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Abstract 

Throughout the history of human civilization, vehicles have played a signifi-

cant role by connecting people in various locations. They have thus boosted 

the progress of civilization and made our lives more convenient. However, 

as the number of vehicles on the road has increased, the convenience, which 

vehicles provide, has gradually turned into inconvenience in three respects: 

1) the energy consumed by vehicles accounts for a large proportion of total 

energy consumption, which is in an ever-increasing trend; 2) more parking 

space is needed, a significant proportion of which is not for parking itself but 

for enabling the vehicle to be navigated to its final parking slot; 3) the effort 

required to park a car is also troublesome, causing the driver to spend much 

more time in a crowded parking lot. 

To alleviate these three problems, I develop a methodology to design 

an independent steering and driving vehicle (ISDV). It brings together the 

robotic technologies of steer-by-wire, drive-by-wire, four-wheel-independent-

steering, and four-wheel-independent-driving. All four wheels of the ISDV 

can be steered independently, so that vehicle rotation and translation can 

be decoupled from each other. Omni-directional motions such as zero ra-

dius turning (ZRT) and lateral parking (LP) are realized, thereby enhancing 



the agility of the vehicle. In contrast with omni-directional wheeled mobile 

robots, this vehicle is targeted at serving as a human carrier or even as a 

vehicle carrier in the future. 

After describing the development of the ISDV, this thesis studies the 

energy management which can improve the energy efficiency. It is shown 

that the traditional electric vehicle (EV) is not capable of managing the 

energy required for one driving cycle because it has only a single traction 

motor. This thesis proposes and examines a new way to manage electrical 

energy in which torque is distributed among different in-wheel motors to 

achieve a higher level of overall energy efficiency, which has been enhanced 

and demonstrated in various driving cycles. 

Thereafter, the thesis studies two aspects of benefits the ISDV can bring 

to parking. One is in space efficiency, defined as the ratio of the total space 

occupied by the vehicle in its final parked state over the whole area covered by 

the parking lot. Comparison of the ISDV and traditional vehicles in parking 

proves that the ISDV afford a higher level of space efficiency. The other 

aspect is the parking time. It is tested experimentally in the hardware-in-

loop (HIL) system, and the motions of traditional vehicles, the zero radius 

turning motion, and the free motion of the ISDV are compared. The less 

time for parking demonstrates the easiness to steer the ISDV. 



論文摘要 

在人類文明的發展進程中，車輛發揮了極其重要的作用。它將不同地 

域的人聯結起來，使得文明得以傳播，並使我們的生活日益方便。然而， 

隨著近來車輛數目與日俱增，這種方便與優勢正慢慢地趨於其反面，主要 

呈現在三個方面。1)俱增的車輛在消耗著大量的能源，這種增加趨勢從未 

停止。2)從空間來看，日益增加的車輛需要佔據大量的停靠空間，該情況 

在擁擠的城市環境中尤其嚴重。3)要將車輛順利停入對很多司機來說仍是 

一件非常具有挑戰的任務。許多司機將很多時間花在擁擠環境中的泊車。 

在本文中，我將線控轉向、線控驅動、四輪獨立轉向、四輪獨立驅動 

等多項機器人技術集成入汽車，設計並研發了一代暫新的獨立轉向驅動汽 

車（ISDV)�獨立轉向的四個輪組能夠使得車體的旋轉和平移相互解親。 

全方位模式的實現，如零半徑轉彎、平行移動，極大地提高了車輛的靈活 

性。與一般的全方位移動機器人相比，該車輛是在載人、甚至載車的重載 

機器人方向的探索。 

在能源方面，傳統的電動車輛只有一個驅動電機，因而無法對工況進 

行能量管理與分配。這種全方位轉向車輛是通過四個獨立的輪轂電機進行 

驅動。利用這種四輪獨立驅動的結構，本論文對於這種新穎的能量管理方 

式進行了研究，提出了通過優化力矩分配的方式來提高能量的利用效率， 

並在多種工況中加以驗證。 

此后，論文從空間與時間兩個方面對ISDV在泊車中的改善進行了分 
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析。空間效率定義爲車體在停泊時占用的面積與停車場的總面積的比率。 

通過對ISDV和傳統前輪轉向車輛的比較，得出ISDV具有更高空間效率的 

結論。在泊車時問方面，通過硬件再環仿真的方法，對前輪轉向、原地轉 

向、自由模式進行了比較，ISDV具有更短的泊車時間，因而更易操作。 
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1.1 Motivation 

Throughout the history of human civilization, the need to connect with oth-

ers has been the major driving force behind the invention of vehicles and 

subsequent innovations. The progress made in this field of human endeavor 

has boosted human civilization by connecting people in different nations of 

the world and making our lives more convenient. 

Nevertheless, the tremendous increase in the number of vehicles on the 

road in recent years has gradually resulted in some of the convenience vehicles 

provide being lost due to the large amount of resources they consume. 

Energy: 

An external source of energy is required to drive a vehicle. Animal-

driven energy sources are now outdated due to their low levels of power 

and continuity and the short distances over which they are effective. Non-

renewable sources of energy such as petrol and natural gas have been the 

1 



CHAPTER 1. INTRODUCTION 2 

main resources powering vehicles for more than a century now. 

People have recently realized the danger of the excessive exploitation 

of such energy resources due to the tremendous increase in the number of 

vehicles, and have launched a global renewable energy campaign in which 

electrical energy plays the main role. However, one question that remains 

unanswered is how efficiently electricity is utilized. 

Space: 

Every vehicle occupies a physical space. Although little attention is paid 

to this fact when a vehicle is driven due to the low level of road traffic density, 

it becomes troublesome when a large number of vehicles are concentrated in 

a single area-such as a car park-where people need to leave their vehicle to 

engage in other activities. Crowded car parks not only have to provide space 

for vehicle docking, but must give vehicles the room they require to move 

through them. 

Figure 1.1 shows a very crowded car park. The demand for spatial re-

sources will rise significantly as the demand for vehicles increases during the 

globalization process. 

All other means of transport such as ships, airplanes, or even lunar ve-

hicles in the future need space when not in use. Constructing spaces such 

as ferry berths, aircraft hangars, or even space stations is expensive and 

consumes resources. Such spaces will be more cost-effective if they are min-

imized. 

Time: 

An important factor to consider other than spatial resources is time. In 



Figure 1.1: Crowded car park 

the urban driving environment, much time is actually spent searching for a 

vacant parking slot near the driver's destination. Moreover, when the target 

parking slot is identified, time and effort are also consumed in parking the 

vehicle safely. The situation is similar when one retrieves a vehicle from a 

crowded parking structure. Apparently, the time will be substantially longer 

to retrieve on vehicle in Figure 1.1. 

In the parking scenario, space and time are a pair of conflicting variables 

that will reach a point of balance. That is to say，when the efficiency of space 

decreases, i.e. when more space is taken up by a parked vehicle, the time 

required to park the car will fall and time efficiency will rise, and vice versa. 

In this thesis, I propose, design and develop an independent steering and 

driving vehicle (ISDV) to alleviate the three aforementioned problems. The 

robotic technologies of four-wheel independent steering, four-wheel indepen-

dent driving, steer by wire, and drive by wire are incorporated into a vehicle 
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CHAPTER 1. INTRODUCTION 4 

to realize omni-directional motions. The thesis shows that energy efficiency 

can be improved. Moreover, the parking can be easier, because the space 

efficiency can be increased and parking time can be reduced. 

1.2 Related Work 

1.2.1 Vehicle Structure 

Ever since the birth of the first modem automobile in 1885 (as shown in 

Figure 1.2), the configuration of the vehicle steering mechanism has remained 

almost unchanged^. The configuration employed in early vehicles was similar 

to that used in the four-wheel automobiles developed thereafter, as illustrated 

in Figure 1.3. The translation of the vehicle's center is highly dependent on 

rotation of the vehicle attitude, and vice versa. Hence, it is difficult to achieve 

omnidirectional motion, which refers to the ability of the vehicle to translate 

in an arbitrary direction while the vehicle is oriented in another arbitrary 

direction. 

One of important obstacles to overcome in making a vehicle omnidirec-

tional is the difficulty of decoupling rotation from translation. Doing so suc-

cessfully involves realizing their mutual independence by eliminating both 

the side effect of translation when the vehicle is in rotation and the side 

effect of rotation when the vehicle is in translation in an arbitrary direction. 

A minimal turning radius is regarded as an important parameter of omni-

directionality because the smaller it is, the smaller the side effect of transla-

^ Although the first vehicle had three wheels, the two rear wheels were conventional 

fixed wheels and the front wheel was a conventional center-oriented wheel 



Figure 1.2: First automotive invented by Karl Benz in 1885 

tion on steering manipulation. The ideal turning radius is 0，in which case 

translation will not occur while steering. However, the steering angles of the 

front wheels of a traditional vehicle are confined to an arc from about -35 

degrees to +35 degrees [4] due to the existence of the steering tie rod. This 

rod represents an obstacle to expansion of the turning radius. As a result, it 

is necessary to steer the vehicle in a large semi-circle to turn the vehicle in 

the opposite direction. 

Participants in the vehicle industry have endeavored to enhance the steer-

ability of vehicles by means of four-wheel steering (4WS) systems that reduce 

the turning radius. The first 4WS vehicle appeared in 1938 and was man-

ufactured by Mercedes-Benz. Its rear wheels were steered in the opposite 

direction to the front wheels to shorten the turning radius. Honda started 

manufacturing the Prelude 4WS vehicle in 1987, Its distinguishing feature 

was that the steering angle of the rear wheels depended on that of the front 

wheels. When the steering wheel was turned slightly, the rear wheels were 

CHAPTER 1. INTRODUCTION 24 
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Figure 1.3: Karl Benz's "Velo" model (1894) 

steered in the same direction as the front wheels to improve stability during a 

high-speed turn or when changing lane. When the steering wheel was turned 

at a large angle, the rear wheels were steered in the opposite direction to 

the front wheels to shorten the turning radius. However, the existence of 

a steering tie rod continued to block any further steerability enhancement; 

moreover, coupling of the front wheels and rear wheels meant they were not 

independent of each other, which would have allowed for better steerability. 

One of the most recent developments in the vehicle industry is the release 

of the Jeep Hurricane designed by the Chrysler Group. It is capable of zero 

radius turning (ZRT) by steering the four wheels until their rotational axes 

point to the center of the vehicle. lis design incorporates four-wheel drive 

(4WD) to realize ZRT. However, the power origins of the four wheels are 

coupled into two engines. As a result, a complicated device must be used 

to control the direction of each wheel because the four wheels have to be 

driven in different directions according to whether the vehicle is in traditional 

front-wheel steering (FWS) or ZRT mode. Mechanical complexity makes it 
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CHAPTER 1. INTRODUCTION 7 

impossible to integrate a greater range of omnidirectional motions into the 

system. Moreover, although the vehicle's steering system is independent of 

translation, it does not allow for translation in arbitrary directions. 

In the field of robotics, there has been a significant volume of research on 

wheeled mobile robots (WMR). Although they are capable of omnidirectional 

motions [6] [7] [8] [9] [10], they have not been developed as human carriers. 

In research on intelligent omnidirectional hybrid electric vehicles (10-

HEV) at the Chinese University of Hong Kong, unlike the engine driving 

principle used in traditional vehicles, the engine is disconnected from the 

transmission and is instead connected to a generator that charges a battery 

package. The whole transmission is replaced by four in-wheel motors powered 

by the battery package to create propelling force. This drive-by-wire technol-

ogy therefore significantly reduces the complexity associated with mechanical 

differentials such as the one seen in the Hurricane. The steering tie rod is 

also replaced by four sets of novel steering mechanisms enabling each wheel 

to be steered independently in the -35 to +90 degree range, which is large 

enough not only for ZRT, but also for lateral parking (LP) in which transla-

tion is independent of steering. The vehicle's innovative wheel configuration 

also alleviates the problem of parking. 

1.2.2 Car-like Mobile Robot Motion 

To enhance space and time efficiency, researchers in robotics have devoted 

much effort to motion planning for automatic navigation. 

Dubins [50] was the first to address the problem of finding the shortest 

path between two car-like robot configurations without considering obstacles. 



CHAPTER 1. INTRODUCTION 8 

He provided a sufficient set of optimal paths for a robot moving forward 

only. Thereafter, Reeds and Shepps [1] showed that a family (RS family) of 

48 different paths contains all the path segments required to realize a point-

to-point path. They extended the number of directions in which the robot 

moves to two: forward and backward. 

Moutarlier [46] defined the shortest feasible path (SFP) from a car-like 

robot to an object manifold in the configuration space. Mirtich [47] numeri-

cally computed the skeleton-a set of points that are maximally clear from the 

obstacles—that functions as the reference point for path planning. Soueres [48 

provided geometric reasoning for selecting optimal paths in the RS family. 

Giordano [49] used optimal control theory to develop an analytic solution for 

finding the shortest path to a manifold. 

All of these recent studies have focused on the problem of how to select 

an optimal trajectory to navigate a car-like robot within a given scenario 

with obstacles. This thesis adopts an alternative perspective in attempting 

to show how to set the parking slot dimensions in a scenario in which the 

obstacles are parked vehicles to increase both parking capacity and space 

efficiency. 

1.3 Thesis Overview 

This thesis describes the design and development of an independent steering 

and driving vehicle (ISDV) that can act as a human carrier and incorporates 

the omnidirectional structure of a robot. This structure offers a new direction 

to improve the energy management in the electric vehicle. It will also improve 
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the performance in parking in the aspects of space and time. The remainder 

of this thesis is arranged as follows. 

Chapter 2 elaborates on the design of the ISDV. The technologies of steer-

by-wire, drive-by-wire, four-wheel-independent-steering (4WIS), and four-

wheel-independent-driving (4WID) are integrated into the vehicle structure 

to realize omnidirectional motion. The chapter also addresses the control 

system and software developed to coordinate the eight steer-drive actuators. 

Two human-vehicle steering interfaces are designed and developed to utilize 

the omni-directionality by means of discrete mode switching and continuous 

ICR allocation. 

Chapter 3 shows that the new vehicle with its four-wheel independent 

driving structure can take advantage of the redundancy of its driving motors 

to manage the power (torque) among them and attain the maximum overall 

level of energy efficiency of the driving system. Different driving cycles are 

tested to support this optimal torque distribution methodology. 

Chapter 4 analyzes the improvement that the omni-directionality can 

bring to parking. I model the contours of front-wheel steering vehicles in 

vertical parking scenarios, and develop a numeric method to compute the 

highest space efficiency in front-wheel-steering vehicles. The space efficiency 

of the ISDV is also analyzed. In the aspect of time analysis, human-in-loop 

experiment is designed to test the better performance of the ISDV. 

Chapter 5 outlines the contributions this thesis makes. 



2 

2 Introduction 

The structure of the automobile is inherited from the horse drawn carriage 

invented by German carriage builder Lankensperger in 1817 and patented in 

England by his agent Rudolph Ackermann in 1818. 

The so-called Ackerman steering geometry shown in Figure 2.1, basically 

guarantees that the four wheels of the vehicle roll smoothly. The fundamental 

principle underlying Ackerman steering geometry is the geometric rule that 

all the axes of the four wheels should either point to the same point called 
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Figure 2.1: Ackerman steering geometry 

the instantaneous center of rotation (ICR) or be completely parallel to each 

other (i.e. none of them intercept any of the others). 

