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Abstract

Recently, mostly due to global warming concerns and high oil prices, electric vehicles
have attracted a great deal of interest as an elegant solution to environmental and energy
problems. In addition to the fact that electric vehicles have no tailpipe emissions and are
more efficient than internal combustion engine vehicles, they represent more versatile
platforms on which to apply advanced motion control techniques, since motor torque and
speed can be generated and controlled quickly and precisely.

The chassis control systems developed today are distinguished by the way the
individual subsystems work in order to provide vehicle stability and control. However,
the optimum driving dynamics can only be achieved when the tire forces on all wheels
and in all three directions can be influenced and controlled precisely. This level of control
requires that the vehicle is equipped with various chassis control systems that are
integrated and networked together. Drive-by-wire electric vehicles with in-wheel motors
provide the ideal platform for developing the required control system in such a situation.

The focus of this thesis is to develop effective control strategies to improve
driving dynamics and safety based on the philosophy of individually monitoring and
controlling the tire forces on each wheel. A two-passenger electric all-wheel-drive urban
vehicle (AUTO21EV) with four direct-drive in-wheel motors and an active steering
system is designed and developed in this work. Based on this platform, an advanced
fuzzy slip control system, a genetic fuzzy yaw moment controller, an advanced torque
vectoring controller, and a genetic fuzzy active steering controller are developed, and the
performance and effectiveness of each is evaluated using some standard test maneuvers.
Finally, these control systems are integrated with each other by taking advantage of the
strengths of each chassis control system and by distributing the required control effort
between the in-wheel motors and the active steering system. The performance and
effectiveness of the integrated control approach is evaluated and compared to the
individual stability control systems, again based on some predefined standard test

maneuvers.
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1 Introduction and Background

During the last two decades, advances in electronics have revolutionized many aspects of
automobiles, especially in the areas of engine management and vehicle dynamics safety
systems such as the anti-lock braking system (ABS), traction control system (TCS), and
electronic stability control (ESC) system. In these cases, the signals generated by the
brake or accelerator pedal are modulated by an electronic control unit in order to control
the tire slip of individual wheels in emergency braking (ABS) or emergency acceleration
(TCS) situations, or to control the vehicle yaw rate through individual wheel braking
(ESC). 1t is important to note that the U.S. National Highway Traffic Safety
Administration (NHTSA) has passed a new Federal legislation that makes installation of
ESC mandatory on all passenger cars, multipurpose passenger vehicles, trucks, and buses
by 2012 [FMVO07]. The move to improve the safety, comfort, and performance of
vehicles has led to an increase in the use of electronic control systems and the
introduction of drive-by-wire systems. Today, the value added to the modern vehicle by
electronic systems is approximately 20 percent. In luxury vehicles, for example, more
than 90 control systems are used to control a variety of actuators. It is expected that this
rate will consistently increase, reaching over 40 percent by the year 2015 [ATZ06].
Integrating various electronic control systems offers the potential to optimize
driving behaviour independently of the driving maneuver through the individual control
and allocation of traction, steering, and braking forces. These unique features open new
horizons for controlling the driving dynamics of a vehicle in a way that has never been
possible. For example, integrating the active braking and active steering systems can
avoid the vehicle side-pushing behaviour when braking on a p-split road [Koe06]. In
addition, by integrating different chassis control systems, individual sensor signals can be
used by the entire system, thereby avoiding sensor redundancy and reducing costs.
Recently, electric vehicles (EVs) have attracted a great deal of interest as an
elegant solution to environmental and energy problems. Thanks to great improvements in
electric motor and battery technologies, EVs have achieved sufficient driving
performance and efficiency in comparison to conventional internal combustion engine
(ICE) vehicles. EVs have no tailpipe emissions because they have no fuel, combustion, or

exhaust systems. In fact, EVs are virtually maintenance-free because they never need oil
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changes, air filters, tune-ups, mufflers, timing belts, or emission tests. Critics proclaim
that EVs are simply “elsewhere emission vehicles” because they transfer emissions from
the tailpipe to the smokestack. Although there are emissions associated with coal- and
oil-fired power plants, the smokestack emissions associated with charging EVs are very
low [Bra94]. However, in the ideal scenario, EVs would be charged from renewable
energy sources such as hydro, solar, and wind power, or even zero-emission nuclear
power.

Even EVs recharging from fossil-fuel power plants, such as those powered by
coal and oil, have unique efficiency advantages over ICE vehicles. As a system, EVs and
power plants are twice as efficient as ICE vehicles and the system that refines gasoline
(Table 1-1). At current U.S. energy prices, with the cost of gasoline at 3 dollars per gallon
and the national average cost of electricity at 8.5 cents per kilowatt per hour, a plug-in
EV runs on an equivalent of 75 cents per gallon. According to an interesting study
revealed in 2005, half the cars on U.S. roads are driven no more than 25 miles a day
(Figure 1-1). Therefore, an EV with just a 20-mile-range battery could reduce the national
fuel consumption by approximately 60 percent [Gri98]. In addition, EVs are the most
exciting platforms on which to apply advanced motion control techniques, since the
torque of an electric motor can be generated and controlled quickly and precisely in an
efficient way. Note that the torque response of an electric motor is several milliseconds
and, therefore, 10 to 100 times faster than that of the ICE, or even hydraulic braking
systems [Hor04]. Furthermore, the installation of small but powerful direct-drive in-
wheel motors into each wheel will produce a novel all-wheel-drive (AWD) system in
which even bidirectional torques on the left and right wheels can be generated. This
flexibility can be used to support the driver’s steering wheel movements and reduce

response times in tight cornering and lane-change maneuvers.

EVs and Power Plants ICE and Fuel Refining
Processing 39% (Electricity Generation) 92% (Fuel Refining)
Transmission Lines 95% -
Charging 88% -
Vehicle Efficiency 88% 15%
Overall Efficiency 29% 14%

Table 1-1: Operating efficiency of EVs and ICE vehicles [Gri98]
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Figure 1-1: American driving patterns [San05]

This novel powertrain concept represents a very advanced torque vectoring
system, enabling any desired torque distribution between all four wheels, and allowing
the realization of many advanced stability control systems. Moreover, such a powertrain
concept can support a very advanced AWD system, ensuring the optimal traction of each
wheel by controlling the motor torque in all driving conditions. Further benefits of such
an EV include a reduction of noise pollution and the minimization of the noise, vibration,
and harshness (NVH) of the vehicle due to the elimination of the ICE and other
powertrain components.

In summary, replacing the ICE and the entire conventional powertrain system
with two or four electric motors and batteries will bring entirely new perspectives to the
discipline of vehicle design. The batteries can be placed into the chassis as a modular
package which, likewise, can be built as a modular unit. This concept will allow the
designer to combine the modular chassis with different body frames to realize different
vehicle types. The Hy-wire concept car developed by GM is an example of this type of
chassis, where the vehicle structure is classified into two separate groups. The first group
is designed with the vehicle bodywork and chassis together, and is called the rolling
chassis. The second group is the driving chassis, which is a functional module that houses
the electric motors, power source, steering, and suspension systems (Figure 1-2).

This research focuses on the development and verification of innovative vehicle

stability control strategies for an electric all-wheel-drive drive-by-wire vehicle. The
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vehicle is being designed as part of an AUTO21 research project to examine the use and

development of collaborative design tools.

Rolling Chassis Sm—

Driving Chassis

Figure 1-2: GM Hy-wire concept car with rolling and driving chassis [Elb04]

1.1 State-of-the-art drive-by-wire technologies

Since 1986, an increasing number of vehicle engines have been manipulated by an
electronic pedal and an electrically-driven throttle or injection, which represent the first
drive-by-wire components [Jur06]. Such systems are equipped with a fail-safe function
whereby the throttle spring system automatically closes the throttle in the event of
electronic failure. Other mechatronic units have been developed to allow an automatic
transmission to control a hydraulic torque converter as well as gear shifting functions.
The successful use of fly-by-wire technology in the aviation industry, positive experience
with the throttle-by-wire and electronically-controlled transmissions in automobiles, and
various electronic driver assistance systems for braking and power steering are the
incentives for the future development of complete drive-by-wire systems without
mechanical backup. Such a scheme is usually not fail-safe but, rather, has fault-tolerant
properties [Ise02]. The lower reliability and different fault behaviour inherent in the
electronic and electrical components used in drive-by-wire systems without mechanical
backup have made the transition from systems with mechanical backup extremely
challenging. Nevertheless, fault-tolerant electronic systems must be incorporated to meet
the high safety requirements set by governments, especially in the developed countries.
Figure 1-3 illustrates the hazard severity of failures for different electronic and electrical
driving systems [Rie99]. As shown, the hazard severity increases considerably when
drive-by-wire systems are used. Note that the brake and steering systems in a vehicle are
safety-critical systems that must continue to operate in the event of a failure, without
4
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endangering human life. However, the hazard severity of the steer-by-wire system is the
highest among the drive-by-wire systems simply because, in contrast to the braking
system, it consists of only a single unit, so a malfunction causes the driver to lose all
steering control of the vehicle. In contrast, if a single braking actuator fails, three
alternate units remain, providing the driver with 75 percent of the normal braking force.
Moreover, new functions such as collision avoidance, autonomous driving, lane-keeping
assistance, and advanced stability control systems require vehicles to be equipped with
full by-wire systems, where all actuators can be controlled through electronic control
units to enable the application of driver-independent signals to the system. Therefore, the

hazard severity of such systems is equally elevated.
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Figure 1-3: Hazard severity of failures in drive-by-wire and higher-level control systems [Rie99]
1.1.1 Brake-by-wire systems

With the exception of the electronic parking brake (EPB), brake-by-wire systems can be
divided into two classes: electro-hydraulic brakes (EHB) and electro-mechanical brakes
(EMB). Although EPB and EHB systems are already standard features for many car
manufacturers, EMB systems are still in the development stage [EIb04].

In EHB systems, the input from the brake pedal is replaced with an electronically

controlled actuator. This actuation is attainable using a hydraulic system, where control is
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achieved by operating the pump and various control valves (Figure 1-4-a). The input
from the driver would be provided by a position sensor, taking any form required (e.g., a
traditional pedal or even a joystick) [HamO03]. The sensor converts the braking request of
the driver into an electrical signal and sends it to an EHB unit at each wheel. The brake
unit consists of an electric motor, a pump, and a hydraulic tank. In the event of a failure, a
standard hydraulic brake system is activated as a fail-safe system, which provides the
minimum braking power prescribed by legal braking regulations [EIbO4]. In EMB
systems, the hydraulic system is completely removed and the braking force is generated
at each wheel by a high-power electric actuator. All electric motors are controlled
through an electronic control unit (ECU), where the driver input would, again, come from
a suitable sensor similar to those used in EHB systems. A feedback actuator at the brake
pedal provides force feedback to the driver (Figure 1-4-b). Note that an EMB system
fully decouples the driver from the braking system. The ECU plays a central role,
converting the brake request of the driver into an electrical signal and adopting tasks such
as ABS control. Since each wheel has its own electronic module that controls the
respective brake independently of the others, the system can maintain 75 percent of its
total potential even after an actuator fails whereas, in a typical dual-circuit hydraulic
brake system, a failure will cause half of the brakes to become ineffective. For safety
reasons, an EMB system has a backup power circuit and a backup ECU. Both types of
brake-by-wire system have the following advantages over their conventional counterparts
[EIbO4]:

easy incorporation with anti-lock braking and traction control systems,

o faster response and improved performance,

e disturbance-independent pedal force characteristics,

e improved package and NVH performance,

e improvement of ergonomics and crash behaviour,

e modular structure, and

e environmental friendliness and improved maintenance for the EMB due to the

elimination of hydraulic fluid.
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Figure 1-4: (a) Electro-hydraulic braking (EHB) and (b) electro-mechanical braking (EMB) concepts for
brake-by-wire technology [Ham03]

Brake-by-wire technology can be used to realize anti-lock braking (ABS), traction
control (TCS), and stability control (ESC) systems by controlling the longitudinal slip of
the tires. Note that an ABS system only uses braking intervention to control the
longitudinal dynamics of the vehicle, whereas TCS and ESC systems use both motor
management and braking intervention to control, respectively, the longitudinal and lateral

dynamics of the vehicle.

1.1.2 Steer-by-wire systems

Automotive steering systems have evolved from mechanical steering systems to
hydraulic power steering assist systems and, recently, to electric power steering systems.
Electro-hydraulic power steering is becoming more popular than hydraulic power
steering since, due to the electronically-controlled operation of the power pack, energy
consumption is reduced by 70 percent in comparison to conventional hydraulic steering
systems. Electro-mechanical power steering systems have recently been introduced to the
market, and have the benefit of eliminating all the hydraulic components and the
environmentally unfriendly hydraulic fluid. Electro-mechanical power steering systems
consume 85 percent less energy than conventional hydraulic systems, because the
electrical systems only operate when steering, and are lighter and more compact than
their hydraulic counterparts [EIb04].

The next step in steering evolution is the complete elimination of the mechanical
linkage between the steering wheel and the rest of the steering system. Since torque
feedback and the self-centering effect are important characteristics that a driver expects to
experience when steering a vehicle, force feedback actuators must be installed at the

steering wheel to generate an artificial steering torque based on the actual aligning
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moment on the tires. Torque feedback is essential to the driver for estimating the driving
conditions, and the self-centering effect should occur when the driver releases the
steering wheel while exiting a turn. Electronics allow the amount of feedback steering
torque to be set independently of the actual aligning moment, and can be tuned for
different driving styles. Furthermore, the absence of the steering column greatly
simplifies the interior design of the car, since the steering wheel can then be assembled
modularly into the dashboard on either the left or right side. Removal of the steering
column also frees up space in the engine compartment and improves the frontal crash
behaviour of the vehicle. Additionally, the elimination of the steering column prevents
the transmission of NVVH from the road to the driver through the steering wheel [Yih05].

The steer-by-wire system has the ability to electronically augment the steering
input of the driver and, thus, is capable of providing variable steering ratio and active
steering functionalities during normal driving situations as well as emergency maneuvers.
The following three architectures have been applied in concept cars to realize a steer-by-
wire system [JB04]:

e electro-hydraulic actuation (Figure 1-5-a),
e purely hydraulic actuation (Figure 1-5-b), and

e electro-mechanical actuation (Figure 1-5-c).

One method of realizing a steer-by-wire system is to replace the input from the
steering column to the steering rack with an electric motor attached to the rack and
pinion, adding an additional force feedback actuator on the steering wheel, and retaining
all other conventional steering system components (Figure 1-5-a). Although this solution
provides a relatively easy method of converting a conventional vehicle into a steer-by-
wire vehicle, it suffers from packaging and weight issues. The purely hydraulic method,
shown in Figure 1-5-b, enables steering actuation by adding a series of hydraulic control
valves to the power-assisted steering rack, thereby providing control over the rack
position; however, this solution still suffers from packaging and weight issues due to the
retention of the conventional power steering system. The most sensible way to achieve a
steer-by-wire system is to completely remove the hydraulic system and replace it with a

powerful direct-drive electric motor. The wheel actuation can be accomplished with one
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motor controlling both wheels through a steering rack or with one motor controlling each

wheel, the latter of which allows the independent control of each wheel (Figure 1-5-c).
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Figure 1-5: (a) Electro-hydraulic actuation, (b) pure hydraulic actuation, and (c) electro-mechanical
actuation concepts for steer-by-wire technology [JB04]

1.2  Conventional slip control systems

In the last 30 years, advances in electronics have revolutionized many aspects of the
automobile industry. Thanks to the advancements in automotive braking technologies,
drivers now rely on electronic support to help them not only to decelerate and accelerate,
but also to stabilize their vehicles while in motion. In this regard, slip control systems,
such as anti-lock braking systems (ABS) and traction control systems (TCS), have
received particular attention. These safety systems involve the use of electronic control
units to modulate the brake and accelerator pedal inputs provided by the driver in order to
control the slip of individual tires during emergency braking (ABS) or acceleration
(TCS). The primary task of a slip control system is to influence the longitudinal dynamics
of a vehicle by preventing the tires from locking up when braking and spinning out when
accelerating, thereby enhancing the stability and steerability of the wvehicle. A
comprehensive overview of the history, operation, and types of slip control systems can
be found in [Bow93, Bur93, Pen96, Mit82].
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According to a study conducted by the Monash University Accident Research
Centre, ABS has reduced the risk of multiple vehicle crashes by 18 percent and the risk of
run-off-road crashes by 35 percent [Bur04]. Another study conducted by the National
Highway Traffic Safety Administration (NHTSA) confirms that a statistically significant
decrease in multi-vehicle crashes and fatal pedestrian strikes is achievable using an ABS
system [Maz01]. As a result, the European Automobile Manufacturers Association has
been committed to equipping all new vehicles with ABS since 2003 [Bur04]. Figures also
indicate that about 95 percent of all-new vehicles in the United States have been equipped
with ABS since 2003 [Vel01].

1.2.1 Anti-lock braking system

ABS is by no means a new innovation, and its development and acceptance has occurred
over a number of decades. The first ABS system was developed by Dunlop Maxaret in
1952, and was used on aircraft landing systems [Vel01]. In 1978, Robert Bosch GmbH
introduced the modern anti-lock braking system for passenger vehicles [Mar02-a,
Mar02-b]. By the 1990s, ABS was a common option on many vehicles, and is now a
standard feature on nearly all new vehicles.

An ABS system detects the onset of wheel lock-up due to a high braking force,
and then limits the braking pressure to prevent wheel lock-up. An ABS system is
considered a stand-alone system (i.e., it can be installed independently of other control
systems), and consists of a wheel speed sensor, a hydraulic modulator, and an electronic
control unit (ECU) for signal processing, control, and triggering the actuators in the
hydraulic modulator [Bos07]. The ECU recognizes wheel lock-up by detecting sharp
increases in wheel deceleration, and reduces the braking force in a closed-loop process
until the lock-up situation vanishes. The cyclic application and reduction of the braking
force ensures that the brakes operate at or near their most efficient operating point and the
vehicle maintains steering control. This cyclic application is also responsible for the
pulsation that a driver feels through the brake pedal when the system is activated. Note
that the driver can be isolated from this pulsation in a brake-by-wire system.

In general, when a driver presses the brake pedal, the brake slip increases until the
point of maximum friction between the tire and the road surface is reached, which is the
limit between the stable and unstable regions. At this point, any increase in brake

pressure will reduce the friction between the tire and the road surface, and the wheel will

10



1 Introduction and Background

tend towards skidding. In a vehicle with a conventional braking system, as the wheels
tend towards lock-up, the lateral force potential of the tires (which enables steering) is
greatly reduced, and approaches zero when the wheels are fully locked. By preventing
wheel lock-up, the lateral force potential of the tires is maintained at a high level,
allowing the driver to retain steering control during emergency braking. Thus, the task of
an ABS system is to use the friction coefficient between the tires and the road surface in
an optimal fashion in order to minimize the braking distance while retaining steerability.

1.2.2 Traction control system

In 1971, the Buick division of GM introduced MaxTrac as the first TCS, which was used
to detect rear wheel spin and modulate the engine power delivered to those wheels in
order to provide the most traction possible. Since then, more sophisticated TCS systems
have been developed by different companies, such as Cadillac and Robert Bosch GmbH,
and involve an engine management controller that cooperates with the brake system in
order to prevent the driven wheels from spinning out.

Tire slip can also be controlled in an acceleration mode using a combination of
the hydraulic brake system and the engine management controller to prevent tire spin-out.
This task is accomplished by a TCS system, which is a constructive add-on to an existing
ABS system and cannot be installed alone. In a TCS, the ECU recognizes wheel spin-out
by detecting sharp increases in wheel acceleration. The ECU then reduces the engine
torque through the engine management controller in a closed-loop process to reduce the
traction force on the driven wheels. If the ECU is unable to prevent a spin-out situation
using this first method of intervention, it applies the brakes in order to stop the wheels
from spinning out. The closed-loop control process and the cooperation between the
engine management controller and the brake system together ensure that the friction
coefficient between the tires on the driven wheels and the road surface is used in an
optimal fashion, maximizing the traction force while retaining stability and steerability.
Note that the aim of a TCS system is defined based on the vehicle configuration. In a
front-wheel-drive (FWD) vehicle, TCS aims to maximize the traction force while
retaining steerability, whereas in a rear-wheel-drive (RWD) vehicle, TCS intends to

maintain vehicle stability while maximizing the traction force.
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1.2.3 Methods of adjusting the tire slip ratio

One method of adjusting the tire slip ratio in a slip control system is to limit the
maximum possible slip ratio to a fixed amount. This strategy is shown in Figure 1-6,
where the longitudinal force (Fy) and lateral force (Fy) of the tire are plotted as functions
of the longitudinal slip ratio of the tire [BeiO0]. The bold vertical line in Figure 1-6
highlights the limited slip ratio control strategy. The advantage of this method is that the
tire slip angle (o) reasonably controls the relation between the longitudinal and lateral tire
forces. In other words, at a fixed slip ratio, when the tire slip angle increases, the
longitudinal tire force decreases and, at the same time, the lateral force potential of the

tire increases, which improves the lateral stability of the vehicle (Figure 1-6).
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Figure 1-6: Characteristics of the tire longitudinal and lateral forces as a function of tire slip ratio for
constant tire slip angles; used for a slip control system with limited slip ratio [Bei00]

An alternative approach is to adjust the tire slip ratio such that the maximum
possible traction force can be generated at all slip angles. This method prioritizes the
longitudinal tire force over the lateral tire force and ensures that the maximum possible
traction force is attained at every sideslip angle [Bei00]. In other words, if the tire slip
ratio is adjusted such that the maximum longitudinal force can be generated when the tire
slip angle increases, the lateral force potential will not always increase. This situation is
shown in Figure 1-7, where the upper bold-dashed line indicates the peak tire forces in
the longitudinal direction at every slip angle, and the lower bold-dashed line indicates the

corresponding lateral force of the tire.
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Figure 1-7: Characteristics of the tire longitudinal and lateral forces as a function of tire slip ratio for
constant tire slip angles; used for a slip control system with adjustable slip ratio [Bei00]

1.3 Conventional stability control systems

Electronic stability control systems represent another breakthrough technology that has
evolved and incorporated the slip control systems. These stability enhancement systems
are designed to improve the lateral stability of the vehicle by electronically monitoring
vehicle states and automatically assisting drivers in dangerous situations and under
slippery road conditions. In general, most drivers are used to operating a vehicle with
their “linear range” skills, the range of lateral acceleration in which a given steering
wheel angle produces a proportional change in the heading of the vehicle [FMVO07]. In
this range, heading adjustments are easy to achieve because the response of the vehicle is
proportional to the driver’s steering input, and the lag time between the input and the
response is very small. Therefore, the driver feels that he is in control and the vehicle
travels in the direction in which it is pointed. However, when driving an ordinary vehicle
at higher lateral accelerations (above 0.4g on a dry road), the relationship between the
driver’s steering input and the response of the vehicle changes, and the lag time of the
vehicle response can lengthen [Wal05]. As a result, when an average driver encounters
these changes in a panic situation, it is more likely that he will lose control and crash
because the familiar actions learned when driving in the linear range are no longer valid.

Electronic stability control systems augment the driver’s inputs so that actions learned in
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linear-range driving remain the correct actions for controlling the vehicle in panic
situations [FMVO7].

Electronic stability control systems use sensors that monitor the speed of each
wheel, the steering wheel angle, and the overall yaw rate and lateral acceleration of the
vehicle. Data from the sensors are used to estimate the intended course of the driver by
monitoring the yaw rate and sideslip angle of the vehicle using a reference bicycle model
and comparing that to the actual motion of the vehicle. Comparing the desired and actual
data, an electronic stability control system can intervene early in the impending loss-of-
control situation, generating a corrective yaw moment and restoring yaw stability before
the driver has the opportunity to make an overcorrection or other error. In this way, an
electronic stability control system prevents a vehicle from changing its heading from the
desired path in a way that would induce further panic in a driver facing a critical situation
[Lie05]. Different types of electronic stability control systems exist for generating a
corrective yaw moment. For example, a corrective yaw moment can be generated by
braking individual wheels using an electronic stability control (ESC) system, by
superimposing the steering angle of the driver with a correction using an active steering
control (ASC) system, by modifying the steering angles on an axle using a four-wheel-
steering (4WS) system, or by varying the available drive torques on the driven wheels
using a torque vectoring control (TVC) system [Zan00, Alb96, And06, Ack99, Rey03].

Several studies from around the world have confirmed that ESC is highly
effective at preventing crashes. The following list summarizes some results from these

global studies:

e Germany: ESC would prevent 80 percent of skidding crashes and 35 percent of all
vehicle fatalities [Rie05].

e Sweden: ESC would prevent 16.7 percent of all injury crashes, excluding rear-end
collisions, and 21.6 percent of serious and fatal crashes [Lib05].

e Japan: ESC would prevent 35 percent of single-vehicle crashes and 50 percent of
fatal single-vehicle crashes. In addition, ESC would prevent 30 percent of head-on
crashes and 40 percent of fatal head-on crashes [Aga03].

e United States: ESC would prevent 41 percent of single-vehicle crashes and 56

percent of fatal single-vehicle crashes [Far04]. In addition, ESC would reduce the
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rates of fatal single-SUV crashes by 50 percent and fatal single-passenger-car
crashes by 30 percent. Corresponding reductions for non-fatal single-vehicle
crashes are 70 percent for SUVs and 55 percent for passenger cars [Gre06].

As a result of these studies, in March 2007, the U.S. National Highway Traffic
Safety Administration (NHTSA) passed a new Federal Motor Vehicle Safety Standard
(FMVSS No. 126) that makes the installation of ESC mandatory on all passenger cars,
multipurpose passenger vehicles, trucks, and buses with a gross vehicle weight rating of
4,536 kg or less by 2012 [FMV07]. Note that ESC was equipped on about 29 percent of
model year 2006 light vehicles sold in the U.S., and manufacturers intend to increase this

amount to 71 percent by 2011.

1.3.1 Braking-based electronic stability control system

Although electronic stability control (ESC) systems have been known by a number of
different trade names, such as Dynamic Stability Control (DSC), Dynamic Stability and
Traction Control (DSTC), Electronic Stability Program (ESP), Vehicle Dynamic Control
(VDC), Vehicle Stability Assist (VSA), Vehicle Stability Control (VSC), Vehicle Skid
Control (VSC), Vehicle Stability Enhancement (VSE), and Porsche Stability
Management (PSM), their function and performance are similar. All these systems use
computers to control individual wheel brakes, thereby helping the driver maintain control
of the vehicle during extreme maneuvers, keeping the vehicle headed in the intended
direction even when the vehicle nears or reaches the limits of road traction.

When a driver attempts a sudden maneuver (for instance, to avoid an obstacle or
crash, or due to misjudgment of the severity of a curve), the driver may lose control if the
vehicle responds differently as it nears the limits of its handling than it does in ordinary
driving situations. The driver’s loss of control may be the result of the vehicle spinning
out (oversteering) or plowing out (understeering). As long as there is sufficient traction
between the tires and the road, a professional driver can maintain control of an unstable
vehicle (oversteered or understeered) by using counter-steering and by performing a
sequence of corrections based on the vehicle response. An average driver, on the other
hand, tends to correct the spinning motion of an unstable vehicle through inappropriate
steering inputs that, in most cases, make the situation even worse [FMV07]. An ESC

system automatically applies braking torques to individual wheels to generate a corrective
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yaw moment, adjusting the heading of the vehicle if it departs from the direction in which
the driver is steering. Thus, ESC prevents the heading from changing too quickly
(oversteering) or not quickly enough (understeering). Although ESC cannot increase the
available traction, it supports the driver in his efforts to keep the vehicle under control
and on the road in an emergency maneuver, using only the driver’s ordinary driving
actions learned in linear-range driving. Note that keeping the vehicle on the road prevents
single-vehicle crashes, and roadway departure is the situation that leads to most rollovers
[Dan04]. However, the activation of an ESC system is often at the expense of reducing
the vehicle speed which, in general, is perceived by the driver as being annoying.

Figure 1-8-a illustrates the operation of an ESC system during a left-hand turn in
order to stabilize an oversteered vehicle, where the rear of the vehicle begins to slide. In a
vehicle equipped with ESC, the system immediately detects that the heading of the
vehicle is changing more quickly than is appropriate given the driver’s intended path, and
it momentarily applies the front outside brake to generate a corrective yaw moment that
turns the heading of the vehicle back to the intended path. In addition, braking the front
outside tire simultaneously reduces the lateral force potential of that tire, which also helps
to generate the required corrective yaw moment. Note that braking the rear outside tire is
not an appropriate action in this situation because, in an oversteered vehicle, reducing the
lateral force potential on the rear axle will lead to further instability.

Actual N A| Desired Desired % h  Actual
Path N Path Path v\ Path
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Rear Brake
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Figure 1-8: Braking intervention of an ESC system (a) in an oversteered vehicle and (b) in an understeered
vehicle (the ellipse on each tire demonstrates the adhesion potential of that tire; a dotted ellipse indicates
that the adhesion potential has been exceeded)
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Figure 1-8-b illustrates an understeered vehicle during a left-hand turn, whose
response as it nears the limits of road traction involves sliding at the front and plowing
out. In this situation, the ESC system detects that the heading of the vehicle is changing
less quickly than is appropriate given the driver’s intended path, and immediately applies
the left inside brake to turn the heading of the vehicle back to the desired path. Once
again, the braking force and the reduced lateral force potential on the rear inside tire are
both used to generate the corrective yaw moment that is required to stabilize the vehicle.
Note that braking intervention using the front inside tire is not an appropriate action
since, in an understeered vehicle, the adhesion potential has already been exceeded on the

front axle.

1.3.2 Steering-based electronic stability control system

In 2004, BMW introduced its first commercial active steering system in its 5-series class
of vehicles. Active steering fills the gap between conventional steering system and steer-
by-wire technologies. Although an active steering system allows driver-independent
steering intervention, the mechanical linkage between the steering wheel and the rack-
and-pinion system on the front axle remains in place, acting as a fail-safe mechanism.
Figure 1-9 illustrates the active steering system developed by BMW, which is comprised
of a rack-and-pinion steering system, a double planetary gear, and an electric motor as the
actuator. An active steering system facilitates the implementation of two major functions:
a variable steering ratio, and maintaining vehicle stability and maneuverability during
emergency maneuvers or when driving conditions call for a change in the steering

response [Koe04].

planetary
gear

from
steering
wheel

Figure 1-9: Design concept and mechanical layout of the BMW active steering system [Koe04]
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The basic design trade-off associated with conventional steering systems involves
choosing a suitable geometric steering ratio, which affects not only the steering effort
required during low-speed maneuvering, but also has a significant influence on the
vehicle dynamics at higher speeds. An active steering system resolves this conflict by
increasing the steering ratio at higher speeds to enhance the responsiveness of the vehicle,
and decreasing it at lower speeds to enhance the maneuverability. This adjustment is
accomplished using a double planetary gear and an electric motor. The active steering
system adds a slight steering angle to the driver’s input at low speeds and counter-steers
slightly at higher speeds, thereby avoiding hand-over-hand steering when parking while
ensuring an essentially constant steering effort in the medium- and high-speed ranges,
where a more conservative steering system is required. The variable steering ratio of the
active steering system developed by BMW is illustrated in Figure 1-10. As can be seen,
the active steering system reduces the steering ratio to 1:10 at lower speeds to provide the
driver with a more direct steering feel, and increases the ratio to 1:20 in the high-speed
range to support the driver with a more sensitive steering system. Note that conventional
steering systems can only offer fixed steering ratios, which are typically between 1:14
and 1:18.

