 

Figure 3.17 Battery state of charge. 

 

 

 

 

 

 

 

 

 

 

Figure 3.18  Zoom of battery state of charge.  

The Initial FC and BAT contribution factors generated by the power management algorithm 

are respectively shown in figures 3.19.a and 3.19.b. FC and BAT fault signals are depicted in 

figures 3.19.c and 3.19.d respectively. The corrected FC and BAT contribution factors are 

respectively shown in figures 3.19.e and 3.19.f. One can remark that in the absence of faults, 

CBAT equals corrected CBAT and CFC equals corrected CFC and this means that the decision 

generated by the power management algorithm doesn’t have to be corrected.    

 A temporary failure occurred in BAT during [69; 71] as it is highlighted with magenta dashed 

lines. The fault detection algorithm has detected the fault and set FBAT=1. This setting has 

isolated the faulty power source by setting CBAT to zero and caused CFC to change from 50% 
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to 100% through the reconfiguration of FC control loop shown in Figure 3.8.  

 The green dashed lines highlight a permanent FC failure as it was delivering 50% of the 

required traction power. As the fault occurred, FFC state toggled to 1 and this has modified 

the CBAT to 100% which means that BAT will regulate DC bus voltage and provide all the 

required traction. It can be concluded that the proposed multi stage power management 

strategy increases the security of the electric vehicle and reduces the failure possibility.  
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Figure 3.19 Initial and final FC-BAT contribution factors. 

 
FC and BAT powers are highlighted respectively in figure 3.20.a and 3.20.b. The behavior 

of FC and BAT during each of the highlighted zones is as follows: 

Zone 01: FC delivers 0.9 kW and BAT delivers 3.5 kW. This means that FC delivers 30% of 

the required power and BAT delivers the remaining. 

Zone 02: FC delivers 100% of the required traction power and BAT is off 

Zone 03: FC and BAT deliver 3.7 kW which represents half the total required power.  
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Zone 04: BAT delivers 3.7 kW which is the total required power and the FC is off 

Zone 05: FC is off and BAT is charging (regenerative braking). 

BAT fault: Before fault occurrence, both FC and BAT were delivering 50% of the required 

traction power. When BAT is in a failure state (FBAT=1), it is disconnected and FC toggles from 

50% to 100% contribution which means that it delivers all the required traction power. 

FC fault: Before fault occurrence, both power sources deliver 50% of the required traction 

power. When FC is in a failure state (FFC=1), it is isolated and BAT delivers 100% of the 

required traction power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20. FC and BAT powers. 
 

One can deduce that the proposed management algorithm reduces the stress applied to the 

primary power source (FC) and controls precisely the amount of power to be delivered by 

each power source. Figures 3.21 and 3.22 present respectively the sum of FC and BAT 

powers along with the required traction power using coordinated and non coordinated 

switching. In both cases, the sum of FC and BAT powers tracks the reference traction 

power. Large and harmful transient ripples are noticed during each non coordinated CFC 

variation. However, coordinated switching eliminated the transient peaks.  
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Figure 3.21 HEV power without coordination. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22  HEV developed power with coordination. 

 

Figure 3.23.a and 3.23.b are zooms of figure 3.21 and figure 3.22, respectively.  During the 

time instants [11.65; 11.82]. It can be seen that the proposed coordinated switching strategy 

inserted in the last stage of the energy management strategy compensated for the difference 

between FC and BAT transient responses and has compensated for FC slowness also. From 

Figure 3.23.b, switchings between FC and BAT are performed within TFC  and this protects 

sensitive power sources such as FC from large and abrupt currents that may cause their damage. 

Using non coordinated switching, the power conservation equation given by equation (3.14) is 

violated and it can be seen that at t=11.71 s, PHEV is 3.1 kW whereas the sum of FC and BAT 

power is less than that value. This power lack caused the significant transient peak shown in 

figure 3.22 at t=11.71 s. Figure 24.b shows that FC/BAT switching performed using the 
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coordinated switching respected the power conservation equation given by equation (3.14). At 

each instant, during the transition period [ttrig; ttrig+TFC] the developed power sources and the 

required traction power are almost the same and this suppressed the transient peak at t=11.71 

as can be seen in figure 3.23.b.  

 

 

 

 

 

 

 

 

 

 

       

  

  (a) 

 

 

 

 

 

 

 

 

         

 

 

 

 

   

 

 (b)  

Figure 3.23. Zoom of switching instant: (a) non coordinated (b) coordinated. 

 

Figure 3. 24 shows the DC bus voltage when FC and BAT are switched using coordinated 

and non-coordinated switching. One can see that coordinated switching has contributed to the 

reduction of DC voltage ripples in comparison to non-coordinated switching. 
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Figure 3.24. DC bus voltage. 
 

 

To point out the added value provided by the third stage of the proposed energy 

management strategy, a comparison is performed to other published works as it is shown in 

Figure 3.25. The comparison is made in terms of voltage percentage overshoot and transient 

power peaks defined, respectively, using equations (3.29) and (3.30).  It could be seen that the 

coordinated switching strategy via the proposed transition function has resulted in the 

significant and simultaneous reduction of DC bus voltage and transient power ripples. Note 

that the proposed coordinated strategy resulted in a voltage percentage overshoot of 0.4% and 

a maximum transient power ripples of 480 W. 

(3.29) 

 

 

 (3.30) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 3.25 Comparison to other published works. 
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To investigate the effect of the transition function on HEV transient performances during 

switching instants during CFC variations, a comparison is made between the used exponential 

transition function given by Equation 3.26 and 3.27, stair based transition function given by 

equation (3.31) and the linear transition function highlighted by equation (3.32). The 

comparison results are shown in Figure 3.27. It can be deduced that all the transition functions 

resulted in minimizing transient power ripples and DC bus voltage. In particular, the 

exponential transition function resulted in minimum DC bus voltage ripples of 6 V and a 

transient power peak of 608V. 

 

 

 (3.31) 

 

 

  

 

 

 

(3.32) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26 Comparison between the used switching techniques. 
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3.5 RT LAB Simulation 

This section discusses the real time feasibility of each stage of the proposed multi stage 

power management strategy. Real time simulation is performed using OPAL RT LAB 

simulator. As is shown in figure 3.27, the first step toward real time simulation is the model 

separation. HEV system is splitted into computation and console blocs. Blocs that contain 

computations such as the coordination control strategy, HEV model, FC and SC models are 

placed on the computation subsystem. Scopes and constants are placed in the console bloc.  

Each computation subsystem will be executed on one CPU core of the RT simulator. Data 

between the computation subsystem and console are exchanged asynchronously through the 

TCP/IP link but data exchange between the two computation subsystems is performed 

synchronously through shared memory. Data from RT simulator are displayed on the digital 

oscilloscope using BNC to BNC cable.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27. General scheme of real time simulation model. 
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Figure 3.28 shows the real time simulation bench established in our research laboratory in 

which element 1 represents the host PC, element 2 shows the FPGA based real time simulator 

(OP 5700), element 3 highlights the unit measurement a data acquisition interface (OP8660) 

and element 4 is a digital oscilloscope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.28 RT LAB simulation workbench.  