Ever since the invention of the automobile, all vehicles have inherited this 

steering structure in which the two front wheels are coupled by one steering 

rod, as shown in Figure 2.2 below. The steering action is delivered from the 

steering wheel (1) through the steering tie rod (2), the steering knuckle (3), 

and the steering knuckle arm (4), before finally reaching the front wheel (6). 

In most cases, especially where the vehicle is driven at high speed, front-

wheel steering is adequate for manipulating the vehicle's direction. A single-

track model has been developed to facilitate the kinematic and dynamic 

analysis of vehicles [5]. In traditional vehicles, the two front wheels are 

steered as a coupled pair, and the two rear wheels are either parallel to each 

other or are also steered as a couple in a 4WS vehicle. As a result, a single-

track model can simplify the four-wheel vehicle model such that the two front 
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Figure 2.2: Steering mechanism in a traditional vehicle 

wheels and the two rear wheels are combined into one virtual front wheel and 

one virtual rear wheel, respectively. 

Most traditional vehicles adopt the single-track model combining the pairs 

of wheels at the front and rear of the car, respectively, into two virtual wheels, 

i.e. the front virtual wheel is in the center of the front axis and the rear virtual 

wheel is in the center of the rear axis. 

The Figure 2.3 below illustrates the single-track model as shown by the 

two grey wheels. The vehicle configuration space is represented as a 4D 

vector, {xc, y。0,小)^, where (:Cc, yc) is the Cartesian coordinate of the center 

of the rear virtual wheel, 9 is the angle from the vector OX to the central 

line of the vehicle ObX},, and 4> is the angle of the virtual front wheel. L and 

W are the vehicle body length and width, respectively, a and b are the front 
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and rear overhang, c is the distance from the vehicle body to the center of 

the left or right wheel. 

ICR 

Figure 2.3: Single track model 

The state space equation for the system is 

dXr 
dt C O S ⑷ 0 

dye 
dt 

— 

sin(60 0 

de 
dt T, t a n ⑷ 0 

d<f> 
dt 0 1 

a ; � (2.1) 

where Lb is the wheelbase, v{t) is the speed at the center of the rear virtual 

wheel, and uj(t) is the angular velocity at which the virtual front wheel is 
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turned. 

In turning manipulation, to map the steering angle of the steering wheel 

into the two front wheels, Ackerman steering geometry can be approximated 

such that the angle of the inner front wheel is directly proportional to the 

angle of the steering wheel input, cxinnerfront = K(psteeringwheei- In traditional 

vehicles, due to the existence of mechanical components such as knuckle arms, 

a front wheel can be maximally steered to 35 degrees [4] and the steering 

wheel has a maximal turning range of 1080 degrees. Hence, the gain K can 

be identified hj K = ^(f>steermgwheel-

The steering angle of the outer front wheel satisfies Ackerman steering 

geometry and thus aouterfront = arctan( vk—schS" tan •)，where W is the width 

of the vehicle body, and c is the distance from the center of wheel to the side 

edge of the vehicle body. 

2.2 Modeling of the Independent Steering and 

Driving Vehicle 

I now describe the design and implementation of the independent steering 

and driving vehicle (ISDV) at the Chinese University of Hong Kong. The 

ISDV departs from the traditional steering/driving mechanism and allows 

for omnidirectional motions such as zero-radius turning (ZRT) and lateral 

parking (LP). 
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2.2.1 Steering Modeling 

The Ackerman steering geometry employed in traditional front-wheel steer-

ing vehicles prevents them from being more agile. However, when the vehicle 

is operated in a small and limited zone, there is a far greater need for steer-

ability. 

To realize a higher degree of steerability, Ackerman steering geometry is 

extended so the ICR can be localized at any position in the 2D plane. 

Figure 2.4 shows the extended Ackerman steering geometry whereby the 

vehicle turns about an arbitrary ICR denoted as {xjcR^^yicRb)- OXY and 

ObXbVb are a global coordinate frame and a local coordinate frame fixed onto 

the vehicle, respectively. The configuration of the vehicle can be expressed 

by {xy,yy,9). ixtb,ytb)J = 1,2,3,4 are 2D coordinates of the centers of the 

4 wheels in the local coordinate frame in the sequence left front, left rear, 

right rear, right front. The outer part of each wheel is shown in black to 

identify its direction, as explained in the next subsection, a � i = 1,2,3’ 4 are 

the steering angles from the original position.巧” i = 1,2,3,4 are the velocity 

vectors in the global coordinate frame. 

In this extended Ackerman steering geometry, all the axes of the wheels 

must intersect at the ICR to permit motion. Thus, the steering angles of the 

wheels are constrained by the following equations. 

(cos(aO,sin(a,)) • — { x i c r ^ V i c r ^ Y ) - 0 (̂  = 1,2,3,4) (2.2) 

In the ISDV, two motions are important for enhanced steerability: zero 
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Figure 2.4; Kinematics of rotation about an arbitrary ICR 

radius turning (ZRT) and lateral parking (LP). These are two special cases 

of the extended Ackerman steering geometry with an arbitrary ICR. 

Zero Radius Turning (ZRT) 

In traditional vehicles, the two front wheels are steered to change the 

attitude of the vehicle. A change in the position of the center is a side effect 

of rotation. However, in a narrow space, the driver does not want the vehicle 

to be subject to this side effect. The ideal solution is therefore to rotate the 

vehicle without translation, which can be realized by ZRT. 

Figure 2.5 illustrates the kinematics of ZRT. The right front and left rear 

wheels are steered to the same positive angle a = arctan(^^'g^) and the other 

two wheels are steered to the same negative angle —a. 

In the ZRT mode, all the wheel speeds are numerically the same. 

Lateral Parking (LP) 
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Figure 2.5: Kinematics of zero radius turning 

Apart from rotation, lateral translation can also be exerted directly and 

independently. For pure translation, i.e., motion without a change in atti-

tude, all four wheels ought to be steered to an identical angle. This can be 

represented by way of extended Ackerman geometry whereby the ICR inter-

sects at an infinite point. In LP, the ICR is placed at the infinite point in 

the front or rear direction. 

To simplify manipulation of the vehicle, LP is the most important func-

tion because the parking slot is parallel to and only 1 or 2 meters from the 

current vehicle position in most parking scenarios. 

Figure 2.6 shows the kinematical constraints of the LP mode. 

The left front and right rear wheels are steered to -90 degrees and the other 

two wheels are steered to +90 degrees. The four velocity vectors are parallel 

to each other and have the same length under the skid-free assumption. 
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Figure 2.6: Kinematics of lateral parking 

2.2.2 Driving Modeling 

In traditional front-wheel steering vehicles, the engine output shaft is the 

input of the transmission, which transfers torque to the two driving wheels 

through the differential. When all the wheels become steerable over a large 

range, the traditional engine driving mode will lead to a complex mechanism 

and a low level of power efficiency. I thus designed the ISDV using in-wheel 

motors for driving. 

To select appropriate in-wheel motors, I first considered the power de-

mand of the vehicle. The following prior assumptions were made on the 

parameters of the vehicle. Let the maximum speed of the vehicle Vmax = 

30km/h = SAm/s. The radius of the wheel is r = 0.15m. Maximum friction 

and dragging force is fmax = fĴ frng + -CoApv^^^ = 147Nm, where 
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fif = 0.018 (rotational friction coefficient) 

m = 600kg (total mass of the vehicle) 

g = lOm/s^ (gravitational acceleration) 

Cd = 0.3 (constant between 0.25 and 0.4) 

A = (wind contact area) 

p 二 1.2258iVs2m-4 (wind friction constant) 

Vmax = 8.4m/s (maximum speed). 

The maximum total power demand for driving is Ptotaimax = ^maxVmax = 

147 X 8.4 = 1300VK 二 The majcimiim power required for each wheel 

is therefore about 325 watts. Six hundred watt in-wheel motors for electric 

motorcycles can thus be selected as the driving motors. 

2.3 Chassis System 

One novel feature of the design of the ISDV in comparison with that of 

traditional vehicles lies in the drive-by~wire and steer-by-wire chassis system 

employed. To achieve omnidirectional motion functionality, it is necessary for 

the system to include four-wheel independent driving (4WID) and 4-wheel 

independent steering (4WIS) capabilities. 

The omnidirectional chassis consists of four independent steering-driving 

mechanisms and a chassis frame, as illustrated in Figure 2.7. 

In the steering operation, a group of components including an in-wheel 

motor, its outer frame, a brake disk, a brake fork, an upper arm, a lower 

arm, and two dampers for suspension is steered about the rotational shaft, 

which is driven in the upper end by the output shaft of the speed-reduction 
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(a) Steering mechanism 

(b) Chassis frame 

Figure 2.7: Chassis and steering mechanism 
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gearbox. The gearbox input is a Maxon granite brush DC motor. The 

in-wheel motor used for driving is a brushless DC motor originally used for 

electric motorcycles that is controlled by a voltage signal from the accelerator 

pedal. As the ISDV is a platform for an on-road vehicle, a suspension system 

is retained to absorb vertical shock. 

There are four such independent steering mechanisms, one for each driv-

ing wheel. 

The chassis frame is made of stainless steel and is supported by the four 

independent steering mechanisms. 

The figure below illustrates the 4WIS-4WID structure. The steering mo-

tor 11 is mounted onto the worm gear box 10 using screws. The gear box 10 

is connected to the rotational shaft 90 by a key so that the output shaft of 

the gear box and the rotational shaft are concentric. The upper end of the 

damper 70, the upper end of the rotational shaft 90, and the right end of the 

upper bar 50 are connected by a screw. The lower end of the rotational shaft 

90 and the right end of the lower bar are also connected by a screw. The 

rotational shaft and the vehicle body 12 are mounted using bearings, with 

90 being allowed to rotate in the body of the vehicle. The left end of the 

upper bar 50 and the left end of the lower bar 60 are connected to the frame 

99 by screws. The brake 31 is screwed onto the frame 99 and the frame is 

mounted onto the axis of the motor 40 using nuts to allow for the rotation 

of 40 and to prevent 40 from moving along the direction of its axis. The 

brake disk is screwed onto the rotational part of the motor 40. The wheel 

111 supports the vehicle and the motor 40 drives the vehicle. The brakes 30 

and 31 reduce the velocity of the vehicle. The frame 99 prevents the wheel 
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Figure 2.8: 4WIS-4WID mechanism 

111 from moving in the direction of its axis. The steering motor 11 steers 

the rotational shaft as the speed is reduced by 10. The rotation of the shaft 

90 is then transmitted to the frame 99 through the upper and lower bars 50 

and 60. The dampers 70 absorb shock from the wheels 111. 

Due to the existence of the braking components, the in-wheel motor for 

an electric motorcycle is not symmetric with respect to the central circular 

plane. Due to space limitations, Figure 2.3 shows ail faces of the motor with 

braking components pointing toward the outside of the vehicle. Hence, the 

direction of each in-wheel motor should also be considered in determining 

the direction of motor velocity in Figure 2.4. 

\
1
©
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Figure 2.9: Controller system 

2.4 Control System 

Figure 2,9 outlines the control system of the ISDV, The system comprises 

five parts: the controller system, the steering interface, the driving interface, 

the steering actuators, and the driving actuators. 

The controller system consists of two subsystems, one for steering control 

and the other for driving control. They are interconnected to allow them to 

communicate with each other. 

Inside the steering interface there is a Logitec Momo racing steering wheel 

with a shift bar and six buttons for direction and mode selection. An LCD, 

a keyboard, and a mouse are also included for debugging and testing. 

The driving interface is composed of two pedals, one an electronic accel-

eration pedal and the other a brake pedal for the hydraulic brake system. 

The steering actuators include four Maxon granite brush DC motors with 

an encoder for relative position. The driving actuators consist of four driving 
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RS232 

Figure 2.10: Steering controller subsystem 

motors, all of which are brushless DC in-wheel motors. 

2.4.1 Steering Control Subsystem 

,10. A PC104 

l.lGHz, 1 GB 

The steering controller subsystem is illustrated in Figure 2 

(PCM3380, Figure 2.11) with an onboard Intel Pentium M 

DDR RAM and a 1 GB CF card as a hard disk acts as the kernel controller 

in the steering controller subsystem. Linux DSL 2.4 is adopted as the oper-

ating system for the PC104 because steering wheel data can be conveniently 

obtained from the USB port through the shell function. 

In terms of input, the steering wheel provides data on steering angles, 

shift bar status, and button status. However, they are processed in different 

ways. As the steering angle is only needed to calculate the target position 

of each steering motor, it is processed by the PC 104; because the shift bar 

message is related to the directions of the driving motors, it is transmitted to 
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Figure 2.11: Outlook of the PC104 

the digital signal processor (DSP); because the mode information is shared 

by the two subsystems, the PG104 reacts to this input and transmits it to 

the DSP as well. 

In terms of output, the PC 104 sends commands directly to the steering 

motor controllers and each command is given an ID. Maxon EPOS is a power 

controller for position control of the steering motor. It is equipped with either 

a CAN bus or RS232 for communication. The ISDV utilizes the configuration 

of the RS232-CAN gate connection. That is, EPOSl functions as the gate 

and receives all commands from the PC104 via the RS232 port; thereafter, it 

executes the command with IDl and transmits the other commands to the 

CAN bus. 

2.4.2 Driving Control Subsystem 

The driving control subsystem (Figure 2.12) includes a DSP (TMS320F2812, 

Figure 2.13) that serves as the kernel controller and four modified brushless 

DC motor controllers normally used for electric motorcycles. 

The DSP obtains the voltage signal from the electronic acceleration pedal 



Figure 2 13' Outlook of the DSP 

and sends it to the four driving motor controllers The complexity found in 

the differential part of a traditional vehicle is greatly reduced in this drive-by-

wire subsystem. Table 2 1 shows that the directions of the four driving motors 

are different for each of the six patterns (three modes and two directions for 

each mode) 

'B' and 'F' denote backward and forward, respectively 

As discussed in the software subsection, the DSP mode and the shift 

status are updated via communication between the PC 104 and the DSP 
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Table 2.1: Directions of driving motors 

Forward Backward 
P 83 84) (|jl P P jj4) 

front-wheel-steering (B B F F) (F F B B) 
ZRT (F F F F) (B B B B) 
LP (F B B F) (B F F B) 

2.4.3 Peripherals 

In designing a steering subsystem, the absolute position of the steering angle 

for each steering mechanism is a significant issue because although Maxon 

found it easy to integrate an encoder into the steering motor, it is effective 

only as a relative position sensor and calibration is required for each power-on 

step. 

Although McKerrow [11] has studied the calibration of steering angles, 

the complicated calibration method proposed has to be conducted for every 

power-on step. 

In the ISDV, I utilize an optical sensor as a homing sensor for each steer-

ing motor to alleviate the calibration problem. Figure 2.14 illustrates this 

concept. A blocking piece in the shape of a semi-circular edge is cut off 

a circle plate and fixed to the upper end of the output shaft of the speed-

reduction gearbox. Within one turn of the output shaft, the optical sensor 

is blocked for 180 degrees and a voltage difference is consequently generated. 

Hence, employing the edge of the voltage change is an ideal absolute position 

calibration method. 