1:20

Steering ratio [-]
o

0 50 100 150 200
Vehicle speed [km/h]

Figure 1-10: Variable steering ratio caused by an active steering system [Koe04]

Another significant advantage of an active steering system is its ability to
electronically augment the driver’s steering input to stabilize the vehicle. In general,
steering intervention is faster than braking individual wheels, as is done in an ESC

system, since a certain amount of time is required to build up hydraulic brake pressure. In
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comparison to braking intervention, modifying the reaction of the vehicle using steering
intervention is generally a continuous process and is not perceived by the driver — or, at
least, is not perceived as being annoying [Koe04]. Figure 1-11 compares the effectiveness
of ESC and active steering systems for correcting an oversteered vehicle, where the rear
tires have reached their limit of adhesion during a left turn. In such a situation, an ESC
system applies a braking force (Fg) to the front outside tire to generate the required
corrective yaw moment (M;), which is calculated as follows [Yih05]:

M,=F, -~ (1.1)

where t; is the front track-width of the vehicle. An active steering system, on the other
hand, applies a counter-steering angle in order to generate the same corrective yaw
moment (M) but, in this case, the moment is generated using the lateral forces (Fy) of the
front tires:

M, =2F,-a (1.2)

where a is the distance between the front axle and the vehicle center of mass. Assuming
that the same corrective yaw moment is generated by these two systems, and knowing
that the track-width of most passenger cars is very close to the distance between the
vehicle center of mass and the front axle, the required lateral force on the front tires is

only one-fourth of the required braking force:
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Figure 1-11: Generation of a corrective yaw moment through braking intervention using an ESC system
(left) and through steering intervention using an active steering system (right)

19



1 Introduction and Background

Therefore, it is actually advantageous to use steering intervention rather than
braking intervention to generate a corrective yaw moment when controlling a vehicle on
slippery surfaces, where the limits of adhesion are easily reached. In addition, active
steering can also be used when driving on a p-split road in order to correct the side-
pushing effect that appears due to the different traction forces on the two sides of a
vehicle. However, the effectiveness range of the active steering system is very restricted
due to the actuator range limit. For instance, the active steering system developed by
BMW is only able to apply up to 3° of steering angle on the front wheels [Koe04].

1.3.3 Torqgue vectoring control system

In conventional four-wheel-drive (4WD) vehicles, either all the wheels of the vehicle are
permanently driven, which is referred to as an all-wheel-drive (AWD) vehicle, or one of
the two axles is always linked to the engine and the second can be engaged manually or
automatically when needed. In both cases, in order to transmit the available engine torque
to the wheels, inter-axle differentials or clutches must be installed on the propshatft,
between the front and rear axles, and on both drive axles in order to split the torque
between the left and right wheels. A comprehensive overview of the drivelines and
differentials available for 4WD and AWD vehicles can be found in [Whe02, Whe05].
Although these powertrain configurations can enhance the traction and driving dynamics
on various road conditions, they suffer from higher costs, weight, and power
consumption, as well as inefficiency.

In recent years, the market for AWD vehicles has evolved and expanded, and
customer expectations of the driving dynamics and stability of such vehicles have
increased drastically. In addition, consumers are increasingly willing to request AWD on
their new cars at extra cost [Pel05]. In order to meet these requirements and remain
competitive in the market, active differentials for driveline systems are being introduced,
which are able to distribute the engine torque to the front and rear axles, as well as to the
left and right wheels of each axle, depending on the driving maneuver or road conditions.
The possibility of actively influencing the distribution of the available engine torque
based on the driving situation and traction conditions has led to an upheaval of the AWD
market [Wun05]. However, the pressure to reduce CO, emissions and increase fuel
efficiency standards force the weight, cost, and power requirements of these actuators to
be minimized.
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Torque vectoring is the term introduced by the Ricardo Company [Whe05] to
describe a means of varying the distribution of engine torque between two outputs of a
differential unit by controlling the torque over a relatively small speed difference between
the outputs. Torque is directed in proportion to the relative shaft speeds, and can be
biased seamlessly from one output to the other. Later on, active torque vectoring systems
were introduced into the powertrain system, presenting torque-on-demand capabilities,
where a center differential distributes the available engine torque to the front and rear
axle differentials. Each axle differential can be equipped with an active torque vectoring
system as well, which can be used to distribute the torque between the left and right
wheels. An active center differential apportions the torque depending on the driving
dynamics and the traction potentials on each axle, whereas an active axle differential
distributes the torque based on the vehicle dynamics and the traction potential on each
wheel of a single axle.

The benefits of active torque vectoring technology are twofold: the enhancement
of vehicle traction and the enhancement of vehicle stability. On the one hand, torque
vectoring can be used to modulate the individual wheel speeds to keep each tire operating
in its optimal longitudinal slip range for the best traction. On the other hand, torque
vectoring can be used to enhance the vehicle handling response by generating a corrective
yaw moment to influence the vehicle yaw behaviour [Rey03]. For instance, Figure 1-12
illustrates an active powertrain with an active center differential, an active rear
differential, and an open front differential [Jal04]. In normal driving conditions, where
the differential actuators are not active, the center differential splits the torque generated
by the engine by a fixed ratio of 40:60 percent to the front and rear axles, respectively,
using a planetary gear. This fixed torque distribution ratio can be established based on the
axle-load ratios, the design philosophy of the vehicle, or the desired handling
characteristics of the vehicle [Rei02]. In addition, the front and rear differentials split
their received torques in half using open differentials. Using torque vectoring technology
for traction enhancement, the torque vectoring ratios on the center and rear differentials
can vary depending on the traction potentials available on each axle or tire, such that the
highest traction force on each wheel is attained. Figure 1-13 illustrates the case where the
front tires are on ice with almost no traction, and more traction is available on the rear

right tire than the rear left tire. As can be seen, the active center differential is capable of
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sending 90 percent of the available engine torque to the rear axle, where more traction is
available. The active rear differential, on the other hand, splits the torque received from
the center differential asymmetrically by a ratio of 20:80 percent for the left and right

wheels of the rear axle, respectively.

Front open differential

Active center differential

Front open differential

Figure 1-13: Torque vectoring in an active powertrain to enhance the vehicle traction [Jal04]

Torque vectoring can also be used as a stability control system, where the
available drive torque is distributed among the wheels in order to generate a corrective

yaw moment about the vertical axis of the vehicle. The corrective yaw moment can be
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generated in a left-to-right torque vectoring mode, where the available drive torque is
distributed asymmetrically to the left and right wheels of an axle, or in a front-to-rear
mode, where the available engine torque is distributed asymmetrically to the front and
rear axles. For instance, an oversteering situation, in which the adhesion potential has
been reached at the rear axle, can be corrected using left-to-right torque vectoring on the
front axle, where more torque is transmitted to the front inside tire (Figure 1-14-a).
Conversely, an understeering situation, in which the adhesion potential has been
exceeded on the front axle, can be corrected by using left-to-right torque vectoring on the
rear axle, in which a higher percentage of the available axle torque is transmitted to the

rear outside tire in order to generate the required corrective yaw moment (Figure 1-14-b).

Corrective Corrective -
N Yaw Actual Yaw
Desied < T Moment Path Moment

70%

Path N .
»"‘ c.\° 1 ~. P S
DeS|red v M
Actual Path
Path

Figure 1-14: (a) Stability control of an oversteered vehicle through side-to-side torque vectoring on the
front axle, and (b) stability control of an understeered vehicle through side-to-side torque vectoring on the
rear axle

The driving dynamics of a vehicle can also be influenced by varying the front-to-
rear torque distribution. The front-to-rear torque vectoring mode takes advantage of the
interconnection between the longitudinal and lateral tire forces, where changing one force
will automatically influence the other. For instance, an understeered vehicle can be
controlled by transmitting more of the engine torque to the rear axle than the front axle.
This strategy not only increases the lateral force potential at the front axle and,
simultaneously, enhances the steerability of the vehicle, but it also reduces the lateral
force potential of the rear axle by increasing the longitudinal traction force. The lateral
force difference between the two axles generates the required corrective yaw moment
about the vertical axis of the vehicle, helping the vehicle to travel in the direction in
which it is pointed (Figure 1-15-a). Conversely, an oversteered vehicle can be controlled

by transmitting more of the available engine torque to the front axle, thereby increasing
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the essential lateral force potential on the rear axle. At the same time, this strategy will
reduce the lateral force potential on the front axle by elevating its longitudinal force, thus
helping the vehicle to develop more understeering behaviour (Figure 1-15-b).

Figure 1-15: Front-to-rear torque vectoring (a) in an understeered vehicle, and (b) in an oversteered vehicle
[Walo6]

Although the theory behind the torque vectoring technique is similar to that used
for an ESC system, torque vectoring is more effective, especially for generating a
corrective yaw moment at higher vehicle speeds and during emergency maneuvers near
the handling limits of the vehicle [Rey03]. In general, torque vectoring can affect the
vehicle driving dynamics and traction while causing almost no change in the total driving
force of the vehicle. Active braking, on the other hand, is hampered by a net braking
effect and drive torque reduction, which not only increases the inefficiency of the vehicle
by eliminating power that has already been produced, but it has also been reported by
drivers as being disruptive due to the unexpected speed reduction. Moreover, in contrast
to active braking, which is allowed only a limited operation time to ensure a safe reserve
of fade-free braking performance, torque vectoring can be employed much more actively
to enhance driving dynamics and vehicle traction even in normal driving conditions and
everyday driving experience. However, it is important to note that a torque vectoring
system can only be effective when a driving torque exists in the first place. In other
words, torque vectoring is not able to intervene when the driver releases the throttle or
brakes the vehicle. In such cases, an ESC system must maintain the stability of the
vehicle. Therefore, torque vectoring and active braking should be considered to be
complementary technologies whose full potential can only be realized if a holistic
approach is used to operate both systems under a common supervisory controller.

In summary, to control the vehicle traction and driving dynamics during both
braking and acceleration maneuvers, the vehicle should be equipped with ABS, TCS,
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ESC, and torque vectoring control systems, and all of these systems should be networked
together in an integrated fashion. However, equipping a vehicle with all the
aforementioned control systems and actuators is a very expensive and complex task. It is
for this reason that such a degree of vehicle control is only available in luxury-class

vehicles, where the customer is prepared to pay for the required technologies.

1.4 Advanced stability control system through networked chassis

Until the 1980s, chassis technology, which directly determines the dynamic performance
of a vehicle, advanced exclusively within the mechanical engineering framework. After
the mid-1980s invention and practical application of the four-wheel-steering system
(4WS), the vehicle dynamics performance field became a main stream of research and
development for control technology. Since then, research and development of vehicle
dynamics performance has been carried out as a collaborative technology of mechanical
engineering and control engineering.

Current chassis control systems are distinguished by the way the individual
subsystems work. Each individual subsystem can generally be assigned to an individual
dynamic domain, such as longitudinal, lateral, or vertical dynamics. However, individual
subsystems often influence two of the three domains, as illustrated in Figure 1-16. For
instance, a torque vectoring system can influence both the longitudinal and lateral
dynamics of a vehicle. Furthermore, the influences of individual subsystems, especially
during extreme maneuvers, are interconnected and coupled through the tire-road
characteristics. Thus, the optimum driving dynamics can only be achieved when the tire
forces on all four wheels and in all three directions can be influenced and controlled
precisely. In order to achieve this level of control, the vehicle must not only be equipped
with various active chassis subsystems, but these subsystems must be networked together
in order to control the tire forces and meet the instantaneous driving dynamics, safety,
and comfort requirements [Sem06].

Taking advantage of the benefits and strengths of each subsystem, the ideal
stability control system can be obtained by activating the most effective subsystem or
subsystems based on the driving maneuver and road conditions. For example, an ESP
system uses braking intervention of individual wheels in order to influence the

longitudinal forces on the tires and, ultimately, the yaw behaviour of the vehicle.
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However, in order to obtain stabilization, vehicle braking is not necessary in all
situations. In particular, if the vehicle speed must be maintained at the same level while
turning in a curve, torque vectoring techniques can be used to affect the driving
dynamics. Furthermore, the influences of individual subsystems, especially during
extreme maneuvers, are interconnected and coupled through the tire-road characteristics.
Figure 1-17 demonstrates the interdependencies of longitudinal, lateral, and vertical
dynamics. For example, a friction ellipse couples the lateral and longitudinal tire forces,
whereas a “longitudinal friction coefficient versus slip ratio” relationship couples the
longitudinal and vertical tire forces, and a “lateral friction coefficient versus slip angle”
relationship couples the lateral and vertical forces of a tire. Thus, most vehicle control
principles can be related to the linear and nonlinear characteristics of the tire-road
contacts. The factors influencing the nature of this contact can be summarized as direct
effects of the steering angle, slip angle, and camber angle of the tires on lateral forces,
and direct effects of traction and braking intervention on longitudinal forces. The wheel
vertical load, however, influences both longitudinal and lateral forces directly by defining

the maximum possible adhesion potential.
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Figure 1-16: Domain structure of driveline and chassis systems [Sem06]

The fundamental question of which configurations are both effective and feasible
given a specific set of driving conditions can only be answered if the strengths and
limitations of each active chassis subsystem have been identified. A popular method of
addressing such issues is by presenting the effects of each subsystem on the resulting tire-
road friction ellipse or circle. Since the driver is limited by the friction constraints of the
tires, the vehicle controls are expected to provide the driver with predictable authority
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over longitudinal and lateral accelerations, within the physical constraints of the vehicle
“friction circle”, and subject to perceived customer acceptability of the frequency and
amplitude dependence of the vehicle responses [Gor03]. Therefore, given that friction
limits change with speed, road surface conditions, and so forth, these vehicle control
systems are required to provide adequate feedback of such changes. The concepts
illustrated in Figure 1-18, presented by Toyota [Yam91], indicate the domain of operation
of some typical vehicle control systems. Although the diagrams should not be taken too
literally, they clearly underline the fact that integrated control can enlarge the dynamic
response domain of the vehicle by taking advantage of the control system with the most

effectiveness for a particular driving maneuver and set of road conditions.
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- Longitudinal acceleration
- Traction

Lateral Force
- Lateral acceleration
- Yaw Behavior

Figure 1-17: Interdependencies among longitudinal, lateral, and vertical dynamics

The majority of the stability control systems currently on the market stabilize the
vehicle in critical driving situations by intervening with only one type of active chassis
subsystem at a time, which limits the performance of the vehicle. Recently, there has
been a move towards networking the individual subsystems in order to take advantage of

synergies and increase the performance of the vehicle. Until very recently, however,
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mainly due to marketing strategies, chassis subsystems have been treated as stand-alone
systems in a so-called “coexistence” architecture, which requires no overhead but still
suffers from suboptimal performance. This architecture can lead to a situation in which,
for instance, a vehicle with four active chassis subsystems is equipped with as many as
four independent sets of sensors, state estimators, reference models, and state controllers
[Sem06, Koe06]. Since the simultaneous actuation of these subsystems may affect the
same degrees-of-freedom of the vehicle and have counterproductive results, the
overlapping of actuator effort must be addressed in a more coordinated way. One solution
to this problem is a “hierarchical coexistence” of the subsystems with a unidirectional

information flow, where one system acts independently and the others adapt as necessary.

Left-to-Right Active Front-to-Rear
Torque Vectoring Suspension Torque Vectoring

Active Steering

Figure 1-18: Effective range of various control concepts based on the resulting tire-road friction circle
[Yam91]

An “integrated approach” is a more sophisticated means of addressing the
coordination of several actuators [And06, Gor03]. In this approach, each of the chassis
subsystems has one basic function. In contrast to the coexistence approach, there is only
one set of sensors, one state estimator, one reference model, and one state controller.
Based on the desired and actual behaviour of the vehicle, the system can calculate the
required generalized forces and moments to maintain the course desired by the driver.
These generalized forces and moments are then applied by the actuators based on their

effectiveness, ensuring the best overall safety, ride quality, and driving pleasure.
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1.5 Thesis outline and contributions

In order to investigate effective and feasible control configurations given a specific set of
driving conditions, the performance and limitations of several active chassis subsystems
have been analyzed and evaluated. These subsystems have been specifically designed for
the AUTO21EV, which is equipped with four direct-drive in-wheel motors and an active
steering system on the front axle.

To this end, a set of test maneuvers is developed in Chapter 2 for evaluating
vehicle handling and performance. In addition, path-following and speed-control driver
models are developed and implemented, which allow the simulation of closed-loop test
maneuvers.

In Chapter 3, an advanced fuzzy slip controller is developed for the AUTO21EV
that combines the functionalities of an ABS, a TCS, and the brake system of the vehicle.
Furthermore, the performance and functionalities of the developed fuzzy slip control
system are evaluated using four test maneuvers.

In Chapter 4, a 14-degree-of-freedom (DOF) vehicle model is developed to allow
for the testing of different control strategies, and for applying a genetic tuning algorithm
to the development of the fuzzy yaw moment controller. The genetic tuning procedure is
applied to the developed fuzzy yaw moment controller to improve its performance. The
genetic fuzzy yaw moment controller determines the corrective yaw moment that is
required to stabilize the vehicle and applies a virtual yaw moment around the vertical axis
of the vehicle. The effectiveness and performance of the genetic fuzzy yaw moment
controller is evaluated using a variety of test maneuvers.

Chapter 5 describes the development of an advanced torque vectoring controller
based on the previously developed genetic fuzzy yaw moment controller. The objective
of the advanced torque vectoring controller is to generate the required corrective yaw
moment through the torque intervention of the individual in-wheel motors to stabilize the
vehicle during normal and emergency driving maneuvers. A novel algorithm is developed
for the left-to-right torque vectoring control on each axle, and a PD controller is
introduced for the front-to-rear torque vectoring distribution action. Several maneuvers
are simulated to demonstrate the performance and effectiveness of the advanced torque
vectoring controller, and the results are compared to those obtained using the genetic

fuzzy yaw moment controller.
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In Chapter 6, the simplified 14-DOF vehicle model introduced in Chapter 4 is
used to develop a fuzzy active steering controller. Use of this simplified vehicle model
facilitates the testing of different control strategies and the application of a genetic
algorithm procedure to the development of the fuzzy active steering controller. The
performance of the fuzzy active steering controller is improved by tuning the membership
functions of the fuzzy controller using a genetic tuning procedure. The performance and
effectiveness of the genetic fuzzy active steering controller are confirmed by simulating a
variety of maneuvers, and the results are compared to those obtained using the genetic
fuzzy yaw moment controller and the advanced torque vectoring controller.

Chapter 7 presents an activation function that integrates the control efforts of the
advanced torque vectoring and genetic fuzzy active steering controllers. Several test
maneuvers are simulated to demonstrate the performance and effectiveness of this
integrated control approach. It is confirmed that the integrated control approach produces
better results than all of the individual control systems.

Finally, Chapter 8 summarizes the work, highlights the contributions, and

discusses directions for future work in this thesis.
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The driver of a passenger car is responsible not only for controlling the vehicle speed by
actuating the brake and accelerator pedals, but also for controlling the direction in which
the vehicle is travelling. Thus, the tasks of the driver are threefold: navigation, path
following, and vehicle stability [Wal05]. In order to travel between two points, a driver
must first choose a suitable route. Criteria such as route length and travelling time might
be used to select the desired route. Navigation systems can help a driver plan a route
between two points, but the ultimate decision about which route to select is still made by
the driver. The second task of a driver is to define the desired path for the vehicle within
the chosen route based on additional information that is gathered along the way, such as
traffic conditions, traffic signs, and unexpected obstacles. Despite technological
advancements in this area, the path-following task cannot be fully automated using
control systems such as path-following cameras or inductive highway striping. The final
task of a driver is to keep the vehicle on the desired path using the available actuators (the
steering wheel, brake pedal, and accelerator pedal). Moreover, the driver is responsible
for the stability of the vehicle while driving through the desired path. The stability control
systems available on the market are either designed to maintain the stability of the
vehicle, or at least to support the driver in accomplishing this task. Since the driver must
perform the three aforementioned tasks simultaneously, a stability control system not
only helps the driver maintain the stability of the vehicle, but also indirectly helps him
accomplish the route-planning and path-following tasks. In the ideal case, a stability
control system will allow the driver to devote all his attention to the other two tasks.

From a control systems perspective, the driver and vehicle can be modelled as a
control loop, where the driver acts as a controller that is responsible for the stability of the
plant, which is the vehicle (Figure 2-1). In such a control loop, some disturbances act on
the driver (such as the relative motion between the vehicle and the driver, driver
distractions, and line-of-sight obstructions), and others act on the vehicle (such as cross
wind, different coefficients of friction on the road, and road roughness). In terms of the
lateral dynamics, the actuating variable that must be corrected by the driver is the steering
wheel angle; in terms of the longitudinal dynamics, the actuating variables are the brake
and accelerator pedal positions. The control deviation that must be corrected by the driver
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in the lateral dynamics domain is the difference between the desired and actual paths,
while in the longitudinal dynamics domain, the deviation between the desired and actual
speeds must be corrected. Moreover, the driver-vehicle-environment control loop is
considered to be a dynamic closed-loop system, whose stability depends mostly on the
vehicle behaviour and the capabilities of the driver. In other words, the stability of this
control loop depends on the ability of the controller (the driver) to handle large errors, the
behaviour of the control system under fast control actions, and the stability of the system
under the influence of external disturbances.
! Externaldisturbances

(e.g., line-of-sight obstructions)

; » Steering wheel angle
Desired pathand speed : » Brake pedal position
Driver » Accelerator pedal position

Actual path and speed (Controller)
A

:  Additional
information

Vehicle
(Plant)
A

External disturbances
| (e.g., crosswinds)

Figure 2-1: Graphical representation of the driver-vehicle-environment control loop

In general, the dynamic characteristics of the vehicle must match the capabilities
of the driver. The quality of this match defines the vehicle handling and performance
characteristics. In this regard, a vehicle is considered to have a good handling

characteristic if the following arguments are true [Wal05]:

1. There must be a good correlation between the steering wheel variation and the lane-
change behaviour of the vehicle. This property defines the transfer function behaviour
of the vehicle as the plant of the control loop.

2. The driver must receive reasonable information about the condition of the vehicle in

order to predict its behaviour. For instance, changes in the steering wheel feedback
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torque, the vehicle sideslip angle, as well as tire squeak before reaching the physical
limit of adhesion will all help the driver predict the behaviour of the vehicle and,
ultimately, react correctly.

3. The external disturbances acting on the vehicle should cause little or no change in the
course of the vehicle — that is, the vehicle should be inherently stable.

4. The vehicle must have a high lateral acceleration limit, which defines the lateral
stability reserve of the vehicle; the larger this limit, the more stable the vehicle will
be.

It is important to note that there are no standard legal regulations about the vehicle
handling and performance characteristics, and every car manufacturer is free to set its
own specifications in this area. Looking at the vehicle handling and performance from the
driver’s perspective, it is a completely subjective evaluation that can change from one
driver to another. Therefore, it is very difficult to set a standard criterion for quantifying
the quality of these evaluations. In fact, there is no comprehensive, objective definition
for the dynamic characteristics associated with the driver-vehicle-environment control
loop, as adequate data on the precise control characteristics of the human element are still
not available [Bos07]. For this reason, in practice, the assessment of the vehicle is
performed by expert drivers who can subjectively evaluate the measured data gathered

through a series of standard test maneuvers.

2.1 Test maneuvers for evaluating vehicle handling and performance

Many test maneuvers have been developed for evaluating the quality of the handling and
performance characteristics of a vehicle. Many of these test maneuvers are based on ideal
driving conditions, and some of them are motivated by the examination methods typically
used for control systems, such as step-steer and swept-sine-steer maneuvers (Figure
2-2). An extensive overview of different test maneuvers and their detailed descriptions
can be found in the publications of Roenitz, Braess, and Zomotor [Roe77, Roe98].

The test maneuvers that describe the vehicle behaviour in terms of the driver-
vehicle-environment control loop are known as ‘closed-loop’ test maneuvers. To evaluate
these maneuvers, the quality of the match between the dynamic behaviour of the vehicle

and the driver’s capabilities must be considered. These test maneuvers require a
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professional driver who can make judgments on the handling qualities of the vehicle
based on the combination of diverse subjective impressions. In the simulation
environment, an appropriate driver model is used, which can simulate the required
behaviour of a specific driver (professional or average driver) in following a desired
predefined path, in place of a test driver. If, on the other hand, the actuation variables in a
test maneuver are defined to be pure functions of time, and the dynamic behaviour of the
vehicle has no influence on the driver’s response, then the test maneuver is known as an
‘open-loop’ maneuver. In an open-loop test maneuver, the driver is replaced by a
specific, objectively quantifiable interference factor, and the handling data derived from
the maneuver provides objective information about the handling qualities of the vehicle.
Open-loop test maneuvers also provide insight into the stability of the vehicle and the

sensitivity of the vehicle to external disturbances.

Driving Situation Test Maneuvers Closed-loop | Open-loop
Steady-state constant radius cornering N Y
Load-cycle changes Y Y
Cornering Events Transient constant radius cornering Y Y
Braking-in-turn Y Y
Aquaplaning (u-splitroad) Y Y
Directional stability Y Y
Straight-line acceleration Y Y
Aquaplaning (p-splitroad) Y Y
Straight-line Events | Straight-line braking Y Y
Cross wind Y Y
Load-cycle changes Y Y
Responsiveness test Y N
Step-steer N Y
) Impulse-steer N Y
Dynamic Single-lane-change Y N
Performance ISO double-lane-change Y N
Tests —
Driving in a curve Y N
Driving out of a curve Y N
Sine steer N Y
Transient Behaviour | Swept-sine steer Y N
Tests Step-steer and acceleration N Y
Obstacle avoidance test Y N

Figure 2-2: Different test maneuvers for evaluating vehicle handling and performance characteristics
[Roe77] (Y =yesand N = no)

It can be concluded that each test maneuver provides some information about the
dynamic behaviour of the vehicle in one or several respects, such as vehicle handling,

stability, path following, and longitudinal dynamics. Therefore, a comprehensive
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evaluation of the dynamic characteristics of a vehicle is only possible by examining the

results obtained from several different test maneuvers.

2.1.1 Selection and evaluation of chosen test maneuvers

As mentioned above, many test maneuvers are used in industry, and can provide insight
into the dynamic behaviour of the vehicle under different conditions (Figure 2-2).
However, a comprehensive evaluation of the dynamic characteristics of a vehicle and the
effectiveness of different chassis control systems can only be achieved when the results
obtained from different test maneuvers are combined and evaluated as a whole.
Therefore, a number of different test maneuvers are used in this work to provide
important information about different aspects of the dynamic behaviour of the vehicle
and the effectiveness of each individual chassis control system, as well as the
effectiveness of integrated chassis control management strategies. These test maneuvers
are chosen such that all aspects of vehicle dynamics are addressed. In other words, the
chosen test maneuvers act to clarify the performance and effect of different chassis
control systems on the driver-vehicle-environment control loop, and quantify the
advantages of each control method. The chosen test maneuvers are described in the

following.

1) 1SO double-lane-change Maneuver

The ISO double-lane-change is a closed-loop test maneuver that is used to evaluate the
lateral dynamics of a vehicle based on the subjective evaluations of professional drivers.
The specifications of the 1ISO double-lane-change maneuver are described in the 1SO
3888 standard, and the test track design is illustrated in Figure 2-3. As described in
[Pai05, Bau99], the driver starts this maneuver at a particular speed and releases the
throttle. The driver then attempts to negotiate the course without striking the cones. The
test speed is progressively increased until either instability occurs or the course can no
longer be negotiated. Since a severe double-lane-change maneuver effectively
demonstrates the cornering capability of a vehicle when driving at the friction limit in
both directions, many car manufacturers and research institutions consider it to be a

suitable test maneuver for assessing electronic stability controllers.
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In this work, the desired vehicle trajectory in a double-lane-change maneuver is
defined as a function of forward displacement using two fifth-order splines that are
connected with a straight line segment in the middle [Bod06]:

0 if x<18.5
cX’+ - +cX+c, if 185<x<42
y=f(x)= 3.0425 if 42<x<43 (2.1)
CX°+ o +C X +C, If 43<X<655
0 if x=655

where c; to c1, denote parameters that are determined by enforcing boundary conditions
on the splines. This desired vehicle trajectory is, in fact, the predefined target trajectory to
which the driver model refers while driving through the test maneuver, and is indicated
by a dashed line in Figure 2-3. Note that the second lane-change is more aggressive than
the first one and, thus, asymmetric steering inputs are required to follow the desired path.

In addition, the road is considered to be flat and dry with a coefficient of friction of pu = 1.
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Figure 2-3: 1SO 3888 double-lane-change maneuver test track design [Bau99]

Due to the importance of the double-lane-change maneuver, six different plots
will be used to evaluate the performance of the vehicle and its different chassis control
systems.

1. Actual and desired vehicle trajectories: This plot is used to determine whether the
actual vehicle trajectory matches well with the predefined desired trajectory, and
whether the driver is able to negotiate the course without striking the cones.

2. Actual and desired vehicle yaw rate and sideslip angle as functions of time: Based on
these two plots, the quality of the match between the actual reaction of the vehicle

and the reaction of the reference bicycle model is evaluated. In this regard, the
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maximum sideslip angle (|| ) and maximum yaw rate (|y7| ) of the vehicle must

be observed, both of which should be small.
Lateral acceleration of the vehicle as a function of time: This plot reveals whether the

vehicle reaches its physical limit when driving through the maneuver. The maximum

lateral acceleration (‘ay‘ ) is observed, and should be a large number. A large lateral
max

acceleration at a given steering wheel angle indicates that the traction potential on
each tire is widely used to hold the vehicle on its desired path or, in other words, the
vehicle is able to follow the driver’s steering request even during emergency
maneuvers [Bei00].

. Driver’s steering wheel input as a function of time: The gradient of this plot indicates
the driver’s effort during the maneuver and is an important factor when evaluating the

quality of the handling and agility of the vehicle. In addition, the maximum steering

wheel angle (|5sw|max) is observed, which should be small. A small maximum

steering wheel angle ensures that the driver is not exhausted or over-demanded when
driving through an emergency maneuver.

. Vehicle yaw rate as a function of steering wheel angle: This plot is a Lissajous figure
that demonstrates the relationship between the input signal (the steering wheel angle)
and the output signal (the vehicle yaw rate) of the driver-vehicle-environment control
system. The resulting pattern in a Lissajous figure is a function of the ratio of the
input and output signal frequencies [Cun89]. In addition, the hysteresis of the
resulting pattern describes the phase shift between the input and output signals.
Hence, this plot is considered to be a handling performance plot, where a smaller
amount of hysteresis indicates a phase shift between the driver’s steering wheel input

and the yaw rate response of the vehicle, and better agility and responsiveness of the

vehicle. The size of the hysteresis (A, ) serves as a quantitative measure for

comparing the performance of different chassis control systems.

. Vehicle speed as a function of time: By observing the vehicle speed as a function of
time, the effect of each chassis control system on vehicle speed is evaluated. The
gradient of the speed plot indicates whether the activation of a chassis control system
would have a detrimental effect on the vehicle longitudinal speed. Note that such a

speed reduction is perceived by the driver as being annoying. Moreover, the speed
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lost by the vehicle at the end of the maneuver (v, =V, V.., ) Is determined, and

start
should be as small as possible.
Table 2-1 summarizes the requirements for a desirable vehicle response during a double-

lane-change maneuver.