 

A load profile of 5 kW that emulates HEV power demand is applied on FC and Li-Ion 

battery to test in real time the effectiveness of each stage of the proposed energy management 

strategy. Figure 3.29 highlights the power developed by FC and Li-Ion battery. One can notice 

that the proposed multi stage energy management strategy controls precisely the amount of 

power delivered by each power source. For instance, at region 6, the Li-Ion battery delivers 

30% of the total required power whereas FC furnishes the remaining 70%. Table 3.2 shown 

below highlights clearly the different percentages of the total power delivered HEV power 

sources at each of the eight regions highlighted in Figure 3.29. 
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    Figure 3.29 FC and Li-Ion battery delivered power. 

Table 3.2 HEV power sources contribution in each region. 

Region CFC CBAT Operation 

Region 

1 

100% 0% BAT delivers all the required traction power during the starting and 

fixes DC bus voltage 

Region 

2 

0% 100% FC delivers all the required power for traction and SC fixes DC bus 

voltage  

Region 

3 

100% 0% BAT delivers all the required power for traction and fixes DC bus 

voltage. FC is off 

Region 

4 

0% 100% Temporary fault occurred at FC level. BAT is set to deliver all the 

required power for traction and fixes DC bus voltage 

Region 

5 

100% 0% FC delivers 100% of required traction power and BAT delivers the 

remaining 0% 

Region 

6 

30% 70%  FC delivers 30% of the required power for traction and BAT fixes DC 

bus voltage and deliver the remaining power for traction 

Region 

7 

70% 30% FC delivers 70 % of the required power for traction and BAT fixes DC 

bus voltage while delivering 30% of the required power. 

Region 

8 

100% 0% Fault occurred at BAT level as it was ensuring 30% of the required 

traction power. It was isolated and CFC toggled from 70% to 100% 
 

As indicated already in Figure 3.8, the second stage of the proposed power management 

strategy verifies whether HEV power sources are operating under normal operating conditions 

or not. Figure 3.30 shows the actual and corrected power sources’ contribution factors. Note 

that in the absence of faults at the power sources level, CFC and CBAT generated by the fuzzy 

power management algorithm are equal to  CFC
cor and CBAT

cor . The brown dashed lines in Figure 

30.b highlight the instant of fault occurrence at FC level (FFC=1). Note that as soon as the fault 
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is detected, FC was turned off by setting its contribution factor to zero (CFC=0). According to 

Equation (3.17), this correction caused the modification of battery contribution factor from 0 

to 1 as it is pointed out with dashed brown lines in Figure 3.30.a.  It can be seen that just after 

the FC temporary fault disappeared, CFC
cor went back to its previous value which is equal to CFC. 

The dark dashed lines in Figure 3.30 show the instant of battery fault occurrence at battery 

level (Fbat=1). Before the fault takes place, CFC and CBAT are respectively equal to 70% and 

30%. Once the fault was detected, the battery was turned off and the FC control loop was 

reconfigured to ensure DC bus voltage regulation and to ensure all the power required for 

traction. This was done by setting  CFC
cor and CBAT

cor  to 100% and 0%, respectively. FC control 

loop reconfiguration has resulted in a transient power peak as can be noticed in Figure 3.29 

(region 8).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.30 Power sources’ contribution factors: (a) fuel cell, (b) battery.  

To investigate the advantages provided by the third stage of the proposed energy 

management strategy, the HEV system is simulated with and without coordinated switching 

and the results are shown in Figures 3.31 and 3.32. Note that without the addition of a 

coordinated switching strategy bloc, important power ripples are noticed during each CFC 

variation. This reduces power sources’ lifespan and subjects them to dangerously high and 
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abrupt currents. From Figure 3.32, one can notice that the coordinated switching strategy 

reduced significatively the large transient power ripples noticed during power source 

switchings. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.31 Abrupt switching of HEV power sources. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.32 Coordinated switching of HEV power sources. 

Figures 3.33 and 3.34 show respectively zooms of non coordinated and coordinated 

switchings. From figure 34, the difference between FC and BAT transient dynamics caused 

transient power lack that yielded the power ripples seen in Figure 3.31. For instance, at P1, the 

sum of FC and BAT powers is only half of the required power for traction which is equal to 5 

kW and this causes transient ripples and reduces HEV transient performance. From Figure 3.34 

one can see that a coordinated switching strategy via the proposed exponential transition 

function compensates for the difference in transient dynamics between power sources. 
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Furthermore, it protects them from the high and abrupt currents resulting from sudden load 

variations.  

 

 

 

 

 

 
 

  Figure 3.33 Zoom of non coordinated power sources switching. 

 

 

 
 

 

 

 

 

 

Figure 3.34 Zoom of coordinated power sources switching. 

3.6 Conclusion 

The developed multi stage power management strategy has improved vehicle security since 

failures on its power sources will be detected, identified and corrected. The problem of high 

transient ripples due to the difference in transient dynamics between FC and SC is resolved by 

a proposed coordinated switching strategy that compensates for the difference in power sources 

dynamics via the use of an exponential transition function that governs the different FC 

operating points variations. In addition to ripple suppression, the proposed coordinated 

switching has reduced the stress applied on FC during vehicle starting and this enhances its 

lifetime. Real time simulation results obtained using RT LAB simulator confirms the numerical 

simulation results.
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4.1 Introduction 

Powertrain architectures are among the characteristics that have been strongly diversified 

since the invention of HEVs because it is the key factor toward HEV performance enhancement. 

The number and the location of the used electric machines is used as a scale in HEV classification 

which is extensively discussed in [75]. The most used HEV drivelines are depicted in figure 1. 

From the last mentioned figure, one can be notice that in order to enhance HEV propulsion 

power, the number of electric traction machines is increased on HEV board. This solution 

enhances vehicle performance at the expense of its cost and weight. Furthermore, one can notice 

that the torque to be received by each vehicle wheel is fixed and this is not suitable in cases where 

HEV is on ground surfaces with different friction coefficients. The idea of equal torque 

distribution is very common, in [76], HEV propulsion is ensured by a unique PMSM connected 

to rear wheels. The limitation of such drivetrain architecture appears when most of load torque 

is exerted on the front driven wheels instead of the rear driving wheels. In [77-78], both HEV 

rear wheels are driven by a five phase PMSM. This driveline structure will increase HEV 

propulsion power, but in case of failure of one traction machines the vehicle may skid away. 

Added to that, if the rear driving wheels are on an icy surface with low friction coefficient, the 

torque attributed to them will not develop significant propulsion power. Four traction machines 

are used for HEV traction in [79], this will increase HEV propulsion power but it will be at the 

expense of vehicle price and weight. The limitation of all the previously mentioned research 

works is that all the generated torque is either sent to rear or front wheels or it is equally 

distributed over all HEV wheels which is unsuitable in non-uniform ground surfaces. For that 

reason, researchers have developed several torque distribution strategies [80].  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Frequently used HEV drivetrains architectures.  
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4.2 Proposed HEV structure 

Figure 4.2 shows the drivetrain structure of the HEV considered in this work which can be 

powered using one or two power sources and maybe driven by either one or two permanent 

magnet synchronous machines (PMSM) choosed mainly for their high torque to mass ratio 

[81]. The turn on and extinction of FC and supercapacitor (SC) responsible of powering the HEV 

is governed by a proposed coordinated power management strategy. When the load torque, TL, 

applied on the vehicle is less than the specified threshold torque value TTH, the HEV will be 

driven only using PMSM1. As soon TL exceeds the defined threshold, SW will be closed and 

PMSM2 will be turned on letting both motors share equally the load torque applied on the 

HEV. Transitions from single motor drive mode to dual motor mode is performed via a 

proposed coordinated switching strategy that will be discussed in details in the forthcoming 

sections. Two proposed TDS are used in this chapter to distribute the generated torque, THEV, 

to front and rear HEV wheels so that to maximize its propulsion as it will be seen throughout 

this chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 power source, multi traction motor HEV. 
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The torque allocation bloc shown in figure 4.2 outputs kR and kF which represent, 

respectively, the percentage of total torque attributed to rear and front differentials. Relation 

between kF and kR at every time instant is given by equation (4.1). 