Figure 2.14: Homing device 

2.4.4 Software 

Because of the large quantity of controllers and ports-two kernel controllers, 

eight peripheral controllers, two RS232 ports, and one USB port-much at-

tention has to be paid to synchronization to prevent conflict. 

Between the two kernel controllers, the PC 104 is the master and the DSP 

works as a slave. 

PC104 Program 

The PC104 algorithm includes two structural variables. The first is called 

VehicleState and is used for the storage of mode, shift, steering wheel an-

gle, and velocity. The other is Temp VehicleState and stores mode and shift 

as temporary inputs from the steering wheel. For real time performance, 

three threads work simultaneously: ThreadSWRead, ThreadUpdateState, 

and ThreadEPOSControl. Their functions are as follows: 

1. ThreadSWRead: reads messages from the steering wheel and updates 

VehicleState.angle if any change in the steering angle occurs. If there is 

any change in the mode button or the shift bar, Temp VehicleState. mode 
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or TempVehicleState.shift will be updated only if VehicleState.velocity 

=0，i.e. the vehicle is not in motion. 

2. ThreadUpdateState: This thread idles until TempVehicleState.inode 

+ VehicleState.mode or TempVehicleState.shift + VehicleState.shift. 

If there is difference in mode, it first interrupts the usage of the EPOS 

RS232 port from ThreadEP OS Control to prevent conflict. Thereafter, 

it sends a command to each EPOS for initialization to the new mode. 

When successful, it then starts communicating with the DSP to change 

its mode state. If the entire flow is successful, it ultimately sets the 

new mode to VehicleState.mode. If there is a difference in shift, it 

transmits the relevant information to the DSP, and with a successful 

acknowledgement, it then updates VehicleState.shift. 

3. ThreadEPOSControl: In this thread, the algorithm calculates the four 

steering angles according to VehicleState.mode and sets these angles to 

the target angles for the four EPOS controllers. However, if there is 

any signal from ThreadUpdateState to release possession of the EPOS 

RS232 port, it will pause in its communication with EPOS and start 

idling. 

Figures 2.15 2.16 and 2.17 show flowcharts for the control algorithms. 

DSP Program 

The DSP supports a single thread and has the functions listed below: 

1. Obtains the vehicle's velocity by timing the duration between two rising 
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edges of one hall channel in the left front in-wheel motor. The velocity 

is sent to the PC104 via the RS232 port. 

2. Digitizes the voltage signal of the electronic acceleration pedal by A/D, 

calculates acceleration voltage signals for the four driving motor con-

trollers, and outputs them. 

3. If there is any mode/shift change demand from the PC 104, it will 

change the mode/shift state in the DSP and reply if successful. 

PC104-DSP Protocol 

In communication between the PC104 and the DSP, for the avoidance of 

conflict, the PC104 is the master that initiates communication and the DSP is 

the slave. The PC104 sends two types of frames to the DSP: command frames 

and data frames. The command frames code mode change commands or shift 

change commands and the data frames include the current angles of the four 

wheels. In contrast, the DSP acknowledges and replies through messages 

indicating whether the mode/shift change has been successful and including 

velocity and acceleration information. To ensure accurate communication, 

16-bit CRC coding is attached to each frame. 

2.5 Human-vehicle Steering Interface 

Because the new vehicle has the omni-directionality, the traditional human-

vehicle interface, including a steering, a shift lever, an acceleration pedal 

and a braking pedal, can not support all the omni-directional motions. As a 

result, the human-vehicle interface should be re-designed. 
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In my research, I have considered controlling the vehicle through two 

types of methods. The first approach switches among front-wheel-steering, 

zero-radius-turning and lateral-parking discretely, through mode buttons. 

This can switch between the practical modes and the most frequent mode is 

still front-wheel-steering, so the driver does not need to change driving habit 

too much. The other approach change ICR continuously. This will make the 

vehicle motion more flexible. 

2.5.1 Steering Interface with Discrete Mode Change 

Figure 2.18 illustrates the interface with discrete mode change. I adopt 

Logitec Momo as the steering wheel. Of the six buttons on the steering 

wheel panel, I select four for mode changes to "idle operation", "front-wheel 

steering, “zero radius turning", and "lateral parking". The shift bar is also 

integrated into the steering wheel device. 

The switch panel on the top right includes power switches for cooling fans, 

the PC104, the DSP, and peripheral controllers. The LCD, the keyboard, 

and the mouse function as standard I/O PC104 apparatus for debugging and 

testing. 

The electronic accelerator pedal and the brake pedal are located in the 

same position as in traditional vehicles. 



CHAPTER 2. DESIGN AND DEVELOPMENT OF THE ISDV 35 

Switch 
panel 

steering 
wheel 

Mode 
buttons 

J LCD 

Keyboard 

Mouse 

Brake Electronic 
pedal acceleration 

pedal 
Figure 2,18: User interface 

2.5.2 Steering Interface with Continuous ICR Alloca-

tion 

The steering interface utilizes buttons enabling the driver to switch among 

different steering modes such as front-wheel steering, zero radius turning, 

and lateral parking. However, the shortcoming of this system is that the 

vehicle must have come to a complete stop before the driver can switch to 

another mode. In addition, the driver may not be able to steer the vehicle 

at the desired ICR due to the steering mode restriction. This does not allow 

for the omnidirectional maneuverability of the 4WIS vehicle to be utilized. 

The conventional steering interface provides only one steering input (ro-

tation of the steering wheel) that is inadequate for defining all ICRs in the 

horizontal plane. There is therefore a need to extend the steering interface 

for the ISDV. Given the application of steer-by-wire technology, the extended 
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steering interface is mainly aimed at defining the target ICR and passing it 

to the steering motor controller. The extended steering interface is designed 

to provide a user-friendly interface enabling the driver to locate the desired 

ICR without having to switch mode. 

Interface Design 

The concept underlying the proposed steering interface is shown in Figure 

2.19. The interface can be treated as an extension of a conventional steering 

interface. A sliding rail is attached to a conventional steering wheel to give 

the steering wheel two DOFs: rotation and translation. In addition, a slid-

ing button is added beside the steering wheel. The symbols 屯1, <̂ '2, and $3 

represent the steering inputs. All ICRs can be defined by a combination of 

steering inputs. The extended steering interface is operated intuitively and 

conventional steering behavior is reserved. Turning the steering wheel corre-

sponds to a turning motion, whereas sliding the steering wheel corresponds to 

a pure translation motion. The joints can also be controlled simultaneously 

to represent a combined turning and translation motion. 

Defining Target Instantaneous Center of Rotation 

Figure 2.20 illustrates the relationship among the ICR, the ICR axis, and the 

steering inputs. An abbreviated single-track model is employed to illustrate 

the concept underlying the interface. In the figure, {xp^ 0), {xr, 0), and 

(#3,0) are the coordinates of the oriented center of the front wheels, the 

oriented center of the rear wheels, and the origin of the ICR 脑is, respectively. 

The origin of the ICR axis is the point at which the ICR axis and the x-axis 
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Figure 2.19: Extended steering interface 

intersect. The origin of the coordinate system is located at the geometric 

center of the vehicle. 

In the figure, cot(<l>l) defines the distance between the ICR and the ori-

gin of the ICR axis, cot(#l) > 0 represents a left turning motion (turning 

anti-clockwise about the ICR), while cot(#l) < 0 represents a right turning 

motion (turning clockwise about the ICR). The steering result is equivalent 

to that realized through a conventional 2WS steering system when #2 — 0 

and $3 = Xr. TO make the handling more intuitive, the left turning mo-

tion is performed only when the steering wheel is turned in an anti-clockwise 

direction and the right turning motion is performed only when the steering 

wheel is turned in a clockwise direction. As a result, the value of = 0 is 

restricted to the range of —7r/2 < #1 < tt/2. This restriction limits the con-

tinuous motion of the ICR and prevents it from passing through the origin 

of the ICR. 

The symbol 亞2 defines the angle between the ICR axis and the y-axis. 
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Figure 2.20: Relationships among ICR, ICR axis, and steering inputs 

When — 0, changing the value of makes the vehicle perform a pure 

translation motion in different directions, as shown in Figure 2.21(d). To 

make the handling more intuitive, the left translation motion is performed 

only when the steering wheel is slid to the left and the right translation 

motion is performed only when the steering wheel is slid to the right. As a 

result, the value of 歪2 is restricted to the range of —7r/2 < $2 < 7r/2. 

The symbol $3 defines the position of the origin of the ICR axis. Theo-

retically, #1 and #2 in themselves are sufficient to define the location of the 

ICR in the 2D plane. The additional steering input #3 is introduced to allow 

for several forms of conventional steering behavior that make steering more 

intuitive to be emulated. For instance, when $2 = 0 and 二 ； t h e vehi-

cle performs as a typical front 2WS vehicle as shown in Figure 2.21(a); when 

$3 = {xp + xr) /2 , the vehicle performs as a typical 4WS vehicle as shown 

in Figure 2.21(b); when <l>3 = Xjp，the vehicle performs as a typical two rear 
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Figure 2.21: Examples of steering results 

wheel steering (2RWS) vehicle as shown in Figure 2.21(c). The coordinates 

of the target ICR (xj^^jj, yJcR can be defined by following equation: 

r 
冗ICR 

yfcR 

cos <̂ 2 — sin #2 

sin $2 cos 歪 2 

0 
+ 

(I>3 

co t飢 

i 

0 

— cot<l>lsin$2 

cot #1 cos $2 
(2.3) 

Given the combination of these steering inputs, the vehicle can be com-

manded to turn about any ICR or to translate in any direction. There is no 

need to perform any mode switching operation. 

Defining Target Orientations of Wheels 

Once the target ICR has been defined, the target orientations of the wheels 

can be determined. Under the kinematic constraint, the orientations of the 
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wheels must comply with the following constraint: 

(IJ X — ficE.) = V, (2.4) 

where % is the longitudinal velocity of wheel z, and f̂ i and f jcR are the 

position vectors of the center of wheel i and the ICR, respectively. In the 

extended steering interface, <l»l # 0 and $1 = 0 represent a turning motion 

and a translation motion, respectively. For (sjJ^ch, V i c r ) •(工。Ik), the target 

orientation of wheel i can be obtained as follows: 

1) If <̂ 1 = 0, 5了 = $2. 

2) If 齿 1 0 , 

S： 
T • vt = yJcR , 、 

^ p (2.5) 
Zr-ifcn)队+诏CR 

Moreover, if yfcR = y” there will be a singular line, the opposite side of 

which will undergo a sudden change by tt rad. Even if the ICR does not pass 

through the singular point, but only comes close to it, it may also lead to a 

huge change in the target orientation. The steering actuator may not be fast 

enough to move to the target orientation. As a result, the target ICR is best 

kept away from the singular points and singular lines. 

Hardware Prototype 

Figure 2.22 shows the hardware prototype of the extended steering interface. 

In the extended steering interface, the turning {(f)!) and sliding {(/)2) joints 

are connected to a force feedback motor. The steering wheel is mounted 
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directly onto the output shaft of the force feedback motor, while the slide 

rail is connected to the force feedback motor through the rack and pinion. 

Each motor is equipped with an optical encoder to obtain the posture of each 

joint. A micro controller collects the posture of the steering interface and 

sends it to the vehicle control system. The micro controller also acts as the 

force feedback controller by acquiring the appropriate interface posture from 

the vehicle control system. 

Force feedback motor 1 po^ce feedback motor 2 

Microcontroller 

Slider 

Steering wheel 

Figure 2.22: Prototype of the extended steering interface 

Simulation Platform and Experiments 

For safety reasons, the proposed design and algorithms of the extended steer-

ing interface must be verified in a virtual environment before being imple-

mented in a real vehicle. The verification process is carried out through HIL 
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simulations. In the following simulations, the real-time Windows target [41 

in MATLAB is selected as the HIL simulation environment. To realize the 

steering effect, the Virtual Reality Toolbox [42] is used to visualize the motion 

of the vehicle. 

Figure 2.23 shows the HIL simulation platform as a whole. The archi-

tecture of the HIL simulation environment consisting of a host PC and real 

hardware is illustrated in Figure 2.24. The real hardware used in the simu-

lation environment includes the extended steering interface and a foot pedal. 

Communication between the host PC and the real hardware is channeled 

through an RS232 serial line. The host PC acts as a vehicle control system 

that communicates with the extended steering interface and receives the sig-

nal from the foot pedal It calculates the target orientations of the wheels 

and the appropriate steering interface posture according to the information 

acquired from the extended steering interface and the vehicle model, respec-

tively. It also acts as a steering motor controller. The motion of the vehicle 

and the wheels can be visualized in the virtual reality environment. In the 

extended steering interface, the steering input is realized virtually in the 

host PC. The foot pedal is included to define the longitudinal driving force 

of each wheel. 

In the HIL simulation, the author attempts to steer the vehicle with dif-

ferent steering inputs. Figure 2.25 shows some of the simulation results with 

03 = —1.25. The ICR can be changed to any point at any time. The extended 

steering interface provides the driver with omnidirectional controllability and 

allows the driver to experience a novel and powerful driving style. 

Due to the limitation of time, this interface has not be integrated into 
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Figure 2 23' HIL simulation platform 

the final vehicle yet. The proposed vehicle structure with the extend steering 

interface is illustrated as below 

2.6 Vehicle Integration and Implementation 

Implementation of Omni-directional Motions 

Figure 2.27 provides an overall illustration of the ISDV 

Table 2 2 lists the specifications of the ISDV 

Having described development of the ISDV, I now turn to realization 

of the ZRT and LP functions and demonstrate the significant advantage of 

the ISDV in parking scenarios Tests (Figure 2 28 and 2 29) are carried out 

in scenarios featuring two common parking slot arrangements (i) vehicles 
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Figure 2 24 System blocks in simulink 
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Steering signal 
Omni-directlonal 
steering interface 

�� 

Independent steering wheels 

Figure 2.26: Omni-directional steer-by-wire system 

Figure 2.27: Outlook of the ISDV) 
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Table 2.2: System specification of the ISDV 

Wheel base l’8m 
Vehicle width 1.8m 
Vehicle length 2.6m 
Front overhang 0.4m 
Rear overhang 0.4m 

Mass 300kg 
Driving motor 48V, 600W 
Steering motor 42V, 90W 

Battery 48V, 44Ah 

parked head-to-tail; and (ii) vehicles parked side-by-side. 

The experiment shows that both the ZRT and LP functions of the ISDV 

perform well. The demands placed on the driver in trajectory selection and 

generation are greatly reduced. The decoupling of rotation and translation 

enables the driver to manipulate the vehicle more freely and easily. 

2.7 Summary 

This chapter gives a detailed description of the design and development of the 

ISDV. The kinematic modeling of traditional front-wheel steering vehicles is 

initially discussed before turning to that of ISDV with motion capabilities 

including arbitrary ICR turning, zero radius turning, and lateral parking. 

The chassis system adopted for the ISDV including its chassis frame and its 

steering and driving mechanism are described in detail. The control frame-

work including a four-wheel independent steering subsystem and a four-wheel 

independent driving subsystem with electronic peripherals and a control in-
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Figure 2 28 Implementation of zero radius turning 
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Figure 2.29: Implementation lateral parking 
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terface is then introduced. Software flowcharts are also provided to clarify 

the systems employed in the vehicle. Finally, two steering interfaces are 

developed and elaborated. One enables discrete mode change so as to real-

ize the front-wheel-steering, zero-radius-turning, and lateral-parking, while 

the other takes fully utilization of the omni-directionality by continuously 

allocating the ICR. 