Parameter 1Bl ., .. ‘ay . ol Ay Viost

Requirement small small large small small small

Table 2-I: Criteria for desirable vehicle response during a double-lane-change maneuver

2) Step-steer response maneuver

A step-steer response is an open-loop test maneuver used to examine both transient and
steady-state vehicle behaviour. In this test, the vehicle is driven in a straight line at a
constant speed of 90 km/h, and a sudden limited steering wheel input is applied. The road
is considered to be flat and dry, with a coefficient of friction of u = 1. Note that the rate
of change of the steering wheel input is limited to 300°%s, which corresponds to a driver’s
reaction time. Therefore, the step-steer is, in fact, a steep ramp input that is applied to the
steering wheel. The steering wheel angle is determined such that a lateral acceleration of
ay = 4 m/s® is reached [Wal05]. The vehicle speed is kept constant by the speed
controller.

The criteria for evaluating test results from this maneuver are similar to those
described in the literature for a step response of a dynamic system. In this regard, a fast
response of the vehicle yaw rate and lateral acceleration, with a sufficient amount of
damping, is desirable. From a multitude of different performance measures that are
defined in the literature for evaluating the step response of a dynamic system [Bol95],
two measures are chosen to describe the performance of a step-steer response: rise time

and percentage overshoot. The rise time (t,) is defined as the time required for the yaw

rate response to rise from zero to 90% of the steady-state value. Rise time is a measure of
how fast the vehicle responds to the steering input. The overshoot is the maximum
amount by which the response exceeds the steady-state value. The overshoot is often
written as a percentage of the steady-state value, which is then called percentage
overshoot (PO) and is calculated as follows:
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PO = Ymx Vs 1000 (2.2)
WSS

where ., is the maximum yaw rate and y is the steady-state value of the yaw rate.
Both of these performance measures, t,and PO, must be small, which indicates a small

phase delay and a good damping behaviour of the vehicle.

In addition, the maximum sideslip angle (|,B|max) and the rise time of the lateral
acceleration response of the vehicle (tay) are also observed, both of which should, again,

be small numbers. Table M-Il summarizes the requirements for a desirable vehicle

response during a step-steer test maneuver.

Parameter t, PO = ¥me— Vs 10006 15, L,
VISS
Requirement small small small small

Table 2-11: Criteria for desirable vehicle response during a step-steer maneuver

3) Brake-in-turn maneuver

The brake-in-turn test maneuver simultaneously considers both the lateral and
longitudinal dynamics of the vehicle. Brake-in-turn is one of the most critical maneuvers
encountered in everyday driving. The reaction of the vehicle to this maneuver reveals the
compromise between steerability, stability, and deceleration [1SO85].

In this work, the brake-in-turn maneuver is considered to be a closed-loop test
maneuver, and begins with the vehicle being driven at a constant speed of 75 km/h into a
curve with a radius of 60 m. Once the vehicle has reached a steady-state lateral
acceleration, the driver intends to slow the vehicle to 20 km/h with a deceleration rate of
6 m/s®. The path-following driver model attempts to keep the vehicle on the predefined
circular path, while the speed controller reduces the vehicle speed at the predefined
deceleration rate. The road is considered to be flat and dry with a coefficient of friction of
u=1

Four plots are used to evaluate the behaviour of the vehicle in a brake-in-turn
maneuver. First, the vehicle trajectory is plotted and the maximum lateral deviation of the

vehicle with respect to the desired path (Ay,... ) is measured. The lateral deviation should

be as small as possible. Second, the driver’s steering wheel input is plotted as a function
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of time. The gradient of this plot indicates the driver’s effort to keep the vehicle on the
desired path or, in other words, how easily the driver can control the vehicle when

braking in a turn. The maximum steering wheel angle (|5, | _ ) is observed, which is an
important indicator of driver effort. The final two plots illustrate the vehicle yaw rate and

sideslip angle as functions of time. Due to the weight transfer away from the rear axle,
the vehicle yaw rate and sideslip angle grow as the vehicle progresses toward larger

deceleration rates. Again, the maximum yaw rate (|| ) and sideslip angle (|| _ ) are

observed, and should remain small. Table 2-11 summarizes the requirements for a

desirable vehicle response during a brake-in-turn maneuver.

Parameter AY e |5svv |max |‘/7|max |,8 |max

Requirement small small small small

Table 2-111: Criteria for desirable vehicle response during a brake-in-turn maneuver

4) Straight-line braking on a p-split road

In order to better differentiate between the performance and effects of different chassis
control systems on vehicle behaviour, a straight-line braking maneuver on a p-split road
is conducted [Roe98]. Braking on a u-split road is a very critical test maneuver, since the
vehicle will experience severe instability if the driver does not react immediately to
correct the course of the vehicle. During this test, due to the asymmetric braking forces
generated on the left and right tires, the vehicle will be pushed to the side of the road that
has a higher coefficient of friction. In most cases, the asymmetric braking forces are high
enough to cause the vehicle to turn around its vertical axis, which is a very dangerous
situation. In general, a real instability of this nature is corrected by inexperienced drivers
through the application of an inappropriate single steering wheel input that, in most cases,
makes the situation even worse. An experienced driver, on the other hand, can avoid such
a dangerous situation by performing a sequence of corrections based on the vehicle
response, thereby regaining control of the vehicle. In this work, the straight-line braking
on a u-split road is considered as an open-loop test maneuver, in which the vehicle is
driven at a constant speed of 80 km/h while the steering wheel is held fixed. The driver

then attempts to stop the vehicle in an emergency braking situation on a p-split road,
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which has a black ice patch (pice = 0.1) on the left side and is dry (uary = 1.0) on the right
side. The road is considered to be flat and the length of the ice patch is 10 meters.

In order to evaluate the performance of the vehicle and its chassis control systems,
three plots are examined. First, the trajectory of the vehicle is analyzed to determine

whether the vehicle becomes unstable and leaves the predefined road. The maximum

lateral deviation of the vehicle with respect to the desired straight-line trajectory (AY,..)

Is measured. This lateral deviation should be as small as possible. In addition, the braking

distance of the vehicle (AXx, .., ) is measured, which indicates the efficiency of a stability

controller in emergency braking situations. The braking distance is the distance that the
vehicle travels after the start of the braking action, and should be kept as small as
possible. Next, the yaw rate and sideslip angle of the vehicle are plotted as functions of
time. The gradients of these two plots indicate whether the vehicle becomes unstable and

the extent to which the vehicle is sensitive to external disturbances. Moreover, the

maximum yaw rate (|y7| ) and sideslip angle (|| _ ) are measured from these plots. It

is desirable to have small values for these two factors. Note that, in cases where an active
steering system is used, it is also necessary to plot the steering angle of the vehicle as a
function of time so that the activity of the active steering system can be analyzed. Table
2-1V summarizes the requirements for a desirable vehicle response during a straight-line

braking maneuver on a p-split road.

Parameter AY o Axbraking |‘/7 |max |ﬂ |maX

Requirement small small small small

Table 2-1V: Criteria for desirable vehicle response during a straight-line braking maneuver on a p-split road

2.1.2 Comprehensive evaluation of chosen test maneuvers

As mentioned earlier, a comprehensive evaluation of the dynamic characteristics of a
vehicle and the effectiveness of different chassis control systems can only be obtained
when the results of different test maneuvers are combined and evaluated as a whole. Four
test maneuvers are used in this work to provide important information about different
aspects of the dynamic behaviour of the vehicle and the effectiveness of each chassis
control system. The results of these test maneuvers are evaluated with respect to four

main performance characteristics: handling, stability, path-following capability, and
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longitudinal dynamics. Such an approach makes it possible to evaluate the influence of
each chassis control system on the reaction of the vehicle to the steering wheel input
(handling), as well as the stability, path-following capability, and longitudinal dynamics
of the vehicle during a maneuver. In this regard, each parameter measured during a test
maneuver is assigned to one or more of the four main performance characteristics, as
illustrated in Figure 2-4. The improvements in the dynamic behaviour of the vehicle are
evaluated with respect to the uncontrolled vehicle, and the effectiveness of each chassis
control system is estimated using the following quantitative assessment:

3 = very useful, very effective

2 = useful, effective

1 = useful and effective to some extent

0 = no influence, ineffective

Once the effectiveness of each candidate controller has been evaluated based on
the four aforementioned driving maneuvers and with respect to the four main
performance characteristics, a final comprehensive evaluation is performed in which the
mean value of all individual test results within a category is calculated. In this way, each
candidate controller can be compared to the others in terms of the four main performance

characteristics.

Characteristic Handlin Stabilitv Path Longitudinal
Maneuver < ’ - following dynamics
|‘B|max ’ |w max ? |5SW max .
Double-lane-change . ‘ Al ‘l// ‘m Viase
Step-steer Iy 1, PO, |8 |maX

Brake-in-turn |‘B|max ’ |w max ? |§SW max ‘ﬁ max 7 t/j‘max Aymax

Straight-line ]

braking on a B e W AV DX,

L-split road

Figure 2-4: Important properties of the dynamic behaviour of the vehicle evaluated by each test maneuver
2.2 Modelling the behaviour of a driver

In order to evaluate the handling and performance of the vehicle in the design stage and
the effectiveness of different chassis control subsystems before implementing them in a
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real vehicle, the simulation of a large number of different maneuvers is necessary. As
discussed above, there is a significant difference between open-loop test maneuvers,
which are defined by chronological control inputs and are routinely used for the
subjective evaluation of handling performance, and closed-loop test maneuvers, which
primarily involve a path-following task. However, in order to realize these test maneuvers
in the simulation environment, not only is a mathematical vehicle model needed for every
test maneuver, but a driver model must also be designed to simulate the closed-loop test
maneuvers. The role of the driver model is to calculate the control inputs required to
successfully follow a predefined path. Such a driver model can be implemented as an
inverse dynamics problem [Dix96] or by a representation of a driver that can look ahead,
preview the path, and change the steering wheel angle accordingly [Guo93, Oez95].
There exist a variety of controllers suitable for modelling driver behaviour, some
of which are more complex than the others. Therefore, one should first choose the level
of modelling fidelity required to achieve the task at hand, based on the needs of the
simulation. In general, driver models fall into two main categories: optimum control
models and moment-by-moment feedback models [Blu04]. Optimum control models use
some form of penalty function as a measure to assess the quality of the control achieved.
These models use repeated simulations of a specific event and numerical optimization
methods to tune the parameters of the driver model such that the value of the defined
penalty function is minimized over the duration of the event of interest. Although
optimum control models are suitable for learned events, such as the circuit driving of race
cars, some care must be exercised with their use for evaluating the performance of regular
passenger cars. Since the average driver of a passenger vehicle is generally unskilled, the
application of modelling techniques in which repeated simulations are used to discover
the so-called ‘best’ way of achieving a maneuver may not be an appropriate way of
simulating an emergency situation, where the driver has only one attempt to complete the
maneuver [Guo93, Mac96]. Moment-by-moment feedback models are a subset of the
optimum control models, with the difference being that the feedback parameters of the
controller are set once by the analyst and remain constant thereafter. Although these
models are less appropriate for predicting the driver behaviour for circuit racing, they add
clarity in understanding the vehicle behaviour and driver inputs when driving through a
test maneuver [Sha00]. Such driver models are also more appropriate for understanding
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the effects of different chassis control systems on both the vehicle and the driver when

driving through closed-loop test maneuvers.

2.2.1 Development of a path-following driver model

With these facts in mind, a moment-by-moment feedback driver model that is similar to
the model described in [Oez95] is developed in this work, but is enhanced with a more
sophisticated path previewing technique. The driver model described in [Oez95] uses a
single-preview-point steering control model, whose objective is to steer a ground vehicle
along a reference line located in the middle of the lane to be followed. In this regard, a
single arbitrary look-ahead point is defined along the local longitudinal axis of the
vehicle, and the distance between the look-ahead point and the reference path is defined
as the “look-ahead offset”. The required steer angle is then calculated as a function of the
look-ahead offset, vehicle longitudinal velocity, and various vehicle parameters. A linear
bicycle model is used, as illustrated in Figure 2-5, to obtain the following linear state-

space equation [Oez95]:

Caf +Car U+ b'car _a'Caf Caf
Vv m..-u M- -u Vv m
e CG X CG2 ) " s (2.3)
r b-C,-a-C, a“-C,+b"-C, | |r| |a-C,
l,-u l,-u I,

where u, v, and r are, respectively, the longitudinal, lateral, and yaw rate vectors of the
vehicle, and u=|t|, v=|v|, and r=y =|r| are the magnitudes of these vectors. In
addition, a and b are the distances of the front and rear axles to the vehicle center of
gravity, meg is the vehicle mass, I, is the yaw moment of inertia, Jis the steering angle of

the front wheel, and C and C, are the total cornering stiffnesses of the front and rear
tires, respectively. As illustrated in Figure 2-5, V indicates the velocity vector of the
vehicle’s center of gravity, whose magnitude is V = M =yu?+Vv? . Note that the vehicle

coordinate axes are in accordance with the ISO 4130 and DIN 70000 standards, where the
Z direction points upwards, the X-axis is along the vehicle longitudinal axis and points
towards the front of the vehicle, and the Y-axis points left when viewing along the

positive X direction.
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+Y axis

\4—6

+X axis

Figure 2-5: Linear bicycle model used for developing the driver model

Figure 2-6 illustrates the vehicle motion along a desired circular path of radius R,
where the distance between the center of gravity of the vehicle and the look-ahead point
is defined as look-ahead distance (d), the distance between the look-ahead point and the
point on the curve closest to it is defined as look-ahead offset (0), and the distance
between the look-ahead point and the center of the curve is defined as h. By considering
the steady-state motion of the vehicle along the curve, where the vehicle perfectly tracks
the desired path, explicit expressions are obtained for the variables Vg, rss, Vss, &, Oss, and
hss. All of these expressions are in terms of the vehicle longitudinal speed u, the radius of
curvature R, and the vehicle parameters. Note that the subscript ‘ss’ indicates that the
values are calculated when the vehicle is in a steady-state condition, where v=¥¢ =0, the
center of gravity of the vehicle perfectly tracks the desired curve, the velocity vector V is
tangent to the curve, and the longitudinal velocity u is held constant. At steady-state,

equation (2.3) becomes the following:

Caf +Car b'car _a.caf Caf
- —u+
M-~ -U M- -U Y m
_ CG , CG ) s CG . 555 (24)
b.Car_a'Caf a .Caf+b .Car rSS a'Caf
l,-u l,-u I,

From equation (2.4), the steady-state lateral velocity (vss) can be calculated as a function

of the steady-state yaw rate (rs) as follows [Oez95]:

2
a-My-U
Vo =T-r,, where T=b- —

ss? m (25)
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Center of Turn T

Desired Path
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of the Vehicle
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Look-ahead Point

Figure 2-6: Steady-state vehicle motion along a circular path of radius R

In general, the following statements can be made for a vehicle in steady-state circular
motion [Oez95]:

V= U +V2 (2.6)
Vo =R-1g (2.7
One can now obtain new expressions for rs and & from equations (2.4) to (2.7) that are

only in terms of the vehicle longitudinal speed u, the radius of curvature R, and vehicle

parameters [Oez95]:

-4 (2.8)

I

Me.-U>-(a-C . —b-C
5=t |a+bhoree (2-Co o) (2.9)

== JrRE_T% (a+h)-C,, -C,,
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According to equation (2.5), the largest value for T is always less than b, which is the
distance of the rear axle to the vehicle center of gravity. Since, in reality, a vehicle with
front steering system can never have a radius of curvature less than its wheelbase,
equations (2.8) and (2.9) will never encounter a singularity problem.

In order to calculate an appropriate expression for the steady-state look-ahead

offset oss, where o, =h, — R, an expression for hg is first defined as follows [Oez95]:

h, =Jd2+R2—2R-d -cos(%Jrﬁj =\/d2+R2—2R~d \‘;— (2.10)

Using equations (2.5), (2.7), and (2.10), the final expressions for hss and o are obtained
as follows [Oez95]:

h,=vd?+R?+2-d-T (2.11)

0,=vd?+R*+2.d-T -R (2.12)

Finally, from equations (2.9) and (2.12), the ratio between the desired steering input &

and the look-ahead offset o is calculated as follows [Oez95]:
M -u*-(a-C,, —b-C

5. R‘Zl—T2 '({Hb_ e +(b)-C:: C, a)J

0. JRZ+d?12.d-T -R

At this point, two important assumptions are made by the authors of [Oez95] in order to

(2.13)

simplify equation (2.13). First, using Taylor’s expansion:

VX eeR, x>0; if lel g = xre=x+—2= (2.14)
X 2x
. d-(d+2-T . .
and assuming that %«1, equation (2.13) can be rewritten as follows

[Oez95]:

mCG-uz-(a-Caf—b-Cm)J

2-[a+b— (@+h).C.-C
+ . . r
S _ ol (2.15)

OSS T2
1=z od-(d+2.T)

. T f 2 .
Next, by assuming that %« land, thus, 1—% ~1, equation (2.15) can be further

simplified as follows [Oez95]:
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9. a+b—mCG 'uz'(a'caf _b'Car)
5 (a+b)-C, -C,,

ss 'Oss
d-(d+2-T)

(2.16)

Equation (2.16) indicates that the steering angle required to keep the vehicle on a circular
path when in steady-state motion is a function of the look-ahead offset og, the vehicle
longitudinal velocity u, the look-ahead distance d, and various vehicle parameters. It is
important to notice that equation (2.16) is independent of the radius of curvature R, which
makes it attractive for use in a driver model that is suitable for every possible road
profile. Moreover, since equation (2.16) is a function of vehicle forward velocity, it
updates itself as the vehicle speed changes, as in a gain scheduling controller. The
stability of this steering controller has been proven analytically in [Oez95] using the
Routh-Hurwitz technique.

Many researchers believe that using a single preview point for describing a driver
model is unrealistic and, therefore, unsatisfactory [Guo93, Mac96, Sha00]. If the look-
ahead point is too far in front of the vehicle, it will be inappropriate to act on the preview
information at the time of its acquisition, and the information has been lost by the time it
is useful. On the other hand, if the look-ahead point is too close to the vehicle, it
necessarily causes very poor control, especially at higher speeds. Moreover, if the road
profile is complex, a single-preview-point model can result in a situation where its
information does not coincide with the current state of the vehicle, even with a proper
look-ahead distance (Figure 2-7-a). Realistically, one cannot imagine that a human driver
only uses the information from a single look-ahead point in order to make an appropriate
decision on how to adjust the steering wheel.

In order to solve this problem, the single-preview-point driver model described by
equation (2.16) is enhanced in this work by taking two additional steps. First, the look-
ahead distance is redefined to be a function of the vehicle longitudinal velocity and the

driver’s reaction time, as described in the following:

ook _anead () = Aoongt + tariver U(L) (2.17)
where dconst 1S @ constant distance that the driver will look ahead, even at lower velocities,
tariver 1S the reaction time of the driver, and u is the vehicle longitudinal velocity. Notably,
the constant distance that the driver looks ahead is chosen to be 4 meters and the reaction

time of the driver is 0.7 seconds. Equation (2.17) indicates that the faster the vehicle is
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driven, the longer the look-ahead distance will be, which corresponds well with the
reaction of a real driver. In the second step, five preview points are defined on the
“optical lever” of the driver, which is along the local longitudinal axis of the vehicle,
between the vehicle center of gravity and the look-ahead distance. The coordinates of the
preview points on the optical lever of the driver are calculated as follows [Sha00]:
{pr,i (£) = Xea (1) + K; - Aoy _aneaa (1) - COS(/ (1))

Yop.i (1) = Yoo (1) + Ki - g _aneaa (1) - SiN(y (1))

where Xpp,i(t) and yppi(t) are the coordinates of the i preview point, and Xca(t) and yoo(t)

(2.18)

define the coordinates of the vehicle center of gravity at time t in the global reference
frame, respectively. K; is the relative distance between the i preview point and the
vehicle center of gravity on the optical lever, diook-anead(t) IS the look-ahead distance
defined in equation (2.17), and yAt) is the vehicle yaw angle at time t. The lateral offset of
each preview point from its corresponding point on the desired path is calculated as the
distance between the preview point and the desired path, measured along a line that is

perpendicular to the optical lever, as shown in Figure 2-7-b.

Multiple-preview-point
Driver Model

Single-preview-point
Driver Model

‘ Preview
point

Figure 2-7: (a) Single-preview-point and (b) multiple-preview-point driver models

The new look-ahead offset is then defined as the weighted sum of all the lateral offsets:

(1) = (Ve (1) — Vi (1)) -COS (1 (1)) — (e s (8) — X5 (0)) -5 (1)) (2.19)
o) =>(G,-e (1) (2.20)

where ei(t) is the lateral offset, xgi(t) and yri(t) are the coordinates of the intersection
between the line perpendicular to the optical lever and the desired path, and G; is the
control gain of the i preview point. Note that the control gains of the driver model are
derived in an ad hoc fashion based on intuition, not on any formal optimization scheme.

The following control gains are chosen for the driver model: G; =3, G, =5,G3=4, G4 =
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1, and Gs = 0.5. The new driver model is described by combining equations (2.16) and
(2.20) as follows:

2. a+b_mCG-u2(t)-(a~Cm _b'car)
(a+b)-C, -C,

o, (t) =

-i(c;i & (1) (2.21)

a-m.. -u?(t -
dlook—ahead (t) : [dlookahead (t) +2- (b — (;”CG(a_'_t(J))}J

It is important to note that one can also add an orientation error, the error between the
desired and actual vehicle yaw angles, to equation (2.20) in order to make the steering
input of the driver model a function of position error as well as orientation error.

However, in this work, only position error is considered.

2.2.2 Development of a speed-control driver model

As mentioned earlier, one of the tasks of a driver model is to adjust the brake and
accelerator pedal positions such that the deviation between the desired and actual vehicle
speeds is minimized. In order to do this, a gain scheduling PID controller is developed as
the speed controller for the AUTO21EV. PID controllers are very popular and are widely
used in industry because of their simple structure and robust performance in a wide range
of operating conditions. The design of such controllers requires the specification of three
parameters: the proportional, integral, and derivative gains. The important problem of
tuning a PID controller involves finding appropriate settings for these three gains. The
conventional approach to defining the PID parameters is to study a mathematical model
of the dynamic system and attempt to derive a fixed set of gain parameters that are valid
in a wide range of operating conditions. One well-known example of such an approach is
the Ziegler-Nichols method [Zie42]. Such a method works well for processes or dynamic
systems that can be modelled using linear first- or second-order systems; however, most
real industrial processes or dynamic systems have characteristics such as higher-order
dynamics, dead-zones, or nonlinearity that make modelling them with simple linear
systems inaccurate. Therefore, in the last couple of decades, there have been some efforts
to find and improve tuning methods that can update the gain parameters of PID
controllers at any instant based on a structurally fixed parameter-evolving process model.

One of these tuning methods is adaptive control, which uses a control scheme that
is capable of modifying its behaviour in response to changes in the dynamic system.

There are three well-known adaptive control schemes: gain scheduling, model-reference
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adaptive control, and self-tuning regulators. The gain scheduling technique is based on
the adjustment of controller parameters in response to the operating conditions of a
dynamic system. This type of control system is particularly useful when the variations in
the dynamic system are predictable and when the control parameters need to be adjusted
quickly in response to these variations [Kar04]. Figure 2-8 shows a block diagram of the
gain scheduling speed controller developed in this work. As shown in the figure, the
difference between the driver’s speed request and the actual vehicle speed is measured
and amplified by the PID controller at each time step; the PID controller then outputs the
required motor torque at each wheel accordingly. At this stage, it is assumed that the

torque calculated by the gain scheduling speed controller (T, ) is applied to each

Driver,req
wheel. In other words, the total amount of torque that is applied to the vehicle is equal to
the following:

T ,=4xT

total

(2.22)

Driver,req

In this case, the required motor torque (T, ) is the input to the in-wheel motor

Driver,req
controller described in [Vog07]. However, it is important to note that the required motor
torque at each wheel may be modified by the advanced slip controller and/or the
advanced torque vectoring system, which will be discussed later, depending on the
traction potential of the tire or the vehicle driving dynamics.

The proportional (K;), integral (K;), and derivative (K;) gains of the gain

scheduling PID controller are all defined to be proportional to the vehicle forward speed,

as follows:
Gain
Scheduler
Desired Required Actual
Longitudinal 1|\_’1°1°r Longitudinal
Velocity ~ PID orque Vehicle Velocity
Controller Model

Figure 2-8: Block diagram of the gain scheduling speed controller
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Ki=K, U, (2.23)
Ki =K, Uy (2.24)
K=K, U, (2.25)

where Kp = 70, K; = 0.05, and Kp = 0.05 are constant gains and u is the actual
longitudinal speed of the vehicle. Thus, the following equation describes the output of the
gain scheduling PID controller:

t) =K. -e+K:- je dt+ K2 ‘;t (2.26)

req

where e=u,, —U,, is the difference between the desired (ugs) and actual (ua) vehicle

act
speed. Since the proposed gain scheduling PID controller is part of a digital control

system, the derivative and integral parts of the controller are approximated as follows:

j e-dt= % e(t)+e(t-T,)) T, (2.27)
de _e(®)—et-T,) (2.28)
dt T '

S

where t is the current simulation time and Ts is the sampling time. It is important to notice
that the controller gain parameters, namely Kp, K;, and Kp, are tuned manually using a
trial-and-error approach such that a sufficiently fast response with no overshoot is

obtained over the entire speed range.

2.3  Evaluation of the path-following and speed-control driver models

The performance of the proposed path-following driver model, described in equation
(2.21), is evaluated using two test maneuvers. First, a severe 1ISO double-lane-change
maneuver with obstacle avoidance is used to evaluate the performance of the driver
model. As mentioned before, the ISO double-lane-change maneuver is a closed-loop test
maneuver typically used to adjust the dynamics of a vehicle based on the subjective
evaluations of professional drivers. In addition, the complexity of the course used in this
maneuver is a good example for demonstrating the performance of the path-following
driver model.

Figure 2-9 illustrates the concept behind the path-following driver model. At each

time step, the driver model looks ahead along the vehicle longitudinal axis and calculates
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the look-ahead offset as the weighted sum of five lateral offsets. As mentioned earlier,
each lateral offset is calculated as the distance between the preview point and the desired
path measured along a line that is perpendicular to the optical lever. Using equation
(2.21), the driver model changes the steering wheel angle based on the look-ahead offset,

the vehicle longitudinal speed, the look-ahead distance, and vehicle parameters.

— ——- Desired Trajectory = =eeeeeeeen Look-ahead Distance

—— Actual Trajectory ] Preview Point
— 6
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c
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X Position [m]

Figure 2-9: Path-following driver model concept in a double-lane-change maneuver

Figure 2-10-a illustrates the vehicle trajectory when driving through the double-
lane-change maneuver at 40 km/h. In this simulation, the full AUTO21EV vehicle model
developed in the ADAMS/View environment is used (Appendix A), which is equipped
with tires using the Pacejka 2002 [Pac02] tire model. The simulation time is 8 seconds
with a sample time of 1 millisecond. A fixed-step fourth-order Runge-Kutta solver is
used to integrate the dynamic equations of motion. As shown in the figure, the path-
following driver model is able to steer the vehicle through the desired path such that the
actual vehicle trajectory matches well with the desired one. Figure 2-10-b illustrates the
steering wheel input applied by the driver model, and Figure 2-10-c shows the vehicle
yaw rate with respect to the driver’s steering wheel input. Note that the steering system
has a gear ratio of 1:18 (Appendix A). Figure 2-10-c demonstrates the handling
capabilities of the vehicle, as the closer this plot is to a straight narrow line, the more the
vehicle behaves like its reference bicycle model, which indicates better responsiveness of
the vehicle to the driver’s steering input. Looking at the vehicle yaw rate and sideslip
angle shown in Figure 2-11, it is clear that the actual vehicle yaw rate is very close to the
desired yaw rate, which is calculated using the reference bicycle model (Chapter 4,
equation 4.12). Moreover, the vehicle sideslip angle is very small — less than 0.4 degrees

—which indicates a slight understeering behaviour of the vehicle.
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Figure 2-10: (a) Desired and actual vehicle trajectories, (b) driver’s steering wheel input, and (c) vehicle
yaw rate with respect to the steering wheel angle when driving through a double-lane-change maneuver at
40 km/h using the path-following driver model

In order to investigate the behaviour of the driver model in the nonlinear operating
regime of the vehicle, the double-lane-change maneuver is repeated at a speed of 75
km/h. Figure 2-12-a illustrates the vehicle trajectory when driving through the double-
lane-change maneuver. Due to the fact that the vehicle is operating at its physical limit,
the path-following driver model is unable to exactly match the actual vehicle trajectory
with the desired one; however, the driver model is able to keep the vehicle under control
throughout the entire maneuver, using counter-steering at some points. Figure 2-12-b
shows the driver’s steering wheel input which, in comparison to that shown in Figure 2-
10-b, is much larger. Figure 2-12-c illustrates the vehicle yaw rate with respect to the
driver’s steering wheel input, which is considered to be a handling performance figure.
Comparing this plot with Figure 2-10-c, it is clear that the phase shift between the vehicle
yaw rate and the driver’s steering wheel input is much larger when driving through the
double-lane-change maneuver at a high speed, which ultimately indicates that the vehicle
responsiveness has been reduced. Figure 2-13 illustrates the vehicle yaw rate and sideslip
angle for this maneuver, and confirms that the vehicle was operating within its physical

limits.
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Figure 2-11: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when driving through a
double-lane-change maneuver at 40 km/h using the path-following driver model
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Figure 2-12: (a) Desired and actual vehicle trajectories, (b) driver’s steering wheel input, and (c) vehicle
yaw rate with respect to the steering wheel angle when driving through a double-lane-change maneuver at
75 km/h using the path-following driver model

The second test maneuver that is used to evaluate the performance of the multiple-
preview-point path-following driver model is a steady-state constant radius cornering
maneuver. Here, the AUTO21EV is driven through a circular path with a radius of 75
meters. The driver model attempts to keep the vehicle on the predefined path while the
vehicle speed is continuously increasing from an initial speed of 5 km/h to a maximum
speed of 90 km/h. As illustrated in Figure 2-14-a, the driver model is able to keep the
vehicle on the predefined circular path even at higher velocities. Figure 2-14-b shows the
steering wheel angle that the driver model applies to keep the vehicle on the circular path.
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As can be seen, the driver model continuously adjusts the steering wheel angle in order to
keep the vehicle on the desired path. As the vehicle speed is increased, the driver model
applies a larger steering wheel angle, thereby generating larger lateral forces on the front
axle in order to compensate for the larger centripetal acceleration. Figure 2-14-c
illustrates the desired and actual vehicle forward speeds as functions of time. This figure
confirms the performance of the gain scheduling PID speed controller, as the actual

vehicle speed precisely follows the driver’s speed request.
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Figure 2-13: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when driving through a
double-lane-change maneuver at 75 km/h using the path-following driver model
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Figure 2-14: (a) Desired and actual vehicle trajectories, (b) required steering wheel angle applied by the
driver model, and (c) desired and actual vehicle longitudinal speeds when driving through the steady-state
constant radius maneuver using the path-following and speed-control driver models
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The steering wheel angle applied by the driver model as a function of vehicle
lateral acceleration is illustrated in Figure 2-15-a. It is apparent that the steering wheel
angle has a linear gradient up to a lateral acceleration of 4 m/s? and then progressively
increases as lateral acceleration grows. This plot very clearly indicates the understeering
characteristic of the AUTO21EV. In fact, the slope of the linear region of this curve is
equal to the understeering gradient of the vehicle calculated in the design stage [Bod06].
As illustrated in Figure 2-15-b, the gradient of the sideslip angle is approximately linear
for the majority of the lateral acceleration range, which indicates good vehicle handling.
The maximum sideslip angle of the vehicle is measured as |ﬁ|maX =5.7", which is
acceptable. Moreover, the maximum lateral acceleration is calculated to be 8.3 m/s?
which is acceptable for a small vehicle like the AUTO21EV. This value indicates a good

usage of the adhesion potential on all tires in order to keep the vehicle on its desired path.