1 F Rk k                                                        (4.1) 

TF,REF and TR,REF in figure 4.2 represent, respectively, the amount of torque sent to front and 

rear differentials. They are defined by the set of equations given in equation (4.2) where Tm1 and 

Tm2 are the electromagnetic torque values developed by PMSM1 and PMSM2. 𝜂 is the 

transmission effeciency of the front and rear differentials and center gear system.   
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                                             (4.2) 

The center differential shown in figure 4.2 performs the first torque orientation by sending 

the reference torque values TF,REF and TR,REF  to HEV front and rear wheels. After that, RD and 

FD, which are bistate differentials, perform the second and last torque vectoring. When they are 

open, RD and FD provide an equal torque split over HEV right and left wheels. If FD and RD 

are closed, 95% of the front or rear reference torque will be allocated to the HEV wheel on which 

more load torque is applied and the remaining 5% will be allocated to the other wheel so that to 

ensure its rotation. The torque transmitted to each vehicle wheel is by equation (4.3) where NRR, 

NRL, NFR and NFL are respectively gear ratios of rear right, rear left, front right and front left 

wheels that are defined using equation (4.4).   
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Relation between the torque allocated to an HEV wheel and the maximum propulsion torque 

that can be produced by an HEV wheel depends on the surface fiction coefficient µ that exists 

between vehicle tire and ground surface. In reference [82], it is stated that tire friction coefficient 

is a function of several parameters such as tire inflation and wheel slip. According to [83], the 

estimate of the road friction coefficient can be performed using equation (4.5) where Fx and Fz 

are the longitudinal and normal forces applied on the tire, Cs is the tire stiffness and λ is the HEV 

wheel slip given by equation (4.6) in which R represents wheel radius, w stands for motor angular 

speed and v highlights wheel speed. 

  x
s

z

F
C

F
                                                       (4.5)                                                                        




v R

v


                                                        (4.6)                                                                            

Using equation (4.5), the total propulsion torque that can be developed by HEV is rewritten 

as given by equation (4.7) where 𝜇𝑅𝑅 , 𝜇𝑅𝐿 , 𝜇𝐹𝑅 and 𝜇𝐹𝐿 are respectively the rear right, rear left, 

front right and front left surface friction coefficients between HEV tires and the ground surface.  

        𝑇𝑝𝑟𝑜𝑝 = 𝜇𝑅𝑅𝑇𝑅𝑅 + 𝜇𝑅𝐿𝑇𝑅𝐿 + 𝜇𝐹𝑅𝑇𝐹𝑅 + 𝜇𝐹𝐿𝑇𝐹𝐿                                    (4.7)                                              

Equation (4.8) highlights the torque transfer ratio (TTR) which is used in this chapter as a 

performance measure to evaluate the goodness of the proposed TDS. It can be seen that TTR is 

nothing than the ratio between the total propulsion torque developed by vehicle wheels, Tprop, 

and the electromagnetic torque generated by the two traction machines, THEV. As pointed out by 

equation (4.8), TTR ranges between 0 and 1 and the greater it is, the more effective the TDS will 

be and vice versa. 

 

                 

0 1





  

prop
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T
TTR

T

TTR

                                                       (4.8)                                                                          

 

The term ETD (equal torque distribution) stands for HEVs whose generated torque is equally 

splitted over vehicle wheels as it is the case in [84-89]. The TTR of these last-mentioned reference 

works gets significantly reduced in non-uniform ground surfaces. In order to prevent TTR 

deteriorations, two TDS that rely on the use of PSO and FLC discussed in this chapter and they 

are presented in the next section.  
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4.3 Proposed torque distribution strategies 

4.3.1 PSO based torque allocation 

To do so, first, we generate a randomly population of n torque candidate solutions in a four-

dimensional search space as given in equation (4.9). Each matrix column represents a set of all 

possible torque values that may be allocated to a given HEV wheel. Each matrix row represents 

a torque vector combination that may be applied to HEV wheels. At any instant k, the population 

matrix T should satisfy two simultaneous conditions given by equation (4.10):  
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                                                      (4.9)                                                     
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Notice that the fitness function J given by equation (4.11) which is nothing more than the 

TTR already defined in equation (4.8) which is evaluated for each population candidate solution  

[T(i,1), T(i,2), T(i,3), T(i,4)] and for every possible differentials arrangement.   
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                                          (4.11) 

As already discussed in the previous section, the set of possible values that NRR, NRL, NFR and 

NFL can take is given by equation (4.12). Mathematically, If S is a finite set whose cardinality is 

n(S) = k, then the number of subsets in S is 2k. Considering four HEV wheels and applying this 

last mentioned theorem to equation (4.12) we deduce that 8 differential arrangements or 8 torque 

orientations are possible for each load torque value TL. Equation (4.13) depicts the matrix of all 

possible differential configurations N whose row number is 2S and column number is equal to 

HEV wheel number. 
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 0.05, 0.5, 0.95S                                                 (4.12)                                                    
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                                           (4.13) 

The best torque distribution and the best differential arrangement are respectively updated 

after each iteration as given using equations (4.14) and (4.15). Notice that only candidate 

solutions that maximizes the TTR of HEV are kept. 
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The global optimum differential arrangement and the global optimum torque distribution that 

resulted in the highest fitness value (TTR) are respectively given using equations (4.16) and 

(4.17). Optimal torque percentages to be allocated to front and rear wheels are given using 

equation (4.18). Before the use of PSO for torque distribution, its convergence is tested using the 

benchmark test function shown in figure (4.3) whose expression is given by equation (4.19). This 

benchmark function is full of local minima and has a unique global optimum as highlighted on 

the figure and this may trap the algorithm if it is not well conceived.  Figure (4.4) shows the result 

of minimization of equation (4.19) using PSO algorithm. Notice that after 72 iterations PSO 

converged to the same global optimal solution which is -18.59. 
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         , sin 4 1.1 sin 4 f x y y x x y                                   (4.19)  

 

 

 

 

 

 

 

 

Figure 4.3 Used benchmark test function. 

The flowchart shown in figure 4.5 explains how PSO was integrated to provide an optimum 

torque allocation and to maximize HEV propulsion power in non uniform ground surfaces. 

Notice that PSO is initiated only when the road conditions are not uniform. 

 

 

 

 

 

 

 

Figure 4.4 Convergence PSO test function. 
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Figure 4.5 PSO based torque distribution. 

4.3.2 Fuzzy torque allocation 

The load torque applied on each HEV wheel is sensed. After that, the total load torque applied 

to rear and front HEV wheels are fed to the designed fuzzy logic controller. The used FLC 

controller fuzzifies the sensed front and rear load torque applied on the vehicle using six fuzzy 

sets which are: very low “VL”, low “L”, below average “BA”, average “A”, high “H” and very 

high “VH” .This is performed using two trapezoidal and four triangular membership functions 

as it is shown in figure 6 from which one can see that the universe of discourse is between zero 
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and maximum torque supported by PMSM1 and PMSM2. After rule evaluation, deffuzification 

is performed using two triangular and two trapezoidal membership functions as shown in figure 

8. VLG, LG, MG and HG stand, respectively, for very low, low, medium and high gears. 

Physically, each membership function represents a gear ratio level that will result in a given 

torque split. The most important part in FLC design is the establishment of a rule base system 

that governs its operation and stores the expert knowledge on how to split the torque over HEV 

wheels.  Dependency between FLC inputs and outputs presented by their corresponding 

membership functions and the set of established fuzzy rules is better explained by the surface 

map shown in figure 4.9. 