Chapter 

Energy IS :ement 

Steering 

3.1 Introduction 

Energy has been a global problem over the course of human civilization. 

On the one hand, transportation boosts human civilization by allowing us 

to work more quickly and produce more. On the other hand, it consumes 

a great deal of energy, especially non-renewable fuels such as gasoline and 

diesel. 

These non-renewable energy sources on which human civilization is so 

dependent nowadays will ultimately be depleted if no solution to the supply-

50 
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demand imbalance is found. Transportation accounts for significant propor-

tion of the fuel consumed in the world. Encouragingly, much effort has been 

directed toward enhancing energy efficiency and reducing energy loss. These 

endeavors include both technological and non-technological solutions [64 . 

There has also been a major focus on exploring new energy sources such as 

electric batteries, fuel cells, and flywheels. Powertrains in motor vehicles use 

electrical energy to propel the vehicle. 

In vehicle research, hybrid electric vehicles (HEVs) and electric vehicles 

(EVs) have been developed and improved with the goal of transforming elec-

trical energy into more highly efficient kinematic energy. Much effort has 

been devoted to managing engine and motor energy in HEVs [71] [72] [73] [74 . 

Some HEVs such as the Toyota Prius [75], the Honda CivicHEV [76], and the 

BYD Dual Mode F3 [77] have been commercialized. Studies of energy man-

agement in EVs assess the reduction of energy expenditure brought about 

by the deactivation of auxiliary devices such as air conditioners and light-

ing when the surrounding environment permits [61], wheel slippage reduc-

tion [66], and dual energy sources comprising a battery and an ultra capaci-

tor [62] [63]. 

The advent of EVs has revealed the start of a technological revolution 

in which fuels are replaced by electricity, a cleaner and renewable source of 

energy. However, there is still a long way to go before the driving distance 

per charge is long enough to make EVs acceptable to drivers. Enhancing 

the efficiency of the propelling actuator-the motor-is one promising research 

direction. 

Because most EVs are driven by a single traction motor such as those 
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described by [53] and [54], efficiency improvements have to deal with technical 

methodologies facilitating the manufacture of a motor that loses less energy 

through heat resistance, friction, etc. 

In the robotics field, four-wheel independent drive (4WID) or direct drive 

technologies have resulted in a rich literature on mobile robots. Some exam-

ples are the Titan (Ratner 2000), a 4WD wheelchair [80], a four-wheel dif-

ferentially steered (4WDS) mobile robot [81], and a 4-wheel omnidirectional 

mobile robot p2]，and so on. This research has attracted much attention 

to the fields of traction control and robot traversability [67] [65], However, 

few studies in the robotics area focus on energy management in the 4WID 

configuration. This might be due to the non-urgency of the energy-saving 

issue given the relatively small quantity of robots in service. However, energy 

saving is very important in the auto industry and is therefore explored in this 

thesis. 

In the vehicle industry, energy consumption is evaluated by driving the 

vehicle in a number of predetermined driving cycles to assess speed in respect 

to time based on numerous statistical driving data. In a traditional EV, 

a single high-power traction motor is responsible for propelling the whole 

vehicle [68]. In an established driving cycle, there is no room for power 

management in this traction motor because all it can do is to output the 

overall level of power demanded by the driver. 

In contrast, if the number of motors is increased to N(N > 1)，several 

low-power motors can work together and increase the DOF to N — 1. 

Thus, the 4WID configuration has the potential to reduce energy con-

sumption further by managing the power within its four driving motors to 
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improve energy efficiency. 

Based on the statistics in [69], the motors used in transportation equip-

ment in the late 1990s reached approximately 1800 TWh/year in the US. 

With the emergence of EVs, this energy consumption figure will now be 

significantly higher. As a result, 4WID technology can make a greater con-

tribution to energy efficiency. 

This chapter analyzes the energy efficiency improvement brought about 

by the 4WID structure. Section 2 introduces the modeling of EVs in stan-

dard conditions. Motor models including those for the traditional traction 

motor and the in-wheel motor for 4WID vehicles are also discussed. Section 

3 introduces a map grid refinement for acceptable torque/speed precision. 

Optimal torque distribution (OTD) strategies are discussed in Section 4. In 

Section 5，I compare the two torque distribution strategies with the tradi-

tional single motor driving approach based on an overall efficiency map. In 

Section 6, simulations are conducted for validation. Section 7 concludes the 

chapter. 

3.2 Modeling of Electric Vehicle Powertrain 

3.2.1 Vehicle Dynamic Model 

For the most general case, i.e. EV on a slope, Figure 3.1 illustrates the 4WID 

configuration. 

The slope gradient is tan(^). Ni {i = 1,2,3,4) are the slope normal 

upthrust forces on the left front, left rear, right rear and right front wheels, 

respectively. Fdrivei ’ Koiih and Ti {i = 1,2,3,4) are the driving forces directly 
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Figure 3.1: 4WID configuration on a slope 

generated by tyre-road friction, rolling friction, and the torque of the in-wheel 

motor, respectively, subject to the same indexing rule as that applicable to 

the upthrust force. F̂ ôpe, Finertia, and Faero are the dragging forces due to 

the slope, vehicle inertia acceleration/deceleration, and aerodynamic friction, 

respectively. All other denotations and values are indicated in Table 3.1. The 

vehicle parameters are based on the Smartcar EV [53] configuration with a 

maximum speed of 100 km/h. 

The vehicle dynamic equations can be derived as follows and are utilized 

to compute the total driving torque Ttotai for each second in a driving cycle. 
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Table 3.1: Denotations and values for electric vehicle powertrain modeling 

Parameter Symbol Unit Value 
Vehicle total mass m kg 1144 

Wheel radius r m 0.282 
Wheel inertia Iwh kgm^ 3.2639 

Center of gravity (GG) height h m 0.5 
Distance (front axis to C G ) a m 1.04 
Distance (rear axis to CG) b m 1.56 

Rolling resistance coefficient /ir 0.009 
Maximal adhesive coefficient M 0.9 

Air friction coefficient C D 0,335 
Wind contact area A m2 2 

Air density P kg/m^ 1.2 
Traditional EV gearbox ratio C 10.6385 

�:Firivei = Fslope + ^aero + ^inertia + � : ^rolli (3.1) 

Ti = r{Fdrivei — FroUi) + Iwh dv (3.2) 

Prom equations 3.1 and 3.2, the total torque is 

Ttotal ~ ^ Ti = r[Faero + ^inertia + Fslope) + 
4Iwh dv (3.3) 
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Figure 3.2: Electric Motor Model 
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where 

Fsiope — mg cos{6) 

Faero = -Cj^ApV^ 

Finertia = 

3.2.2 Powertrain Model of Electric Vehicle with Single 

Motor 

Electric Motor Model 

The Smaxtcar EV is propelled by a 30kW motor (MC_AC75) with peak ef-

ficiency of 0.92. The motor efficiency map [60] is a key to evaluating its 

performance. Figure 3.2 shows the efficiency map for this single motor de-

noted as 7}q(ijJo,Tq). 

10 



CHAPTER 3. ENERGY MANAGEMENT OF THE ISDV 57 

Gearbox Model 

In the 4WID vehicle, because four independent in-wheel motors are utilized 

for direct propulsion, there is no need for a gearbox. However, in the tradi-

tional EV structure, a gearbox is required to reduce the speed of the motor 

output shaft and increase the torque for final wheel drive. Efficiency is shown 

in Figure 3.3. 

Figure 3.3: Gearbox Efficiency Map 

Overall Powertrain Efficiency Model 

In the single motor propelled EV, the output speed and the output torque 

of the driving motor are 

n = 

= (^whC 

Ttotal 

C'Hgbi^whj Tiotalj 

(3.4) 

(3.5) 
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where ( = 6.6732 is the gearbox ratio for the EV SMART and rjgb is gearbox 

efficiency. 

The total input power is 

p _ ^qTq ^whTtotal 

770 (C^O, Tq ) 7]gb (iOwh, Ttotal)Vo {^0, ) 

Thus the overall efficiency of the powertrain is 

/ Tt t I 
Vs{<^wh, Ttotal)==力gb((^wh,Ttotal)BQ ( 

(3.6) 

CVgbi^wh^Ttotal) 
(3.7) 

where ujq and Tq output the rotational speed and torque of the single traction 

motor, rjgbitUwh, Ttotal) is gearbox efficiency, and oj— and Ttotai are the wheel 

speed and total driving torque. 

3.2.3 Powertrain Model of Electric Vehicle with 4-wheel-

independent-drive 

To enable a fair comparison, the 4WID vehicle utilizes a similar efficiency 

map with only speed and torque scaling factors a and j3 and has total power 

equivalent to that of the MC_AC75. 

Ti) = 770 (^oi, Tqi) (3.8) 

u)i = ax cuQi (3.9) 

Ti = P x Toi (3.10) 
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where r] i [� ' ) , w“ and Ti {i = 1,2,3，4) are the efficiency, speed, and torque of 

the left front, left rear, right rear, and right front in-wheel motor, respectively; 

{ujoiandToi) are the speed and torque mapped from (w ,̂ Ti) by scaling the 

factors a and (3. a x /? = ~ to satisfy the total power constraint. It should be 

noted that (a;o“ Ten) is not the operational point (wq, Tq) of the single traction 

motor at the same point in the cycle. 

It is assumed that both the two front wheels and the two rear wheels 

have the same torque as each other. Hence, there will be no yawing influence 

on vehicle stability. The overall efficiency of a 4WID car can be derived as 

follows. 

p. — 2 (的Tl I 

\ 

^whTtc 
2Ti 2T-i 

Ttntnl __lioM |_ 

2ri 
Ttntal 

2T-i 
Tiot.al P I •'fo/at J 丄 iotal 

IJ^WID = 
2Ti 

Tfoial + 
2Ti 

Tfotal 
(3.11) Jj如wh,Ti� — Ti) J 

where 71 is the torque exerted by one front motor. The objective of torque 

distribution is to find the optimal that maximizes r}̂ wiD-

3.3 Motor Map Grid Refinement 

The original motor map contains only 11x11 grids in the first quadrant and 

in the non-negative parts of the motor speed and torque axes. The torque 
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step ATmt — 10.8 Nm, corresponding to 115.2 Nm at the wheel, and the 

motor speed step AixĴ t = 104.7mcJ/s. Hence, grid refinement is necessary 

to distribute torque more precisely. 

Linear 2D interpolation is an approximating method for grid refinement. 

However, there are two motor maps on which grid refinement can be con-

ducted: the motor efficiency map and the motor input power map. The 

problem is that the correct map matrix after refinement is unknown. 

In the evaluation approach, the original maps of efficiency and input 

power are downgraded to two 6 x 6 maps by selecting the odd indexed value 

in the motor speed and torque axes. These maps are assumed to be known 

and the missing grids are assumed to be unknown. 

Linear 2D interpolations are conducted on the downgraded maps. 

3.3.1 Interpolation 1 

rjeffinAumu miSTmt) = — i)AuJmt, {m — j)^Tmt) 

+77((n — i)AuJrnt, {m + j)ATmt) 

+ 7 7 ( ( n + i)Aumu {m — j)ATmt) 

+77((n + (m + j)ATmt) 

(3.12) 

where if n is even; and i = 0, if n is odd; j = 1, if m is even; and 

j = 0, if m is odd. n, m G {1,2,3，...11} 

The input power map based on the 2D interpolation on the efficiency map 
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is computed as shown in equation 3.3.1. 

nrnAujmt^Tmt 

61 

Peff{nAuj^t,mATmt)= 
Veff (nAuJmt, mATmt) 

(3.13) 

3.3.2 Interpolation 2 
八 

Interpolation of the input power map denoted as PinpwAnAto饥,mATm) is 

conducted in a similar way. The estimated efficiency map based on the input 

power map interpolation is also calculated by 

. r A Arp ^ nmAcu—ATmt “ � 
r)inpwr{n/\ujmu 'm/\Tmt) = — (3.14) 

Pinpwr [n^^mt，rnATmt) 

The two interpolations are compared with the original 11x11 maps and 

the figures below show the error difference. The mean errors on the efficiency 

maps by Interpolation 1 and 2 are 1.7% and 1.0% respectively, and the mean 

errors on the input power maps by Interpolation 1 and 2 are 524 watts and 

383 watts, respectively. 

Hence, it is better to adopt the input power map interpolation and cal-

culate back the efficiency. Prom the shape of the maps, it can been seen 

that the input power map (Figure 3.5) is more linear than the efficiency map 

(Figure 3.2), which might explain its low mean errors. 

I therefore choose to refine the input power map. Each Au爪力 and AT^t 

is broken into 10 uniform intervals, and thus the final refined map has di-

mensions of 101 X 101, as illustrated in Figure 3.5. 
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<a) Interpolation 1 

Figure 3.5: Input power map after Refinement 

Figure 3.4: Interpolation Error Comparison 
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3.4 Real-time Optimal Torque Distribution 

The aim of torque distribution is to obtain the proportion of front and rear 

wheel torques in real-time when total torque is known to ascertain the lowest 

total input power, or in other words, to achieve the highest level of energy 

efficiency. For real-time performance, it is practical to compute the layers of 

input power or energy efficiency spanned by the front motor torque and the 

rear motor torque offline. 

In this tradeoff, the optimization process is broken down into two steps: 

1) offline computation of the matrix minimal input power PoTD[^wh,TTotai) 

for each Trotai- The torque distribution rules for each TTotai at the speed 

of LUWH is stored in X Q T D ( ^ W H > T T O T A I ) ； 2) online retrieval of A for the driving 

cycle. 

For each Uwh and for the lines of grids intersected by the hypotenuse line 

indicating the same + T2 (same TTotai as well)，there will be a minimal 

total input power P q t d {̂ wh> TTotai) • Due to the symmetry of the matrix, if 

the minimum is not located in the central diagonal (T1 = T2\ there will 

be at least two minima, i.e. two or more minima. Here, only the one in the 

upper triangular matrix is selected. 

The overall efficiency matrix spanned by Ti and T2 can then be computed 

according to Figure 3.6. 

For ease of observation, Figure 3.7 shows the layers of the efficiency map 

rather than the layers of the input power map for various 

The blue stars on the map indicate the maximal efficiency points for a 

specific wheel speed u>wh with a Trotai that is a line T1+T2 = Tpotai, From the 
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丁2 P(a)wh，2Ti+2 丁 2)=2[PI(� wh’Ti)+P2(� wh’T2)] 
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Figure 3.6: Input power matrix spanned by Tl and T2 

evolution of the efficiency map with respect to tOwh, it can be observed that 

the overall layer of the efficiency map increases from (a) to (d). Thereafter, 

from (d) to (g), efficiency in the small and T2 regions remains high, while 

efficiency falls in the other regions. Two apparently convex lines appear, and 

due to the symmetry described by Ti = T2, one of them is selected as the 

maximal efficiency line. 