The steering ratio can be calculated as the ratio of the steering wheel angle at the

beginning of the circular path (o, =25.8"), where the lateral acceleration is small, and

the Ackermann angle (6, = a_;b = % =1.375"), as follows:
I =55—W=25—'80:18.8 (2.29)
o, 1375

This ratio agrees well with the steering ratio of the AUTO21EV calculated in the design
stage [Bod06].
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Figure 2-15: (a) Driver’s steering wheel input and (b) vehicle sideslip angle as functions of vehicle lateral
acceleration when driving through the steady-state constant radius maneuver using the path-following and
speed-control driver models
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In order to further evaluate the performance of the gain scheduling PID speed
controller, the vehicle is accelerated and then braked in a stepwise speed-variation mode
while driving in a straight line. In this test, the driver first increases the vehicle speed
from 10 km/h to the maximum speed of 90 km/h in increments of 20 km/h. Next, the
driver reduces the vehicle speed back to 10 km/h, again in a stepwise manner. Figure 2-
16 illustrates the driver’s speed request and the actual vehicle speed response for this
maneuver. As can be seen, the actual vehicle velocity follows the driver’s request very
well, without causing any overshoot or significant over-damped conditions. Note that the
torque of the in-wheel motors reduces as the vehicle drives faster as a result of the
undesirable induction voltage produced by the permanent magnets. Consequently, the
acceleration response at lower speeds is faster than that at higher speeds (Figure 2-16).
This effect is confirmed by Figure 2-17, which illustrates the motor torques during this
maneuver. Note that, at the beginning and end of the test maneuver, where the vehicle is
travelling at lower speeds, the maximum motor torque is available at each wheel; as the
vehicle speed increases, the maximum possible motor torque decreases. It is important to
notice that the slip controllers on the front axle have limited the motor torques at the
beginning of the maneuver in order to avoid tire spin-out, and the slip controllers at the
rear wheels have limited the motor torques at the end of the maneuver in order to avoid
tire lock-up [Jal10]. The development of the fuzzy slip controller is the subject of the next

chapter.
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Figure 2-16: Stepwise speed request from the driver model and the actual speed of the vehicle
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Figure 2-17: Motor torques during the stepwise speed variation test when driving in a straight line
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In the last 30 years, advances in electronics have revolutionized many aspects of the
automobile industry. Areas like engine management and safety systems, such as anti-lock
braking systems (ABS), traction control systems (TCS), and electronic stability control
(ESC) systems, have received particular attention. These safety systems involve the use
of electronic control units to modulate the brake and accelerator pedal inputs provided by
the driver in order to control the slip of individual tires during emergency braking (ABS)
or accelerating (TCS), or to control the stability of the vehicle by braking individual
wheels (ESC) [Zan00, Alb96, Ack99].

ABS is by no means a new innovation, and its development and acceptance has
occurred over a number of decades. The first ABS system was developed by Dunlop
Maxaret in 1952, and was used on aircraft landing systems [Vel01]. In 1978, Robert
Bosch GmbH introduced the modern anti-lock braking system for passenger vehicles
[Mar02-a, Mar02-b]. By the 1990s, ABS was a common option on many vehicles, and is
now a standard feature, or at least an optional feature, on nearly all new vehicles. In 1971,
the Buick division of GM introduced MaxTrac as the first TCS, which was used to detect
rear wheel spin and modulate the engine power delivered to those wheels in order to
provide the most traction possible. Since then, more sophisticated TCS systems have
been developed by different companies, such as Cadillac and Robert Bosch GmbH, and
involve an engine management controller that cooperates with the brake system in order
to prevent the driven wheels from spinning out. A comprehensive overview of the
history, operation, and types of slip control systems can be found in [Bur93].

The primary task of a slip control system, such as ABS or TCS, is to influence the
longitudinal dynamics of a vehicle by preventing the tires from locking up when braking
or spinning out when accelerating, thereby enhancing the directional stability of the
vehicle. According to a study conducted by the Monash University Accident Research
Centre, ABS has reduced the risk of multiple vehicle crashes by 18% and the risk of run-
off-road crashes by 35% [Bur0O4]. Another study conducted by the National Highway
Traffic Safety Administration (NHTSA) confirms that a statistically significant decrease
in multi-vehicle crashes and fatal pedestrian strikes is achievable using an ABS system
[Maz01]. As a result, the European Automobile Manufacturers Association has been
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committed to equipping all new vehicles with ABS since 2003 [Bur04]. Figures from the
United States suggested that about 95% of new vehicles were equipped with ABS in 2003
[VelO1].

3.1 Conventional slip control systems

Conventional slip control systems use the hydraulic brake system and/or the engine
management controller in order to control the tire slip ratio, thereby influencing the
longitudinal dynamics of the vehicle. Slip control systems are closed-loop control devices
that prevent tire lock-up and spin-out during braking and acceleration, respectively. In a
closed-loop control system, the measured response of a physical system is compared to a
desired response, and the difference between these two responses initiates actions that
will cause the actual response of the system to approach the desired response. Preventing
tire lock-up and spin-out helps maintain the stability and steerability of the vehicle.

An ABS system detects the onset of wheel lock-up due to a high braking force,
and then limits the braking pressure to prevent wheel lock-up. An ABS system is
considered a stand-alone system (it can be installed independently of other control
systems), and consists of a wheel speed sensor, a hydraulic modulator, and an electronic
control unit (ECU) for signal processing, control, and triggering the actuators in the
hydraulic modulator [Bos07]. The ECU recognizes wheel lock-up by detecting sharp
increases in wheel deceleration, and reduces the braking force in a closed-loop process
until the lock-up situation vanishes. The cyclic application and reduction of the braking
force ensures that the brakes operate at or near their most efficient operating point and the
vehicle maintains steering control. This cyclic application is also responsible for the
pulsation that a driver feels through the brake pedal when the system is activated. In
general, when a driver presses the brake pedal, the brake slip increases until the point of
maximum friction between the tire and the road surface is reached, which is the limit
between the stable and unstable regions. At this point, any increase in brake pressure will
reduce the friction between the tire and the road surface, and the wheel will tend towards
skidding. In a vehicle with a conventional braking system, as the wheels tend towards
lock-up, the lateral force potential of the tires that enables steering is greatly reduced, and
approaches zero when the wheels are fully locked. By preventing wheel lock-up,

however, the lateral force potential of the tires is maintained at a high level, allowing the
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driver to retain steering control during emergency braking. Therefore, the task of an ABS
system is to use the friction coefficient between the tires and the road surface in an
optimal fashion in order to minimize the braking distance while retaining steerability.
Tire slip can also be controlled in an acceleration mode using a combination of
the hydraulic brake system and the engine management controller to prevent tire spin-out.
This task is accomplished by a TCS system, which is a constructive add-on to an existing
ABS system and cannot be installed alone. In a TCS, the ECU recognizes wheel spin-out
by detecting sharp increases in wheel acceleration. The ECU then reduces the engine
torque through the engine management controller in a closed-loop process to reduce the
traction force on the driven wheels. If the ECU was unable to prevent a spin-out situation
using this first method of intervention, it operates the brakes in order to stop the wheel
from spinning out. The cyclic application and the cooperation between the engine
management controller and the brake system together ensure that the friction coefficient
between the tires on the driven wheels and the road surface is used in an optimal fashion,
maximizing the traction force while retaining stability and steerability. Note that the aim
of a TCS system is defined based on the vehicle configuration. In a front-wheel-drive
(FWD) vehicle, TCS aims to maximize the traction force while retaining steerability,
whereas in a rear-wheel-drive (RWD) vehicle, TCS intends to maintain vehicle stability

while maximizing the traction force.

3.2 Development of an advanced fuzzy slip control system

In Chapter 1, two different methods of adjusting the tire slip ratio in a slip control system
are explained. As explained earlier, the tire slip ratio can be controlled either by limiting
the maximum possible slip ratio to a fixed amount or by adjusting the tire slip ratio such
that the maximum possible traction force can be generated at all slip angles. On the other
hand, the adhesion coefficient versus tire slip ratio plot shown in Figure 3-1 suggests that
the maximum adhesion coefficient for different road conditions can be generated at a slip
ratio of about 15%. Although this limit closely corresponds to the position of the peak
adhesion coefficient for only a dry road, the descending slopes associated with other road
conditions are small up to this slip limit; thus a slip ratio of 15% can be considered to
represent the maximum traction at other road conditions as well. With this in mind, and

noting that higher vehicle stability is more advantageous than maximum traction when
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driving in a curve, the limited tire slip ratio method from Chapter 1 has been chosen for
the advanced fuzzy slip controller of the AUTO21EV.
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Figure 3-1: Typical adhesion coefficient characteristics as a function of tire slip ratio for different road
conditions

The actual slip ratio of each tire is calculated as a positive number using the

following equations for brake and acceleration modes, respectively:

Vi, .~ @l
W w,i'dyn,i -
ﬂbrake,i - If Vw,xi' 2 O’ a)w,i 2 0' and a)w,irdyn,i < Vw,xi’ (31)
Vi
ww,irdyn,i - Vw,xi’ .
el | Vyx 20, @,; 20, and @,;ly,; = Vi (3.2)
a)w,irdyn,i

where i € {FL, FR, RL, RR}, v,, . is the speed of the wheel center along the wheel plane,

rayn IS the dynamic tire radius, and ay is the angular velocity of the tire. It is important to
note that, although all of the variables mentioned above are accessible in a simulation
environment, they must be measured or estimated in real life. The dynamic tire radius,
which is also known as the effective tire radius, is the ratio of the linear velocity of the
wheel center in the longitudinal direction to the angular velocity of the wheel [Blu04].
Although the dynamic tire radius has to be estimated in real life, in this work for
simplicity, the calculated dynamic tire radius is deployed directly from the tire model at
each time step. Note that the static loaded tire radius, which is the loaded radius of a
stationary tire inflated to the normal recommended pressure, is also used in the literature,
but it is associated with high inaccuracy [Bei00, Kie05]. If the vehicle travels in a straight
line and the tires roll freely without skidding and without any torque applied to them, the

speed of the wheel center along the wheel plane is equivalent to the speed of the center of
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gravity of the vehicle. In the presence of simultaneous longitudinal and lateral wheel
slips, however, the wheel center speeds are estimated by transferring the vehicle velocity
(Vg ) to the wheel centers [Kie05].

Figure 3-2 illustrates a two-track model of the vehicle in the horizontal plane,

which can be used to calculate the wheel speeds. The vehicle velocity V., and the

magnitudes of the longitudinal a., and lateral a., 6 accelerations are calculated as

follows:

Vee = Voo €+ Voo y "€, (3.3)
8cex =Veex ~Veey "W (3.4)
8cs,y =Vea,y T VeV (3.5)

Figure 3-2: Planar two-track vehicle model
where €, and €, are unit vectors along the longitudinal and lateral axes of the vehicle,
respectively, v, and v, are the longitudinal and lateral speeds of the vehicle, and y

is the vehicle yaw rate. In real life, the longitudinal (v.;,) and lateral (Vg ,)

accelerations of the vehicle are measured with two accelerometers, which are positioned

at the center of mass of the vehicle along the longitudinal and lateral vehicle axes,
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respectively. The yaw rate y is measured using a gyroscope positioned at the center of
gravity of the vehicle, along its vertical axis. It is important to note that, in real life, the
vehicle velocity (V.;) must be estimated as well. Three common methods of estimating

the vehicle velocity are as follows [Kie05, Bos07]:

e Transforming the measured wheel speeds to the center of gravity of the vehicle
and fusing the data from all rotational wheel speeds with the integrated
longitudinal acceleration signal,

e Using a Kalman filter, and

e Using a fuzzy estimator.

In this work, however, for the sake of accuracy and simplicity, the vehicle velocity is
obtained directly from the simulation environment and is not estimated.

The sideslip angle () of the vehicle, which is the angle between the direction of
motion of the vehicle and its longitudinal axis, cannot be measured directly using a
sensor. In this work, a neural network similar in structure to that proposed by Durali and
Bahramzadeh [Dur03] is used to estimate this angle. The neural network is constructed
using 3 layers and 5 hidden nodes, and is able to estimate the vehicle sideslip angle at the
current time step given the current steering wheel input, the current and two previous
lateral and longitudinal accelerations, and the two previous estimates of the sideslip angle
(Figure 3-3). This neural network is trained with data obtained by driving the vehicle
through several maneuvers at different speeds. As demonstrated by Figure 3-4, the
resulting neural network provides a reliable vehicle sideslip angle calculation when
driving through different maneuvers. Knowing the sideslip angle of the vehicle, the

longitudinal and lateral speeds of the vehicle are calculated as follows:
Vg x = Ve - €OS(5) (3.6)

Vee,y = Voo -sin(p) (3.7)

Looking at Figure 3-2, the wheel center velocities v,. can be calculated as follows

[KieO05]:
tf

EJéX +(Veoy +¥7-2)E, (3.8)

VW,FL = [VCG,X _V} ’
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vw,RL = Veo _‘/)‘_rjéx +(VCG,y _W'b)éy

) o
Virr =| Voo x ‘H//'Ejex +(VCG,y _‘//'b)ey

(3.9)

(3.10)

(3.11)

Note that all of these wheel center velocities are calculated with respect to the local

coordinate system of the vehicle.
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;) —» B (k1)
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Time delay blocks

Figure 3-3: Block diagram of neural network sideslip estimator proposed by Durali and
[Dur03]
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Figure 3-4: Performance of the neural network sideslip angle estimator during a double-lane-change

maneuver

According to equations (3.1) and (3.2), the slip ratio of a tire is calculated along

the wheel plane. Since the rear wheels do not steer, their local coordinate systems are
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parallel to the vehicle coordinate system. Thus, the portion of the wheel center velocity
along the x-axis from equations (3.10) and (3.11) can be used directly to calculate the
wheel slip for the rear tires:

~—+

Vixa, = Vi = Veox _V)'Er (3.12)
Vo Vo Voo +V 5 (313)

Note that v, and v, indicate the wheel center velocities of the rear-left and rear-

right tires with respect to the local coordinate systems of the wheels. The local coordinate
systems of the front wheels are rotated by the steering angle d, so equations (3.8) and
(3.9) must be transformed into the appropriate wheel coordinate systems. Looking at

Figure 3-5, the wheel center velocities of the front wheels can be calculated as follows:

t
Vist, =V, 1€0S(0) +V,, , -SiN(3) = (VCG’X —1/'/~Ef]~cos(§) +(VCG’y +1/)~a)-sin(5) (3.14)

t
Vot = Vi, “COS(8) +V,,.,-sin(S) :(VCG’X +z/)-5fj-cos(5)+(vceyy +y7-a)-sin(5) (3.15)

Figure 3-5: (a) Translational and (b) rotational tire motion

One advantage of the AUTOZ21EV is that both ABS and TCS systems can be
realized through the available in-wheel motors without using the conventional brake
system or engine management controller. The torque response of an electric motor is

several milliseconds, which is 10 to 100 times faster than that of an internal combustion
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engine or even a hydraulic brake system [Hor04]. When coupled with the ability to
individually control the wheel slip at each corner of the vehicle, this platform has allowed
us to design a very advanced slip control system for the AUTO21EV using its in-wheel
motors. Figure 3-6 illustrates the block diagram that is used to calculate the actual slip

ratio of the front-left (FL) tire as an example.

Calculating the

] i i
| AUTO21EV | v, . Actual Slip Ratio i
|

1

|

Vehicle "

enicie ¢ !
I l 0<a, <l
Model : : I
7 e oo, 1 T S ES i
req WS In-wheel - il ‘: ¢ "
[©  Motor(FL) | I Y I
] Pesaesseszasesennag, | I v an I
| i FR | 1 -1 [
RRRELERLS li; T: ................ . 1 1
D e e e : | >0 |
[ o 1 | 1 V12 1
. : : .

Figure 3-6: Block diagram for calculating the actual slip ratio of the front-left tire

Fuzzy logic control systems are robust and flexible inference methods that are
well suited for tackling complicated nonlinear dynamic control problems. As such, they
are ideal candidates for controlling the highly nonlinear behaviour inherent in vehicle
dynamics. Fuzzy control systems can tolerate imprecise information and can describe
expert knowledge in vague linguistic terms, which suits the subjective nature of vehicle
dynamics and slip control systems [Kar04].

The rule base of the fuzzy slip controller was designed using the slip ratio error

e(M) and the rate of change of the slip ratio error é(A) as the inputs; the corrective motor

torque T, is the output of the slip controller (see Table 3-I). The tire slip ratio error is

orr
calculated by comparing the actual tire slip with the desired slip limit at every time step.
The rate of change of the slip ratio error is calculated by subtracting the previous slip
ratio error from the current one, and dividing the result by the sample time of the

controller.
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Variable Definition
Input 1 e(A) =My~ Aer
: e(h), - e(h
Input 2 e = S Wy
sample time
OUtpUt Tcorr

Table 3-I: Definition of the input and output variables of the fuzzy slip controller

The controller inputs and output are normalized to simplify the definition of the
fuzzy sets. Four and seven fuzzy sets are used for the slip ratio error and the rate of
change of the slip ratio error, respectively, in order to provide enough rule coverage. Nine
fuzzy sets are used to describe the output of the fuzzy slip controller.

The fuzzy inference system processes the list of rules in the knowledge base using
the fuzzy inputs obtained from the previous time step of the simulation, and produces the
fuzzy output which, once defuzzified, is applied in the next time step. The Mamdani
fuzzy inference method is used, which is characterized by the following fuzzy rule

schema:

IFe()) is AAND &(1) is B THEN T,,,, is C (3.16)

corr
where A, B, and C are fuzzy sets defined on the input and output domains. The control
rule base of the proposed fuzzy slip controller is developed based on expert knowledge
and extensive investigation. Figure 3-7 illustrates the control rule base and control surface
of the fuzzy slip controller. The linguistic terms that have been used in this table are listed
in Table 3-11. The shape and distribution of the membership functions used for the input
and output variables of the fuzzy slip controller are shown in Figure 3-8. Since only

positive membership functions have been used for e(A) and the slip controller is only
activated when e(X) is negative (i.e., when the actual slip ratio of a tire is greater than the

slip limit), the slip ratio error must be converted into a positive number before entering
the fuzzy slip controller. This procedure is shown in Figure 3-9, where the block diagram

of the entire slip control system is illustrated.
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Control e(L)
Rule Base
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PL | NVL | NVL | NVL | NVL

TCOIT

(1)

Figure 3-7: Control rule base (left) and control surface (right) of the fuzzy slip control system

Acronym Linguistic Variable
NVL Negative Very Large
NL Negative Large
NM Negative Medium
NS Negative Small
ZE Zero
PS Positive Small
PM Positive Medium
PL Positive Large
PVL Positive Very Large
Table 3-11: Linguistic variables used in the fuzzy rules
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Figure 3-8: Shape and distribution of membership functions for the input and output variables of the fuzzy
slip controller
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Figure 3-9: Block diagram of the advanced slip control system for the front-left tire

3.3 Evaluation of the advanced fuzzy slip control system

The performance of the fuzzy slip controller is tested using four different maneuvers.
First, the AUTO21EV is accelerated in a straight line from 5 km/h to its maximum speed
of 90 km/h. The acceleration starts at 0.5 seconds into the simulation and the vehicle
reaches its maximum speed after 5 seconds (Figure 3-10-a). As illustrated in Figure
3-10-b, a maximum acceleration of about 0.85g is achievable up to a speed of 28 km/h,

where the maximum motor torques are available.
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Figure 3-10: (a) Vehicle speed and (b) vehicle longitudinal acceleration versus forward speed during the
straight-line acceleration maneuver

Figure 3-11 illustrates the slip ratio of each tire during the straight-line
acceleration maneuver. The plots shown in Figure 3-11 clearly indicate that the slip
controllers on the front wheels have limited the tire slips after the start of acceleration up
to about 1 second, where tire spin-out would have otherwise occurred due to the
availability of high motor torques and the dynamic weight shift to the rear axle.
Moreover, the slip controllers on the rear wheels are activated for a short period of time

(0.1 seconds) in order to generate the maximum possible traction force while preventing
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any tire spin-out. The activation of the slip controllers can also be verified by looking at
the motor torque histories in Figure 3-12. The required torque from the driver model

(Toriverreq) 1S modified by the slip controllers (T .., ) such that, during a period of about

Ci.req
0.1 seconds after the start of the acceleration, the rate of change of each motor torque is
limited by its respective slip controller to prevent spin-out. The slip controllers on the
front wheels have continued limiting the motor torques up to about 1.3 seconds of the
simulation, at which point the maximum motor torques are automatically reduced due to
the induction voltages and magnetization losses that occur at higher motor speeds. On the
rear wheels, however, the actual torque of the motors is restricted by the maximum torque
limit, not by the slip controllers. Moreover, due to the shifting of weight to the rear axle
of the vehicle, the traction potentials of the rear tires have increased, thereby preventing
these tires from spinning out. Note that the oscillatory behaviour of the slip ratios of the
rear tires in the first second of the simulation is caused by the tire model and not the
controllers. Notice that the Pacejka 2002 tire model that is used in this work is not very
suitable for low speeds and ABS braking control applications (see Figure A-18 in the

Appendix). However, it was the best tire model that was available for this work.
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Figure 3-11: Tire slip ratios during the straight-line acceleration maneuver
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Figure 3-12: Motor torques during the straight-line acceleration maneuver

The second maneuver used to evaluate the performance of the slip control design
is a straight-line braking test. In this test, the driver intends to stop the AUTO21EV from
a maximum speed of 80 km/h in an emergency braking situation. Figure 3-13-a indicates
that the braking distance is about 39.7 meters, which is a very impressive result
considering the regulations on braking systems for passenger vehicles in the European
Union (EU). As stated in the EU directives and regulations for braking systems, the
braking distance of passenger-type vehicles must be less than 50.7 meters for an initial
test speed of 80 km/h [Bos07]. It takes about 4 seconds to bring the vehicle to a final
speed of 5 km/h (Figure 3-13-b), during which time none of the tires lock up. Note that
the vehicle speed is only reduced to 5 km/h due to the instability of the Pacejka tire model
at low speeds. Figure 3-13-c indicates that a maximum deceleration of 0.82g is
achievable at speeds lower than 45 km/h. These results confirm that the proposed slip
controller is capable of replacing the conventional brake system in the AUTO21EV. In
other words, the in-wheel motors are capable of taking over the entire functionality of a
conventional brake system for the entire speed range. As a fail-safe back-up, however, a
redundant hand-brake system must be installed in the AUTO21EV.
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Figure 3-13: (a) Braking distance, (b) vehicle speed, and (c) vehicle longitudinal deceleration versus
forward speed during the straight-line braking test

As illustrated in Figure 3-14, the slip controllers are only activated on the rear
tires at about 1.4 seconds, where tire lock-up would have otherwise occurred due to the
dynamic weight shift to the front axle and higher available braking torques at lower
speeds. This control effort is also apparent in Figure 3-15, in which the motor torques at
the rear wheels are shown to be restricted to about 500 Nm, while the in-wheel motors on
the front axle are permitted to apply the maximum torque of 700 Nm. In addition, since
the slip controllers prevent any tire lock-up, there is no need to introduce an extra braking
force distribution technique, as is common in conventional brake systems. As mentioned
earlier, the rapid oscillations in the slip ratio plots that occur after the third second of the
simulation (when the vehicle speed is about 10 km/h) are caused by the tire model and
not the controllers.

The third test for the fuzzy slip controller is performed on a p-split road, where
the road is dry on the right side and icy on the left side. In this test, the driver holds the
steering wheel fixed and accelerates the vehicle in a straight line from an initial speed of
10 km/h. The road is considered to be dry before x = 15 m and after x = 25 m. As shown
in Figure 3-16, a black ice patch is present on the left side of the road for
15 m < x < 25 m. Although the intention of the driver is to travel in a straight line, the car
is pushed to the left side of the road due to the asymmetrical traction forces on the left
and right sides of the vehicle. In order to keep the vehicle on the road, this side-pushing

effect must be corrected either through a counter-steering input from the driver or by an
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active stability control system. Note that the slip control system has done its job by

maximizing the available acceleration.
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Figure 3-14: Tire slip ratios during the straight-line braking maneuver
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Figure 3-15: Motor torques during the straight-line braking maneuver
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Figure 3-16: Vehicle trajectory when accelerating on a u-split road
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Figure 3-17 illustrates the tire slips of the vehicle during this acceleration
maneuver. The slip controllers have limited the tire slips on the front axle at the
beginning of the acceleration, where tire spin-out would have occurred due to the
available high motor torques and the dynamic weight shift to the rear axle. In addition,
the slip controllers on the left side of the vehicle are activated when the vehicle drives
over the black ice patch, thereby preventing tire spin-out while still generating the
maximum possible traction force on the ice patch. As shown in Figure 3-18, the motor
torques on the front wheels are limited by the slip controllers for about 0.6 seconds after
the start of the acceleration. When driving over the black ice patch, the motor torques on

the left side of the vehicle are reduced to about 40 Nm to avoid tire spin-out.
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Figure 3-17: Tire slip ratios during the straight-line acceleration maneuver on a p-split road
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Figure 3-18: Motor torques during the straight-line acceleration maneuver on a p-split road
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The final test for the fuzzy slip controller is braking on a p-split road, which is a
very critical test since the vehicle will experience severe instability if the driver does not
react immediately to correct the course of the vehicle. In this test, the driver holds the
steering wheel fixed and attempts to stop the vehicle in an emergency braking situation
from 80 km/h on a road that has a black ice patch on the left side for 15 m <x <25 m. As
illustrated in Figure 3-19, the vehicle is pushed to the right side of the road due to the
asymmetrical braking forces on the left and right sides of the vehicle. More important is
the fact that these asymmetrical braking forces are high enough to turn the vehicle around
its vertical axis. In order to avoid such a dangerous situation, a driver must correct the
course of the vehicle through a sequence of steering corrections based on the vehicle
response, which is a very difficult task for an average driver. Although the slip controller
has done its job to maximize the braking forces, further control is needed to maintain a

safe trajectory.
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Figure 3-19: Vehicle trajectory when braking on a p-split road

As shown in Figure 3-20, the slip controllers on the left side of the vehicle have
limited the tire slips when driving over the p-split portion of the road, which occurs
between 0.7 and 1.2 seconds after the start of the simulation. The rear-right tire will also
begin experiencing a lock-up situation due to the shifting vehicle weight and a high
braking torque at around 1.1 seconds, which is prevented by the rear-right slip controller.
Furthermore, since the vehicle starts to turn around its vertical axis, large lateral forces
are generated on all tires, which simultaneously reduce the braking force potential on all
four tires. This yawing motion explains why the front-left, front-right, rear-left, and rear-
right slip controllers are becoming active at around 1.95, 1.4, 1.6, and 1.1 seconds,
respectively, to prevent tire lock-up. The activation of the slip controllers is also

confirmed by Figure 3-21, which illustrates the motor torques. Note that, due to the
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vehicle spin occurring in this test, only the meaningful range of data has been plotted in
Figures 3-20 and 3-21.
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Figure 3-20: Tire slip ratios during the straight-line braking maneuver on a p-split road
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Figure 3-21: Motor torques during the straight-line braking maneuver on a u-split road

3.4 Chapter summary

In this chapter, an advanced fuzzy slip controller is developed for the AUTO21EV that
combines the functionalities of an ABS, a TCS, and the brake system of the vehicle.
Since the developed fuzzy slip controller is able to control the slip ratio of all four tires in
all driving conditions, thereby realizing the most advanced All-Wheel-Drive system. The
developed fuzzy slip controller is based on a chassis platform that has four individual
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electric drives, the reaction time of this slip controller is much faster than that of any
other conventional slip control system based on a hydraulic brake system or internal
combustion engine. The performance and functionality of the developed fuzzy slip

control system have been evaluated using four test maneuvers.
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As mentioned in Chapter 1, most stability control systems generate a corrective yaw
moment around the vertical axis of the vehicle by affecting the linear or nonlinear
characteristics of the tire-road contact forces. A corrective yaw moment can be created
directly using the lateral force of the tires by manipulating the steering or camber angle of
the tires, such as in an active steering or active camber system, or using the longitudinal
force of the tires by manipulating the drive or brake torque of individual wheels, such as
in an electronic stability control (ESC) or torque vectoring control system. It is important
to notice that longitudinal and lateral tire forces can both be influenced indirectly by
manipulating the wheel load and defining the maximum possible transfer force, such as in
an active suspension or an active anti-roll bar system. Regardless of the means by which
forces are applied, generating a corrective yaw moment around the vertical axis of the
vehicle is the main objective of all these systems.

Having this in mind, a yaw moment controller is designed for the AUTO21EV
that acts as a high-level supervisory module, assigning tasks to the low-level controllers
and actuators. This hierarchical approach addresses the complexities of integrated chassis
control management and allows the low-level controllers and actuators, such as the torque
vectoring controllers and the in-wheel motors, to be designed simply as tracking
controllers that track the reference signals generated by the supervisory yaw moment
controller. In addition, since such a yaw moment controller represents an ideal controller,
in that the required corrective yaw moment can be generated directly without being
restricted by the performance and limitations of actuators, the performance of this yaw
moment controller can be used as a reference against which the performance of other
stability control systems can be compared.

In this chapter, a genetic fuzzy yaw moment controller (YMC) is developed for
the AUTO21EV, the objective of which is to calculate the corrective yaw moment
required to minimize the sideslip angle and yaw rate errors of the vehicle, comparing the
actual values from the vehicle to those obtained using a reference bicycle model. At this
stage, the calculated corrective yaw moment is applied to an imaginary torque driver that

is placed at the center of mass of the vehicle, acting about its vertical axis.
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4.1  Simplified vehicle model with in-wheel motors

A full vehicle model, such as the AUTO21EV model created in the ADAMS
environment (Appendix A), involves a large number of both equations and parameters,
which makes it difficult for a control engineer to investigate the effects of different
control strategies and discover the source of possible problems. In fact, from a vehicle
motion control perspective, it is more desirable to start with a simpler vehicle model and
increase the level of fidelity once the effectiveness of a control strategy has been
confirmed. In addition, numerical formulation techniques, such as those employed in the
ADAMS software, are very computationally expensive because these techniques generate
system matrices that are only valid for an instant of time and, thus, must be reformulated
at every time step of a simulation. Furthermore, the optimization of control parameters
using a genetic algorithm procedure involves many simulation runs, which can be a time-
consuming process, especially when the system model is complicated.