  

 

 

 

 

 

Figure 4.6 Fuzzification membership function. 

 

 

 

 

 

Figure 4.7 Deffuzification membership function 

 

 

 

 

 

 

Figure 4.8 FLC surface map. 
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Table 4.1 shown below points out the set of fuzzy rules used to generate the reference torque 

to be sent to HEV front wheels (TF,REF). Notice that when the same load torque is applied on front 

and rear vehicle sides, the generated torque (THEV) will be shared equally between front and rear 

wheels. After TF,REF determination using the set of fuzzy rules given in table 4.1, TR,REF is 

concluded using equation (4.20) shown below:  

𝑇𝑅,𝑅𝐸𝐹 = 𝑇𝐻𝐸𝑉 − 𝑇𝐹,𝑅𝐸𝐹                                            (4.20) 

Table 4.1 Fuzzy rules for front torque allocation. 

 

  

 

 

 

 

 

 

 

4.4 Coordinated switching strategy 

4.4.1 Coordinated motor switching 

Drive mode switching problems are extensively studied in the last years [90-91] as they 

subject traction machines to abrupt and high currents that may cause their damage. Furthermore, 

abrupt drive mode switching gives rise to large undesired torque ripples that reduce HEV 

drivability and produce undesired passenger-felt jerks. Figure 4.9 shows one of the negative 

impacts occurring when the drivetrain structure shown in figure 4.1 toggles from single to dual 

motor traction mode. Notice that when PMSM2 is abruptly turned on at t=4.4s, large transient 

torque ripples reaching 45 N.m are observed as it can be seen in figure 4.9.a. The same unwanted 

transient behavior is noticed during abrupt PMSM2 extinction when switching from dual to single 

traction mode. To address these undesired torque jerks that reduce driving comfort, a proposed 

coordination switching strategy is proposed. 

At any time, instant, the torque developed by the HEV shown in figure 2 is expressed using 

equation (4.21): 

TF 

 

TR 

 

VL 
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BA 
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H 

 

VH 

VL MG MG HG HG HG HG 

L LG MG MG HG HG HG 

BA VLG LG MG HG HG HG 

A VLG LG LG MG HG HG 

H VLG VLG LG LG MG HG 

VH VLG VLG VLG LG LG MG 
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𝑇𝐻𝐸𝑉  = 𝑇𝑚1 + 𝑇𝑚2                                                (4.21)                                                   

According to HEV operation described earlier, equation (4.21) can be rewritten as expressed in 

equation (4.22):  

𝑇𝐻𝐸𝑉  = 𝑐𝑚1𝑇𝑚1 + 𝑐𝑚2𝑇𝑚2                                             (4.22)                                                 

cm1 and cm2 are respectively the torque contribution factors of PMSM1 and PMSM2. Each of 

these two factors represent the percentage of total load torque handled by each machine. When 

HEV traction is ensured by PMSM1 only, cm1 equals 100% and cm2 is null. As soon as HEV 

switches to dual traction mode, both cm1 and cm2 are set to 50%. Relation between cm1 and cm2 

and the set of their possible values are given in equation (4.23):  
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                                                (4.23)                                                                         

 

 

  

 

 

 

 

 

     (a)                                                                             (b)  

Figure 4.9 Abrupt motor switching, (a) abrupt PMSM2 turn on, (b) abrupt PMSM2 turn off 

 

Instantaneous HEV torque ripples are expressed by taking the time derivative of equation (4.24): 

1 2 1 2

1 2 1 2
   
   
      

HEV m m m m

m m m m

dT dc dc dT dT
T T c c

dt dt dt dt dt
                              (4.24)                        

Equation (4.25) provides the numerical approximation of each left-hand side term of equation 

(4.24). Ts in the aforementioned equation represents the calculation step. Derivative of Tm1 and 

Tm2 are equal to zero because the torque developed by PMSM1 and PMSM2 between t and t+Ts 

is almost the same.  
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Using the approximations of equation (4.25), equation (4.24) can be rewritten as follow: 

1 2
1 2

    
    

   

HEV m m
m m

s s

dT c c
T T

dt T T
                                         (4.26)                                   

Since Ts is in the order of 10-6, the two ratios in the right-hand side of equations (4.26) will 

result in significant transient torque ripples that lower HEV driving comfort during drive mode 

switchings and that reduce lifespan of PMSMs and reduce the driving comfort. To avoid these   

aforementioned drawbacks, a coordinated switching strategy that smoothens drive mode 

switchings and that coordinates the torque coming from the two traction machines is proposed in 

this chapter and its basic steps are described by the flowchart of figure 4.10. The old and the new 

torque contribution factors of PMSM1 denoted respectively by 𝑐𝑚1
𝑜𝑙𝑑 and 𝑐𝑚1

𝑛𝑒𝑤are acquired and 

stored as given in equation (4.27) where ttrig is the instant at which TL gets beyond or blow TTH . 

 

(4.27) 

 

The old and the new torque references of PMSM1 denoted respectively by 𝑇𝑚1
𝑜𝑙𝑑 and 𝑇𝑚1

𝑛𝑒𝑤are 

calculated as given in equation (30).  

 

(4.28) 

 

Since Ts is in the order of 10-6, 𝑇𝐿(𝑡𝑡𝑟𝑖𝑔) ≈ 𝑇𝐿(𝑡𝑡𝑟𝑖𝑔 − 𝑇𝑠). Hence, equation (4.28) is rewritten 

as given in equation (4.29). 
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Figure 4.10 Coordinated motor switching flowchart. 

Mathematically, there exist an infinite number of curves that can be used to join the old torque 

reference of a traction machine, 𝑇𝑚1
𝑜𝑙𝑑 and its new torque reference𝑇𝑚1

𝑛𝑒𝑤. In this work, the 

exponential transition function given by equation (4.30) is used to provide smooth and 

coordinated drive mode switching. Notice that the proposed transition function takes into account 

PMSM dynamics and control the rate of change of torque reference. τm1 represents PMSM1 time 

constant which is chosen to be one fifth the duration of the transition period TSWM as stated by 

equation (4.31). 

(4.30) 

 

(4.31) 

Substituting by equation (31) in (32) yields the coordinated torque reference of PMSM1 in terms 

of its torque contribution factors as shown below: 

 

 (4.32) 

 

Substituting by equation (34) in equation (23) yields the coordinated torque reference that will 

be delivered to PMSM2 during drive mode switchings as expressed by the equation (35): 
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                                                                                                                        (4.33)  

Figures 11 shows the evolution of cm1 from its old value  𝑐𝑚1
𝑜𝑙𝑑 to its new 𝑐𝑚1

𝑛𝑒𝑤 using the 

proposed exponential transition. This figure shows how PMSM1 achieves smoothly its new 

torque reference within the defined transition period which is set to 2 seconds in this figure. 