Prom (a) to (d), OTD is almost consistent and maintains an even distri-

bution (ED). Although there are different points not located in the diagonal 

line Tl = T2, the flatness of the efficiency map, i.e. its low gradient, reduces 

the difference between them. In the small Trotai region, OTD is equal to 

ED, a phenomenon that is independent of ujiuh- However, in (f) and (g), the 

visible difference still makes OTD better than ED. 
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uJwh = 4.1888 (b) = 14.6006 

ûwh = 27.2271 (d) tâ h = 35.5103 

J-

uĵ h = 50.2655 (f) Uyjh = 67.0206 

(S) oj.rh = 85.8702 

Figure 3.7: Layers of efficiency matrix spanned by T1 and T2 
wheel speed 

different 
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3.5 Overall Efficiency Map 

For a specific ce, the overall efficiency maps derived by OTD and ED can be 

computed offline. 

The charts in sub-figures (a), (c), and (e) compare the overall efficiency 

maps (upper) and the input power maps (lower) for a 4WID ED and a single 

motor EV with various scaling factors a. With an increase in a (towards 1/C), 

the relatively high efficiency zone of ED in comparison with that of a single 

motor EV results in a shift from the low speed and large torque region to the 

high speed and low torque region. When a = 1/C, the efficiency difference 

seems to be mainly due to gearbox efficiency and all the other parts of the 

efficiency map are flat. Some parts in (a) and (c) have a negative efficiency 

difference, indicating the negative effect of a small a. Although a small alpha 

increases efficiency in some parts of the map, it decreases efficiency in the 

others. It is necessary to consider this pattern based on different cycles to 

drive the vehicle in such a way that more operational points are located in 

the high efficiency region. 

To compare OTD and ED, the right hand column of Figure 3.8 illustrates 

the comparison of the input power map and the efficiency map derived by 

each strategy. It can be seen that there is a mountain-like convex shape 

in both the efficiency difference map and the input power difference map. 

The "mountains" are located in the high speed and high torque region and 

shift from the upper left zone to the lower right zone. Clearly, OTD is more 

efficient than ED. Although the efficiency improvement is small, peaking at 

about 5%, it will still be valuable once the number of EVs and the driving 
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(a) a = 0.050 

a K 0.072 

(b) a = 0.050 

(d) a ^ 0.072 

(e) a = 1/C « 0.094 (f) a = 1/C 0.094 

Figure 3.8: Overall efficiency map and input power comparison 
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distance increase. 

Computing optimal torque distribution for one a on a PC with an Intel 

Pentium 4 CPU 3.06GHz and 504 MB RAM takes about 19.5 seconds. The 

total size of the efficiency map is 162 KByte. The cost of space reduces the 

time cost that limits the real-time application of such maps in vehicles. 

3.6 Driving Cycle Analysis 

I test a low-speed driving cycle (the Manhattan Cycle) and a high-speed 

driving cycle (the HWYFET Cycle). The Manhattan Cycle is for buses 

driven in a crowded part of Manhattan, although it is also suitable for other 

crowded cities such as Hong Kong. However, the gradients of Hong Kong 

roads are steeper. Hence, the Manhattan Cycle is modified by adding the 

12% road gradient commonly found in Hong Kong. 

Because motor regenerative braking is a separate and somewhat compli-

cated topic not covered by this thesis, I simulate and analyze only motor 

discharging power. 

Figure 3.9 illustrates the percentage of fuel saved by OTD and ED in 

comparison with a single motor EV. The percentage of fuel saved drops from 

approximately 26% to 16% as a increases from 0.05 to l/C-

Figure 3.10 shows the simulation results. Prom (b), it can be seen that 

OTD performs better than the single motor EV in all discharging periods. 

The Manhattan cycle on a slope includes a large number of sudden acceler-

ations that result in operational points with a low speed and a large torque. 

As a result, the single motor has to consume a large amount of input power at 



Figure 3.9: Input power saving percentage with various a in Manhattan 
Cycle (grade 二 12%) 

a low level of efficiency. In comparison, in-wheel motors with a small scaling 

factor OL can filter out such power shocks by working in a higher efficiency re-

gion. The histogram clearly shows the relative efficiency rates, i.e. tis/^Hotd) 

for each operational point. Part (d) of the figure confirms that OTD per-

forms better than a single motor EV at a low speed with high torque. It can 

also be seen that there are some small regions with contours marked 0.98 in 

which 4WID OTD has a negative effect, ED and OTD perform at the same 

level in this driving cycle because no operational points fall into the high 

speed and high torque region. 

Figure 3.11 shows the simulation results for the US EPA highway fuel 

economy certification test (HWYFET) with road grade 0. Because the cycle 

speed reaches the approximated maximal speed of the designed EV, there is 

not much space for a and o； = 1/C to adjust. The operational points mainly 

fall in the region where the efficiency of the single motor EV is reduced by 

the transmission as the torque is low. These test results therefore indicate 
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Energy saving by 4W1D (OTD/EO) in MsnhaUan cycle wllh grade a 



(a) Manhattan Cycle with grade 12% (b) Input power and input power difference 

r\ \ 

敢胃••丨, 

Operational points histogram (d) Operational point distribution in relative effi-
ciency map by OTD 

Figure 3.10: Manhattan Cycle (grade=12%) simulation results 
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(b) Input power and input power difference 
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Cycle (grade=0) simulation results 
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(a) HWYFET Cycle with grade 0 

(c) Operational points liistogram 

Figure 3.11: HWYFET 
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(c) Operational point distribution in rela- (d) Operational point distribution in rela-
tive efficiency map by OTD tive efficiency map by ED 

Figure 3.12: HWYFET Cycle (grade二 12%) simulation results 

that 4WID is more efficient than the single motor EV, while OTD and ED 

perforin at the same level. 

Figure 3.12 shows that in the high-speed zone, an increase in torque 

improves the performance of the single motor EV and moves it closer to that 

of the 4WID configuration, and also lead to improved transmission efficiency. 

However, a performance difference between OTD and ED appears as the 

torque increases. 

Table 3.2 summarizes the simulation results. The 4WID configuration 



CHAPTER 3. ENERGY MANAGEMENT OF THE ISDV 73 

Table 3.2: Simulation results for energy efficiency 

Cycle Grade a Type Discharge Saved Energy Saved Energy 
(%) Energy 

(kJ) 
Percentage 

(%) 
Amount 

(kJ) 
SGM 2209 - -

0.050 OTD 1617 26.8 592 
ED 1617 26.8 592 

r-s^ SGM 2209 - -

Manhattan 12 0.072 OTD 1722 22.1 487 
ED 1722 22.1 487 

1 / C SGM 2209 - -

OTD 1854 16.1 355 
0.094 ED 1854 16.1 355 

SGM 7467 — 
-

0 1 / C OTD 6627 11.2 840 
HWYFET ED 6627 11.2 840 

0.094 SGM 37486 - -

12 OTD 34686 7.5 2800 
ED 35468 5.4 2018 

in the ISDV can save more energy than a traditional single motor vehicle. 

Moreover, when its motors work in the high speed and high torque region, the 

OTD strategy will have the effect of saving even more energy in comparison 

with the ED strategy. 
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3.7 Summary 

This chapter further explores the 4WID configuration of the ISDV by adjust-

ing torque distribution to increase energy efficiency. 2D interpolation for map 

refinement is first explored, revealing that grid refinement is more accurate 

in the motor input power map than in the motor efficiency map. The chapter 

then examines the OTD strategy involving offline overall efficiency map ren-

dering and online retrieval. Simulations validate the superior performance 

of the OTD strategy in comparison with the traditional single motor EV in 

low-speed and large-tor que, high-speed and low-torque, and high-speed and 

large-torque cycles. 



Parking Analysis 

Steering 

4. Introduction 

With the increase in the number of vehicles in urban areas, parking has 

become a significant problem in the design and development of cities. It is 

a universal challenge for drivers to find a parking slot or even to park their 

vehicle in the slot when they eventually find one. 

In traditional parking lot design, [12] [19] [20] [21] [22], the vehicle has 

to be driven manually to navigate around the car park and find a parking 

slot. It is also necessary to set aside a significant amount of space to allow 

75 
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the driver to maneuver the moving vehicle 

Research and development work has been undertaken on fully automatic 

parking garages as an alternative parking solution Studies conducted to 

date include those of Stolzer Parkhaus [13], Perfect Park [14], Klaus Multi-

parking [15], LTW [16], and Smart Parking [17]. These systems are based 

on the concept of the assembly line and require sophisticated steel frames 

Moreover, because vehicles are parked in series, parking time is subject to 

bottlenecks that preclude their adoption in crowded conditions Another as-

pect to consider is that cost will become an issue if a parallel processing line 

is manufactured. It is also difficult to modify the scale of the car park once 

construction is complete 

(a) Stolzei Parkhaus (b) Perfect Park (c) Smart Parking 

Figure 4 1 Examples of current automatic parking structures 

To overcome the problems of traditional manned parking lots and fully 

automated parking frame systems, the use of wheeled mobile robots that 

function as mobile platforms by carrying vehicles to their parking destina-

tion has also been explored These robots can then unload/load vehicles 

to park/retrieve them for customers One problem inevitably encountered in 

this type of design is mobile robot path planning There is a rich literature on 
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automatic navigation and parking. Murray [25] used sinusoids to manipulate 

a car-like robot confined by nonholonomic constraints. Paromtchik [27] [28 

designed parallel parking controls in a platform named LIGIER. Lo [29] and 

Chao [24] maneuvered vehicles based on the combination of two circular tra-

jectories. Fraichard [2] and Miiller [26] investigated continuous curvature 

paths for vehicle parking. These studies focus on trajectory and motion gen-

eration based on a predetermined parking environment. However, to ensure 

the civil development of society, it is necessary to study how to park the 

same amount of vehicles in a smaller parking space, i.e. to design parking 

lots that save space. Moreover, investigation of which mobile robot structure 

delivers a higher level of space efficiency-the ratio of parking space to total 

parking and traveling space-is also inevitable. 

The nonholonomic constraints in car-like robots result from the fact that 

their four wheels cannot be steered independently of each other, making the 

rotation and translation of car-like robots dependent on each other, which 

in turn precludes any further increase in space efficiency. In contrast, the 

use of an omnidirectional structure-four-wheel independent steering (4WIS)-

removes the dependence between translation and rotation of the robot and 

therefore facilitates subtle changes in either translation or rotation to enhance 

the mobility of the robot and allow for vehicles to be parked in a limited space. 

This chapter analyzes two aspects in parking, i.e. space and time. For 

traditional front-wheel-steering vehicles, a method inspired by computer vi-

sion is proposed to compute the maximal space efficiency based on steering 

by continuous curvature. As comparisons, omni-directional parking based on 

ZRT and freely omni-directional motions, are also analyzed. In the aspect 
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of time, a human-in-loop experiment is designed to test the performances of 

the ISDV and traditional front-wheel-steering vehicles. 

4.2 Space Analysis of Parking 

4.2.1 Parking Based on Front-wheel-steering Motion 

Modeling of Vehicle Trajectory 

The front-wheel-steering is the same as the motion of a traditional vehicle, 

which can generally be expressed by a single track model that satisfies the 

constraints in equation 4.1. 

dXr. 
dt c o s � 0 

dye 
dt s i n � 

v{t) + 
0 

= 

s i n � 

v{t) + 
dG 
dt K 0 

dK 
m 0 1 

(4,1) 

where (ajc, i/c) is the coordinate of the center of virtual wheel, k = and 

Fraichard and Scheuer [2] proposed the continuous curvature (CC) steer-

ing for motion of front-wheel-steering vehicles. They assumed vehicle velocity 

to be constant for the entire trajectory, that is , 

=
 

(4.2) 

where s is the curve distance in the trajectory, and fo is the constant velocity 
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at the {xo{t),yc(t)). 

Equation 4.1，can then be derived to obtain 

dxc 
ds c o s � 0 

dVc 
ds s i n � 

+ 
0 

巡 
ds 

I 
0 

dn 
ds 0 1 

a 
yo 

(4.3) 

The driver's steering manipulation is divided into three stages: 

Increase the curvature k, from zero to the maximum Kmax 二 —(乏「 

in time interval [to,知 + At] at a constant rate f^mc At 

2. Keep the angle at Kmax in the time interval [to + At, ti — At]; 

3. Reduce the angle from (1)腿尤 to zero in the time interval [ti - At,ti] at 

a constant rate —^^^ 

The steering wheel-related control is denoted by 

a⑴二 

telto,to + At] 

0 te(to + At,ti — At 

- ^ v o tG(ti-At,ti] 
Due to the constant velocity over time, the horizontal axis for time can 

be replaced by a distance axis with linear transformation s = vqi. 

In each of the three stages, the CC curve can be obtained by integration 

as shown beiow. 
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Turning from neutral position,i.e. s G [i^oto,询(io + At)]: 

M S . 一 

m =念 

训 = • 舉 S ) 

yds) = • 人 保 s) 

2. Maintaining the steering angle, i.e. s G (Vo(to + At),vo(ti — At) 

(4.4) 

s = 

yds) 

托max 

Wmax 

/̂ (S) — Kmax 

0{S) = /Cmax — ^ 

s i n ( / ^ m a x ( s — S i ) + 没 1) — s i n ( ( 9 i ) ] + a ; c ( 5 i ) 

COs(̂ l) — COs(Kmax(s — Si) + ^i)] + ？/c(si) 

(4.5) 

where Kmax = ^At , Si = VQ(to + At), = ^^^^ Xc{si) and y^si) are 

computed based on equation 4.4. 

3. Turning back to neutral position,i.e. s G …o(艺i — At),i/o力i 

= /̂ max - - S2) 

外 ^ =巧勿）一 irj' + irA + (〜ax + fS2){s — 52) 

冗 ⑷ = 工 ( 幻 ) — [ ^ / 、 - 保 s+^托而 

� = + y ™ [ c , - v ^ w - Cf (^/I托^ 

(4.6) 

where S2 = t;o(力i — At), 0(S2)，a;c(S2) and 2/c(S2) are computed based on 
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the analytical equations in 4.5. 

The aforementioned equations include two key mathematic functions that 

require further elaboration. C/(-) and Sf{-) are Presnel integrals. 

Sf{x) = J sin 
0 

Cf (x) = f cos 
0 

This can be numerically computed by 

胁 卜 v ^ g (-ir(2(怨():::) 
V n=Q 

4 n - f l 

(4.7) 

c K 工 1 广 觀 

(4.8) 

Tif 

Matlab has provided the maple callback function for computation of the 

two Fresnel integrals. This step can be conducted offline to save on com-

putational costs incurred in trajectory generation. Figure 4.2 displays the 

Fresnel functions computed offline. 

Modeling of Vehicle Contour 

Although many studies in the robotics literature have provided vehicle tra-

jectory models, few have explored the most important problem in vehicle 

motion planning for a crowded environment: the space contour swept by the 

vehicle body. This section goes a step further by modeling the vehicle con-

tour to facilitate more detailed analysis of the space within which the vehicle 

moves. 

To analyze the contour curve of the area that the vehicle body swipe, I 
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Figure 4.2: Fresnel functions 

proposed a numeric method inspired by computer vision, in which the 2D 

plane is discretized first into an array of pixels. 

One important factor in discretization via this numeric method is the 

pixel size mapped into the real 2D Euclidian space. Figure 4.3 reproduces 

the vehicle state space configuration. It is reasonable to adopt the same pixel 

size (Sx, 6y) for the two axes, OX and OY, i.e. 6x = 6y 

Two criteria should be considered to determine {Sx, Sy), i.e. 