With this in mind, a fast simulation model was desired to allow for the testing of
different control strategies, and for applying a genetic algorithm procedure to the
development of the chassis control systems. Therefore, an alternative 14-degree-of-
freedom (DOF) vehicle model was developed using DynaFlexPro, a Maple package that
uses symbolic formulation procedures and linear graph theory to generate
computationally efficient simulation code [Sch04]. Symbolic formulation techniques
combine the system parameters and modelling variables to create sets of equations that
describe a dynamic system for all time. Therefore, such approaches are ideal for real-time
applications, such as hardware- and human-in-the-loop scenarios, which require a fast
computation time. In addition, the 14-DOF vehicle model used herein was recommended
by Sayers [Say96] for analyzing the handling and stability behaviour of vehicles, and has
been adopted by several commercial software packages such as CarSim [Sch08].

The AUTO21EV was modelled in the DynaFlexPro environment with
independent suspensions, four direct-drive in-wheel motors, and a steering system on the
front axle, as shown in Figure 4-1. Note that the in-wheel motors are integrated directly in
the vehicle model, combining the mechanical and electrical domains of this mechatronic
system together. The topology of the vehicle model was defined in block diagram form
using ModelBuilder, a graphical user interface companion for DynaFlexPro. The

generated DynaFlexPro model of the wvehicle was later imported into the
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MATLAB/Simulink environment, and different chassis control systems and in-wheel
motor controllers were added to it. Note that DynaFlexPro has been superseded by the
Multibody package in MapleSim.

Figure 4-1: AUTO21EV vehicle model implemented in DynaFlexPro

The sprung mass of the vehicle is considered to be a single rigid body, which will
be referred to herein as the chassis. The position and orientation of the chassis, measured
with respect to a global reference frame, account for 6 DOF. The suspension system is
modelled using four lumped masses that are connected to the chassis via four prismatic
joints, each of which is associated with a linear spring and damper, representing the
suspension compliance. Together, these components add another 4 DOF to the vehicle
model. Note that these four lumped masses consist of those components of the suspension
and steering system that are considered to belong to the unsprung mass, including the
stator of the in-wheel motors. Each wheel consists of a tire, a rim, and the rotor of the in-
wheel motor, and is connected to its corresponding lumped mass with a revolute joint that
allows the wheel to spin around its rotation axis, thereby adding another 4 DOF to the
model. The steering system is modelled with two independent motion drivers on the front
axle, which facilitate the use of an Ackermann steering configuration using look-up
tables. Since the driver specifies the input to the steering system, these motion drivers do
not add any DOF to the model. The Pacejka 2002 tire model, which is the most
comprehensive version of the Magic Formula tire model [Pac02], is used in this vehicle
model. Pacejka 2002 is considered to be the state-of-the-art for modelling tire-road
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contact forces in vehicle dynamics applications and, thus, is recommended for all generic
vehicle handling and stability simulations, including steady-state cornering, double-lane-
change, braking-in-turn, straight-line p-split braking, and ABS braking maneuvers
[ADAO02]. It is important to note that all the masses and moments of inertia of different
parts and subsystems of the vehicle and in-wheel motors, including the spring and
damper rates of the suspension system and the Ackermann steering behaviour, are taken
directly from the full vehicle model developed in ADAMS. Finally, a torque driver is
added at the center of mass of the vehicle around its vertical axis, which represents the
imaginary corrective yaw moment. As mentioned earlier, this torque driver represents
only the ideal case, where any required corrective yaw moment can be generated and acts
directly at the center of mass of the vehicle. Note that the required corrective yaw
moment must ultimately be generated by individual tire forces. More details about the
DynaFlexPro model of the AUTO21EV can be found in [Vog07].

4.2 Soft computing and hybrid techniques

As the complexity of an engineering problem increases, so does the need for more
advanced analytical control techniques. Many of the dynamic systems studied in recent
applications involve nonlinear, time-variant, and chaotic behaviour. While conventional
mathematical model-based control techniques can effectively address linear time-
invariant problems, their efficacy when applied to more complex nonlinear time-variant
problems is limited. The tools of soft computing have been shown to be highly effective
in situations where the performance of conventional techniques is poor [Kar04].

The term “soft computing” refers to a family of computational techniques, namely
fuzzy logic, evolutionary computation, and neural networks. These techniques have been
conceptualized and developed over the past forty years. Contrary to hard computational
techniques, which are characteristically rigid in structure, soft computing techniques have
the ability to operate in environments that are subject to uncertainty and imprecision. In
fact, in many applications, the precision offered by conventional techniques can
comfortably be sacrificed in order to arrive at more economical and intuitive solutions.
Each soft computing technique has its own set of strengths and weaknesses, some of
which are illustrated in Figure 4-2. While the tools of soft computing share some

common characteristics, these techniques are considered to be complementary, as
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desirable features lacking in one approach may be present in another. Although many
problems have been solved by using only one technique, many real-world problems
require the integration of two or more techniques in order to achieve the required speed
and accuracy for a given application. Therefore, by combining individual soft computing
techniques together, new and powerful hybrid techniques can be generated that exploit
the strengths of the constituent paradigms while reducing the effects of their weaknesses.
Figure 4-3 illustrates some of the possible hybrid techniques that can be obtained through
the fusion of two or more soft computing paradigms. Since building a genetic fuzzy YMC
is the main focus of this chapter, a brief overview of fuzzy logic and the genetic

algorithms is presented below.

v Intuitive representation of knowledge
FUZZV v" Tolerates imprecise information
Logic x Unable to learn or adapt

x Design of knowledge base is difficult

) v" Covers the entire search space

Genetic v Does not require differentiability
Algorithm x Converges slower than other methods
x Obtains only approximate solutions

v" Excellent learning and generalization
Neural v" Can adapt to changing environments
Network x Unintuitive representation of knowledge

x Size and structure unknown a priori

Figure 4-2: Advantages and disadvantages of soft computing techniques

Fuzzy Logic: Since their initial development by Prof. L.A. Zadeh in the mid-1960s
[Kar04], the principles of fuzzy logic have been applied to a wide variety of applications.
In contrast to conventional Boolean or crisp methods, in which truth is represented by the
state 1 and falsity is represented by the state 0, fuzzy logic represents approximate
knowledge, and can be considered to be an extension of crisp two-state logic. Fuzzy logic
is based on fuzzy set theory in a manner that is similar to how crisp two-state logic is
based on crisp set theory. A fuzzy set is represented by a membership function. A
particular ‘element’ value in the range of definition of the fuzzy set will have a grade of
membership, which gives the degree to which the particular element belongs to the set. In

this manner, it is possible for an element to belong to the set (to some degree) and,
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simultaneously, to not belong to the set (to a complementary degree), thereby allowing a
non-crisp, fuzzy membership [Kar04].

As the complexity of a system increases, the ability to develop precise analytical
models of the system diminishes until a threshold is reached, beyond which analytical
modelling simply becomes intractable. Under such circumstances, where precise model-
based decision-making is not practical, fuzzy knowledge-based decision-making is
particularly suitable. Fuzzy logic provides an approximate, yet practical, means of
representing knowledge about a system that is too complex or ill-defined and, therefore,
not easy to handle using precise mathematical means. At the same time, fuzzy logic
provides a means of making inferences using approximate knowledge, which can be used
to make decisions regarding the system and carry out appropriate actions. These features

allow fuzzy logic to effectively handle human-oriented knowledge.
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Figure 4-3: Hybrid techniques possible through the combination of soft computing paradigms

Fuzzy inference systems represent knowledge in the simple and intuitive form of
‘if-then’ rules, and are able to approximate human reasoning capabilities given imprecise
information. As such, fuzzy systems tend to be more robust than traditional control
systems, and can be used to model and control complex nonlinear dynamic systems
without requiring a complex analytical model of the system. Although many applications

can be found in industry, fuzzy systems can only be used in situations where expert
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knowledge is available. However, as the complexity of a system increases, it becomes
more challenging to determine the correct set of fuzzy rules and the appropriate shape of
the membership functions. Unfortunately, fuzzy systems have no inherent learning or
adapting capabilities, so the fuzzy rules and membership functions must be designed and
tuned manually if a fuzzy system is implemented on its own.

Figure 4-4 illustrates the structure of a fuzzy rule-based system. As can be seen, a
fuzzy controller consists of four parts: fuzzification, the knowledge base, the inference
engine, and defuzzification. The inputs to the fuzzy controller are most often crisp
measurements obtained from some measuring equipment, so a preprocessor is necessary
for preparing the measurements before entering the controller. Some possible
preprocessing methods are as follows [Jan98]:

e Quantization in connection with sampling or rounding to integers;
e Normalization or scaling onto a particular standard range;

e Filtering to remove noise;

e Averaging to obtain long-term or short-term tendencies; and

o Differentiation and integration, or their discrete equivalences.

I, F \\
uzzy

I Knowledge Base

1 Controller 9

Data Base Rule Base

Post-
>

L Inference o
Fuzzification—> —=>| Defuzzification processing

Engine

Pre-
>

processing

\ 2

] ————————

Figure 4-4: Block diagram of a fuzzy control systems

The fuzzification block translates each piece of input data into degrees of
membership in one or several membership functions using tabulated data. Specifically,
the fuzzification block matches the input data with the conditions of the rules to
determine how well the condition of each rule matches that particular input. There is a
degree of membership for each linguistic term that applies to each input variable. The

knowledge base of the fuzzy controller consists of a data base (containing the definitions
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of the scaling factors and the membership functions of the fuzzy sets that, together,
specify the meaning of the linguistic terms) and a rule base (constituted by the collection
of fuzzy rules, specified in an ‘if-then’ format). The inference engine is the driver
program of the knowledge base. Depending on the inputs and the data in the data base,
the inference engine operates on the knowledge in the knowledge base to solve problems
and arrive at conclusions. The defuzzification block converts the resulting fuzzy set to a
crisp number that can be sent to the controlled system as a control signal. There are
several defuzzification methods, including the center of gravity, bisector of area, mean of
maxima, and leftmost and rightmost maxima approaches [Kar04]. Finally, the
postprocessor scales the output to engineering units, in cases where the output has been
defined over a normalized range. The postprocessor often contains an output gain that can

be tuned.

Genetic Algorithms: Evolutionary or genetic algorithms (GAs) are general-purpose search
strategies that use principles inspired by biological evolution to solve optimization
problems. Evolutionary strategies are very robust and can be used in problem domains
where traditional optimization techniques fail. GAs are typically used in complex
problem spaces that are difficult to understand or predict, since they are effective at
exploring such spaces. The fundamental idea is to encode sets of system parameters in a
population of chromosomes, each of which represents a candidate solution to the
problem. The population of chromosomes is then evolved over time through competition
among its members and controlled variation [Kar04]. Genetic algorithms consist of three
operations: evaluation of the fitness of each individual chromosome, formation of a gene
pool through the selection of chromosomes from the preceding generation, and
recombination using the crossover and mutation operators.

A GA is initiated with a population of randomly generated chromosome, and
discovers fitter chromosomes by applying genetic operators that are modelled after the
genetic processes occurring in the nature. The population evolves by way of natural
selection. During successive iterations, or so-called ‘generations’, the chromosomes in
the population are evaluated for their adaptation as solutions. On the basis of these
evaluations, a new population of chromosomes is formed using a selection mechanism

and specific genetic operators, such as crossover and mutation. It is important to note that
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a specific fitness function must be devised that describes the objective of the problem to
be solved. Given a particular chromosome (i.e., a candidate solution), the fitness function
returns a single numerical fitness value that is proportional to the utility or adaptation of
the solution represented by that chromosome.

Whereas traditional optimization techniques, such as hill-climbing algorithms,
search for global optima in a multi-dimensional space by iteratively refining a single
solution vector, genetic algorithms operate on an entire population of candidate solutions
in parallel. Therefore, GAs are less prone to becoming trapped by local optima. Local
optima are regions of the search space that hold good solutions relative to their
surrounding regions, but do not necessarily contain the best solutions in the entire
problem space, which are described as global optima. Parallelism is one of the main
strengths of GAs, since it helps to prevent premature convergence at local optima, and it
reduces the importance of carefully selecting the initial conditions. Note that the mutation
and crossover rates are among the most significant factors contributing to convergence
and, therefore, must be selected carefully [Gol89]. Although the stochastic search used by
genetic algorithms is exceptionally robust, its convergence is usually slower than that of
traditional techniques. Moreover, due to the stochastic nature of genetic algorithms and
the encoding of parameters into a finite number of genes, the solutions obtained by GAs
are only approximations; they will only find an exact global optimum by chance.

Genetic Fuzzy System: Fuzzy logic and genetic algorithms have both been applied to a
wide variety of problems. Still an active area of research, however, is the fusion of these
techniques into a hybrid system that exploits their strengths while reducing the effects of
their weaknesses. Two main hybrid approaches have been identified in this area: fuzzy
evolutionary algorithms and genetic fuzzy systems. A fuzzy evolutionary algorithm is an
evolutionary algorithm whose inherent parameters, such as its fitness function and
stopping criterion, are fuzzified. The resulting hybrid system is capable of tolerating
imprecision, which can reduce the computational resources required. Fuzzy inference
systems can be used to adapt the parameters of an evolutionary algorithm, such as its
mutation rate, crossover rate, and population size, or to adapt the genetic operators

themselves. In the first case, the inputs to the fuzzy system would be the current control
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parameters and performance measures, and the outputs would be the new control
parameters subsequently used by the genetic algorithm [Her96, Vog98].

In the 1990s, despite the previous success of fuzzy logic systems, their inability to
learn or adapt to their environment was found to severely limit their potential
applications; genetic fuzzy systems address this limitation. A genetic fuzzy system is
essentially a fuzzy system that is augmented by a learning process based on a genetic
algorithm. The most popular type of genetic fuzzy system is the genetic fuzzy rule-based
system, where an evolutionary algorithm is employed as a design method to learn or tune
different components of a fuzzy knowledge base. The structure of a genetic fuzzy system

is illustrated in Figure 4-5.
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Figure 4-5: Block diagram of a genetic fuzzy control system

In order to use a genetic algorithm for optimizing a fuzzy knowledge base, the
rules or membership functions must first be represented as a set of tunable parameters. It
is also necessary to define an appropriate performance index, based on the optimization
criterion, with which to evaluate the proposed knowledge bases. Finally, the knowledge
base parameters must be transformed from the optimization space into a suitable genetic
representation [Cor04]. A genetic process can then be used to evaluate, select, and evolve
the genetically encoded candidate solutions. At this point, it is important to differentiate
between tuning and learning problems. Tuning is concerned with the optimization of an
existing fuzzy inference system having a predefined rule base. Learning, on the other

hand, constitutes an automated design method for determining fuzzy rule sets from
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scratch [Cor01]. In other words, learning processes do not require a predefined set of
rules. The objective in the case of tuning is to find the best possible set of parameters for
the data base of the fuzzy inference system. For instance, tuning can be applied to the
scaling functions that normalize the domain of the input and output variables. Linear
scaling functions can be parameterized by either a single scaling factor or by two
parameters; nonlinear scaling functions generally use three or four parameters [Cor01].
Tuning can also be applied to the fuzzy membership functions. In this case, each
chromosome encodes the parameterized membership functions associated with all the
rules in the rule base. The rule base of a fuzzy inference system can also be tuned using a

genetic algorithm, as described in [Yu02, Gur99].
4.3  Fuzzy yaw moment controller design

As mentioned earlier, fuzzy control systems are nonlinear control methods that can
handle complicated nonlinear dynamic control problems and, as such, they are ideally
suited for controlling the highly nonlinear behaviour inherent in vehicular dynamics. A
fuzzy controller is described in vague linguistic terms, which suits the subjective nature
of vehicle stability and handling, and allows one to encode expert knowledge directly in
the rule base of the fuzzy controller [Kar04]. In addition, the idea of using a fuzzy logic
controller as a high-level supervisory module that assigns tasks to low-level actuators and
controllers appears to be an ideal method of addressing the complexities of integrated
chassis control management. This approach allows the lower-level controllers to be
designed simply as tracking controllers that attempt to match the state of their respective
plants to the reference signals generated by the supervisory controller. In this work, a
fuzzy YMC is developed for the AUTO21EV that determines the corrective yaw moment
required to minimize the sideslip and yaw rate errors of the vehicle, comparing the actual
values to those obtained using a reference model, with the ultimate objective of following
the desired trajectory requested by the driver. The proposed controller requires two
vehicle states, the yaw rate and vehicle sideslip angle, to calculate the required corrective
yaw moment.

To date, yaw rate tracking algorithms have been used to improve the stability of a
vehicle when driving near the handling limit [Man07]. A recurring problem found

throughout the literature, however, is how to define the limits of handling and distinguish
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between emergency and normal driving situations. The studies of yaw rate stability are
dominated by the use of reference model feedback control, where the controller attempts
to match the nonlinear behaviour of the vehicle with that of a reference bicycle model. As
the vehicle approaches its performance limits, the actuation power required to reduce the
tracking error becomes large and may exceed the capability of any active chassis
subsystem. In general, information about the yaw rate alone is not always sufficient
because, for instance, a vehicle may be undergoing an acceptable yaw rate while skidding
sideways. Thus, many researchers claim that significantly more comprehensive control
can be achieved given vehicle sideslip angle information [Man07]. The vehicle sideslip
angle is defined as the angle between the longitudinal axis of the vehicle and the direction
in which it is travelling. Human drivers are particularly sensitive to the sideslip motion of
the vehicle, and tend to prefer small sideslip angles [Dix96]. This preference arises from
the sensation of instability at larger angles, which is perhaps rooted in the real potential
for the loss of control when the vehicle sideslip angle becomes too large. Thus, both
sideslip and yaw rate are extremely important factors influencing the driver’s perception
of handling behaviour, especially when driving near the handling limit. As a result, the
quality of the driving experience depends strongly on the quality of the feedback signals
of these two states.

In order to calculate the desired yaw rate as the reference signal for the fuzzy yaw
moment controller, a bicycle model is used, which is illustrated in Figure 4-6. In this
model, the left and right tires on each axle are merged together, and the height of the
center of mass of the vehicle is set to zero. In addition, the longitudinal tire forces and the
variation of the vertical tire forces are not considered. The equations of motion of the
bicycle model are linearized such that only small slip angles are considered, where

sin(a) ~a and cos(x) =1, and linear tire behaviour is assumed, where the lateral tire

stiffness (C,) is a constant defining the linear relationship between the lateral force (Fy)

and the slip angle () of a tire as follows:
C =) 4.1)

Since the lateral inertial force acting on the center of mass of the vehicle is equal to the

centrifugal force resulting from driving in a curve with a radius of R and a rotational

speed of 9 (Figure 4-6), the following relationship can be assumed between the lateral
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acceleration of the vehicle (ay) and the speed (V), yaw rate (), and sideslip rate ( B) of

the vehicle [Wal05]:

2

Vv vV .
mCG'ay:mCG'E:mCG'E'(‘Q'R):mce'v'(l//_ﬂ) (4.2)

where mcg is the total mass of the vehicle. Note that V = V|, y =|y7|, and ﬁ:‘,é‘ are

the magnitudes of the velocity, yaw rate, and sideslip rate vectors of the vehicle,

respectively, and Qz‘é‘ is the magnitude of the rotational velocity of the vehicle.

Looking at Figure 4-6, the sideslip angle of the front (o) and rear (ay) tires can be

estimated as follows:
a-y
a=5-f-" " (43)
by
a, = —ﬂ+7‘” (4.4)

where a and b are the distances of the front and rear axles from the vehicle center of mass

and o'is the steering angle of the front wheel.

Figure 4-6: Linear bicycle model [Wal05]

92



4 Genetic Fuzzy Yaw Moment Controller

As a vehicle travels through a circular path in a steady-state motion, the speed (V), yaw
rate (), and sideslip angle (f) of the vehicle remain constant and, consequently, the
longitudinal acceleration, yaw acceleration, and rate of change of the sideslip angle of the
vehicle are zero (a, =0, ¥ =0, and #=0). Thus, in a steady-state circular motion, the

following statements can be assumed from equation (4.2):

a, =V -y (4.5)
1 vy

- _7Z 4.6
S (4.6)

Considering the sum of moments around the front and rear axles, the following equations

can be derived:

F r-L=my-a, b 4.7)

y y
For-L=my -3, -a (4.8)
where Fyr and Fyr are the lateral forces of the front and rear axles, respectively, and
L=a+b is the wheelbase of the vehicle. Substituting equations (4.1), (4.3), and (4.4)
into equations (4.7) and (4.8), the following equations can be derived:

b

;T (4.9)

a-y
C.r (5_18_71//}:”'&3 -a

b-y
CaR [_IB +Tl//) =M - A, E (4.10)

where C_. and C_, are the total lateral stiffnesses of the front and rear tires,
respectively. Calculating g from equation (4.9) and substituting it into equation (4.10),

the following relationship between the steering angle and the lateral acceleration of the

vehicle can be obtained:

s=L Ml D 231, (4.11)
R L CaF CaR ’

Substituting equations (4.5) and (4.6) into equation (4.11), the relationship between the
vehicle yaw rate and the steering angle of the front wheel in a steady-state circular motion
can be calculated as follows:

g = v 5 (412)

Ly Mee| D@ e
L CaF CR

a
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Equation (4.12) is widely used to describe the desired yaw rate of the vehicle as a
function of the steering angle by current stability controllers [Zan00]. In this work, a first-
order lag element is also added to equation (4.12) to account for the lag between the

steering input and the yaw rate response of the vehicle. Thus, the transfer function of the

desired yaw rate (¥ 4+(8)) with respect to the steering angle (A(s)) is defined in the

desire

linear s-domain as follows:

\Pdiired (S) — V(S) 1 1T (413)
)y Mee[ b8y 1HTs
L CocF CaR

where the time constant of the lag element (T) is chosen to be 50 milliseconds. Note that
this time constant is chosen to keep the reaction time of the maximum desired yaw rate in
the range of 200 to 400 milliseconds, which is recommended for passenger cars [Wal05].
Furthermore, since the lateral acceleration of the vehicle is fundamentally limited by the
friction coefficient of the tire-road contacts, the desired yaw rate must also be limited by
a second value. Thus, from equation (4.2), the steady-state lateral acceleration of the
vehicle is expressed either as a function of the radius of curvature (R) or as a function of

the vehicle yaw rate () as follows [Zan00]:
V2 :
‘ay‘:‘ﬁ‘:[\"ﬂ (4.14)

At the same time, the maximum lateral acceleration of the vehicle is theoretically limited

by the friction coefficient of the tires:
EHE7 (4.15)
where .. is the resultant friction coefficient of the tires and g is the gravitational

acceleration. Combining equations (4.14) and (4.15), the desired yaw rate is limited as
follows [Zan00]:

/uresg

v (4.16)

|l//desired | <

Since estimation of the friction coefficient is not always possible, the measured
lateral acceleration can be used instead. This method is, in fact, used in the ESP system
developed by Robert Bosch GmbH [Zan00]. Finally, note that, in this work, the desired
sideslip angle is defined to be zero:
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ﬁdesired = 0 (417)

and the actual sideslip angle is estimated using the neural network described in Chapter 3.

Figure 4-7 illustrates the block diagram of the fuzzy YMC.
5 b
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Figure 4-7: Block diagram of the fuzzy yaw moment controller

The rule base of the fuzzy controller was designed using the sideslip angle error

e(p), the yaw rate error e(y7), and the rate of change of the yaw rate error é(y) as the
inputs; the required corrective yaw moment M, is the output of the controller. Table 4-1

lists the definitions of the input and output variables. The input variables are pre-
processed to the range [-1, 1] before entering the fuzzy controller. The output variable is
correspondingly post-processed to determine the required corrective yaw moment.
Whereas the scaling factors used for pre-processing the input variables are chosen based
on the actual vehicle states when driving through a severe maneuver, the scaling factor
used for post-processing the output variable is determined based on the actuation
potential of the in-wheel motors. In particular, the maximum allowable sideslip angle
error, yaw rate error, and rate of change of yaw rate error when driving through a severe
double-lane-change maneuver are assumed to be 10°, 35°s, and 2000°s?, respectively,
which correspond well with the limits found in the literature for normal passenger cars
[Kie05, Wal05]. Moreover, assuming that the maximum longitudinal tire force is about
3500 N by considering a nominal wheel load of 3800 N, the maximum possible yaw
moment that can be generated by the in-wheel motors is created by generating a couple
on the sides of the vehicle, applying negative torque to the wheels on one side and

positive torque to those on the other side. By doing so, and knowing that the track width
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of the AUTO21EV is 1.35 m, the maximum possible yaw moment is calculated as

follows:
M, ox =3500 N -2-1.35 m =9450 Nm (4.18)
Variable Definition
InpUt 1 e(ﬁ) = ﬁdesired _IBactuaI
InpUt 2 e(l//) = l/./desired - l/./actual
. e(v), —e(y
Input 3 e(y) = W), (.l//)k‘l
sample time
Output M,

Table 4-1: Definition of the input and output variables of the fuzzy yaw moment controller

In order to provide enough rule coverage, five fuzzy sets are used for each of the
yaw rate and sideslip error variables, and three fuzzy sets are used for the rate of change
of the yaw rate error. Nine fuzzy sets are used to describe the output of the controller,
which ranges from a very large positive (counterclockwise) moment to a very large
negative (clockwise) moment. The fuzzy inference engine processes the list of rules in
the knowledge base using the fuzzy inputs obtained from the previous time step of the
simulation to create the fuzzy output for the current time step. A three-dimensional (3D)
rule base table is developed for the proposed fuzzy YMC, as shown in Figure 4-8; the
linguistic variables that have been used are listed in Table 4-11. These rules have been
developed based on expert knowledge and intensive investigation. In other words, based
on the possible sideslip angle error, the yaw rate error, and the rate of change of the yaw
rate error, the vehicle state at each driving conditions is analyzed and the required
corrective yaw moment at that specific condition is determined and translated into a
specific rule in the rule base table. The fuzzy controller uses the Mamdani fuzzy
inference method, which is characterized by the following fuzzy rule schema:

IFe(B)is A ANDe(y)is B ANDé(y)is C THENM, is D (4.19)
where A, B, C, and D are fuzzy sets defined on the input and output domains. Given a
certain vehicle sideslip error, yaw rate error, and rate of change of the yaw rate error, the
3D fuzzy rule base can determine the direction and relative magnitude of the required
corrective yaw moment. The initial shape and distribution of the membership functions

used for the input and output variables of the fuzzy controller are illustrated in Figure 4-9.
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Figure 4-8: Three-dimensional rule base of the fuzzy YMC

Acronym Linguistic Variable
NEG Negative
NVL Negative Very Large
NL Negative Large
NM Negative Medium
NS Negative Small
ZE Zero
PS Positive Small
PM Positive Medium
PL Positive Large
PVL Positive Very Large
POS Positive

Table 4-11: Linguistic variables used in the fuzzy rules

Notice that, as is often the case, these fuzzy rules are formed using fuzzy variables
whose membership functions are of unknown shapes, sizes, and relative positions. Since
a fuzzy controller is unable to learn or adapt to its environment on its own, tuning the
fuzzy membership functions must be done manually, which is an inefficient and time-
consuming endeavour. Furthermore, looking at the corresponding control surfaces
between the input and output variables of the fuzzy YMC shown in Figure 4-10, it is clear
that the generated corrective yaw moment does not cover the entire output domain. In

other words, although the maximum possible yaw moment is defined to be 9450 Nm, as
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calculated in equation (4.18), according to the control surfaces in Figure 4-10, only 60%

of the maximum yaw moment is achievable using the initial fuzzy membership functions.
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Figure 4-9: Initial shape and distribution of the membership functions for the input and output variables of
the fuzzy YMC
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Figure 4-10: Control surfaces of the fuzzy YMC

4.4  Evaluation of the fuzzy yaw moment controller

In order to evaluate the performance of the fuzzy yaw moment controller, the
AUTO21EV is driven through an I1SO double-lane-change maneuver using the path-
following driver model, whose characteristics are described in Chapter 2. An 1SO double-
lane-change maneuver is chosen because it can effectively demonstrate the cornering
capability of a vehicle when driving near its handling limit. The AUTO21EV is driven
through the double-lane-change maneuver with an initial speed of 75 km/h, both with and
without using the fuzzy YMC. As can be seen in Figure 4-11, the driver model was not
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able to negotiate the maneuver without using the fuzzy YMC, and three of the cones were
struck along the way. In addition, a significant amount of effort was required, even
counter-steering at some points, in order to control the vehicle through the maneuver. In
comparison, the driver was able to negotiate the same maneuver much more easily and

smoothly when the fuzzy YMC was active.
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Figure 4-11: Desired and actual vehicle trajectories when driving through the double-lane-change maneuver
with an initial speed of 75 km/h (a) using the driver model and (b) using the driver model with the fuzzy
YMC

Figure 4-12 illustrates the vehicle yaw rate and sideslip angle for this maneuver,
both of which are of a much smaller magnitude for the case when the fuzzy YMC is
active. Although the fuzzy YMC is not able to control the vehicle such that it performs
exactly like the desired reference bicycle model, it is able to reduce both the vehicle yaw
rate and sideslip angle considerably, thereby allowing the driver to complete the
maneuver with less effort. This performance is confirmed in Figure 4-13, which
illustrates the lateral acceleration of the vehicle, the driver’s steering input, and the
vehicle forward speed as functions of time. The fact that the vehicle experiences a lateral
acceleration of about 8 m/s? even when the fuzzy YMC is active confirms the severity of
the double-lane-change maneuver, as well as the fact that the adhesion potentials on all
tires are saturated widely in order to keep the vehicle on the desired path.

Looking at the plot of the driver’s steering wheel angle (Figure 4-13-b), it is clear
that the driver requires less steering effort when the fuzzy YMC is active, which indicates
an easier and more comfortable drive. In addition, a reduction in the steering effort means
that the vehicle loses less speed when driving through the maneuver (Figure 4-13-c).

Figure 4-13-d, which illustrates the handling performance of the vehicle, clearly indicates
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that the vehicle handling and agility have been significantly improved by the fuzzy YMC,
as the hysteresis of the curve is considerably reduced. This plot indicates that the phase
shift between the input and output signal of the controlled system (the vehicle) is reduced
considerably. The generated corrective yaw moment is shown in Figure 4-14. Although
the fuzzy YMC is not able to eliminate the vehicle yaw rate and sideslip angle errors
during this severe double-lane-change maneuver (Figure 4-12), the maximum corrective
yaw moment that is generated by the controller is only about one-third of its limit
potential, as calculated in equation (4.18). This performance is due to the fact that the
initial fuzzy membership functions, with arbitrary shape, size, and relative distribution,

can only apply up to 60% of the maximum possible yaw moment.
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Figure 4-12: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when driving through the
double-lane-change maneuver using the driver model, with and without the fuzzy YMC (FYMC)

4.5  Genetic tuning of the fuzzy yaw moment controller

The rule base developed for the fuzzy YMC was determined based on expert knowledge
and extensive investigation into the vehicle behaviour in different driving conditions.
However, due to the arbitrary shape, size, and relative positions of the fuzzy membership
functions, the performance of the resulting fuzzy YMC cannot be considered ideal. Since
a fuzzy controller is unable to learn or adapt to its environment on its own, and instead of
resorting to tuning the membership functions of the fuzzy controller manually, which is
an inefficient, arduous, and time-consuming task, a multi-criteria genetic algorithm is

used to tune the membership functions of the fuzzy YMC.
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Figure 4-13: (a) Lateral acceleration, (b) steering wheel angle, and (c) vehicle speed as functions of time;
and (d) vehicle yaw rate as a function of the steering wheel input when driving through the double-lane-
change maneuver with and without the fuzzy YMC (FYMC)
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Figure 4-14: Corrective yaw moment generated by the fuzzy YMC

The ISO double-lane-change maneuver with obstacle avoidance was used to

evaluate the effectiveness of each candidate controller in the genetic algorithm. As
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mentioned earlier, such a severe maneuver effectively demonstrates the cornering
capability of a vehicle when driving near its handling limit, which is why many car
manufacturers and research institutions consider it to be a suitable test maneuver for
assessing electronic stability controllers [Pai05]. The ISO double-lane-change maneuver
is typically performed as a closed-loop driving test, and is used to adjust the dynamics of
a vehicle based on the subjective evaluations of professional drivers. Due to the fact that
the membership functions of the fuzzy controller must be tuned in a general sense, not
based on a specific driver or driver model, the double-lane-change maneuver is
considered to be an open-loop test for the sake of the optimization procedure. In this
regard, the desired trajectory and the corresponding steering wheel input are determined
for a ‘neutral-steer’ vehicle driving through the ISO double-lane-change test track at a
low speed. This fixed steering wheel input, expressed as a function of forward
displacement, is then considered to be the required steering input for driving through the
double-lane-change maneuver even at higher speeds. Any deviations from the desired
trajectory, yaw rate, or sideslip angle are considered to be stability errors that the fuzzy
YMC should correct. The task of the multi-criteria genetic algorithm is to find the ideal
shape and distribution for the membership functions of the fuzzy YMC such that the
vehicle trajectory, yaw rate, and sideslip angle errors are minimized.