 

 

 

 

 

 

Figure 4.11 3D Exponential evolution of cm1(t) for PMSM1 

4.4.2 Coordinated power source switching 

Power sources such as batteries, fuel cells and supercapacitors hold a tremendous importance 

and are being continuously integrated in nowadays energy production and storage systems. This 

can be easily seen by the large number of works discussing this topic [91-94]. However, the 

aforementioned power sources are sensitive and have to be used with protection procedures 

against overcurrent and unwanted transient effects. Undesired transient effects are not only 

caused exclusively by drive mode switching. They are also noticed during power source 

switchings as it can be seen in figure 4.9 of [95] and figure 4.15 of [96]. These ripples are due to 

the transient dynamic difference between HEV power sources. In references [97-98], authors 

have discussed FC slowness due to the purifier that is responsible of transforming fuel to pure 

hydrogen. They concluded that the purifier causes a delay of 2.2 seconds the FC no load time 

constant (𝜏𝐹𝐶
𝑁𝐿) which is given in by equation (4.36) in which 𝑅𝑎𝑐𝑡 is the resistance due to 

activation polarization, 𝑅𝑐𝑜𝑛 is the resistance due to conduction polarization and 𝑅𝑜ℎ𝑚 is the 

resistance due to ohmic polarization. In references [99-100], purifier’s delay is estimated to be 

3𝜏𝐹𝐶
𝑁𝐿 where 𝜏𝐹𝐶

𝑁𝐿 is the no load FC time constant. 

(4.34) 

 

The coordinated switching strategy is proposed in this chapter to compensate for FC poor 

transient response and to protect sensitive power sources from damages caused by sudden load 

variations. In this work, FC and SC are used to power the HEV and their usage can be 
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summarized by the following sentence: “At any driving instant, FC and SC can deliver any 

desired fraction of the total power required for traction”. This last sentence can be expressed 

mathematically using equations (4.35) shown below where CFC and CSC  are respectively the FC 

and SC power contribution factors that represent the percentage of total required power that FC 

and SC will deliver. PHEV is the total power required for traction  

 

(4.35) 

 

FC reference power is varied by changing its CFC. In this work we choosed to operate FC at 

five operating points as indicated in equation (4.36). 

 

     (4.36) 

 

Following the same approach already presented in subsection 4.1, FC and SC switchings are 

coordinated using the transition functions given by equations (4.37) and (4.38). 𝑃𝐹𝐶
𝑜𝑙𝑑 and 𝑃𝐹𝐶

𝑛𝑒𝑤 

represent respectively the old and the new FC reference power. τFC  is the controlled FC time 

constant which is defined by equation (4.39). TFC is the manufacturer time constant that 

represents the time required for FC to reach, safely, its full power from off state. 

 

    (4.37) 

 

(4.38) 

 

(4.39) 

 

Figure 4.12 shown below highlights how the proposed coordinated strategy is integrated to 

the energy management strategy. It is worth noticing that the used energy management strategy 

is not deeply discussed throughout this chapter as it is not the main subject of the study.  From 

figure 4.12, one can notice that the management strategy output is not directly applied to HEV 

power sources. Instead, it is passed through a coordination switching strategy that compensates 

the difference between power sources dynamics especially FC slowness and protects them from 

possible damages caused by sudden load variations.  
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Parameter Value 

population 10 

iteration 20 

w [0.4; 0.9] 

c1 2 

Topology Full 

 

 

Symbol Value 

wn 3000 rpm 

Tn 111 N.m 

p 4 

Ld , Lq 6.35 mH 

f 0.002 N.m.s 

J  0.011 kg.m2 

 

 

 

 

 

 

 

 

 

Figure 4.12 Coordinated power management strategy. 

4.5 Simulation and results 

The effectiveness of all the presented torque distribution strategies and the impact of the 

coordinated switching technique on vehicle performance are investigated through numerical 

simulations under MATLAB/Simulink environment using the different simulation parameters 

shown in table 4.2, 4.3 and 4.4. 

Table 4.2 Simulation parameters 

 

 

 

 

 

 

    Table 4.3 PSO parameters 

 

 

 

 

 

     Table 4.4 PMSM parameters 

 

 

 

 

 

Parameter Value 

Tsimulation 94 s 

TS 1e-6 s 

TTH  80 N.m 

TFC 0.25 s 

TSWM 0.25 s 

Solver ode 4 
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After the use of benchmark test functions to test the convergence of PSO algorithm alone as 

discussed earlier, the HEV driving case shown in figure 4.13 is used to test the effectiveness of 

PSO algorithm when it is integrated with the proposed torque distribution strategy. As it can be 

seen, the vehicle is assumed to be in a non uniform ground surface. The left side wheels lay in a 

low friction ground surface compared to right wheels and this is expected to reduce vehicle 

propulsion torque and power. Notice that a load torque of 50 N.m is applied on the HEV. 

 

Figure 4.13 HEV driving situation. 

Since HEV wheels are in non uniform ground surface, PSO algorithm will be initiated to find 

the best torque distribution and the best differential arrangements that maximize HEV propulsion 

torque. Figure 4.14 shows evolution of PSO candidate solutions over iterations for a load torque 

value of 50 N.m. After 20 iterations, PSO has converged to the optimal torque values to be 

attributed to each HEV wheel so that to maximize its propulsion. It can be seen that most of the 

generated torque is sent to HEV right wheels that are on ground surfaces with large friction 

coefficient and more gripe that maximize HEV propulsion power. Also, the torque value sent to 

rear right wheel is greater than the one sent to rear front wheel because its corresponding surface 

friction coefficient is larger. One can remark from figure 4.14 that the sum of torque allocated to 

HEV wheels is equal to the load torque applied on the vehicle which is 50 N.m. Figure 4.15 

shows the differential arrangement that resulted in maximizing the fitness function in equation 

(4.11). From figure 4.15, [(NRR) opt (NRL) opt (NFR) opt (NFL) opt] = [95% 5% 95% 5%] which means 

that 95% of rear torque is allocated to the rear right wheel and 95% of front torque is allocated 

to the front right wheel.   

Figure 4.16 shows the evolution of the fitness function given by equation (4.11) over 20 

iterations. It could be seen that PSO algorithm has converged to a global best propulsion torque 

of 42.71 N.m. Using equation (4.8), a TTR of 0.8542 is obtained. This means that 85.42% of the 

generated torque is converted into propulsion torque thanks to the optimal torque allocation. The 

driving case of figure 4.13 was simulated using the drivetrain architectures of some recently 
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published works and the results are shown in table 4.5. Even though [99-100] used, respectively, 

one and two traction machines, they have obtained the same TTR. The same conclusion can be 

made on the drivetrain proposed by [87-100] which used 2 and 4 traction machines respectively. 

One can conclude that over actuating an HEV without an adequate torque distribution doesn’t 

necessary improve HEV propulsion power. Out of table 4.5, it can be seen that PSO-TDS avoids 

HEV propulsion deterioration in non uniform ground surfaces. 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 Optimum torque distribution vs iterations for TL=50 N.m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 Rear and front differential distribution for: TL=50 N.m 
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TDS TTR Improvement  

Proposed PSO-

TDS 
85.42% 

/ 

[99], [100] 50% +35.42% 

[100], [101] 45% +40.42% 

 

 

       Table 4.5 Comparison to published results  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 HEV best torque propulsion over iterations. 

To point out the positive impact of the proposed TDSs and to show the enhancements brought 

by the proposed coordinated switching strategy on both power sources and traction machines, 

the driving scenario shown in figure 4.16 is considered. During its ride of 94 seconds, the HEV 

rolls on a uniform and non uniform ground surfaces. One can notice that in region 2 and 4, 

respectively, the HEV left and right side wheels lay on a snowy surface and this is expected to 

reduce HEV propulsion power. Figure 4.17 shows the value of friction coefficient between each 

HEV tire and the ground surface during the ride. 