1. Precision: Because all the position points within the pixel will be 

considered to be points at the center of the pixel, the finer the pixel, 

the greater the degree of precision. 

2. Computational cost: Because the image size increases proportional 

to 击，the memory required will be inversely proportional to More-

over, the computational time will also increase when the grid becomes 

more refined. 
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ICR 

O 

Figure 4.3: Traditional front-wheel-steering vehicle state 

Muller proposed a computational approach to visualize the area occu-

pied in the parking process [26] in which a series of rectangles are plotted 

to show the trajectory of the vehicle body. Nevertheless, this approach is 

computationally expensive and time-consuming. Moreover, the contour of 

the occupied area is not continuous. Considering that the only information 

required is the contour of the space occupied by the vehicle, the trajectories 

of several extreme points and the edges of the initial and final states are 

sufficient. 

In Figure 4.3, the position of an arbitrary point (Aâ ,̂ Ayb) on the vehicle 

body in the vehicle inertia coordinate frame XbOiYb can be expressed as 

(4.9) 
Xp = Xc-{- ^Xb COS {9) + Ayb c o s {9 + |) 

yp = yc + A^b sin (0) + Ayb sin {9 + f ) 

Thus, after computation of Xc, Vc, and 9 in equations 4.4-4.6, the trajec 
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tories of arbitrary points in the vehicle body can be obtained. 

Contour Connectivity 

One basic constraint applicable to contour rendering is that the rendered 

contour should be a connected curve. When the pixel dimension, i.e. {6y 6), 

is large, this will not be a major problem. However, the drawback of a large 

pixel size is less precision. When the dimensions of the pixel are small, sam-

pling at s should be considered in more detail to guarantee the connectivity 

of the contour. 

By differentiating equation 4.9 with respect to t, we obtain 

dxp 
If 
dyp 
IT 

=^>o cos Q — [Axb sin 9 + A饰 sin (0 + KVo 

vq sin Q + [Aa:{, cos 9 + Ayt cos ((9 + |) ] kvq 
(4,10) 

Taking into consideration of ^ = fo, 

dXp = {cos 9 — [Axb sin9 + Aybsin (9 + |)] k] ds 

dyp = {sin 9 + [Aa;̂  cos 9 + Ay^ cos (6 + f ) ] k } ds 
(4.11) 

To assess connectivity, the eight-connected neighborhood shown in Figure 

4.4 is adopted in which each pixel (i, j ) is connected to the eight adjacent 

pixel neighbors, i.e. (z±l , j ± l ) . The following figure illustrates this concept. 

Hence, a connected contour requires that Vsi G [0, Votf]̂  

cbpl S 6 

dyp\ S 6 
(4.12) 
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m 

Figure 4.4: Eight-connected neighborhood 

Substitute equation 4.11 into inequality 4.12, 

\ds\ < r-6'-[Axbsm0+AybSin(04-f 

‘ ！‘̂"̂' — I sin 0 - [Aajfa cos 9+Ayb cos ( 0 + f ) ] 

Hence the discretization step of s is 

(5 
max(丨細(s)|, I办i(s)l) 

where 

(4.13) 

(4.14) 

9xi[s, 

9yi{s] 

cos^(s) - [Aa:̂  sin^(s) + Ay^sin {e{s) + f ) ] /c(s) 

sin 0{s) + [Axt cos 9{s) + Ay^ cos {9{s) + 
(4.15) 

Because Ax^ e [—6’ L — b] and G [—等，等]are independent on each 

other, the relationship of |細| with respect to either Axb or Ay^ is either a 

line or a continuous convex broken line. Thus its maximum is at one of the 

four points ( 4 , - f ) , (-b, f ) , (L 一 b,-f), and (L — b, f ) . It is the same 
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for the maximum of \gyi\-

Computational Algorithm 

Figure 4.5 below summarizes the the flowchart of the computational 

algorithm. 

Calculate the s interval [si-i, si] for the i-th step 

Initialize the step-length 5so=Tr/180 

Compute K(S), 
(xc(s), yc(s)). and (xpi(s), ypi(s)) ,2,3,4,6 

Compute gxi(s) and gyi(s) based on k ( s ) and 0(s) 
for each points, 1=1,3,4,6 

Record the interval of s, the index of i, and the 
value of 

max{[gxi(s)|, |gyi{s)|), satisfying 
max(|gxi(s)j, lgyi(s)|)>1 

For the recorded interval, apply the smaller step-
length 5s, and compute the contour points 

satisfying the connectivity 

Figure 4.5: Connectivity refinement flow chart 

There are three steps in the overall interval s E [0,t ;o t / ] . 0 ( s ) , c c c ( s ) , 

and yds) are calculated according to the equations derived in these three 

steps. 

Figure 4.6 visualizes the g^i and gyi) {i = 1,3,4,6) over the s in the case 

of backward motion with b — 1.10m, =1.91m, At = 5sec. Figure 4.7 
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( 1 ) 

5 
s(m) 

Figure 4.6: An example of gain 

shows the broken contour for the situation. 

There are 5 parts with an absolute gain of greater than 1. Parts (1), (2), 

and (3) result in a broken contour in the x direction, and parts (4) and (5) 

correspond to the broken contour in the y direction. The gaps are all filled 

after 6s is refined. 

As a result, for any At, there will be one image for the contour showing 

the trajectories of 只 (z = 1, 2，3,4,6) and the initial and final boundaries for 

the sake of contour detection. The trajectory of the center point in the rear 

axis is also plotted for reference. 

Slot Arrangement 

In the parking manipulation by front-wheel-steering motion, aside of CC 

steering to change to the final altitude, the driver will also undertake straight 

translational motion if the longitudinal state has not reach the final position. 



Figure 4.7: Trajectory with broken contour 

These complicated manipulations pose a tremendous challenge for analytic 

or geometric methods. I therefore analyze the parking contour numerically. 

The width of the aisle and the width of the slot for each contour figure 

are determined by using another variable dj, i.e. the final straight distance 

the vehicle has to travel before it reaches its final position. 

As shown in Figure 4.8, five key points on the contour are used to deter-

mine slot width and aisle width. 

1. Pr： The rightmost point. 

2. Pd: The downmost point. 

3. Pt： The topmost point. 

4. Psi： The left intersection point by the upper aisle boundary and the 

contour. 
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Figure 4.8 Slot-aisle arrangement on CC contour with dj 

5 Ps2' The right intersection point by the upper aisle boundary and the 

contour. 

Due to the connectivity of contours, all five key points in the contour 

image can be determined Determination of the slot width and the aisle 

width is illustrated in the flowchart m Figure 4 9 

The three key points of P̂ ., Pd and Pt are determined on the basis of 

the contour image for any parameterized driving behavior with At and df 

Thereafter, the lower aisle boundary location measured by pixels is deter-

mined on the basis of Pd by setting its discrete vertical coordinate according 

to 
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Figure 4,9: Flowchart of slot-aisle determination numerically 
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yAisleLower = Y[Pd) — 1 

The upper aisle boundary is determined by 

YAisieUpper = YiPt) + ceiling([df — L)/5) 

91 

(4.16) 

(4.17) 

where ceiling(x) is to find the integer satisfying ceiling{x) — I < x < 

ceilmg{x). 

Thereafter, Psi and Ps2 can be determined on the basis of the upper aisle 

boundary. If Y{Ps2) > Y(Pr), the rightmost points will not be included in 

the parking slot and thus will not play a role in expanding the slot width 

(the case in Figure 4.8). Psi and Ps2 are the two points determining the slot 

width. If AWs2 = X{Ps2) — X{Pt) > AW,i = X[Pt) — the vehicle 

will sweep a larger area in the right part of the vehicle, so Ws = AWs2 + y . 

The left part of the vehicle will make use of the empty area in the left slot 

not occupied by the vehicle to the left. 

If AW,2 二 义 — X{Pt) < AM/,1 = X{Pt) - Ws = AWsi + f . 

The right part of the vehicle will make use of the empty area in the right slot 

not occupied by the vehicle to the right. 

The overall parameter space is three-dimensional and contains indepen-

dent variables of the vehicle's structural parameters: the rear overhang 6, 

and two driving behavioral parameters, i.e., CG steering time At and final 

straight line distance d [ For each point in this parameter space, there will 

be one parking contour and one slot arrangement can be determined. 

As seen from, the previous section, there is an asymptotic space efficiency 
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Table 4.1: Structural parameters of the Toyota 
Name Symbol Value (meter) 

Length L 4.82 
Width W 1.82 
Wheelbase Lt 2,78 
Front overhang a 0.95 
Rear overhang b 1.10 

when the capacity of the parking lot reaches infinity. Denote this asymptotic 

space efficiency as 775. Another subscript S or B is added to indicate single 

line parking or double line parking, i.e. fjss or fjsD-

The specifications of the Toyota Camry [18] are considered for numeric 

computation. 

Figure 4.10 is the single line parking space efficiency cube in the 3D 

structure-behavior parameter space. The color bar on the right shows the 

space efficiency percentage. It should be noted that the rear overhang is no 

more than The region with 6 � f represents cases in which the vehicle 

is reverse parked with a rear overhang of L — 6. The red diamond denotes 

the behavioral parameter pair with maximal 7755 for this b layer. The blue 

triangle represents the optimal behavioral parameter with At == 0. The black 

square denotes the optimal behavioral parameter with df = 0. 

Figure 4.11 visually represents the isosurface of the space efficiency in the 

3D parameter cube. When the fjss reaches about 40%, the length of the rear 

overhang should be the same as half of the vehicle's length. Moreover, in 

Figure , fjss is more sensitive to the behavioral parameter dj than it is to 

At 
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Figure 4.10： Efficiency evolution cube 
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(a) rjss - 26% (b) rjss = 32% 

3̂5 

rjss = 38% 

Figure 4.11: Isosurface in efficiency evolution cube 
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Figures 4.12 and 4.13 show the width of the slot and the width of the 

aisle in the 3D parameter space. 

Distsnce of straight line niotjon<m) 

Time of CC tunng (s〕 

Figure 4.12: Slot width cube in the 3D parameter space 

Figure 4.14 shows the maximized result for single line parking space ef-

ficiency in the 2D behavioral parameter for each structural parameter. The 

line circled in blue represents the space efficiency of R-S steering, the least 

efficient form of steering manipulation. It is as efficient as other forms of 

steering only in a small approximate interval of 6 E [1.3,2.0]. 

In the forward parking scenarios, performing a CC-turn does not result 

in an increase in space efficiency, while final straight line translation will 

enhance fjss- When the vehicle is parked in reverse, the appropriate CC 

steering, fjss, can be increased by 5 — 10%, while an appropriate df will 

improve space efficiency even further by approximately 10%. 

Figure 4.15 illustrates the structural-behavioral parameters at which space 

efficiency is maximized. 

The most spatially efficient structure is h—2Al. When At =16 and d尸Q, 

i 
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Distance of straight Irne niobor)(in) 

Figure 4.13: Aisle width cube in the 3D parameter space 

Figure 4.14: Maximal space efficiency with respect to rear overhang 
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Figure 4.15: Behavioral parameters with respect to structural parameter for 
each space efficiency maximum 

the asymptotic space efficiencies for single line and double line parking reach 

their highest level of about 44.2% and 56.5%, respectively. The slot and aisle 

widths are Ws = 2.32 and Wa = 3.74, respectively. The arrangement of slot 

and aisle widths, as well as the contour, are illustrated in Figure 4.16. 

Prom Figure 4.10(b), when At = 0 and df = 4.8，the asymptotic space 

efficiencies for single line and double line parking are maximized at about 

31.0% and 47.2%, respectively. The aisle width is 10.67 and the slot width is 

1.83. Prom Figure 4.10(f)\ when Ai 二 8 and df = 2.1, the asymptotic space 

efficiencies for reverse parking of the Toyota in the single line and double 

line parking scenarios are maximized at approximately 39.3% and 55.6%, 

iWlien the rear overhang is the complement to 1.10m, i.e. b =3.72=L-1.10, forward 
parking under this structure is the same as in the case of reverse parking with the com-
plement rear overhang. 

3 4 
r overhange (i ge (m) Ri 

15 

S 10 

5 
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respectively. The corresponding aisle and slot widths are 6.80 and 1.92, 

respectively. It is interesting to note that although there is a difference of 

approximately 5% in fjss for reverse parking of front-wheel steering vehicles 

with b = 1.10 and b = 2.41^, this difference is reduced significantly to less 

than 1% in double line parking. This partially explains why vehicles are 

commonly parked in reverse in parking lots. 

/ 
/ 

-夕' 
Z 

Figure 4.16: Contour for maximal space efficiency for traditional vehicle 
structure 

e 4.2: Experimental results j br front-wheel-steering ve: lide par: 
b (m) ŴA (m) Ws (m) df (m) At (s) Vss VSD 

1.10 10.67 1.83 4.8 0 31.0% 47.2% 
2.41 3.74 2.32 0 16 44.2% 56.5% 
3.72 6.80 1.92 2.1 8 39.3% 55.6% 

bng 

2 Because the 
parking are the s 

axis is in the center of the vehicle body, reverse parking and forward 



Figure 4.17: Parking of the ISDV 

The extreme points of the ZRT are the four points at each corner of the 

vehicle body. Their trajectories form part of a circle. 

V Z T + W 
2 

cos (氏 + cut) 

sin (代 + cut) 
(4.18) 
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4.2.2 Parking Based on Zero Radius Turning Motion 

Occupancy Area Contour 

The area in which the ISDV is parked in a perpendicularly arranged slot is 

occupied in three steps: (i) translation from the entrance to the appropriate 

position for turning; (ii) 90-degree ZRT to adjust the heading direction; and 

(iii) translation to the final parking position. 

The second and most significant step is shown in Figure 4.17. 

W, 

> P： 

1 

0 
PJ i 

i 

D： 
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where T] is the trajectory of the point Pi, i = 1,2，3，4，lj is the rotational 

speed, Oi is the initial phase of Pi, and 0 < t < ^ 

The rest of the contour for this step consists of the line segments of the 

vehicle's initial and final state. 

Slot Arrangement 

The third step-translation of displacement D2 from the adjusted altitude to 

the final slot-determines the position of the final slot and also determines the 

width of the aisle and the final gap between the slots. The aisle width can 

be expressed by 

= (4.19) 

To prevent the upper aisle from being swept by the vehicle's left boundary 

in the first step of translation, the aisle should satisfy 

L + W ^JW^ 4- L2 - L 
仏 〉 + 2 

By substituting equation 4.2.2, 

n 1 + 所 
D2 > 

(4.20) 

(4.21) 
2 

The gap between the parking vehicle and the parked vehicles depends on 

the trajectories of P2 and F3. 
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(4.22) 
0 if D2 > L 

For parking one vehicle in a single line arrangement or parking two vehi-

cles in a double line arrangement, the basic area requirements are 

A basic-single H + Z W s (4.23) 

^basic-double 二 丨 H ^ r ^ 
yJJ? + + 

- + AW5 
/ 

(4.24) 

For any additional vehicle in the single line arrangement or any two 

hides in the double line arrangement, the additional area needed is 

•^additionalsingle “ 
(^ V w m ^ + LX 

D2 + {W + AWs) (4.25) 

A additional 一 D 2 + 辦 + L ( W + A i y ^ ) (4.26) 

Hence, the space efficiency of a single line parking lot with a capacity of 

n ISDV is 

Vss = 
nWL 

Abasicsingle "I" — 1) -^additionalsingle 
(4.27) 

That for the double line parking lot with a capacity of 2n ISDV is 



1500 3 
Parking lot capacity D2 

Figure 4.18: Space efficiency of ISDV parking 

VSD = 

2nWL 

-^bastcdouble 小（几一1) -^^ddtitonaldouble 
(4.28) 

Computational Result 

For vehicles with a fixed width and length, I simulate parking space efficiency 

for the two types of manipulation (i.e. forward and reverse parking) in the 

two types of slot arrangement (i.e. single line and double line). It is revealed 

that space efficiency for vehicles with a fixed width and length depends on 

the size of the rear overhang and the number of vehicles. 