Looking at equation (4.11), the required steering angle for a ‘neutral-steer’ vehicle
can be calculated as a function of the wheelbase of the vehicle (L) and the radius of
curvature of the road (R) as follows:

L
o=— 4.20
R (4.20)

The curvature of the road (x), which is equal to the inverse of the radius of curvature, is
defined as the derivative of the tangential angle (¢ ) with respect to the arc length (s) as
follows [Cas96]:

1_d¢

K=
R ds (4.21)
where the arc length (s) can be calculated using Cartesian parametric equations X = x(t)

and y = y(t) as follows (Figure 4-15):

S= «/xz +y? (4.22)
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>~
v

X

Figure 4-15: Curvature of the road in a two-dimensional plane using Cartesian coordinate system

Substituting equation (4.22) into equation (4.21), the following equation can be derived:

dg d¢
1 _d_dt __ dt
- _ 29 _dt _ 4.23
"TR7as ds NE (4.23)
dt
Looking at Figure 4-15, the tangential angle ¢ can be calculated as follows:
dy
_dy Y
tan(¢)—OIX TR (4.24)
dt

which can be differentiated to obtain an expression for ¢ :

d tan(¢) = (1+tan* () )

%:xy—xy:%: 1 Xy-Xy xy-Xy (4.25)
dt dt

.2 -2 -2 Y -2
X dt 14 yi2 X X +y
X
Substituting equation (4.25) into equation (4.23), the following expression can be derived
for the curvature of the road:
K= nyy (4.26)
()'(2 + yZ) 2

For a two-dimensional curve written in the form y= f(x), the equation of curvature

takes the following form:
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d’y
emOX® (4.27)

(o))

Since the desired vehicle trajectory in a double-lane-change maneuver is defined as a

function of forward displacement using equation (2.1) in Chapter 2, the required steering
angle for a ‘neutral-steer’ vehicle can be calculated by substituting equations (4.21) and

(4.27) into equation (4.20) as follows:

S=Lx=L— O (4.28)

Figure 4-16 illustrates the fixed steering wheel angle calculated for this maneuver
using equation (4.28). Note that the amplitude and frequency associated with the first lane
change are larger, as the first lane change is slightly more aggressive than the second one.
Figure 4-17 illustrates the desired and actual vehicle trajectories, yaw rates, and sideslip
angles when driving through the double-lane-change maneuver with an initial speed of 25
km/h using the calculated fixed steering wheel input. This figure demonstrates that the
AUTO21EV is able to negotiate the maneuver with the calculated fixed steering wheel
input at a low speed.
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Figure 4-16: Desired fixed steering wheel input for driving through the double-lane-change maneuver
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Figure 4-17: Desired and actual vehicle trajectories (top), and yaw rate and sideslip angle (bottom) when
driving through the double-lane-change maneuver with a fixed steering wheel input

The scaling function technique is chosen for the genetic tuning of the fuzzy
membership functions. Using scaling functions, the input and output variables are
mapped into the range over which the fuzzy sets are defined. From a control engineering
perspective, the scaling functions represent context information, while the membership
functions describe the relative semantics of the linguistic variables, independent from the
context. The scaling and membership functions together establish the absolute semantics
of the linguistic variables. The context information represented by scaling functions can
be related to the physical properties or dimensions of the controlled system, such as
restrictions imposed due to the limitations of the actuators, or can represent information
that affects the overall behaviour of the controlled system, such as conditioning the
desired behaviour of the controlled system and not its physical limits [Cor01]. From a
hierarchical point-of-view, modifying a rule consequence in the rule base of a fuzzy
system has only a small effect, in that it can only affect one entry of the rule matrix. On
the other hand, a single modified membership function has a somewhat greater effect, as
it affects an entire column or row of the rule matrix. Scaling an input or output variable

has a macroscopic impact, as it affects every rule in the rule base [Zhe92].
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Two types of scaling functions can be found in the literature, namely linear and
nonlinear scaling functions. Linear scaling uses a linear mapping, and is of the following
form [Cor01]:

f(X)=ax+pf (4.29)

where x defines the original space and f(x) defines the scaled space. In addition, « is
responsible for enlarging or reducing the operating range, which can, in turn, decrease or
increase either the sensitivity of the controller with respect to an input variable, or the
corresponding gain of an output variable; g shifts the operating range and plays the role
of an offset to the corresponding variable (Figure 4-18). The main disadvantage of linear
scaling is the fixed relative distribution of the membership functions. Nonlinear scaling
can overcome this problem, as it modifies the relative distribution and changes the shape
of the membership functions. Although many different nonlinear scaling functions have
been proposed in the literature, only the family of scaling functions that produces the
widest range of fuzzy partitions with the smallest number of parameters is considered in
this work. A small number of parameters reduces the complexity of the search, while a
wide range of possible fuzzy partitions increases the approximation accuracy of the fuzzy
rule base system.

A common nonlinear scaling function used for a variable that is symmetric about

the origin is of the following form [Cor01]:
f (x) =sign(x)-|x|" (4.30)

where a > 0 is responsible for increasing (a > 1) or decreasing (a < 1) the relative
sensitivity in the region around the origin, and has the opposite effect at the boundaries of
the operating range. With a fixed set of normalized membership functions in which
partitions are composed of regularly distributed isosceles triangles, a wide range of fuzzy
partitions can be generated if an appropriate nonlinear scaling function is employed
(Figure 4-18). As a result, the possible configurations of fuzzy partitions range from those
with lower granularity for middle values of the variable to lower granularity for extreme
values, including homogeneous granularity. Since the input and output variables of the
fuzzy YMC are using a fixed set of normalized membership functions that are distributed
symmetrically around the origin (Figure 4-9), four nonlinear scaling functions (one for
each variable), similar to the one described in equation (4.30), are used to tune the fuzzy

YMC. This method guarantees that the adjacency constraint is satisfied, which ensures
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that the sum of all membership functions is equal to unity for every point in the domain;
the final tuned membership functions are distributed symmetrically around the origin, and
the genetic search examines a wide range of fuzzy partitions. At the same time, due to the
fact that each of these nonlinear scaling functions uses only one parameter to affect the
overall distribution and shape of the membership functions, encoding these parameters
results in short chromosomes and, consequently, relatively fast computation times.
Altogether, four scaling parameters are used for the input and output variables of the
fuzzy YMC, and are concatenated to generate a chromosome for the genetic tuning
process.

The genetic algorithm is particularly well suited for solving the multi-criteria
optimization problem of tuning the input and output variables of the fuzzy YMC. The
objective of the tuning process is to minimize the mean square error (MSE) of the vehicle

trajectory, yaw rate, and sideslip angle, which are calculated as follows:
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Figure 4-18: The effects of linear and nonlinear scaling functions on a fixed set of normalized membership
functions
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2

l N
MS Yaw Rate — N Z Wdesired (k) - \i/actual (k)] (432)
MSESldesllp Z[Bdeswed (k) Bactual (k)] (433)

where N is the number of sample points, Y..q(X,) and Y., (X,) are the desired and
actual lateral positions of the vehicle for a given forward position Xk, W (k) and

V.. (K) are the desired and actual vehicle yaw rates, and B .q(k) and B, (k) are the

desired and actual vehicle sideslip angles at a given time step k, respectively. Since the
objective of the multi-criteria genetic algorithm is to minimize these three errors, the
fitness function associated with each chromosome is defined as the weighted sum of the
inverses of the resulting vehicle trajectory, yaw rate, and sideslip angle mean square
errors, as follows:

Wl
MSE

W,
MSE

W,
MSE

Fitness Function = + +

(4.34)

Trajectory Yaw Rate Sideslip

where w1, Wy, and ws are the weighting factors. The genetic algorithm was run for 50
generations, each of which had a population size of 500 chromosomes, a crossover rate of
95%, and a mutation rate of 15%. In addition, an elite selection rate of 2% was employed
to ensure that the fittest chromosomes were retained unaltered from one generation to the
next. Using the elite selection technique justifies the relatively high mutation rate and
guarantees the thorough exploration of the search space without losing the fittest
members of each generation. Convergence is assumed if the fittest chromosome survives
for 10 consecutive generations, or 50 generations have elapsed. Figure 4-19 illustrates the
maximum fitness function value for each generation and the convergence of the final
results.

Figure 4-20 illustrates the entire optimization procedure. The optimization starts
with a random set of chromosomes comprising the initial population, each of which
encodes the parameters of the nonlinear scaling functions for the input and output
variables of the fuzzy YMC. Next, the chromosomes are decoded into their
corresponding scaling parameters, and the scaling functions are applied to the input and
output variables of candidate fuzzy controllers. Subsequently, the AUTO21EV is driven
through the double-lane-change maneuver using each of the tuned fuzzy YMCs. At the

end of each simulation, the mean square error of the vehicle trajectory, yaw rate, and
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sideslip angle are calculated, and the corresponding fitness function is evaluated. These
steps are repeated for each chromosome in the current population.
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Figure 4-19: Maximum fitness function value for each generation of the multi-criteria genetic algorithm
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Figure 4-20: Block diagram of the multi-criteria genetic algorithm used for tuning the fuzzy YMC

Reproduction is the first genetic operation that is applied to the population. Each
chromosome is duplicated with a probability that is proportional to its fitness using the
Roulette wheel strategy; the fitter the chromosome, the more likely it is to be represented
in the next generation. Following reproduction, crossover proceeds by randomly mating
the members of the newly reproduced chromosomes. Each pair of mating chromosomes

undergoes crossover as follows:
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1. An integer position k along the chromosome is randomly selected between 1 and
L-1, where L is the length of the chromosome.
2. Two new chromosomes are created by swapping all genes of the mated

chromosomes between positions k+1 and L.

Although reproduction and crossover provide the majority of the processing
power of genetic algorithms, they can occasionally lose some potentially useful genetic
material. Whereas reproduction and crossover serve to explore variants of promising
existing solutions while eliminating bad ones, mutation serves an essential role by
introducing and reintroducing new genetic material, which can lead to even better
solutions by exploring new areas of the search space [Kar04]. Mutation is performed by
randomly altering the value of a gene in an individual chromosome. Once the genetic
operations have been applied to the members of the population, a new generation of
chromosomes will have been created, which will generally have better fitness values
compared to their ancestors. This optimization procedure is continued until either
convergence is achieved or the maximum number of generations is reached.

Figure 4-21 illustrates the resulting tuned membership functions for the input and
output variables, and provides some insight into the relative importance of each error
measure on the stability of the vehicle. As can be seen, the scaling functions have
adjusted the shape, size, and relative distribution of the membership functions of the
fuzzy YMC considerably. The new arrangement of the membership functions associated
with the yaw rate error indicates that any amount of yaw rate error is highly undesirable.
The scaling functions have forced the membership functions of the sideslip error and the
rate of change of the yaw rate error to have a higher density for extreme values, whereas
a high density is preferred in the middle of the yaw rate error domain. Furthermore, the
membership functions associated with the corrective yaw moment have been
redistributed to have higher density for extreme values. Comparing Figure 4-22, which
illustrates the control surfaces of the tuned fuzzy YMC, to Figure 4-10, it is clear that the
scaling functions have adjusted the membership functions of the fuzzy YMC such that the
tuned control surfaces extend to the limits of the output domain and cover the entire
control space.
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Figure 4-21: Shape and distribution of the genetically-tuned membership functions for the input and output
variables of the fuzzy YMC
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4.6  Evaluation of the genetic fuzzy yaw moment controller

In order to evaluate the performance of the genetic fuzzy YMC, the AUTO21EV is

driven through a series of test maneuvers, which are described in Chapter 2.

4.6.1 1SO double-lane-change maneuver

The performance of the genetic fuzzy YMC is first compared to that of the untuned fuzzy
YMC as the vehicle is driven through the double-lane-change maneuver with an initial
speed of 75 km/h, using the path-following driver model. Figure 4-23 illustrates the
vehicle trajectory and demonstrates that the driver is able to negotiate the maneuver more
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easily and smoothly when the genetic fuzzy YMC is active, as compared to the case

where no stability controller is used (Figure 4-11-a).
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Figure 4-23: Desired and actual vehicle trajectories when driving through the double-lane-change maneuver
with an initial speed of 75 km/h using the driver model and the genetic fuzzy YMC

Figure 4-24 illustrates the vehicle yaw rate and sideslip angle for this maneuver.
Comparing this figure with Figure 4-12, it is clear that the genetically tuned fuzzy YMC
is able to control the vehicle so that it performs more like the desired reference model

than it did before undergoing the tuning process.
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Figure 4-24: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when driving through the
double-lane-change maneuver using the driver model, with and without the genetic fuzzy YMC (GFYMC)

Figure 4-25 illustrates the lateral acceleration of the vehicle, the driver’s steering
input, and the vehicle forward speed as functions of time. As can be seen, the vehicle
experiences a more harmonic lateral acceleration than it did when no stability controller
was active. The maximum lateral acceleration is about 8.4 m/s®, which indicates that the
traction potentials on all tires are widely used to keep the vehicle on its desired path.
Comparing the required steering wheel angles shown in Figure 4-25-b, it is clear that the
driver requires the least steering effort when the genetic fuzzy YMC is active. As a result,
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the vehicle loses even less speed with the genetic fuzzy YMC than it did with the untuned
version of the controller. Figure 4-25-d illustrates the handling performance of the
vehicle, and clearly indicates that the vehicle handling and agility have been significantly
improved by the genetic fuzzy YMC. The hysteresis of this plot suggests an almost linear
relationship between the steering wheel input and the vehicle yaw rate, which
characterizes a vehicle with superior responsiveness. Note that, for clarity, the handling
performance plot of the vehicle when no stability controller is active is not shown. The
required corrective yaw moment shown in Figure 4-26 indicates that the genetic fuzzy
YMC is able to generate larger corrective yaw moments than the untuned fuzzy YMC
when the vehicle is driven through the same maneuver. Note that the generated corrective
yaw moment is now large enough to eliminate the yaw rate error completely and
minimize the sideslip angle error of the vehicle (Figure 4-24).

40 reeeee g BO0 --remeeerenenes N T —

(]
: R

Lateral Acceleration [m/s 2]

=
@
=
@
[=)]
| =
<L
I}
%
[=)]
£
=
@
<]
2
n

: ==== Driver
: —— Driver+FYMC
0] USSR .| === Driver+GFYMC|....
= 5 2
g% : : ﬁ
i i ©
Q ; FAY o
8- [ | E— \\"';\‘ 4 >
] ! LA ©
| A >
al (@)
: : : H -4 i i i i i i
%0 1 2 3 s 5 ¥oo 50 100 50 0 50 100 150
Time [s] Steering Wheel Input [deg]

Figure 4-25: (a) Lateral acceleration, (b) steering wheel angle, and (c) vehicle speed as functions of time;
and (d) vehicle yaw rate as a function of the steering wheel input when driving through the double-lane-
change maneuver without a controller, with the fuzzy YMC (FYMC), and with the genetic fuzzy YMC
(GFYMC)
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Figure 4-26: Comparison of the corrective yaw moment generated by the fuzzy and genetic fuzzy YMCs

Table 4-111 summarizes the vehicle response during the double-lane-change
maneuver when the genetic fuzzy YMC is active. Since the genetic fuzzy YMC
demonstrates better performance in all aforementioned aspects than the untuned fuzzy
YMC, only the genetic fuzzy YMC will be considered in the reminder of the evaluation
process. Comparing different parameters of the vehicle response during the double-lane-
change maneuver using the driver model with and without the genetic fuzzy YMC (Table
4-111), it can be seen that the genetic fuzzy YMC is very effective at improving all the
decisive parameters that describe the handling, stability, and longitudinal dynamics of the

vehicle (Figure 2-4). In particular, the genetic fuzzy YMC has reduced |8| . || _ .

max

|5SW|max’ and Ay, significantly, and has increased ‘ay‘max slightly, which together

indicate that the vehicle handling has been improved considerably by the genetic fuzzy
YMC. The reduction of || _ and ||  implies, at the same time, that the stability of
the vehicle has improved significantly. In addition, the fact that the vehicle loses less

speed when the genetic fuzzy YMC is active indicates that the controller is very effective
at improving the longitudinal dynamics of the vehicle.

Parameter 8., (7 a, Oow | | AV Viost

max

AUTO21EV 26.3° 115.4%s 8.2 m/s* 545° 163.8°/s | 20.5 m/s

GFYMC 6.20° 31.2%s 8.4 m/s* 108° 21°/s 13.2 m/s

Table 4-111: Vehicle response during the double-lane-change maneuver using the driver model with and
without the genetic fuzzy YMC (GFYMC)
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4.6.2 Step-steer response maneuver

In order to evaluate the performance of the vehicle using the genetic fuzzy YMC in a
step-steer response maneuver, the vehicle yaw rate, sideslip angle, and lateral
acceleration response as functions of time are observed. Figure 4-27 illustrates the
steering wheel step input and the lateral acceleration response of the vehicle. As can be
seen, the vehicle reaches a lateral acceleration of about 4 m/s? with a steering wheel input
of 18° when no stability controller is activated. The rise time of the lateral acceleration
response for the AUTO21EV model is about 0.66 seconds. This rise time is reduced to
0.51 seconds when the genetic fuzzy YMC is active, indicating an improvement in the

responsiveness of the vehicle.
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Figure 4-27: (a) Required steering wheel input and (b) lateral acceleration of the vehicle when driving
through the step-steer maneuver

Figure 4-28 shows the yaw rate and sideslip angle of the vehicle with and without
the genetic fuzzy YMC. Looking at the rise times of the yaw rate response with and
without the controller, it is confirmed that the genetic fuzzy YMC improves the
responsiveness of the vehicle considerably. Note that, due to the sharp steering input, the
lateral forces on the front tires build up faster than those at the rear axle. Therefore, the
vehicle experiences a positive sideslip angle for a short period of time (Figure 4-28),
which diminishes and becomes negative once the lateral forces on the rear tires build up
and get to the level that can create equilibrium around the center of mass of the vehicle.
The short delay in the lateral acceleration plot, which occurs soon after the step input
when driving through the maneuver without using a stability control system, is due to this
phenomenon (Figure 4-27); however, the delay is suppressed when the genetic fuzzy
YMC is active.
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Figure 4-28: Yaw rate (top) and sideslip angle (bottom) of the vehicle when driving through the step-steer
maneuver with and without the genetic fuzzy YMC (GFYMC)

Table 4-1V summarizes the vehicle response during the step-steer test maneuver.
Comparing parameters of the vehicle response during the step-steer maneuver with and
without the genetic fuzzy YMC, it can be recognized that the genetic fuzzy YMC is very
effective at improving all the decisive parameters that describe the handling

characteristics of the vehicle (Figure 2-4).

Parameter t‘/} PO = % <100% |ﬂ|max tay
AUTO21EV 0.34s 1.30% 1.43° 0.66 s
GFYMC 0.15s 0.00% 1.38° 0.51s

Table 4-1V: Vehicle response during the step-steer maneuver using a fixed step-steer input with and
without the genetic fuzzy YMC (GFYMC)

4.6.3 Brake-in-turn maneuver

Figure 4-29 illustrates the trajectory of the vehicle relative to the desired path during a
brake-in-turn maneuver. As can be seen, the vehicle becomes unstable and leaves the
predefined road when the YMC is not active; however, the driver is able to keep the
vehicle on the predefined circular path while severely braking when using the genetic
fuzzy YMC, and the lateral deviation of the vehicle from the desired path remains very

small throughout the maneuver. Looking at the driver’s steering wheel input as a function
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of time, shown in Figure 4-30-a, it is clear that the driver model is not able to control the
vehicle when the YMC is inactive even when very large steering wheel angles are
applied. However, the driver model is able to control the vehicle when the genetic fuzzy
YMC is active by applying a maximum steering wheel angle of only 45°. In addition, the
gradient of this plot indicates that it requires very little effort for the driver to control the
vehicle when braking in a turn. Figure 4-30-b illustrates the lateral acceleration of the
vehicle and confirms the stability of the vehicle when the genetic fuzzy YMC is active,
even though it is being driven near its handling limit. Such a large lateral acceleration
(7.7 m/s®) during a severe braking maneuver indicates that the traction potentials on all

tires are widely used to hold the vehicle on its desired path.

60 : : ; ; R TN R ; 60 ; : 5 g 5
---- Desired Trajectory ; i i i ---- Desired Trajectory ; i i
J— i : : J— i : i
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Figure 4-29: Desired and actual vehicle trajectories when braking in a turn using (a) the driver model only,
and (b) using the driver model with the genetic fuzzy YMC (GFYMC)

Figure 4-31 compares the vehicle yaw rate and sideslip angle when driving
through the brake-in-turn maneuver with and without the genetic fuzzy YMC. As can be
seen, the vehicle behaves almost like the desired reference bicycle model when the
genetic fuzzy YMC is active, and the driver is able to control the vehicle while braking in
the curve. This figure also confirms the stability of the vehicle, as the yaw rate and
sideslip angle both approach zero as the vehicle progresses toward larger deceleration
rates. Figure 4-32 shows the vehicle speed as a function of time and the vehicle
longitudinal acceleration as a function of vehicle speed. This figure confirms the
performance of the speed controller and the severity of the braking component of this

maneuver.
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Figure 4-30: (a) Required steering wheel input and (b) lateral acceleration of the vehicle when braking in a
turn with and without the genetic fuzzy YMC (GFYMC)
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Figure 4-31: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when braking in a turn
using the driver model with and without the genetic fuzzy YMC (GFYMC)

80 2
o : 0 _Bwer GFYMC|
..... H
—— Actual Speed \ E river
60| === Desired Speed |- 5
- \ s s s S e S
g 50 \ o
T 8
§ T e e <
7] \ @
30 =
>
I } ©
20 a 5
- -
10 1 i
0 2 ) 4 6 8 %O 70 60 50 40 30 20 10
Time [s] Speed [km/h]

Figure 4-32: (a) Vehicle speed as a function of time and (b) longitudinal acceleration as a function of
vehicle speed when braking in a turn using the driver model with and without the genetic fuzzy YMC
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Table 4-V summarizes the vehicle response during the brake-in-turn maneuver.
Comparing parameters of the vehicle response during the brake-in-turn maneuver using
the driver model with and without the genetic fuzzy YMC, it can be seen that the genetic
fuzzy YMC is very effective at improving all the decisive parameters that describe the

handling, stability, and path-following capability of the vehicle (Figure 2-4). In particular,
the genetic fuzzy YMC has reduced |g| . |w| . and |5,|  significantly, which
indicates that this controller is very effective at enhancing the vehicle handling during
this maneuver. In addition, a reduction of || _ and |y7| _ simultaneously indicates that

the genetic fuzzy YMC is very effective at improving the vehicle stability. Finally, the
fact that the maximum lateral deviation of the vehicle from the desired path remains very

small confirms that the genetic fuzzy YMC is enhancing the path-following capability of

the vehicle.
Parameter |lf/'/|max |ﬁ|max AymaX |5SW |max
AUTO21EV 126.5%s 50.1° 3.67m 700°
GFYMC 22.60°/s 4.36° 0.18 m 46.4°

Table 4-V: Vehicle response during the brake-in-turn maneuver using the driver model with and without
the genetic fuzzy YMC (GFYMC)

4.6.4 Straight-line braking on a p-split road

Braking on a p-split road is a critical test maneuver, and can be used to confirm the
performance and sensitivity of a vehicle and its stability control systems when subjected
to external disturbances. During this test, due to the asymmetric braking forces generated
on the left and right tires, the vehicle will be pushed to the side of the road that has a
higher coefficient of friction. Figure 4-33 shows the vehicle trajectory for this maneuver
and compares it to the case when the YMC is inactive. This comparison confirms that the
genetic fuzzy YMC is able to correct the side-pushing effect of the vehicle while braking
on a p-split road, thereby preventing a dangerous instability situation. It is important to
note that the braking distance of the vehicle is 44.5 meters when the genetic fuzzy YMC
is active, which is an acceptable braking distance for this vehicle. Looking at the vehicle
yaw rate and sideslip angle illustrated in Figure 4-34, it is clear that the genetic fuzzy
YMC is able to limit and, later, diminish the yaw rate and sideslip angle of the vehicle

while driving over the black ice patch. Figure 4-35 illustrates the required corrective yaw
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moment that is applied by the genetic fuzzy YMC to compensate for the side-pushing

effect.
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Figure 4-33: Desired and actual vehicle trajectories when braking on a p-split road holding the steering
wheel fixed with and without the genetic fuzzy YMC (GFYMC)
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Figure 4-34: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when braking on a p-
split road holding the steering wheel fixed with and without the genetic fuzzy YMC (GFYMC)

Table 4-VI summarizes the vehicle response during the straight-line braking

maneuver performed on a p-split road. Comparing parameters of the vehicle response

while braking on a p-split road, it can be seen that the genetic fuzzy YMC is very

effective at improving all the decisive parameters that describe the stability, path-

following capability, and braking performance of the vehicle. In particular, the genetic

fuzzy YMC is able to reduce |8| _ and |y7|  significantly, which indicates that the

stability of the vehicle is greatly enhanced. Moreover, the braking distance of the vehicle

has been reduced considerably when the genetic fuzzy YMC is active, indicating an
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improvement in the longitudinal dynamics of the vehicle. The maximum lateral deviation
of the vehicle is also reduced significantly, and the vehicle remains on the predefined
road throughout the maneuver when the genetic fuzzy YMC is active.
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Figure 4-35: (a) Corrective yaw moment required to counteract the side-pushing effect of the vehicle and
(b) vehicle speed while braking on a p-split road holding the steering wheel fixed and using the genetic
fuzzy YMC

Parameter A, (7. AXoraking AY rax
AUTO21EV 24.2° 63.4%s 48.4 m 15.9m
GFYMC 0.40° 1.85%s 445 m 0.46m

Table 4-VI: Vehicle response during the straight-line braking on a p-split road maneuver holding the
steering wheel fixed with and without the genetic fuzzy YMC (GFYMC)

4.7  Chapter summary

In this chapter, a simple vehicle model is developed to allow for the testing of different
control strategies, and for applying a genetic tuning algorithm to the development of the
fuzzy yaw moment controller. The genetic tuning procedure is applied to the developed
fuzzy YMC to improve its performance. A variety of maneuvers are simulated to
demonstrate the effectiveness of the genetic fuzzy YMC. Table 4-VII provides a
subjective evaluation of the effectiveness of the genetic fuzzy YMC based on different
test maneuvers. In the next chapter, the issue of realistically generating the required

corrective yaw moment using an advanced torque vectoring controller is addressed.

121



4 Genetic Fuzzy Yaw Moment Controller

Characteristic o
Handling Stability - Paﬂ:l Long:ltudrmal
Maneuver - following dynamics
Double-lane-change 3 3 2.5
Step-steer 3
Brake-in-turn 3 3 3
Straigllt-lillé bTakjug 3 25 3
on a p-split road
_ 1
Mean Value [x —in] 3 3 2.75 2.75
i=1

Table 4-VII: Subjective evaluation of the effectiveness of the genetic fuzzy YMC based on different test
maneuvers (3 = very effective, 2 = effective, 1 = effective to some extent, 0 = ineffective)
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As mentioned previously, the AUTO21EV model with four direct-drive in-wheel motors
is an exciting platform on which to apply advanced motion control techniques, such as
advanced slip control and torque vectoring systems, since the motor torque and speed can
be generated and controlled quickly, precisely, and independently at each wheel. An
advanced slip control system is developed and tested in Chapter 3. In addition, a high-
level genetic fuzzy yaw moment controller is developed in Chapter 4, the objective of
which is to determine the corrective yaw moment required to minimize the vehicle yaw
rate and sideslip errors. This genetically-tuned fuzzy yaw moment controller acts as a
high-level supervisory module that assigns tasks to the lower-level controllers and
actuators. In this section, an advanced torque vectoring controller is developed for the
AUTO21EV that distributes the task of generating the calculated corrective yaw moment
to the in-wheel motors. The developed advanced torque vectoring controller consists of
left-to-right and front-to-rear torque vectoring components, which work together to
distribute the calculated corrective yaw moment in an integrated approach.

5.1 Control method for left-to-right torque vectoring distribution

In this section, an advanced torque vectoring system is developed based on the previously
developed genetic fuzzy yaw moment controller. The objective here is to distribute the
calculated corrective yaw moment to the individual in-wheel motors in order to stabilize
the vehicle driving dynamics. Assuming that M, is the total required corrective yaw
moment that is calculated by the genetic fuzzy yaw moment controller, the tire forces on
each axle must be adjusted such that each axle generates a portion of the total corrective
yaw moment, as follows:

M,=M, (i * M, 0 =6, M, +6,-M, (5.1)
where M, front and M, ear are the portions of the required corrective yaw moment that
must be generated at the front and rear axles, respectively. In other words, & and & are
the percentages of the total required corrective yaw moment M, that must be generated at

the front and rear axles, such that &, +6, =100%. The relationship between & and 6

defines the front-to-rear torque vectoring distribution and will be discussed later.
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Generating a couple (equal and opposite traction forces) on each axle is the best
strategy for creating the required corrective yaw moment for two reasons: first, all tires
participate in generating the required corrective yaw moment; secondly, the desired
vehicle velocity will not be influenced by the activities of the torque vectoring system as
they would in an ESP system, provided the forces on the sides of each axle can be
generated without being restricted by the traction potential of the tires or the performance
of the in-wheel motors. In addition, since all of the tires are involved in generating the
corrective yaw moment, and since each tire can be accelerated or braked independently,
this strategy has a better efficiency than conventional torque vectoring and ESP systems,
in which only specific tires are involved to generate the corrective yaw moment. Figure
5-1 illustrates the proposed torque vectoring strategy, where a couple is generated on

each axle. The generated yaw moment on each axle is calculated as follows:

t t
M =F ._f+ .t M
z, front x,FR 2 x,FL 2 — szfront — FX,F 'tf — Fx,;: — ;: front (52)
XFR:FX,FL:FXF !
M, . =F . riF, M
z,rear X,RR 2 X,RL 2 - szrear — FXYR 'tr — FXYR — ;,rear (53)
Fx,RR = Fx,RL = Fx,R '

where Fyrr, FxrL, Fxrr, and Fxgo are the longitudinal tire forces of the front-right,
front-left, rear-right, and rear-left wheels, respectively; t; and t; are the front and rear

wheel tracks of the vehicle.