 

 

 

 

 

 

Figure 4.17 HEV ride path. 

Figure 4.19 shows the resulting TTR using PSO and FLC. These obtained results are 

compared to the conventional ETD strategy which assumes that the generated torque will be 

splitted equally over the four HEV wheels. The first captivating remark is that the two used torque 
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allocation strategies based on artificial intelligence succeeded to maintain high the HEV torque 

transfer ratio (TTR) in non uniform ground surfaces (region 2 and 4). However, in uniform 

ground surfaces (region 1, 3 and 5) both intelligent TDS and ETD strategies resulted in the same 

TTR. One can see that Fuzzy and PSO torque distribution techniques have kept HEV TTR around 

85%. However, ETD strategy resulted in almost 50% TTR drop during the time instants [40 s; 

50 s] and [68 s; 80 s] which means that only half of the torque generated by traction machines 

will be transformed into propulsion torque. From figure 4.19 also, PSO TDS yielded the highest 

TTR during all vehicle ride in both uniform and non uniform regions. This confirms the 

effectiveness and the superiority of swarm intelligence. 

 

 

 

 

 

 

 

 

 

Figure 4.18 Wheels’ friction coefficients. 

 

 

 

 

 

 

 

 

Figure 4.19 Resulting TTR using different allocation strategies. 

 

Figure 4.20 shows the developed HEV propulsion power using different torque distribution 

strategies. It can be seen that when using Fuzzy and PSO techniques for torque distribution, HEV 

propulsion power wasn’t affected in non uniform ground surfaces. However, vehicle propulsion 
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power was reduced almost by half when using ETD. The zoom on figure 4.20 confirms that PSO 

is the distribution technique that maximized the most vehicle propulsion power among other used 

distribution techniques. 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 HEV propulsion power using different strategies. 

Figure 4.21.a and 4.21.b show the torque developed by PMSM1 and PMSM2. It could be 

noticed that the two traction machines develop a torque that is exactly equal to the load torque 

exerted on the vehicle. From the two last mentioned figures, one can see that as the load torque 

applied on PMSM1 reaches 80 N.m, PMSM2 will be switched on to ensure half of the torque 

applied on the vehicle. One could notice significant torque ripples reaching up to 30 N.m occur 

each time PMSM2 is switched on or off. These ripples which are due to the application of abrupt 

and high load torque reference to the traction machines reduce significantly HEV riding comfort 

and produce unwanted passenger felt jerks. The negative impact of abrupt switching on HEV 

speed is clearly noticed in figure 4.22 from which one can notice important speed jerks that lower 

the driving comfort during each motor.  

 

 

 

 

 

 

 

                                    

(a)                                                                         (b) 

Figure 4.21 Developed electromagnetic torque, (a) PMSM1, (b) PMSM2 
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Figure 4.22 HEV speed with non coordinated switching strategy. 

 

Figure 4.23.a and figure 4.23.b show the torque developed by PMSM1 and PMSM2 when 

they are switched without using the proposed coordinated switching strategy. The proposed 

coordinated motor switching reduced the transient torque ripples through the use of the transition 

functions given by equations (4.32-33). This enhances the driving comfort, motors’ lifespan and 

will protect them for possible damages caused by large and abrupt currents. 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 (b) 

Figure 4.23 Developed electromagnetic torque, (a) PMSM1, (b) PMSM2. 
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Figure 24 highlights the obtained HEV speed when the two PMSMs are switched using the 

proposed coordinated switching strategy. It could be seen that the last-mentioned technique has 

a positive impact on HEV performance and has almost eliminated the speed jerks noticed during 

each motor switching and this will enhance the HEV driving comfort. 

 

 

 

 

 

 

 

Figure 4.24 HEV speed using coordinated switching. 

Figure (25-a) and (25-b) show, respectively, abrupt turn on and extinction of PMSM2. One can 

notice significant transient ripples on PMSM1 and PMSM2 during transitions from single to dual 

motor traction mode and vice versa. These unwanted transient phenomena have noteworthy bad 

effects on traction motors reduces riding comfort.  

 

(a)                                                                       (b) 

Figure 4.25 Motor switching. (a) Abrupt PMSM1 turn on, (b) Abrupt PMSM2 turn off 

 

In figure 4.26, once the load torque reaches 80N.m, PMSM2 is smoothly turned on using the 

transition function given by equation (4.34) to ensure half of the load torque applied on the 

vehicle. Meanwhile, PMSM2 is turned on using the same strategy within a transition period TSWM 

using the transition function given by equation (4.35) as it is shown in figure 4.27. One can 

deduce that coordinated motor switchings or coordinated drive mode commutations has 

suppressed the transient torque ripples that lower vehicle driving comfort. 
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Figure 4.26 Zoom of coordinated PMSM1 turn on 

 

 

 

 

 

 

Figure 4.27 Zoom of coordinated PMSM2 turn off 

 

Figure 4.28 shows the evolution of FC and SC powers.  From the last mentioned figure, one 

can notice that FC delivers different percentages of the total required power for traction. For 

example, during [29s; 31.34s], FC delivers 70% of the total required power whereas during     

[71.4 s; 78.6 s] it furnishes only 50%. Figure 4.29 reveals that abrupt switching between FC and 

SC gives rise to significant and unwanted power peaks. For example at t=44 s, a harmful power 

peaks of 7kW is observed. These peaks are due to the difference in transient dynamics as it will 

be demonstrated below.  Large transient peaks are harmful for power sources and may cause 

failures or at least lifespan reduction to sensitive power sources such as FCs. Figure 4.30 shows 

how the proposed coordinated switching strategy via the transition functions given by equations 

(4.39- 4.40) have suppressed all the transient power ripples noticed during abrupt switchings 

between FC and SC. One can notice that the proposed transition functions have compensated the 

difference in transient power sources dynamics through the control of power coming from them 

during switching instants. Another advantage of such switching is that power sources are not 

subjected to high and sudden current which can cause their damage.     
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Figure 4.28 FC and SC powers using coordinated switching 

 

 

 

 

 

 

Figure 4.29 Non coordinated FC and SC switching 

 

 

 

 

 

Figure 4.30 Coordinated FC and SC switching 

To investigate deeply the reasons that caused the high power ripples during FC and SC 

switchings, zooms of figures 4.28 and 4.29 are, respectively, shown in figures 4.31 and 4.32. 

Before the switching instant at t=69 s, both FC and SC were ensuring half of the power required 

for traction equal to 2.5 kW which means (CFC=CSC=50%). At t=69 s, CFC is set to 100% letting 

FC ensure all the required power for traction which is 5 kW and SC is turned off by setting CSC 

to 0.  When FC and FC are switched abruptly without the use of the proposed coordinated 

strategy, the miscoordination is well apparent during the time period delimited by the two dashed 

lines in figure 4.31. Notice that SC power rapidly went to zero before the FC develops the 

required power for traction. This creates a transient power lack that causes ripples that impact 

negatively the performance of the HEV. Note that at any instant between the two dashed lines of 

figure 4.31, the sum of FC and SC powers is less than the required power for traction. Figure 
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4.32 depicts a zoom of coordinated FC-SC switching which performed using the proposed 

exponential transition functions is given by equations 4.38 and 4.39. Notice that at each instant 

during the transition period delimited by the two dashed lines, the sum of SC and FC powers is 

almost equal to the required HEV power with a tolerable error. For example, at t=45.91 s, the 

sum of FC and SC powers is equal to 3.98 kW and the required power for traction is 4 kW. The 

coordination is performed by forcing FC and SC to follow the reference powers generated by the 

proposed transition functions. It is worth noticing that this switching strategy protects the power 

sources from high and abrupt currents which may cause their damage or reduce their lifetime. 