For the ISDV, the simulatioii is conducted in terms of variation in D2 

(within + 1])3 and number of vehicles (within [1,1000]). 

^The upper bound L+1 is aimed at establishing that the maximal point at L is included 
the interval 
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0.5 
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Table 4.3: Space efficiency of ISDV 
Single line Double line 

D2 4.82 
Slot width (m) 1.82 
Aisle width (m) 4.99 4.99 

Space efficiency (capacity=1000) 49.1% 65.8% 
Asympotic space efficiency 49.1% 65.9% 

Figure 4.18 illustrates that the double line arrangement (the higher layer) 

for ISDV has the highest space efficiency of 65.8% when D2 = L = 4.82 and 

the number of vehicles reaches the maximum. With the same value for D2 

and the same number of vehicles, the special efficiency of the single line 

arrangement (the lower layer) is 49.1%. 

Thus, in comparison with 2WS vehicles, the ISDV provides a higher level 

of space efficiency for parking regardless of how their structural parameters, 

such as the size of the rear overhang, are changed. 

Based on the investigation discussed above, I test the ISDV for parking 

in a narrow workshop. Snapshots of different points in the parking process 

are shown in Figure 2.28. 

4.2.3 Parking Based on Freely Omni-directional Mo-

tion 

Motion-slot Modeling 

It is arguable that because the vehicle is omnidirectional, there might be 

types of omnidirectional motion other than ZRT that allow for free and 

unconstrained motion. Because there will be no kinematic constraint on 
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any such system, the motion contour is arbitrary and thus the contour space 

will be infinitely large. Consequently, the contour-based search method for 

aisle and slot widths discussed previously is not applicable here. 

For analysis of this type of omnidirectional motion, I propose an analytical 

geometry-based approach for modeling the aisle-slot combination in space 

efficiency analysis. 

Object 

Object 

Figure 4.19: Outline for freely omni-directional motion 

Figure 4.19 shows the vehicle being parked in an freely omnidirectional 

motion. It can be seen that the aisle width should satisfy W < Wa < 

+ L?. A narrower aisle width will lead to the vehicle being unable to 

enter the aisle, while a larger aisle width will lead to space being wasted as 

the two ends of the longest line in the vehicle will not touch the two aisle 
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boundaries simultaneously. 

The vertical parking problem can be transformed into a problem of in-

creasing the state 6 from 0 to | without the vehicle colliding with objects. 

For a given aisle width W a , the narrowest slot width will result in the left 

corner point Psi of the object touching the left edge of the vehicle. If there 

is any gap between them, the slot will not be at its narrowest. 

The other slot boundary constraint is imposed by either the right corner 

point Ps2 of the object or the right front corner P4 of the vehicle. 

There are two cases in which a point on the vehicle's edge comes into 

contact with objects during a left hand turn. These are now analyzed in 

detail geometrically. 

1. Case 1 When 6 is small, the narrowest slot that can be achieved will 

lead to Ps2 coming into contact with the vehicle's front boundary. 

2. Case 2 

When 6 increases, the front of the vehicle slides into the slot. In this 

case, the narrowest slot that can be achieved will lead to Pr coming 

into contact with the boundary of the right hand slot. 

These two cases can be integrated using the alternative method illustrated 

in Figure 4.22. First fix a coordinate frame to the vehicle body with Pq as 

the origin, P q P s as the Xb direction, and P q P i as the Yb direction. Then 

draw a quarter circle with radius W a - It will intersect with X I and YB at A 

and B , respectively. 

For each point P t on the quarter circle, a tangent line can be drawn. This 

line is the location of the upper aisle boundary when Pq is on the lower aisle 
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1
 

W a 

D 

Object Object 

Pb2 
/ 

Vehicle \ 

Object 

Figure 4.20: Case 1 of edge-point contact 

W a 

D 

Object / > Object 

P'l 

1 � 

Vehicle 

i \z 
Object 

Figure 4.21: Case 2 of edge-point contact 
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Figure 4.22: Tangent point variance case 1 for type 1 

boundary. When it intersects with the vehicle body, part of the vehicle is in 

the slot. Otherwise, the entire vehicle body is in the aisle. The attitude of 

the vehicle, i.e. 6, is equivalent to the angle spanned by Yb and the normal 

vector P q P t that is perpendicular to the tangent line. 

W a can be divided into two intervals. 

1. Wa € {W,L] 

There must be a tangent line going through P3. Denote the corresponding 

angle as 61. When 6 < the tangent line will not intersect with the vehicle 

body, indicating that the entire vehicle is in the aisle. 

The analytic-geometric method can be used to derive the equation whereby 

arcsin W a 

V^TW 
—arcsin 

VL^ + W2 
(4.29) 



CHAPTER 4. PARKING ANALYSIS OF THE ISDV 108 

As 0 increase from the tangent line will first intersect the boundaries 

P1P3 and P 3 P 4 at Pgi and Ps2, respectively. Based on analytical geometry, 

it is not difficult to obtain their coordinates as 

XJP,) = Ma EA_ 
(4.30) 

YtiPsi) = M/ 

where Xb{P) and Yb{P) are the coordinates in the X^ and Yb directions in 

the XbPsYb coordinate frame. 

X{Ps2) = L 

、 彻 2 ) = L t a _ ) 

Hence, if the slot width can vary to maintain contact at Psi and Ps2 

(4.31) 

乃 2 = ( i ^ - 蟲 + 歸 t a n O T - 錄 y 

2LWA 4_ 2LW 
s i n ( 0 )卞 

2 W A W C O S ( 0 ) 

~ihv^""" 

+ I? tan2 � + + 2M/Man � ^ ^ ^ 

( _ k w-V 
乂 sin(0)cos(0) cos(0) sin(0) j 

And therefore 

(4.32) 

D = 
L 

sin(0) cos(0) cos(0) sin(没) 
(4.33) 

As Q passes arcsin(^), case 1 evolves into cases 2. 

The coordinate of P î can still be expressed by equation 4.30. However, 
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Figure 4.23: Tangent point variance case 2 for type 

the position of Ps2 becomes 

X{P,2) = WAsin{e) + Lcos^ie) 

Y{P,2) = M / a c o s ( 0 ) -Ls in (0 ) cos(^) 
(4.34) 

Thereafter, 

sin(60 sin2(0) 

Hence, 

D = � - L c o s W ^ t a n � sin(0) 

sin(0) 

(4.35) 

(4.36) 

For all 6 G [^i, D will be computed. The minimal distance required 
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to allow the vehicle to perform the motion will be max(D). The attitude 9 

at which D is ma:x:imized is derived as 

e = argg max{D{e)) (4.37) 

A 

6 is the bottleneck attitude at which no further translation is permitted. 

After 9, D falls to permit more unconstrained motion. It can be seen that 

because the possible range of motion is freely omnidirectional, it is better 

that the vehicles on the left and the right are equidistant. Hence, 

= (4.38) 

2. e (L, ^ | 警 + I?) 

When the aisle width exceeds L, the slot width requirement is relaxed 

even further. Figure 4.24 shows that only case 1 exists, whereas case 2 is 

eliminated. 

In this type of motion, meaningful values for Q are bounded in the interval 

between x̂ and 62. 

Oi is the same as that derived by equation 4.29, while 

62 = arccos = + arccos (4.39) 
VL^ + W^ V Z 7 + W 2 

Hence, D is computed in the same way as in equation 4.33 

Moreover, it should be noted that in the interval of Wa € (L, yJW^ + 巧， 

D can be less than W, which will lead to an unreasonable result. 
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Figure 4.24: Tangent point variance for type 2 
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theta (degree) 
WA(m) 

Figure 4.25: Distance from the left and right objects 

Thus, 

Ws = 
D-\-W 

W (4.40) 

Computational Result 

The results of computing D with respect to Wa and 6 are reported in Figure 

4.25. 

The asymptotic space efficiencies for the single and double line parking 

scenarios are 

VSA� 

WL 

V d a 

Ws{Wa + L) 

2WL 

(4.41) 

(4.42) 
Ws(WA + 2L) 

Figure 4.26 shows the computational results for asymptotic space effi 

ciency over Wa € (W, y/W^ + L^]. When Wa = L, fjsA is maximized at 



35 
Aisle wldlh (m) 

35 
Aisle width (m) 

Figure 4.26: Asympotic space efficiency for freely omni-directional motion 

50%. Note that this result is for single layer parking. When vehicles are 

parked on both sides of the aisle, rjoA reaches a maximum value of about 

66.7%, 

This result is approximately the same as that achieved in the parking 

motion combining ZRT with straight line translation. 

4.2.4 Summary of Space Analysis 

Table 4.4 summarizes the experimental results discussed in space analysis. 

It shows that in comparison with traditional front-wheel steering vehicles, 

the ISDV offers 10% more asymptotic space efficiency in single line parking 

scenarios and 18% more asymptotic space efficiency than that of forward 

parking in a double line parking lot. Both forms of omnidirectional motion 

considered deliver asymptotic space efficiency of approximately 50% in the 
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single line scenario and 66.7% in the double line scenario. They are therefore 

somewhat similar in terms of space efficiency. 

Table 4.4: Comparison of asympotic space efficiencies for front-wheel-steering 
vehicles and the ISDV 

Asympotic space efficiency 
Single line Double line 

Front 
wheel 

steering 

b=1.10m Forward 31.0% 47.2% Front 
wheel 

steering 

b=1.10m 
Reverse 39.3% 55.6% 

Front 
wheel 

steering b=2.41ni 44.2% 56.5% 
Omni-

directional 
ZRT-based 49.1% 65.9% Omni-

directional Free motion 50% 66.7% 

4.3 Time Analysis of Parking 

Aside of space, it is also much concerned in the aspect of time, because this 

indicates how convenient the vehicle could be parked. 

4.3.1 Final State Approximation 

Parking effort is related to the time needed to park a vehicle in its final state 

{xf^yf^df). However, in some circumstances, it can be highly difficult or 

sometimes even impractical to park the vehicle in the exact final state. Hence, 

I release the final state constraint for successful parking to an expanded 

rectangular zone with a small variation in A in both the x and y directions. 

In Figure 4.27, the hollow circular dot shows the precise final position with 

altitude while the black dot in the rear axis marks the approximate final 

position with altitude 9. The four corner points are marked by the four 

remaining black dots. 
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-W+2A-

Figure 4.27: Final state approximation 

Because the vehicle body is a polygon, the sufficient-necessary condition 

for the vehicle to be bounded in this square is that all four corner points of 

the vehicle rectangle are bounded by this expanded square. Denote the x 

coordinates of the left and right boundaries of the expanded rectangle as xi 

and ccr, and the y coordinates of the lower and upper boundaries as yi and 

Vu-

Then 

xi = Xf - Y ~ ^ 

yi = yf ~b-~ A 

yn=yf + L-b-i-A 

(4.43) 

L
+
2
A
-

i
i
 

1 
I 

_ {xf.yO 



CHAPTER 4. PARKING ANALYSIS OF THE ISDV 135 6
 

1
 

1
 

Hence, 

< x-h{L-b) cos^ + f cos(^ + f ) < Xr 

< x + {L-b) cos0 + f c o s ( 0 - f ) < ocf 

工i 
< re + b cqs{9 + tt) + f cos{9 + |) < 工r 

< a; + 6cos(^ + 7r) + f c o s ( 0 - | ) < Xr 
(4.44) 

yi < < Vr 
(4.44) 

yi < y + ( L - 6 ) s i n 0 + f s i n ( 6 ' - f ) < Vr 

yi < ？/ + 6sin(0 + 7r) + f s in (^ + f ) < Vr 

yi < y + 6sin(0 + 7r) + f s i n ( 0 - f ) < Vr 

To save computational effort, geometrical analysis shows that there are 

two cases in which {x, y, 6) is in the small neighborhood of (rc/，y/, |)，as 

discussed below. 

l)When 0 < f , 

x + [L-~h) c o s ^ + f c o s ( ^ - f ) < 

工 + bcos(0 + 7r) + f cos(0 + f ) > 

y + ( L - 6 ) s m 0 + f s i n ( 0 + f ) < Vu 

y + 6sin(0 + 7r) + f s i n ( ^ - f ) > yi 

(4.45) 
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2) When 6 > 

x + (L-b) c o s 0 + f cos(0 + f ) > XI 

X + bcos(0 + TT) + f cos(0 — f； 

y + 6sin{^H-7r) + f s i n ( 0 - f ) 

< 
< 
> Vu 

yi 

(4.46) 

4.3.2 Collision Detection 

In the simulation environment, it is necessary to detect any collision that 

occurs to allow for the parking trial to be terminated. Because all the ob-

jects (the vehicles with blue surrounding bars (Figure 4.28)) and the vehicle 

to be parked (the vehicle with yellow surrounding bars) are polygonal, one 

intuitive idea is to ascertain whether (1) any vertex of objects is inside the 

vehicle body; or (2) any vertex of the vehicle is inside the body of any ob-

ject. However, neither of these events alone will work on all occasions. For 

instance, (1) cannot detect the situation in Figure 4.28(b) and (2) cannot de-

tect the situation in Figure 4.28(a). Even worse, neither of them can detect 

the situation in Figure 4.28(c). 

Hence, in the simulation, collisions are detected when none of the line 

boundary segments in the parking vehicle set intersect with any of the line 

boundary segments in the object set. 
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I # 45 

£ 

(a) Collision detectable (b) CoUision detectable by (c) Collision not de-
by (1) but not by (2) (2) but not by (1) tectable by either (1) or 

(2) 

Figure 4.28： Collisions 

4.3.3 Aisle and Slot Widths Selection 
In the section dealing with space efficiency, I compute both the aisle and slot 

widths in the steering manipulation space, which consists of CC turn time 

At and final straight distance dp. For each rear overhang, there will be two 

2D matrices: Mw^ for aisle width and Mws for slot width. This chapter 

looks into these two matrices to investigate the problem of how much effort 

is needed to park the vehicle in that scenario given a combination of aisle 

and slot widths. 

Parking Behavior Parameter Histogram 

For each pair of parking behavior parameters (A^o, dpo), there will be one 

combination of (Waq, W s o ) , that permits the specific parking manipulation 

to be performed without requiring any additional space. 

The objective of this section is to analyze the parking effort required in the 
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2D aisle-width space. For this purpose, the space (W^, Ws) can be discretized 

to construct a parking parameter histogram denoted as N { W a ^ Ws), which 

indicates the total number of parking parameter pairs that permit the vehicle 

to be parked in the aisle-slot pair {Wa) VKs)- The discretization step is y . A 

is the parking error in Equation 4.3.1. 