Actual \ ) Desired
Path  \ v Path
!

FX,FL

Figure 5-1: Advanced torque vectoring strategy using couple generation on each axle (the dash-dotted
ellipse surrounding each tire indicates the adhesion potential of that tire; the solid ellipse indicates the
actual friction ellipse)
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In order to calculate the required motor torques, a torque balance is formed for
each wheel. Figure 5-2 illustrates the model of a single wheel, where Iy, denotes the
moment of inertia of the wheel about its spin axis, T denotes the motor torque, rqy, is the
tire dynamic radius, @y is the angular velocity of the tire, F; is the tire vertical force, and
Fy is the tire longitudinal force. Note that the tire rolling resistance and the aerodynamic
drag of the vehicle are neglected in this model for simplicity. By specifying the equation
of motion of the wheel, the traction force at the tire-road contact patch can be estimated

as follows:

T, —F =1, @& <F =i.(T @) (5.4)

X ;W w X

Figure 5-2: Torque balance at the tire-road contact patch
Substituting the traction force F, from equation (5.4) into equations (5.2) and (5.3), the

required motor torque at each wheel can be calculated as follows:

r

T, :dty_ M, fone + Ly @;  Where ie{FR, FL} (5.5)
f
r, .
T, :dty_ M, rear + 1y @ Where ie{RR, RL} (5.6)

r

Note that when the required corrective yaw moment is positive, the wheels on the right
side of the vehicle must be driven and the wheels on the left side must be braked; when
the required corrective yaw moment is negative, the wheels on the right side of the

vehicle must be braked and those on the left side must be driven.
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5.2 Calculation of tire adhesion potential

In order to prevent the tires from spinning out or locking up during the couple generation,
the maximum possible traction force of each tire is estimated at each time step of the
simulation and is used to limit the traction forces of the tires. In addition, the adhesion
potential of each tire is calculated and used to define the extent to which the tire forces
have been saturated. Estimating the adhesion potential requires information about the
horizontal and vertical forces acting on the tire, as well as the friction coefficient between
the tire and the road, the estimation of which is presented below.

The longitudinal and lateral tire forces are estimated using the well-known
“Magic Tire Formula” [Pac02, Pac97]. This model is a semi-empirical set of curve fits
that takes into account the coupling between the longitudinal and lateral tire forces
through combined-slip characteristics, a limited tire adhesion potential, the variation in
cornering stiffness with tire load, and the influence of the tire-road friction coefficient.
The combined-slip horizontal tire forces are estimated using the following equations
[Pac02]:

F.=Fg, -cos(C -arctan(B-a—E-(B- o —arctan (B- a)))) (5.7)

Yl

Fi=Fp: ~cos(C-arctan(B-ﬂ— E-(B-ﬂ—arctan(BJL)))) (5.8)

where ie{FL, FR, RL, RR}. Note that these forces are calculated with respect to the

wheel coordinate system. Fy; and Fy; represent the pure-slip tire forces in the

longitudinal and lateral directions, respectively, and are calculated as follows [Pac02]:

F,o; =D-sin(C -arctan(B- 21— E (B A—arctan (B 2)))) (5.9)

F,; =D-sin (C -arctan(B-a—E-(B- a—arctan(B- a)))) (5.10)

In this tire model, the interdependence between the longitudinal and lateral tire forces is
considered, where peak factors D, shape factors C, stiffness factors B, and curvature
factors E are different for equations (5.7) to (5.10), and for the longitudinal and lateral
directions [Pac02]. All the parameters required by this model are taken from the Pacejka
2002 tire data obtained for a 175/55 R15 tire. In addition, the slip ratio of each tire is
calculated using equations (3.1) and (3.2) in Chapter 3, and the sideslip angle of each tire
is approximated using a bicycle model, as indicated below [Wal05]:
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a.=5+p-2Y (5.11)
a, =,B+b\;—l// (5.12)

where ¢ is the steering angle, £ is the sideslip angle of the vehicle, a and b are the
distances of the front and rear axles from the vehicle center of gravity, vy is the vehicle
forward speed, and y is the vehicle yaw rate.

Approximating the longitudinal and lateral tire forces using equations (5.7) and

(5.8), the tire adhesion potential utilization 7 can be estimated using the following

elliptic relation:

F. i F, i ,
=\ B — |+ = g , 0<7,<1 and ie{FL, FR,RL, RR} (5.13)

Xi,max yi, max
where Fyimax and Fyimax represent the maximum possible forces in the longitudinal and
lateral directions, respectively. With the nominal tire load F, and the tire-road friction
coefficients z;, the maximum longitudinal and lateral tire forces can be approximated as
follows [Pac97]:
F,-F
in,max =4 in ' k><,i £1+ Ix ZI—ZOJ (514)

z0

Fo o =t Fa ok, -(1+ ’ ﬂ} (5.15)
z0

where ky; and ky; depend on the actual tire camber angle, and parameters I, and ly, which
define the degressive behaviour of the tire horizontal forces [Pac02], are set to 1. It is
important to note that, due to the absence of the suspension kinematics in the
DynaFlexPro model of the AUTO21EV (Figure 4-1), the camber angles are set to zero
and do not vary during the simulation. For the sake of simplicity, the camber angles in the
ADAMS model of the AUTOZ21EV are also assumed to be zero and constant throughout
the simulation.

The actual vertical force applied to each tire (F;) is approximated by neglecting
the coupling between the vehicle roll and pitch, and disregarding the suspension
dynamics. To this end, two half-car models are used one for the longitudinal direction

and one for the lateral direction. Figure 5-3-a illustrates a half-car model in the
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longitudinal direction, where ay indicates the longitudinal acceleration of the vehicle. The
inertial force due to the longitudinal acceleration at the vehicle center of gravity (CG)
causes a weight shift to the rear axle, which simultaneously reduces the front axle load
and increases the rear axle load. Constructing the torque balance at the rear axle contact
point yields the following expression for the front axle load (F,f) [Kie05]:

D> M, =0=(a+b)-F,. —-My-g-b+my-a,-hg =0 =

b hee (5.16)

Z,F =a+meG.g a+meG.aX

where a and b are the distances of the front and rear axles from the vehicle center of

gravity, m.; is the total mass of the vehicle, heg is the height of the vehicle center of

gravity, and g is the gravitational acceleration constant. a_, is the longitudinal

X
acceleration of the vehicle, and can be measured using an accelerometer. Subtracting the

front axle load (F,¢) from the total vehicle weight, the rear axle load (F,R) is calculated

as follows:
a hes
ZFz:O :>FzF+FzR_mce'g:0 = Fr=—""Myg -0+ Meg - Ay (5.17)
, : T a+b a+b
(b
hes
Fy,FR
r
t FR

Figure 5-3: (a) Longitudinal weight shift during acceleration and (b) lateral weight shift during cornering

During cornering, the lateral acceleration causes a weight shift to one side of each
axle, whose distribution between the front and rear axles depends on the axle loads. The
two axles are considered to be decoupled from each other, and a half-car model is used to
calculate the lateral weight shift on each axle. For instance, Figure 5-3-b illustrates the
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half-car model for the front axle, where the virtual mass of the front axle m; is

calculated as follows:

* FZ,F I:Z,FL + FZ,FR

m: =—2F = (5.18)
g g

Considering the torque balance equation at the point of contact between the ground and

the front-left tire, the lateral weight shift at the front-right tire is calculated as follows:

t
ZMx:o = F et _m;'ay'hce_m;'g'ézo =

(5.19)

m; t
I:z,FR :t_F(ay ’ hCG +?fj
f
Substituting into equation (5.19) the virtual mass of the front axle (m-) from equation
(5.18) and the front axle load (F,F) from equation (5.16), the front-right dynamic wheel

load can be calculated as follows:

b h 1 hg-a
F =My | —g-——%a ||=+—=— 5.20
z,FR CG (a-i'bg a+b xj |:2 tfg } ( )
By analogy, the dynamic loads of the other three wheels can be computed as follows:

b h 1 hg-a
Fo=Mg| —g-——L-a |[|Z-—2 5.21
z,FL CG a+bg a+b xj I:z tfg :I ( )
o = Mea |~ g e a}' 1 led, (5.22)
s la+b” a+b ) |2 t-g '
Fon = Mo o[ o g+ e aj- e (5.23)
PR la+b a+b )2 t-g '

Note that the performance and accuracy of this method have been proven in [Kie05] by
comparing data measured during a severe cornering maneuver with the wheel loads
approximated by equations (5.20) to (5.23). Finally, substituting the traction force (Fy)
from equation (5.4) into equation (5.14), the maximum motor torque at each wheel can be

calculated as follows:

1 F,—F
— (T =1 o V=u-F. -k |1+ 220 |
r ( M,iax WA a)Wi) H zi X, ( X FZO ]
(5.24)
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As can be seen, the maximum motor torque in equation (5.24) is a function of the tire-
road friction coefficient (u). This indicates that in the future a friction coefficient
estimator must be implemented to the ATVC, such that the maximum possible motor
torque can be calculated correctly on all road conditions. Equation (5.24) is used by the
torque vectoring controller to limit the motor torque at each wheel when generating a
couple.

In summary, by comparing equations (5.5) and (5.6) with equation (5.24), the
motor torque at each wheel is limited as follows:

r. o
Tm,i = m|n|:( (‘jtym : Mz,front + Iyy,w ’ d’w,i}’[rdyn,i “H in : kx,i [l_’_ Ix : FZIF FZO}_'_ Iyy,wi 'a')wi ):| (525)
f z0

where i e{FL, FR} and

F,—F

. )
Tm,i = mln{[ d:n'I ' z,rear + Iyy,w : wa,iJ’(rdyn,i ' lLlI ' in : kx,i [l+ Ix ' ZIF ZOJ+ Iyy,Wi ' d)wi ]:l (526)
r z0

where i e {RL, RR}. As indicated in equation (5.1), My, front and M, rear are the portions of

<

the required corrective yaw moment that must be generated at the front and rear axles,
respectively. The relationship between these two moments defines the front-to-rear torque

vectoring distribution, and will be defined in the next section.

5.3 Control method for front-to-rear torque vectoring distribution

As mentioned earlier, if a middle differential were used to distribute the driving torque
between the front and rear axles, the fixed torque distribution could be established on the
basis of the axle-load ratio, the design philosophy of the vehicle, or the desired handling
characteristics of the vehicle. In the case of an active differential, however, this fixed
ratio is adjusted according to the traction conditions or driving dynamics of the vehicle
[Rei02]. Since no mechanical linkage exists between the wheels of the AUTO21EV, the
front-to-rear torque distribution ratio must be set virtually and adjusted based on the
vehicle driving dynamics or traction conditions. In normal driving conditions, a fixed
50:50 ratio has been chosen to split the required corrective yaw moment evenly between
the front and rear axles. However, this ratio will be adjusted by a yaw rate feedback
controller at high maneuvering speeds and in emergency situations in which the vehicle is

operating near its handing limits. This approach uses the yaw rate error calculated for the
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genetic fuzzy YMC (Table 4-1) and sets the front-to-rear distribution ratios, namely &
and &, such that the deviation between the desired and actual yaw rate of the vehicle is

minimized. This objective is accomplished by a PD controller as follows:

) d .
0 =0, e + Ko -e(¥)+Kp -ae(l//) (5.27)

6, =100% — 6, (5.28)

where & fixeq IS the predefined fixed ratio of 50%, and Kp and Kp are the proportional and
derivative feedback gains of the PD controller, respectively. Note that the controller gains
are chosen manually using a trial-and-error approach. The performance and stability of
this controller have been examined through numerous driving maneuvers in the
simulation environment. Since the proposed PD controller is part of a digital control
system, the derivative part of the controller is approximated as follows:

e(l/))k — e(l/))k—l
sample time

d

—e(y)~ 5.29
o ) (5.29)
where e(y), and e(y), , are the current and previous values of the yaw rate error,

respectively.
5.4 Evaluation of the advanced torque vectoring controller

In order to evaluate the performance of the advanced torque vectoring controller (ATVC),

the AUTOZ21EV is driven through a series of test maneuvers, as described in Chapter 2.

5.4.1 1SO double-lane-change maneuver

The performance of the ATVC is first evaluated by driving the AUTO21EV through the
double-lane-change maneuver with an initial speed of 75 km/h and using the path-
following driver model. Figure 5-4 illustrates the vehicle trajectory and demonstrates that

the driver is able to negotiate the maneuver when the ATVC is active.
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Figure 5-4: Desired and actual vehicle trajectories when driving through the double-lane-change maneuver
with an initial speed of 75 km/h using the path-following driver model and the ATVC
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Figure 5-5 illustrates the vehicle yaw rate and sideslip angle during this maneuver.
As can be seen, the ATVC is not able to exactly match the actual vehicle yaw rate with
the desired yaw rate calculated using the reference bicycle model. In addition, due to the
actuation of the in-wheel motors, there are some oscillations in the actual vehicle yaw
rate that might be perceived by the driver as being annoying. However, the sideslip angle
of the vehicle is very close to that obtained when the genetic fuzzy YMC is active (see
Figure 4-24).
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Figure 5-5: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when driving through the
double-lane-change maneuver using the driver model with and without the ATVC

Figure 5-6-a illustrates the vehicle lateral acceleration as a function of time. As
can be seen, the results using the ATVC are very similar to those observed using the
genetic fuzzy YMC except at the handling limits, where the activation of the in-wheel
motors causes some oscillations in the lateral acceleration of the vehicle. As mentioned
before, this type of oscillation might be perceived by the driver as being annoying, and
should be avoided. Looking at Figure 5-6-b, it is confirmed that, except during the second
lane-change, the driver requires about the same amount of steering wheel input as is the
case when the genetic fuzzy YMC is active. Figure 5-6-c illustrates the vehicle speed
during the double-lane-change maneuver, and confirms the advantage of the couple
generation by the ATVC. Specifically, due to the couple generation at the front and rear
axles, the speed reduction during this maneuver is much smoother and more linear than
the case where no stability controller is active. As such, the vehicle loses almost the same
amount of speed as is the case when the genetic fuzzy YMC is active. Figure 5-6-d

illustrates the handling performance of the vehicle and indicates that the hysteresis of this
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plot is twice as large as that of the analogous plot for the genetic fuzzy YMC. In other
words, although the responsiveness and agility of the vehicle are considerably improved
compared to the case where no stability controller is active, they are not as good as the

case when the genetic fuzzy YMC is used to generate the corrective yaw moment.
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Figure 5-6: (a) Lateral acceleration, (b) steering wheel angle, and (c) vehicle speed as functions of time;
and (d) vehicle yaw rate as a function of the steering wheel input when driving through the double-lane-
change maneuver without a controller, with the genetic fuzzy YMC (GFYMC), and with the ATVC

Figure 5-7 illustrates the torque of each in-wheel motor during the double-lane-
change maneuver. It is very important to notice that, at each wheel, the requested motor
torque from the torque vectoring controller can be restricted by the maximum possible
motor torque, which is calculated by equation (5.24), the slip controller that prevents the
tires from locking up or spinning out, or by the power limitation of the in-wheel motor.
As mentioned earlier, the performance of the in-wheel motors decreases the faster the
motors rotate due to the inductive voltage losses. Looking at the motor torque plots, it can
be seen that, although the ATVC has always requested couple forces on the sides of both
axles, the requested motor torques could not always be generated due to one of the

aforementioned limitations. For instance, between 1.2 and 1.45 seconds of the simulation,
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the actual motor torques generated at the front wheels and the rear-right wheel are less
than the requested torques because, at a speed of 72 km/h, the motors are not powerful
enough to generate the requested torques. At the rear-left tire, however, the requested
motor torque is restricted by the maximum allowable torque. Another interesting region
to observe is between 2.45 and 3.1 seconds of the simulation, during which time the
transition between the minimum and maximum lateral accelerations occurs (Figure
5-6-b). As can be seen, the left-to-right torque vectoring controller has first ordered the
left wheels to brake and the right wheels to accelerate in order to correct an oversteering
situation, where the actual yaw rate is larger than the desired one (Figure 5-5). At 2.73
seconds of the simulation, however, as the transition from a negative lateral acceleration
to a positive one occurs and the yaw rate error becomes zero, the left-to-right torque
vectoring controller changes its request by ordering the left wheels to accelerate and the

right wheels to brake, which is again done to correct an oversteering situation.

Figure 5-7: Requested and actual motor torque at each wheel when driving through the double-lane-change
maneuver using the driver model with the ATVC

Looking at the activation plot of the front-to-rear torque vectoring controller in
Figure 5-8, it can be confirmed that the actions of the left-to-rear torque vectoring
controller have been supported by the front-to-rear torque vectoring controller. In
particular, the front-to-rear torque vectoring controller has requested the front motors to
generate up to 72% of the total required corrective yaw moment between 2.45 and 2.73

seconds and, later, it changes its request by asking for more torque from the rear motors
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between 2.73 and 3.1 seconds of the simulation. Note that generating more torque at the
front motors rather than the rear ones reduces the lateral force potential at the front axle
and increases that at the rear axle. The asymmetric lateral force potentials on the front
and rear axles is used to generate the required corrective yaw moment. The effect of the
front-to-rear torque vectoring controller can also be seen in Figure 5-7. For instance,
between 2.45 and 2.73 seconds, the front-to-rear torque vectoring controller has requested
the front-left motor to generate up to 900 Nm of braking torque and the front-right motor
to generate up to 900 Nm of driving torque while, at the same time, the controller has
requested up to 350 Nm of braking and driving torques from the rear-left and rear-right
motors, respectively. Note that, although the controller has requested the front motors to
generate large motor torques, the motors are not powerful enough to generate the
requested torques when the vehicle is travelling at a speed of 66 km/h. The effects seen in
Figure 5-7 can also be confirmed by looking at the tire traction potentials and tire slip
ratios shown in Figures 5-9 and 5-10, respectively. For instance, the maximum traction
potential of the rear-left tire has been exceeded once at 1.2 seconds and then between
3.37 and 3.56 seconds of the simulation (Figure 5-9). Looking at Figures 5-7 and 5-10, it
can be confirmed that the requested motor torque on the rear-left wheel is first restricted
by the maximum torque limiter (at 1.2 seconds) and then by the slip controller (between
3.37 and 3.56 seconds) in order to prevent tire spin-out. This observation suggests that the
excess of the traction potential of the rear-left tire is due to the fact that the lateral force

of the tire has exceeded its limit.
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Figure 5-8: Front-to-rear torque vectoring ratios when driving through the double-lane-change maneuver
using the driver model with the ATVC
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Figure 5-9: Traction potential of each tire when driving through the double-lane-change maneuver using
the driver model with the ATVC

Figure 5-10: Tire slip ratios when driving through the double-lane-change maneuver using the driver
model with the ATVC

Table 5-1 summarizes the vehicle response during the double-lane-change
maneuver using the driver model when the advanced torque vectoring controller is active,
and compares it to the results obtained when no stability controller is active and when the
genetic fuzzy YMC is active. Comparing different parameters of the vehicle response

during the double-lane-change maneuver, it can be seen that, although the ATVC has
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improved all the decisive parameters that describe the handling, stability, and longitudinal
dynamics of the vehicle, it cannot be considered as effective as the genetic fuzzy YMC,
which represents the ideal case but is not directly realizable. With respect to the handling

of the vehicle, the ATVC has reduced || _ and || by about the same amount as the

genetic fuzzy YMC. The maximum lateral acceleration of the vehicle, ‘a , has

y‘max
increased the same amount as it did when the genetic fuzzy YMC was active; however,
when the ATVC is active, the driver requires a larger maximum steering wheel angle to

negotiate the maneuver. In addition, the hysteresis of the performance plot (Ay,, ) is

about 1.7 times larger than it is when the genetic fuzzy YMC is active. Altogether, the
ATVC is considered to be an effective controller for improving the handling

characteristics of the vehicle. Since the ATVC has reduced || _ and || by about the

same amount as the genetic fuzzy YMC, it is considered to be as effective at improving
the stability of the vehicle. The speed lost during the maneuver is about the same as that
observed when the genetic fuzzy YMC is used and, therefore, the ATVC is also

considered to be a very effective controller for improving the longitudinal dynamics of

the vehicle.
Parameter |8 |max 17 |max ‘ay . |Sow |max Ay, Viost
AUTO21EV 26.3° 115.4°%s 8.2m/s? 545° | 163.8%/s | 20.5m/s
GFYMC 6.2° 31.2%s 8.4m/s? 108° 21%s 13.2m/s
ATVC 6.1° 36.4%s 8.4m/s? 140° 35.5% | 13.5m/s

Table 5-1: Vehicle response during the double-lane-change maneuver using the driver model without a
controller, with the genetic fuzzy YMC (GFYMC), and with the ATVC

5.4.2 Step-steer response maneuver

In order to evaluate the performance of the vehicle using the ATVC in a step-steer
response maneuver, the vehicle yaw rate, sideslip angle, and lateral acceleration as
functions of time are observed. Figure 5-11 illustrates the steering wheel input and the
lateral acceleration of the vehicle. As can be seen, the lateral acceleration when using the
ATVC is similar to that obtained when using the genetic fuzzy YMC; however, due to the
actuation of the in-wheel motors, some small oscillations can be observed in the lateral
acceleration plot. The rise time of the lateral acceleration response is about 0.47 seconds
when using the ATVC. Figure 5-12 shows the yaw rate and sideslip angle of the vehicle
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during this maneuver. A severe oscillation can be observed in the yaw rate response when
using the ATVC, which would be perceived by the driver as being annoying, and should
be avoided. Therefore, in practice, the ATVC should only be activated when the yaw rate
error exceeds a particular threshold and should not be used to correct small yaw rate
errors. Although the rise time of the yaw rate response is similar to that obtained when
using the genetic fuzzy YMC, an overshoot is clearly visible when using the ATVC. The
sideslip angle of the vehicle is slightly less than that observed when using the genetic

fuzzy YMC but, again, some oscillations can be seen in the response.
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Figure 5-11: (a) Required steering wheel input and (b) lateral acceleration of the vehicle when driving
through the step-steer maneuver using the ATVC
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Figure 5-12: Yaw rate (top) and sideslip angle (bottom) of the vehicle when driving through the step-steer
maneuver using the ATVC
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Table 5-11 summarizes the vehicle response during the step-steer test maneuver.
Comparing different parameters of the vehicle response with and without the ATVC, it
can be recognized that the ATVC is effective at improving all the decisive performance
parameters of the vehicle which, for this maneuver, describe the vehicle handling
characteristics. However, two problems must be addressed: the severe oscillation in the

yaw rate response of the vehicle and the overshooting effect of the yaw rate response.

Parameter t, PO = % =100% 15 b,
AUTOZ21EV 0.34s 1.30% 1.43° 0.66s
GFYMC 0.15s 0.00% 1.38° 0.51s
ATVC 0.15s 16.1% 1.36° 0.47s

Table 5-11: Vehicle response during the step-steer maneuver using the driver model without a controller,
with the genetic fuzzy YMC (GFYMC), and with the ATVC

5.4.3 Brake-in-turn maneuver

Figure 5-13-a illustrates the trajectory of the uncontrolled vehicle relative to the desired
path during a brake-in-turn maneuver and compares it to the case when the ATVC is
active (Figure 5-13-b). As can be seen, the vehicle becomes unstable and leaves the
predefined road when no stability controller is active. However, the driver model is able
to keep the vehicle very close to the predefined circular path while severely braking when
the ATVC is active, and the lateral deviation of the vehicle from the desired path remains
very small throughout the maneuver. Looking at the driver’s steering wheel input as a
function of time, shown in Figure 5-14-3, it is clear that the driver model is able to control
the vehicle when the ATVC is active by applying a maximum steering wheel angle of
only 48°. In addition, the gradient of this plot indicates that it is very easy for the driver to
control the vehicle when braking in a turn. Figure 5-14-b illustrates the lateral
acceleration of the vehicle and confirms that the vehicle remains stable when the ATVC
IS active, even though it is being driven near its handling limit. As can be seen, the lateral
acceleration of the vehicle when using the ATVC is very similar to that obtained when
the genetic fuzzy YMC is active, but contains some oscillations at higher lateral

accelerations.
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Figure 5-13: Desired and actual vehicle trajectories when braking in a turn using (2) the driver model only
and (b) the driver model with the advanced torque vectoring controller (ATVC)
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Figure 5-14: (a) Required steering wheel input and (b) lateral acceleration of the vehicle when braking in a
turn using the driver model without a controller, with the genetic fuzzy YMC (GFYMC), and with the
ATVC

Figure 5-15 illustrates the vehicle yaw rate and sideslip angle when driving
through the brake-in-turn maneuver using the genetic fuzzy YMC and the ATVC. Note
that, for clarity, the yaw rate and sideslip angle of the vehicle are not shown for the case
where no stability controller is active. As can be seen, the vehicle yaw rate follows the
desired reference model, but it is superimposed with oscillations. In addition, for a short
time after the braking starts (between the fourth and fifth seconds of the simulation), the
ATVC is not able to minimize the yaw rate error. However, the driver is still able to
control the vehicle while braking in the curve. This figure also confirms the stability of
the vehicle, since the yaw rate and sideslip angle both approach zero as the vehicle
progresses towards larger deceleration rates. Figure 5-16 shows the vehicle speed as a
function of time and the vehicle longitudinal acceleration as a function of vehicle speed.
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These plots confirm the performance of the speed controller as well as the severity of the
braking component of this maneuver.

Table 5-111 summarizes the vehicle response during the brake-in-turn maneuver
using the driver model. Comparing different parameters of the response when this
maneuver is performed without a controller, with the genetic fuzzy YMC, and with the
ATVC, it can be seen that the ATVC is as effective as the genetic fuzzy YMC at
improving all the decisive parameters that describe the handling, stability, and path-

following capability of the vehicle during a brake-in-turn maneuver. In particular, the

ATVC has reduced || . @] . and |5,|  significantly, which indicates that this

max

controller is very effective at enhancing the handling capabilities of the vehicle. It is
important to notice that, due to the severe oscillations in the yaw rate response of the

vehicle (Figure 5-15), the driver would perceive the activation of the ATVC as being
disruptive. A reduction of 3| _ and |y7| by the ATVC indicates that it is also very
effective at improving the stability of the vehicle. Since the maximum lateral deviation of

the vehicle from the desired path remains very small throughout the maneuver, the ATVC

Is also very effective at enhancing the path-following capability of the vehicle.
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Figure 5-15: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when braking in a turn
using the driver model without a controller, with the genetic fuzzy YMC (GFYMC), and with the ATVC

141



5 Advanced Torque Vectoring Controller

i [~ Driver
~t| ===~ Driver+GFYMC | -
— Driver+ATVC

—— Actual Speed i
60| ==="Desired Speed |----L .- hrres e 4

Speed [km/h]

Longitudinal Acceleration [m/s 2]
&

100 é !‘1 é 8 —1%0 Tb 60 50 40 30 Zb 10
Time [s] Speed [km/h]

Figure 5-16: (a) Vehicle speed as a function of time using the driver model with the ATVC and (b)
longitudinal acceleration as a function of vehicle speed when braking in a turn using the driver model
without a controller, with the genetic fuzzy YMC (GFYMC), and with the ATVC

Parameter . Bl AY nax St
AUTO21EV 126.5%s 50.1° 3.67m 700°
GFYMC 22.60°/s 4.36° 0.18m 46.4°
ATVC 24.00°/s 4.40° 0.18m 48.0°

Table 5-111: Vehicle response during the brake-in-turn maneuver using the driver model without a
controller, with the genetic fuzzy YMC (GFYMC), and with the ATVC

5.4.4 Straight-line braking on a p-split road

As mentioned before, braking on a p-split road can be used to confirm the performance
and sensitivity of a vehicle and its stability control systems when subjected to external
disturbances. Figure 5-17 shows the vehicle trajectory for this maneuver when no
stability controller is active and compares it to the case when the ATVC is active. This
comparison confirms that the ATVC is able to reduce the side-pushing effect of the
vehicle while braking on a p-split road, but the vehicle still leaves the predefined road,
which is considered to be a dangerous situation. The braking distance of the vehicle is
reduced to about 47.3 meters when the ATVC is active. Looking at Figure 5-18, it is clear
that the ATVC is able to limit and, later, diminish the yaw rate and sideslip angle of the
vehicle while driving over the black ice patch, but does not prevent the vehicle from

leaving the predefined road.
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Figure 5-17: Desired and actual vehicle trajectories when braking on a p-split road holding the steering
wheel fixed with and without the ATVC
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Figure 5-18: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when braking on a p-
split road holding the steering wheel fixed with and without the ATVC

Figure 5-19 illustrates the tire slip ratios while braking on a p-split road and
indicates that the slip controllers on the left wheels have limited the motor torques
between 0.7 and 1.15 seconds of the simulation in order to prevent the tires from locking
up while, at the same time, ensuring the maximum possible braking force is being applied
when braking on the black ice patch. Later in the simulation, due to the weight shift to the
front axle, the slip controllers on the rear axle have limited the motor torques to prevent
tire lock-up at higher deceleration rates. Looking at Figure 5-20, which illustrates the
motor torques for all four wheels, it is apparent that the slip controllers on the left wheels
have limited the braking torques to 20 Nm (between 0.7 and 1.15 seconds) in order to
prevent tire lock-up when braking on the black ice patch. As mentioned earlier, as a result
of the asymmetric braking forces generated on the left and right wheels, the vehicle is
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pushed to the right side of the road. In order to prevent this side-pushing effect, the left-

to-right torque vectoring controller has requested larger braking forces on the left wheels,
which are restricted by the slip controllers, and has reduced the braking forces on the

right wheels.
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Figure 5-19: Tire slip ratios when braking on a p-split road holding the steering wheel fixed and using the
ATVC
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Figure 5-20: Requested and actual motor torque at each wheel when braking on a p-split road holding the
steering wheel fixed and using the ATVC
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5 Advanced Torque Vectoring Controller

Figure 5-21 illustrates the torque distribution requested by the front-to-rear torque
vectoring controller. As can be seen, the front-to-rear torque vectoring controller has
requested the front motors to generate up to 60% of the required corrective yaw moment
in order to correct the undesirable side-pushing effect when driving over the black ice
patch. Requesting more torque from the front motors reduces the lateral force potential of
the front axle and increases that of the rear axle. The asymmetric lateral force potentials

on the front and rear axles helps to generate the required corrective yaw moment.
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Figure 5-21: Front-to-rear torque vectoring activation when braking on a p-split road holding the steering
wheel fixed and using the ATVC

Table 5-1V summarizes the vehicle response during the straight-line braking on a
p-split road maneuver when using the ATVC. Comparing different parameters of the
vehicle response during this maneuver, it can be seen that the effectiveness of the ATVC

at improving the stability, path-following capability, and braking performance of the

vehicle is limited. Although the ATVC has reduced the || and || values in

comparison to those obtained when no stability controller was active and has avoided
instability, its intervention was not large enough to prevent the vehicle from leaving the
predefined road. Moreover, when the ATVC is active, the braking distance of the vehicle
is longer than that observed when the genetic fuzzy YMC is active. Finally, the ATVC
could not keep the vehicle on the predefined road, which indicates that the ATVC cannot
be considered an effective controller for enhancing the path-following capability of the

vehicle when braking on a u-split road.
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Parameter 8., W, . AXpraging AY o
AUTOZ21EV 24.2° 63.4%s 48.4m 15.9m
GFYMC 0.40° 1.85%s 44.5m 0.46m
ATVC 1.70° 9.70%s 47.3m 2.70m

Table 5-1V: Vehicle response during the straight-line braking on a p-split road maneuver holding the
steering wheel fixed without a controller, with the genetic fuzzy YMC (GFYMC), and with the ATVC

5,5 Chapter summary

In this chapter, an advanced torque vectoring controller is developed based on the
previously developed genetic fuzzy yaw moment controller. The objective of the
advanced torque vectoring controller is to distribute the calculated corrective yaw
moment to the individual in-wheel motors in order to stabilize the vehicle driving
dynamics. A novel algorithm is developed for the left-to-right torque vectoring on each
axle, and a PD controller is introduced for the front-to-rear torque vectoring distribution
action. A variety of maneuvers are simulated to demonstrate the performance and
effectiveness of the ATVC. Table 5-V provides a subjective evaluation of the
effectiveness of the ATVC based on different test maneuvers. In the next chapter, a
genetic fuzzy active steering controller is developed, which is considered to be an
alternative stability controller to the ATVC presented in this section.