 

 

 

 

 

 

 

Figure 4.31 Zoom of uncoordinated FC-SC switching 

 

 

 

 

 

 

 

Figure 4.32 Zoom of coordinated FC-SC switching 

Figure 4.33 shows DC bus voltage obtained when FC and SC are switched using abrupt 

switching and the proposed coordinated switching strategy. Abrupt power sources switching 

resulted in voltage fluctuations within a ripple band of 12 volt. However, the use of coordinated 

switching strategy for power source switching has minimized DC bus voltage ripples to a narrow  

band of 3 volts. The proposed coordinated switching strategy minimized up to four times the 

DC bus ripples compared to classical abrupt switching. 
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Figure 4.33 DC bus voltage 

Table 4.6 summarizes the improvement made by the proposed coordinated switching strategy 

in comparison to abrupt switching. The comparison is made on basis of DC bus voltage 

fluctuations and transient torque and power ripples. Notice that the proposed switching strategy 

have resulted in significant minimization of the previously mentioned quantities and this 

improves vehicle performance and driving comfort. 

Table 4.6 Comparison between transition techniques. 

 

Percentage overshoot of DC bus voltage is calculated using equation 4.40. Figure 4.34 compares 

the POV obtained using the proposed coordinated switching strategy to other published works. 

The proposed coordinated strategy reduced significantly DC bus voltage in comparison to other 

reference works and resulted in a POV of 0.35% and this enhances by much HEV performances. 

(4.40) 

Figure 4.35 compares the transient power peaks obtained using the proposed coordinated 

switching strategy to those obtained in other published works. Notice that large and harmful 

transient ripples are noticed in many research papers. In [73] ‘p. 10’, significant transient power 

Coordinated 

switching 
Performance 

Abrupt 

switching 

Coordinated 

switching 

Power sources 
DC bus voltage ripples 20 V 5 V 

power ripples 0.4 kW 8kW 

Traction motors  
torque ripples 30 N.m suppressed 

Speed ripples 6.7 km/h 0.55 km/h 

  ,

,

max 
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ripples reaching 40 kW are recorded during each SC turn on and extinction. In [74] ‘p. 6’, power 

peak of 30 kW is noticed in FC power during the starting and this may cause its damage. The 

same transient phenomenon is noticed in [96] ‘p.68’ where a power large peak of 15kW is noticed 

during FC starting. The proposed coordinated switching strategy has limited the transient power 

ripples to a narrow hysteresis band of 600 W. 

 

 

 

 

 

 

 

 

 

Figure 4.34 Comparison of different maximum transient power peaks. 

 

 

 

 

 

 

 

 

 

Figure 4.35 Comparison of different voltage percentage overshoots 

4.6 Real Time RT LAB simulation 

In this section, RT LAB simulator is used to test and validate the real time feasibility of the 

proposed coordinated switching used for switching from single to dual traction mode. As it is 

shown in figure 4.36, the first step toward real time simulation is the model separation. HEV 

system is splitted into computation and console blocs. Blocs that contain computations such as 

the coordination control strategy, HEV model, FC and SC models are placed on the computation 

subsystem. Scopes and constants are placed in the console bloc.  Each computation subsystem 

will be executed on one CPU core of the RT simulator. Data between computation subsystem 
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and console is exchanged asynchronously through the TCP/IP link but data exchange between 

the two the two computation subsystems is performed synchronously through shared memory. 

Data from RT simulator are displayed on the digital oscilloscope using BNC to BNC cable.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.36 Real time based RT LAB simulation scheme. 

The real time results of non-coordinated FC-SC switchings obtained using RT LAB are 

presented in figure 37-a. It can be remarked that large and harmful ripples occur each time FC 

power toggles from 𝑃𝐹𝐶
𝑜𝑙𝑑 to 𝑃𝐹𝐶

𝑛𝑒𝑤. Figure (37-b) shows the results of FC-SC switchings using the 

proposed coordinated switching strategy. Notice that coordinated switching strategy has reduced 

notably the transient power ripples via the exponential based transition function. This switching 

strategy compensates the difference in dynamics between power sources and protects them from 

abrupt and high currents which may cause their damage. In subsection 4.2, it is said that FC can 

deliver any predefined percentage of total traction power. This is can be clearly seen in figure 38 

which shows FC delivering different percentages of total required traction power which is set to 

7kW. At Q1 the FC delivers all the required traction power whereas at Q2 it is the SC that delivers 

all the required traction power and FC is off. At Q3, FC delivers 70% of the required power and 

the SC deliver the remaining 30%. At Q4, FC delivers 30% of the required power and SC delivers 

the remaining 70%. At Q5, both FC and SC deliver 50% of the required power. Figure 38-a 

shows PMSM2 phase currents when drive mode is performed without coordinated motor 

switching. Note that high current ripples occur during motor starting and this produces undesired 

jerks that reduce vehicle comfort. Figure 38-b shows PMSM2 phase currents when it is 
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commutated with PMSM1 using the proposed coordinated switching strategy. Note how the 

phase currents went smoothly from zero to their nominal value without any ripples or jerks which 

enhances the ride comfort. Figure 39 shows the motor control signals cm1 and cm2. It can be seen 

that as soon as the load torque TL exceeds the threshold set to 80 N.m, cm2 will be turned on and 

will be equal to 0.5 V and cm1 will toggle from 1 to 0.5 meaning that both PMSM1 and PMSM2 

will ensure 50% of the torque applied on the HEV. Figure 40 and figure 41 show, respectively, 

motor switching using coordinated switching strategy and abrupt switching. It is worth noting 

that abrupt motor switching resulted in injurious torque percentage overshoots of 69%for 

PMSM1 and 72% for PMSM2 during the commutation from single to dual traction mode as it is 

mentionned in figure 40. On the other hand, the proposed coordinated switching strategy via the 

use of exponential transition function has provided smooth commutation from single to dual 

traction mode and vice versa. Figure 41 shows that the torque percentage overshoot for both 

traction machines is 0%. Furthermore, the rise time of the torque developed by PMSM1 and 

PMSM2 is 0.09 s, indicating that drive mode switchings are well coordinated.  

 

 

 

 

 

  

 

 

 

(a) 

 

 

 

 

 

 

 

 

 (b) 

Figure 4.37 FC-SC switching, (a) using non coordinated switching, (b) using coordinated switching. 
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   (b) 

Figure 4.38 Zoom of PMSM2 phase currents (a) non coordinated switching, (b) coordinated 

switching. 

Figure 4.39 Generation of motor control signals cm1 and cm2. 
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Figure 4.40 Front and rear motor switching abrupt switching. 

Figure 4.41 Front and rear motor switching abrupt switching. 