Wa and Ws are discretized into Na and Ns points, denoted as V^ aM and 

Wslq] {I <p < Na, 1 < q < Ns), respectively. The matrices Mw^ and M^s 

are scanned simultaneously. In the pair of entries Mwa{'^i3) and Mws{hj)i ^ 

and j indicate the two parking maniputiation parameters Ato{i) and djp{j). 

I f W A \ P - 1 ] < M W A H J ) < W A \ P ] a n d W S L Q 一 1 ] < M W S I H J ) < W S [ Q L 

then the parking parameter for Ws[q]) increases by one unit. The 

upper bound rather than the lower bound is selected for histogram construc-

tion; otherwise, the parking parameters would be mistakenly put into the 

aisle-slot width pair that does not permit the relevant parking manipulation. 

Figure 4.29 illustrates the histogram constructed for a traditional vehicle 

with rear overhang b — 1.10m. 

The barrier with broader aisle and slot widths is for the forward parking 

manipulation, while the other barrier is for reverse parking. 

Let N { W A \ P ] , VK f̂g]) denote the histogram value in Ws[q])- If 

N{WA[p],Ws[q]) > 0, there is parking manipulation that allows for the ve-

hicle to be parked. However, it is not necessary that there be no permitted 

parking manipulation if N{yVA\p], Ws[q]) = 0. A cumulative histogram is 

constructed to tackle this problem. 



4 Ais!b width (M) 

Figure 4.29: Parking parameters with respect to aisle and slot widths 

Denote the cumulative histogram as Nc {Wa [pj, Ws [q]). 

Nc{WA\plWs[q]) = (4.47) 
j—1 

The cumulative histogram can then be related to the ease of parking the 

vehicle for the pair (WA\P], Ws[q]). 

Combined Efficiency 

It can be seen that the broader the widths Wa and Ws-, the easier it is to 

park the vehicle. However, given that an increase in these widths will also 

reduce the asymptotic space efficiency of the vehicle, there must be a tradeoff 

between space efficiency and time efficiency. 

Asymptotic space efficiency for the single line parking scenario defined in 
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Figure 4.30: Cumulative parking parameters with respect to aisle and slot 
widths (forward parking) 

Figure 4.31: Cumulative parking parameters with respect to aisle and slot 
widths (backward parking) 
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Fig:ure 4.32: Asympotic space efficiency for single line parking 

fisiWA.Ws) 
LW (4.48) 

Ws{L^WA) 

is illustrated in Figure 4.32. 

Combined efficiency considers both space efficiency and time efficiency 

and is defined below. 

IST = VS-VT (4.49) 

m 
Vs - minfe) 

max(i]s) — niin(775) 
(4.50) 

fir 
f{Nc, thresholdj^^) 

thresholdNc 
(4.51) 
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Figure 4.33: Combined efficiency for forward parking (thresholdNc 二 60) 

where 

f{Nc, threshold]^^)= 
Nc tfNc < thresholdNc 

(4.52) 
thresholdNc N�> thresholdj^^ 

The threshold in Equation 4.52 includes nonlinear effort to reflect the 

parking parameters to such an extent that large values will have no additional 

effect on overall efficiency. 

Combined efficiency for forward parking with thresholdNc — 60 is visu-

alized in Figure 4.33. The maximal level of combined efficiency is located at 

Wa = 7.30m and Ws = 2.77m. 

Figure 4.34 shows the combined efficiency for reverse parking. 

This aisle-slot pair with maximal combined efficiency in the forward park-

ing scenario is used to test the time taken in practice to park the vehicle in 

the approximate final position. 

The reason I choose forward parking rather than reverse parking is that 
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Figure 4.34: Combined efficiency for backward parking {tkresholdNC — 60) 

reverse parking normally includes forward translation, a shift change, then 

reverse parking. Thus, parking efficiency will be influenced greatly by the 

degree of accuracy in determining the point at which to change the shift. To 

avoid this influence, I analyze time efficiency in forward parking scenarios. 

4,3.4 Experimental Results 

Parking manipulation tests are both expensive and dangerous in the real 

environment as collisions will occur in tight parking scenarios. Hence, I 

conduct the time efficiency tests using a virtual reality environment and 

simulink in Matlab. This is a hardware-in-loop (HIL) platform as illustrated 

in Figure 2.23 in which the extended steering interface for the ISDV serves 

as the input. 

Two scenarios are considered to evaluate the time efficiency of traditional 

vehicles (with different rear overhangs) and the ISDV. The first scenario is 

the aisle-slot widths pair (7.30,2.77) previously shown to maximize combined 



CHAPTER 4. PARKING ANALYSIS OF THE ISDV 125 

efficiency. The other scenario is more of a challenge: the aisle-slot widths 

pair (5.87,2.75) that delivers the optimal level of space efficiency for vehicles 

with a traditional rear overhang. 

Scenario 1 

To eliminate the effect of vehicle speed, the function of the accelerator pedal 

is not activated, i.e. the absolute speed of the center of the rear axis is fixed to 

a certain value (0.3 m/s, a normal parking speed) in these experiments. The 

braking pedal is used to control the sign of the speed. When it is released, the 

vehicle moves forward, and when it is depressed, the vehicle moves backward. 

It is difficult to park the vehicle in the approximate final state and iteration 

of forward-backward adjustments is sometimes necessary. 

In the traditional vehicle experiments, two rear overhangs are tested: a 

traditional rear overhang of 1.10m and a rear overhang of 2.41m that delivers 

the optimal level of space efficiency in Figure 4.14. For these two types of 

rear overhang, the test driver controls the vehicle by changing through the 

steering wheel. If the parking result does not satisfy the approximate final 

state, the driver can iteratively depress or release the brake pedal to drive 

the vehicle backward or forward and adjust the final position of the vehicle. 

Simulink records the total time taken to park successfully in the final state. 

If the vehicle collides with an object, the trial will be regarded as a failure. 

As in the front-wheel steering vehicle experiments, the ISDV is also 

steered by the driver to test the time needed to park using ZRT-based motion 

and unresricted omnidirectional motion. 

For each type of driving, the driver is asked to drive the vehicle in 20 
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X-Y view (b) X-0 

> 

(c) 3D view (d) Y-O view 

Figure 4.35: Error cloud for scenario 1 

trials without gaining any prior experience of the scenario. The vehicle must 

be parked within the approximate final state of A = 0.08m for the parking 

result to be considered successful. 

Table 4.5 summarizes the experimental results in Scenario 1. From the 

error rows, it can be seen that the approximate final state is achieved in all 

four groups of parking cases, although using a traditional vehicle results in 

a collision. This scenario tallies with the initial position of the traditional 

vehicle with a rear overhang of 1.10m shown in Figure 4.37. The driver does 

not find it particularly difficult to steer the vehicle a rear overhang of 1.10m 



Figure 4.36: Time performance histogram in scenario 
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Table 4.5: Experiment result of time efficiency in scenario 
Traditional Omni-directional 

6 = 1.10m b 二 2.41m ZRT Free motion 
No. of collisions 4 1 0 0 
Time mean (s) 61 65 60 45 

Time standard deviation (s) 31 22 11 9 
X error (cm) 4 3 2 3 
Y error (cm) 1 1 1 1 

9 error (o) 0.9 0.6 0.4 0.9 

- 2 F W S b=1.10m 
3 F W S b=2.42m 
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Figure 4.37: Approximate contour of parking for scenario 1 

about 61 seconds, 

results in 4 failed 

in some of the trials. The average time taken to park ^ is 

a relatively short period. However, a lack of agility still 

trials in which the vehicle collides with an object. Moreover, the standard 

deviation of the parking time is the highest in this scenario, indicating that 

parking time is the least stable. 

Given their far greater agility, the standard deviation of parking time 

improves in traditional vehicles with a rear overhang of & = 2.41m，although 

the mean parking time increases slightly to 65, because extra time is needed 

to assume the initial position. 

Both the mean and standard deviation of steering time is the shortest 

for the ISDV. Moreover, it is not involved in any collisions, showing it is 

convenient to drive. Unrestricted omnidirectional motion achieves the lowest 

mean parking time of around 45 seconds. 

Figures A.l, A.2, A.3, and A.4 in the Appendix show the control signals 

4 Collisions are not considered in computing the average time. 
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for the scenario 1 experiment. 

Scenario 2 

The second scenario is the tightest for the Toyota vehicle, with W a = 5.87 

and Ws = 2.75. The test driver attempts forward parking in 20 trials, but 

collides with an object on each occasion. The only way in which a traditional 

vehicle with a rear overhang of b二 1,10 can be parked is to pre-set the steering 

angle to the leftmost position before starting. 

Table 4.6 shows the results for the other two vehicle structures. 

Although the vehicle with a rear overhang of b == 2.4l7n collides with 

an object on one occasion, it still reaches the approximate final position 19 

times. However, due to the challenge of negotiating the narrow space, its 

time performance is worse than that achieved in scenario 1 in terms of both 

mean and standard deviation. In contrast, the ISDV is not involved in any 

collisions. Its parking time performance is much better than that of the other 

vehicles. The standard deviation of its parking time remains at around 12 

seconds and its mean parking time is even shorter than in scenario 1. This 

is because in this narrower scenario, the distance from the initial position 

to the approximate final position is shorter. The decoupling of turning from 

translation makes the agility of the ISDV more apparent. 

Figure 4.38 shows that the precision of parking is high for the two vehicles, 

thus demonstrating their agility. However, the traditional vehicle is involved 

in one collision, showing that it is difficult to manipulate. Furthermore, in 

Figure 4.39, the shorter parking time achieved with the ISDV demonstrates 

its superior controllability. 



3D view 

y(m� 

(d) Y-e y 

Figure 4.38: Error cloud for scenario2 

CHAPTER 4. PARKING ANALYSIS OF THE ISDV 130 

Table 4.6: Experiment result of time efficiency in scenario 2 
Traditional Omni-directional 

b = 1.10m b 二 2.41m ZRT Free motion 
No. of collisions 20 1 0 0 
Time mean (s) - 75 57 38 

Time standard deviation (s) - 30 12 11 
X error (cm) - 2 3 3 
Y error (cm) - 1 1 1 
Q error (o) - 0.8 0.8 0.6 

a i- I I _ 4a •• 47 472 rM-

X-Y view (b) x-e 
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0.6 

2 F W S b=2 .42m 
- B ” Omni-directional 2RT 

Omni-direclional free 

itn “ "ISCT “ 油 
Time (s) 

Mi 

Figure 4.39: Time performance histogram in scenario 2 

Figures A.5, A.6, and A.7 in the Appendix show the control signals for 

the scenario 2 experiment. 

4.4 Summary 

In this chapter, I investigate two parking related aspects, i.e. space and 

time. A numeric method inspired by computer vision is developed for steer-

ing with continuous curvature. Front-wheel-steering vehicles with a tradi-

tional rear overhang of 1.10m achieves a maximum level of space efficiency 

of 31.0% for forward parking and 39.3% for reverse parking in single line sce-

narios. With omni-directional motions, the space efficiency can be increased 

by 10%. Moreover, in the aspect of time, the omni-directionality can reduce 

the time standard deviation by maximally 63%, which indicates the stable 

performance in driving the ISDV. 
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This thesis investigates a novel design of a new vehicle concept ISDV, 

with independent steering and driving feature. It is capable of omnidirec-

tional motions. This vehicle concept can contribute to higher efficiency of 

transportation and human civilization: less energy consumption, less space 

occupation in parking, and less time expenditure in parking. 

5.1 Contributions 

5.1.1 Propose a Novel Vehicle Concept with Indepen-

dent Steering and Driving 

First, I propose a new vehicle concept with robotic technologies of steer-by-

wire, drive-by-wire, four-wheel-independent-steering, and four-wheel-independent-

driving. By analyzing the drawback from the traditional vehicle structures, 

I discovered that the independent steering and independent driving are nec-

132 
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essary features for vehicles with higher ability. 

5.1.2 Design and Develop the Independent Steering 

and Driving Vehicle Platform 

After the concept proposal, I designed and developed the ISDV platform. 

The novelty lays in the steering and driving mechanism, which has functions 

of independent steering, independent driving, and heavy load suspension. 

The chassis system of the ISDV includes its chassis frame and four inde-

pendent steering and driving mechanisms. The control framework including 

a four-wheel independent steering subsystem and a four-wheel independent 

driving subsystem with electronic peripherals and a control interface is then 

introduced. Stable software flowcharts are also provided to clarify the sys-

tems employed in the vehicle. I also designed and developed two steering 

interfaces for two applications. One enables discrete mode change so as 

to realize the front-wheel-steering, zero-radius-turning, and lateral-parking. 

With this, the driver can handle the ISDV with enough omni-directionality 

for easy parking. The other takes fully utilization of the omni-directionality 

by continuously allocating the ICR. This will be a further research topic. 

The omni-directional motions, including ZRT and LP, are realized. 

5.1.3 Propose and Develop the Optimal Torque Dis-

tribution Strategy for Higher Energy Efficiency 

A further contribution of this thesis is to propose and develop the optimal 

torque distribution (OTD) strategy in the ISDV. 2D interpolation for map 
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refinement is firstly explored, revealing that grid refinement is more accurate 

in the motor input power map than in the motor efficiency map. I thereafter 

examine the OTD strategy involving offline overall efficiency map rendering 

and online retrieval. Simulations validate the superior performance of the 

OTD strategy in comparison with the traditional single motor EV in low-

speed and large-tor que, high-speed and low-torque, and high-speed and large-

torque cycles. 

5.1.4 Develop the Methodology to Evaluate Space Ef-

ficiency in Parking 

I investigate the methodology to evaluate space efficiency in parking. Con-

tours in parking a traditional front-wheel-steering vehicle are modeled on the 

basis of a new approach inspired by computer vision. The algorithm to guar-

antee contour connectivity so as to enable automatic computation of space 

efficiency is proposed and tested. Thereafter, the space efficiency to park a 

traditional vehicle is computed for test. The space efficiency in parking the 

ISDV is also investigated. Two analytic-geometric approaches are developed 

for ZRT-based motion and freely omni-directional motion. The maximally 

10% space efficiency enhancement is achieved in single line parking scenario. 

5.1.5 Develop the Human-in-loop Approach to Evalu-

ate Time Efficiency in Parking 

Finally, the parking time is also investigated experimentally. To reduce the 

test cost and increase the experiment safety against collision, I developed the 
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liuman-in-loop (HuIL) experiment. Statistics show that the time needed to 

park the ISDV is shorter than that to park a front-wheel-steering vehicle, 

which proves the easier manipulation of the ISDV in parking. 

5.2 Future Research 

This ISDV does provide a structure for better energy management strategy, 

and easier parking. However, the independent steering and driving mecha-

nism also introduces sophisticated control An important direction for future 

research would be to examine the dynamics of the ISDV in more depth by 

evaluating the stability of the vehicle in various scenarios such as highway 

lane changing and locomotion on a slippery road. Another possible area 

of future study is automated parking of the ISDV. Research on this issue 

would take us one step closer to robot-based vehicle parking garages. Were 

this function to be realized, the ISDV platform could serve as a robot to help 

drivers to avoid the problem of parking, and from another perspective, would 

also achieve the space-saving objective and reduce the cost of parking. 
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