4.7 Conclusions 

The smart torque allocation strategies investigated in this chapter have demonstrated their 

ability to improve HEV propulsion power while avoiding performance degradation on non-

uniform ground surfaces. It was found that PSO and fuzzy torque allocation strategies kept 

vehicle propulsion power high even on non uniform ground surfaces and have converted  84∼ 

86% of the generated torque into propulsion torque. Thanks to the proposed coordinated 

switching strategy, DC bus voltage percentage overshoot was reduced to 0.35%, the injurious 

power ripples occurring during power source switchings were reduced to a narrow band of 600 

W. Furthermore, the transient torque jerks taking place during drive mode commutations were 

reduced. As a further work, it is intended to take advantage of PSO intelligence to ensure an 

optimal torque distribution will minimizing the power drawn from power sources. In addition to 

that, PSO may also be of great interest if used for maximum energy harvesting during 

regenerative braking instants.  
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General conclusion 

All the contributions presented throughout this thesis are meant to enhance the performance 

of electric vehicle and improve its driving comfort. The acheivement of these last mentioned 

objectives is reached via convinient use of vehicle power sources,  efficient motor control 

strategies and convinient torque allocation over vehicle wheels. 

Particle swarm optimization and genetic algorithms used to provide intelligent tuning of 

electric vehicle controllers have succeeded to find optimal controller gains that resulted in 

enhancing vehicle transient performance and hence improving driving comfort. Furthermore, 

the two cost functions proposed for both step and driving cycles speed inputs have proved their 

effectiveness and their ability to tradeoff between the design objectives.   

 

The proposed fuzzy energy management strategy presented in this work avoided exhausting 

one source over another by operating both the battery and the fuel cell at safe operating points. 

Furthermore, the coordinated switching strategy, developed mainly to make up for slow fuel 

cell transient dynamics, has proven its ability to reduce the undesired transient effects that take 

place during power sources commutations. All the transition functions presented in this work 

have resulted in promising results in terms of transient ripple reduction as they have all lowered 

the stress applied on the fuel cell during abrupt load demands. 

 

Particle swarm optimization and fuzzy logic control have improved vehicle propulsion power 

while avoiding performance degradation on non-uniform ground surfaces. PSO and fuzzy torque 

allocation strategies have converted 84∼86% of the generated torque into propulsion torque. The 

proposed coordinated switching strategy resulted in smooth drive mode commutation when it 

was applied at motor level and it yielded acceptable transient ripples.   
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Further work 

It is true that the set of contributions presented throughout this thesis yielded significant 

improvements of HEV performance, security and lifespan of its power sources. However, it is 

worth noticing that there is a lot of work to do in order to meet the high and increasing 

expectations of customers. 

As a further work, it is intended to take advantage of other metaheuristic algorithms to ensure 

an optimal torque distribution while minimizing the power drawn from power sources. In 

addition to that, PSO or other optimization algorithms may also be of great interest if used for 

maximum energy harvesting during regenerative braking instants. 

Powertrain architectures are among the characteristics that have been strongly diversified 

since the invention of HEVs because it is the key factor toward HEV performance 

enhancement. The number and the location of the used electric machines is used as a scale in 

HEV classification. It would be interesting to conduct a study to determine the best driveline 

architecture that results in a better propulsion force, lower cost and maximum effeciency. 
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Abstract 

In this work, several control techniques and energy management strategies that aim to improve vehicle 

performance are discussed. First, PSO and GA algorithms were used to smartly tune vehicle controllers. This was 

performed using adequate user defined cost functions. After that, a novel coordinated switching strategy is 

developed to make up for FC poor transient dynamics and to protect it from possible damages caused mainly by 

abrupt load variations. The proposed coordinated switching strategy allows the control of the switching period 

duration. Furthermore, it enables the choice of adequate transition functions that fit the dynamics of power sources 

undergoing transition. Also, the proposed switching technique is simple and does not require the knowledge of 

system parameters or the complex control models. Then, a new multi stage fuzzy energy management strategy is 

developed to improve vehicle autonomy, security and power sources lifespan. Finally, an intelligent torque 

distribution strategies based on particle swarm optimization and fuzzy logic control to provide convenient torque 

allocation that maximizes HEV propulsion power.  

Keywords: Torque allocation, coordinated switching, Particle swarm optimization, Fuzzy logic, Hybrid 

Electric Vehicle 

Résumé 

Dans ce travail, plusieurs techniques de contrôle et stratégies de gestion de l'énergie visant à améliorer les 

performances des véhicules sont examinées. Tout d'abord, les algorithmes PSO et GA ont été utilisés pour régler 

intelligemment les contrôleurs du véhicule. Ceci a été réalisé en utilisant des fonctions de coût adéquates définies 

par l'utilisateur. Ensuite, une nouvelle stratégie de commutation coordonnée est développée pour compenser la 

faible dynamique transitoire du FC et le protéger des dommages éventuels causés principalement par de brusques 

variations de charge. La stratégie de commutation coordonnée proposée permet de contrôler la durée de la période 

de commutation. De plus, elle permet de choisir des fonctions de transition adéquates qui s'adaptent à la dynamique 

des sources d'énergie en transition. En outre, la technique de commutation proposée est simple et ne nécessite pas 

la connaissance des paramètres du système ou des modèles de contrôle complexes. Ensuite, une nouvelle stratégie 

de gestion d'énergie floue à plusieurs niveaux est développée pour améliorer l'autonomie du véhicule, la sécurité 

et la durée de vie des sources d'énergie. Enfin, une stratégie intelligente de distribution de couple basée sur 

l'optimisation par essaims de particules et le contrôle par logique floue permet de fournir une allocation de couple 

pratique qui maximise la puissance de propulsion du véhicule électrique hybride.   

Mots clés : Allocation de couple, commutation coordonnée, optimisation de l'essaim de particules, logique 

floue, véhicule électrique hybride 

: صملخ   

تم استخدام خوارزميات أولاً،يتم فحص العديد من تقنيات التحكم واستراتيجيات إدارة الطاقة التي تهدف إلى تحسين أداء السيارة.  العمل،في هذا   PSO 

 يجيةاستراتتم تطوير  ذلك،لضبط وحدات التحكم في السيارة بذكاء. تم تحقيق ذلك باستخدام وظائف التكلفة المناسبة التي يحددها المستخدم. بعد  GA و

المفاجئة.  وحمايته من التلف المحتمل الناجم بشكل أساسي عن تغيرات الحمل FC تبديل منسقة جديدة للتعويض عن الديناميكيات العابرة المنخفضة للـ

فإنه يجعل من الممكن اختيار وظائف الانتقال المناسبة  ذلك،التبديل المنسقة المقترحة إمكانية التحكم في مدة فترة التبديل. علاوة على  استراتيجيةتتيح 

ترحة بسيطة ولا تتطلب معرفة معلمات التي تتكيف مع ديناميكيات مصادر الطاقة التي تمر بمرحلة انتقالية. علاوة على ذلك ، فإن تقنية التبديل المق

 والسلامة، المركبة،جديدة متعددة المستويات لإدارة الطاقة الغامضة لتحسين استقلالية  استراتيجيةتم تطوير  ذلك،النظام أو نماذج التحكم المعقدة. بعد 

تحسين حشد الجسيمات والتحكم المنطقي الضبابي في توفير توزيع عزم الدوران الذكية القائمة على  استراتيجيةتساعد  أخيرًا،وعمر مصدر الطاقة. 

 .تخصيص مناسب لعزم الدوران يزيد من قوة الدفع للمركبة الكهربائية الهجينة

:   مفاتيح تكلما 

والمركبة الكهربائية الهجينة الضبابي،والمنطق  الجسيمات،وتحسين سرب  المنسق،والتبديل  الدوران،تخصيص عزم   