Characteristic o
Tl Stability N R
Maneuver following dynamics
Double-lane-change 2 2.5 2.5
Step-steer 2
Brake-in-turn 2.5 3 3
Strai ght-lme. braking 25 1 1
on a p-split road
_ e i -
Mean Value [X‘—sz} 2.17 2.67 2 1.75
i=1

Table 5-V: Subjective evaluation of the effectiveness of the ATVC based on different test maneuvers (3 =
very effective, 2 = effective, 1 = effective to some extent, 0 = ineffective)
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6  Genetic Fuzzy Active Steering Controller

Active steering fills the gap between conventional steering systems and steer-by-wire
technology. Although an active steering system provides the capability of applying
driver-independent steering intervention, the mechanical linkage between the steering
wheel and the rack-and-pinion system remains in place, acting as a fail-safe mechanism.
An active steering system facilitates two major functions: a variable steering ratio, and
maintaining vehicle stability and maneuverability during emergency maneuvers or when
driving conditions call for a change in the steering response. In this chapter, however, we
shall limit our focus to the vehicle stabilization capability of an active steering system.

As mentioned earlier in Chapter 1, it is advantageous to employ steering
intervention rather than braking intervention to generate a corrective yaw moment when
controlling a vehicle on slippery surfaces, where the limits of adhesion are easily reached.
In general, steering intervention has a faster response than braking individual wheels, as
is done by an ESP system, since the later requires a certain period of time to build up
hydraulic brake pressure. Furthermore, modifying the reaction of the vehicle using
steering intervention is a more continuous process and, therefore, is not noticeable or, at
least, is not perceived as being annoying [Koe04]. In addition, active steering is highly
effective when driving on a p-split road, and is able to correct the side-pushing effect that
occurs due to the different traction forces on the two sides of the vehicle. However, the
range of effectiveness of an active steering system is severely restricted by the actuator
range limit. For instance, the active steering system designed by BMW is only able to
manipulate the steering angle of the front wheels by up to 3° [Koe04], which is
equivalent to a driver steering wheel input of about 54°, when assuming a steering ratio
of 1:18.

A complete steering system has been developed for the AUTO21EV in the
ADAMS/View environment [Bod06], where the kinematics and dynamics of the steering
system have been analyzed. This steering system has a 55% Ackermann behaviour in
order to provide smaller turning radii and a higher lateral force capacity on the front tires
when turning at higher speeds. The nonlinear characteristics of the steering system have
been implemented in the DynaFlexPro model of the AUTO21EV (Figure 4-1) using look-

up tables and independent motion drivers for the front-left and front-right wheels. A
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6 Genetic Fuzzy Active Steering Controller

genetic fuzzy active steering controller is developed based on this steering system, which
can generate the required corrective yaw moment by manipulating the steering angle of
the front tires, augmenting the steering input provided by the driver.

6.1 Fuzzy active steering controller design

Almost every active steering system available on the market today is based on the
classical PID control system [Koe04, Yih05, Mam02, Kno99, Ack98, Rei04]. In general,
tuning the gains of such a PID controller requires extensive and rigorous field tests that
are conducted by vehicle experts in a car manufacturing company. In this work, however,
a novel fuzzy active steering controller (ASC) and a reliable method by which its
membership functions can be tuned in an optimized way are developed, which may make
most of the expensive field testing unnecessary.

As mentioned in Chapter 4, fuzzy control systems are well suited for tackling the
highly nonlinear behaviour inherent in vehicle dynamics. In addition, the rule base of the
fuzzy ASC can be described in vague linguistic terms using expert knowledge, which
suits the subjective nature of vehicle stability and handling. Although many researchers
argue that more comprehensive control can be achieved by simultaneously considering
the vehicle yaw rate and sideslip angle [Man07], an active steering system is not expected
to be of significant help when driving a vehicle near its handling limit due to the limited
range of effectiveness caused by actuator restrictions. In other words, in cases where a
high sideslip angle is likely, an active steering system would not be considered the
primary control system for stabilizing the vehicle; rather, it is a complementary system
that can help to stabilize the vehicle in collaboration with other active chassis subsystems
[Gor03, And06]. With this in mind, the inputs to the fuzzy ASC are defined to be the yaw

rate error e(yr) and the rate of change of the yaw rate error é(y7), and the output of the

controller is the corrective steering angle that will augment the driver’s steering input in
order to stabilize the vehicle. The desired yaw rate to which the controller attempts to
match the nonlinear behaviour of the vehicle is calculated using the linear bicycle model
that is introduced in Chapter 4. Figure 6-1 illustrates the block diagram of the fuzzy ASC.

Table 6-1 lists the definitions of the input and output variables of the fuzzy ASC.
The input variables are pre-processed to the range [-1, 1] before entering the fuzzy

controller, and the output variable of the controller is post-processed to determine the
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required corrective steering angle. Note that the fuzzy ASC uses the same input variables
and corresponding scaling factors that were defined for the genetic fuzzy yaw moment
controller in Chapter 4; thus, it is unnecessary to calculate them again. The scaling
functions for the yaw rate error and the rate of change of the yaw rate error are, again,
assumed to be 35°/s and 2000°/s, respectively. Note that the scaling factor used for post-
processing the output variable of the fuzzy ASC is determined based on the active
steering actuator range limit. In order for the simulation to be as realistic as possible, the

actuator range limit of the active steering controller developed by BMW is adopted,

Steering
System

which only allows a steering angle manipulation of up to 3° [Koe04].
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Figure 6-1: Block diagram of the fuzzy active steering controller

Variable Definition
InpUt 1 e(l//) = l/)desired - l/./actual
.. ey) —e(y
Input 2 &(y) = V), (-l//)k—l
sample time
Output Oeorr

Table 6-1: Definition of the input and output variables of the fuzzy active steering controller

In order to provide enough rule coverage, five fuzzy sets are used for the yaw rate error
and the rate of change of the yaw rate error; nine fuzzy sets are used to describe the
output of the controller, which is the required corrective steering angle. A Mamdani fuzzy
inference system processes the input variables through the list of rules in the knowledge
base and calculates the output based on the following fuzzy rule schema:

IF e(y) is A AND &(y) is B THEN &, is C (6.1)

corr
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where A, B, and C are fuzzy sets defined on the input and output domains. The initial
shape and distribution of the membership functions used for the input and output

variables of the fuzzy ASC are illustrated in Figure 6-2.
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Figure 6-2: Initial shape and distribution of the membership functions for the input and output variables of
the fuzzy ASC
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A two-dimensional (2D) rule base table is developed for the fuzzy ASC, whose
rules are determined based on expert knowledge and extensive investigation into the
dynamic behaviour of the vehicle in different driving conditions. Figure 6-3 illustrates the
2D fuzzy rule base and the corresponding control surface of the fuzzy ASC using the
initial untuned fuzzy membership functions. The linguistic terms that have been used in
the rule base table are defined in Table 4-11. Note that these fuzzy rules are formed using
fuzzy variables whose membership functions are of unknown shapes, sizes, and relative
positions. As a result, the generated corrective steering angle of the fuzzy ASC can only
cover up to 75% of the output domain, as is evident from the control surface shown in

Figure 6-3.

Control e(\lf)

Rule Base

NL | NM | NS | ZE | PS | PM | PL
NL |NVL|{NVL| NL | NM | NS | ZE | ZE
NM [NVL| NL [ NM | NS | ZE | ZE | PS
NS | NL [NM | NS | ZE | ZE | PS | PM
ZE [ NL [NM | NS | ZE | PS | PM | PL
PS |NM | NS |ZE | ZE | PS | PM | PL
PM | NS | ZE | ZE | PS | PM | PL | PVL
PL | ZE | ZE| PS | PM | PL | PVL|PVL

e(\y)

Figure 6-3: Rule base (left) and control surface (right) of the proposed fuzzy active steering controller
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6.2 Evaluation of the fuzzy active steering controller

The performance of the fuzzy ASC is evaluated by driving the AUTO21EV through the
ISO double-lane-change maneuver using the path-following driver model, whose
characteristics are described in Chapter 2. Since the effective range of the fuzzy ASC is
limited, the initial speed for this maneuver is chosen to be 60 km/h. Figure 6-4 illustrates
the desired and actual vehicle trajectories when driving through the double-lane-change
maneuver using the path-following driver model with and without the fuzzy ASC. The

driver model is able to negotiate the maneuver even without using the fuzzy ASC.
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Figure 6-4: Desired and actual vehicle trajectories when driving through the double-lane-change maneuver
with an initial speed of 60 km/h (a) using the driver model and (b) using the driver model with the fuzzy
ASC

The performance of the fuzzy ASC becomes clear when looking at the vehicle
yaw rate and sideslip angle for this maneuver, which are shown in Figure 6-5. Although
the fuzzy ASC is not able to control the vehicle such that it performs exactly like the
desired reference model, it is able to reduce the magnitudes of both the maximum yaw
rate and the maximum sideslip angle of the vehicle. The performance of the fuzzy ASC is
confirmed in Figure 6-6, which illustrates the lateral acceleration of the vehicle, the
driver’s steering wheel input, and the vehicle forward speed as functions of time. The
vehicle experiences a lateral acceleration of about 7 m/s?, which indicates that the vehicle
Is undergoing a severe maneuver. Looking at Figure 6-6-b, which illustrates the driver’s
steering wheel input and the equivalent corrective steering wheel input that the fuzzy
ASC has added to the driver’s steering request, it is clear that the driver requires less
steering effort when the fuzzy ASC is active. Note that the generated corrective steering

angle is not large enough to eliminate the yaw rate error of the vehicle entirely (Figure 6-
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5). A reduction in the final steering angle also means that the vehicle loses less speed
when driving through this maneuver (Figure 6-6-c). The handling performance of the
vehicle is illustrated in Figure 6-6-d, which clearly indicates that the vehicle handling is

improved by the fuzzy ASC, as the hysteresis of the plot has been reduced.
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Figure 6-5: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when driving through the
double-lane-change maneuver using the driver model with and without the fuzzy ASC (FASC)
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Figure 6-6: (a) Lateral acceleration, (b) steering wheel angle, and (c) vehicle speed as functions of time;
and (d) vehicle yaw rate as a function of the steering wheel input when driving through the double-lane-
change maneuver with and without the fuzzy ASC (FASC)
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6.3  Genetic tuning of the fuzzy active steering controller

As mentioned above, due to the arbitrary shape, size, and distribution of the fuzzy
membership functions, the performance of the resulting fuzzy ASC cannot be considered
optimal. Since the fuzzy ASC is unable to learn or adapt to its environment on its own,
and instead of resorting to the tedious task of tuning the membership functions manually,
a multi-criteria genetic algorithm is used to adjust the membership functions and achieve
better controller performance. A procedure similar to that used for tuning the membership
functions of the input and output variables of the fuzzy YMC, described in Chapter 4, is
used for genetically tuning the membership functions of the fuzzy ASC. The ISO double-
lane-change maneuver with obstacle avoidance is used to evaluate the effectiveness of
each candidate controller in the genetic algorithm. Once again, due to the fact that the
membership functions of the fuzzy ASC must be tuned in a general sense, not based on a
specific driver or driver model, the double-lane-change maneuver is treated as an open-
loop test, in which a predefined fixed steering input is used to drive the AUTO21EV
through the maneuver. Details about the fixed steering input can be found in Chapter 4.
Using this fixed steering input, any deviations from the desired vehicle trajectory, yaw
rate, and sideslip angle are considered to be stability errors that the fuzzy ASC should
correct. The goal of the multi-criteria genetic algorithm is to identify the ideal shape, size,
and distribution of the membership functions so as to minimize the vehicle trajectory,
yaw rate, and sideslip angle errors.

The scaling function technique is chosen for the genetic tuning of the fuzzy
membership functions. Since the input and output variables of the fuzzy ASC are initially
described using a set of normalized membership functions that are distributed
symmetrically around the origin (Figure 6-2), three nonlinear scaling functions, similar to
that described in equation (4.12) of Chapter 4, are again used to tune the membership
functions of the input and output variables. Since each of these nonlinear scaling
functions uses only one parameter to affect the overall distribution and shape of the
membership functions, only three scaling parameters are required, which are
concatenated to form a chromosome for the genetic tuning process. This method of
tuning also guarantees that the adjacency constraint is satisfied, which ensures that the

sum of all membership functions is equal to unity for every point in the domain, the final
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tuned membership functions are distributed symmetrically around the origin, and the
genetic search examines a wide range of fuzzy partitions.

The objective of the multi-criteria genetic algorithm is to tune the input and output
variables of the fuzzy ASC such that the mean square errors (MSE) of the vehicle
trajectory, yaw rate, and sideslip angle are minimized when driving through the double-

lane-change maneuver. These mean square errors are calculated as follows:

N 2
IV|SETrajectory = %Z[ydeswed (Xk) yactual (Xk)] (62)
1 ?
MSE YawRate — Z Wdesired (k) - \ilactual (k)] (63)
N i
1 ?
Sldesllp ﬁ ; Bdesired (k) - Bactual (k)] (64)

where N is the number of sample points, Y..q(X,) and Y....(X,) are the desired and
actual lateral positions of the vehicle for a given forward position Xk, W (k) and

V..o (K) are the desired and actual vehicle yaw rates, and B...q(k) and B, (k) are the

desired and actual vehicle sideslip angles at a given time step k, respectively. Since the
objective of the multi-criteria genetic algorithm is to minimize these three errors, the
fitness function associated with each chromosome is defined as the weighted sum of the
inverses of the resulting vehicle trajectory, yaw rate, and sideslip angle mean square
errors as follows:

w, W,

+
MSE MSE

Fitness Function = Wy +
MSE

(6.5)

Trajectory Yaw Rate Sideslip
where w1, Wy, and ws are the weighting factors. The genetic algorithm was run for 50
generations, each of which had a population size of 200 chromosomes, a crossover rate of
95%, and a mutation rate of 15%. In addition, an elite selection rate of 2% was employed
to ensure that the fittest chromosomes were retained unaltered from one generation to the
next. Using the elite selection technique justifies the relatively high mutation rate, which
facilitates the thorough exploration of the search space without losing the fittest members
of each generation. Convergence is assumed if the fittest chromosome in a given

generation survives for 10 consecutive generations, or after 50 generations have elapsed.
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Figure 6-7 illustrates the maximum fitness function value for each generation, and the

convergence of the final results.
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Figure 6-7: Maximum fitness function value for each generation of the multi-criteria genetic algorithm

Comparing Figure 6-8, which illustrates the control surface of the tuned fuzzy
ASC, with Figure 6-3, it is clear that the scaling functions have adjusted the membership
functions of the output variable of the fuzzy controller such that the control surface
reaches the limits of the output domain, thereby covering the entire control space. Figure
6-9 illustrates the resulting tuned membership functions for the input and output variables
of the genetic fuzzy ASC. As can be seen, the scaling functions have adjusted the shape,
size, and distribution of the membership functions of the fuzzy ASC considerably (see
Figure 6-2). The new distribution of the membership functions associated with the yaw
rate error indicates that the controller does not tolerate small yaw rate errors. The tuning
process has had the opposite effect on the membership functions for the rate of change of
the yaw rate error, essentially reducing the relative severity of having small errors

associated with this performance metric.

Figure 6-8: Control surface of the genetically-tuned fuzzy ASC
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Figure 6-9: Shape and distribution of the genetically-tuned membership functions for the input and output
variables of the fuzzy ASC

6.4 Evaluation of the genetic fuzzy active steering controller

In order to evaluate the performance of the genetic fuzzy ASC, the AUTO21EV is driven

through a series of test maneuvers, which are described in Chapter 2.

6.4.1 1SO double-lane-change maneuver

The performance of the genetic fuzzy ASC is first compared to that of the untuned fuzzy
ASC as the vehicle is driven through the double-lane-change maneuver with an initial
speed of 60 km/h using the path-following driver model. Figure 6-10 illustrates the
vehicle trajectory and demonstrates that the driver model is able to negotiate the
maneuver when the genetic fuzzy ASC is active. Figure 6-11 illustrates the vehicle yaw
rate and sideslip angle for this maneuver. Comparing this figure with Figure 6-5, it is
clear that the genetically-tuned fuzzy ASC is better able to control the vehicle yaw rate
such that it tracks that of the reference bicycle model. The sideslip angle of the vehicle is

also less than it was prior to the tuning process.
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Figure 6-10: Desired and actual vehicle trajectories when driving through the double-lane-change maneuver
with an initial speed of 60 km/h using the driver model and the genetic fuzzy ASC
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Figure 6-11: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when driving through the
double-lane-change maneuver with an initial speed of 60 km/h using the driver model, with and without the
genetic fuzzy ASC (GFASC)

Figure 6-12 illustrates the lateral acceleration of the vehicle, the driver’s steering
input, and the vehicle forward speed as functions of time. As can be seen, the vehicle
experiences less lateral acceleration than it did when either no stability controller or the
fuzzy ASC was active. This result can be attributed to the fact that the vehicle is more
stable when the genetic fuzzy ASC is active, so less steering effort is required to
negotiate the maneuver. Comparing the steering wheel angles applied by the driver, as
shown in Figure 6-12-b, it is clear that the driver requires the least steering effort when
the genetic fuzzy ASC is active. In addition, note that the generated corrective steering
angle is much larger than that observed when using the untuned fuzzy ASC. As a result of
using less total steering angle, the vehicle loses even less speed with the genetic fuzzy
ASC than it did with the untuned controller. Figure 6-12-d illustrates the handling
performance of the vehicle, and clearly indicates that the vehicle handling and agility
have been significantly improved by the genetic fuzzy ASC. The hysteresis of the
performance plot is the least when the genetic fuzzy ASC is active, which characterizes a
vehicle with superior responsiveness.

Since the genetic fuzzy ASC demonstrates better performance in all
aforementioned aspects when compared to the untuned fuzzy ASC, only the genetic fuzzy
ASC will be considered in the reminder of the evaluation process. Moreover, since the

performance of the genetic fuzzy ASC must be compared to that of the other stability
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controllers (namely, the genetic fuzzy YMC and the advanced torque vectoring
controller) using the same test maneuvers, the double-lane-change maneuver is repeated
using an initial speed of 75 km/h.

(2]
T

-y
T

]

'
58]

'
p -

Lateral Acceleration [m/s 2]
o

- Driver Input without FASC

Steering Wheel Angle [deg]
8

‘ 100
6l e A | Driver D ol - Driver Input with FASC |
- @ i o Driver+FASC [ @ ; [ —— Driver Input with GFASC |
. [——Driver+GFASC|:  -140- oot === Corrected Input with GFASC |
) 1 2 3 4 5 0 1 2 3 4 5
Time [s]
60 30 T T
weeeees Driver
o0h.|==== Driver+FASC | . G Ji i
58| i
—— Driver+GFASC -
— 10} :
w
=% )
£ 3
3 - S D
54
- L
2 @ -10
> 2
» 52} T ¢
> 20+ f .
4
50|~ Driver e TR H
---- Driver+FASC oD -301 S 1
—— Driver+GFASC i ; ’ )
48 i 1 i i B Bt T i i
0 1 2 3 4 5 4950 100 -50 0 50 100
Time [s] Steering Wheel Input [deg]

Figure 6-12: (a) Lateral acceleration, (b) steering wheel angle, and (c) vehicle speed as functions of time;
and (d) vehicle yaw rate as a function of the steering wheel input when driving through the double-lane-
change maneuver with an initial speed of 60 km/h without a controller, with the fuzzy ASC (FASC), and
with the genetic fuzzy ASC (GFASC)

Figure 6-13 illustrates the vehicle trajectory when driving through the double-
lane-change maneuver with an initial speed of 75 km/h when using the genetic fuzzy
ASC. As can be seen, at higher speeds, the genetic fuzzy ASC is not powerful enough to
help the driver negotiate the maneuver without hitting the cones. This performance is
confirmed by looking at the vehicle yaw rate and sideslip angle shown in Figure 6-14.
Due to the actuator range limit of the active steering system, the genetic fuzzy ASC is not
able to control the behaviour of the vehicle such that it performs like the desired reference
bicycle model when driving through this maneuver. Nevertheless, the genetic fuzzy ASC
is able to reduce the maximum vehicle yaw rate and sideslip angle by more than half

when compared to the case when no stability controller is active.
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Figure 6-13: Desired and actual vehicle trajectories when driving through the double-lane-change maneuver
with an initial speed of 75 km/h using the driver model and the genetic fuzzy ASC
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Figure 6-14: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when driving through the
double-lane-change maneuver with an initial speed of 75 km/h using the driver model, with and without the
genetic fuzzy ASC (GFASC)

Figure 6-15 illustrates the lateral acceleration of the vehicle, the driver’s steering
input, and the vehicle forward speed as functions of time. As can be seen, the maximum
lateral acceleration that the vehicle experiences is about 8.4 m/s?, which indicates the
severity of this maneuver. Comparing the required steering wheel angles shown in Figure
6-15-b, it is clear that the driver requires more steering effort when the genetic fuzzy
ASC is used than when either the genetic fuzzy YMC or the ATVC is used. Although the
fuzzy ASC augmentes the driver’s steering input, its intervention is not sufficient to
eliminate the vehicle yaw rate and sideslip errors completely and, thus, is unable to fully
stabilize the vehicle. Since the driver requires more steering effort when the genetic fuzzy
ASC is active than when the other stability controllers are active, the vehicle loses more
speed in this case (Figure 6-15-c). The handling performance curve of the vehicle,
illustrated in Figure 6-15-d, clearly indicates that the genetic fuzzy ASC is not as
effective at improving the vehicle handling and agility as are the other stability
controllers.
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Figure 6-15: (a) Lateral acceleration, (b) steering wheel angle, and (c) vehicle speed as functions of time;
and (d) vehicle yaw rate as a function of the steering wheel input when driving through the double-lane-
change maneuver with an initial speed of 75 km/h without a controller, with the genetic fuzzy YMC
(GFYMC), with the ATVC, and with the genetic fuzzy ASC (GFASC)

Table 6-11 summarizes the vehicle response during the double-lane-change
maneuver when the driver model is used with the genetic fuzzy ASC, and compares it to
the performance observed when the driver model is used with no stability controller, with
the genetic fuzzy YMC, and with the ATVC. Comparing different parameters of the
vehicle response during this maneuver, it can be seen that the genetic fuzzy ASC has
improved all the decisive parameters that describe the handling, stability, and longitudinal
dynamics of the vehicle when compared to the case in which no stability controller is

active; however, it is not as effective as the genetic fuzzy YMC or the ATVC. With

respect to the handling characteristic of the vehicle, || ., || . and |5, |  are about
twice as large when the genetic fuzzy ASC is active than they are when the genetic fuzzy
YMC is active. In addition, the hysteresis of the performance plot (Ay,, ) is about four
times larger than that observed when the genetic fuzzy YMC is active. Note that the
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driver was not able to negotiate the maneuver at a high speed without hitting the cones.
Therefore, the genetic fuzzy ASC is considered to be a controller that can improve the
handling characteristics of the vehicle to some extent, but it is not considered to be as
effective as the genetic fuzzy YMC or the ATVC. The genetic fuzzy ASC is considered

to be an effective stability controller because it has reduced |8| _ and |y7| by more
than half when compared to the case where no stability controller is used. The genetic

fuzzy ASC is also considered to be an effective controller for improving the longitudinal

dynamics of the vehicle.

Parameter |ﬂ |ma>< |‘/7|max ‘ay max |5svv |max Ay, Viost
AUTO21EV | 26.3° 115.4%s 8.2m/s’ 545° | 163.8%/s | 20.5m/s
GFYMC 6.2° 31.2%s 8.4m/s* 108° 21°%s 13.2m/s
ATVC 6.1° 36.4%Is 8.4m/s* 140° | 355% | 13.5m/s
GFASC 13.6° 60.1°s 8.4m/s* 211° | 795% | 14.6m/s

Table 6-11: Vehicle response during the double-lane-change maneuver using the driver model without a
controller, with the genetic fuzzy YMC (GFYMC), with the ATVC, and with the genetic fuzzy ASC
(GFASC)

6.4.2 Step-steer response maneuver

In order to evaluate the performance of the vehicle using the genetic fuzzy ASC in a step-
steer response maneuver, the vehicle yaw rate, sideslip angle, and lateral acceleration as
functions of time are observed. Figure 6-16-a illustrates the fixed step-steer input and the
equivalent corrective steering input generated by the genetic fuzzy ASC. As can be seen,
the genetic fuzzy ASC has applied a large steering correction at the beginning of the step-
steer input in order to match the behaviour of the vehicle to that of the desired bicycle
model. Due to the augmented steering input, the vehicle experiences a lateral acceleration
of 4.3 m/s?, which is larger than that obtained when using the other stability control
systems and when no stability controller is active (Figure 6-16-b). The rise time of the
lateral acceleration response is about 0.53 seconds when the genetic fuzzy ASC is active,
which indicates an improvement in the responsiveness of the vehicle when compared to
the case where no stability controller is active. Figure 6-17 illustrates the vehicle yaw rate
and sideslip angle when the genetic fuzzy ASC is active, and compares the response to
that obtained when no stability controller is active, when the genetic fuzzy YMC is

active, and when the ATVC is used. As can be seen, the vehicle experiences the largest
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sideslip angle when the genetic fuzzy ASC is active, which is due to the fact that the

genetic fuzzy ASC applies a larger steering angle than is applied in the other cases.
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Figure 6-16: (a) Required steering wheel input and (b) lateral acceleration of the vehicle when driving
through the step-steer maneuver using the genetic fuzzy ASC (GFASC)
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Figure 6-17: Yaw rate (top) and sideslip angle (bottom) of the vehicle when driving through the step-steer
maneuver using the genetic fuzzy ASC (GFASC)

Table 6-111 summarizes the vehicle response during the step-steer test maneuver.

Comparing different parameters of the vehicle response during this maneuver when it is

performed with and without the genetic fuzzy ASC, this controller can be considered very

effective at improving all the decisive parameters of the vehicle that describe its handling

characteristics.
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Parameter t, PO = % =100% 18], b,
AUTOZ21EV 0.34s 1.30% 1.43° 0.66s
GFYMC 0.15s 0.00% 1.38° 0.51s
ATVC 0.15s 16.1% 1.36° 0.47s
GFASC 0.15s 2.20% 1.53° 0.53s

Table 6-I11: Vehicle response during the step-steer maneuver using the driver model without a controller,
with the genetic fuzzy YMC (GFYMC), with the ATVC, and with the genetic fuzzy ASC (GFASC)

6.4.3 Brake-in-turn maneuver

Figure 6-18 illustrates the vehicle trajectory relative to the desired circular path during a
brake-in-turn maneuver using the driver model with and without the genetic fuzzy ASC.
As can be seen, the driver model is not able to control the vehicle during this maneuver
when no stability controller is active. However, the driver model is able to keep the
vehicle on the predefined circular path while severely braking when the genetic fuzzy
ASC is active, and the lateral deviation of the vehicle from the desired path remains

negligible throughout the maneuver.

---- Desired Trajectory ; i -=== Desired Trajectory

50

— Actual Trajectory — Actual Trajec’to_ry

50

40f

30-

Y Position [m]
Y Position [m]

i

"4 50 60 70 8 %0 00 110 30 40 50 60 70 80 90 100 110
X Position [m] X Position [m]

Figure 6-18: Desired and actual vehicle trajectories when braking in a turn using (a) the driver model only
and (b) the driver model with the genetic fuzzy ASC

Figure 6-19-a illustrates the driver’s steering wheel input as a function of time,
and indicates that the driver model is able to control the vehicle very smoothly and with
little steering effort when the genetic fuzzy ASC is active. This figure also shows the
activity of the active steering controller as it augments the driver’s steering wheel input at

each time step. Figure 6-19-b illustrates the lateral acceleration of the vehicle and
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confirms that the vehicle remains stable when the genetic fuzzy ASC is active. Note that,
for clarity, the driver’s steering input and the lateral acceleration of the vehicle when no

stability controller is active have not been illustrated in Figure 6-19.
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Figure 6-19: (a) Required steering wheel input and (b) lateral acceleration of the vehicle when braking in a
turn using the driver model with the genetic fuzzy YMC (GFYMC), with the ATVC, and with the genetic
fuzzy ASC (GFASC)

Figure 6-20 compares the vehicle yaw rate and sideslip angle when driving
through the brake-in-turn maneuver using the driver model with the genetic fuzzy YMC,
with the ATVC, and with the genetic fuzzy ASC. Again, for clarity, the yaw rate and
sideslip angle of the vehicle when no stability controller is active are not illustrated.
When the genetic fuzzy ASC is active, the vehicle behaves almost like the desired
reference model until the braking begins. After the start of braking, the genetic fuzzy
ASC attempts to minimize the yaw rate error by augmenting the driver’s steering input
(Figure 6-19-a). As can be seen in Figure 6-20, the genetic fuzzy ASC is more effective
at minimizing the yaw rate error of the vehicle than the ATVC, and it does not cause the
severe oscillations that the ATVC causes. Figure 6-20 also confirms that the genetic
fuzzy ASC is able to stabilize the vehicle when braking in a turn, since the yaw rate and
sideslip angle both approach zero as the vehicle progresses toward larger deceleration
rates. Figure 6-21-a illustrates the vehicle speed as a function of time and confirms the
performance of the speed controller. Figure 6-21-b illustrates the vehicle longitudinal
acceleration as a function of vehicle speed, and confirms the severity of the braking

action in this maneuver.
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Figure 6-20: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when braking in a turn
using the driver model with the genetic fuzzy YMC (GFYMC), with the ATVC, and with the genetic fuzzy
ASC (GFASC)
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Figure 6-21: (a) Vehicle speed as a function of time when braking in a turn using the driver model with the
genetic fuzzy ASC, and (b) longitudinal acceleration as a function of vehicle speed when braking in a turn
using the driver model without a controller, with the genetic fuzzy YMC (GFYMC), with the ATVC, and
with the genetic fuzzy ASC (GFASC)

Table 6-1V summarizes the vehicle response during the brake-in-turn maneuver
when the genetic fuzzy ASC is active, and compares it with the performance observed
when no stability controller is used, when the genetic fuzzy YMC is used, and when the
ATVC is used. Comparing different parameters of the vehicle response during this
maneuver, it can be seen that the genetic fuzzy ASC is very effective at improving all the

decisive parameters that describe the handling, stability, and path-following capabilities

of the vehicle. The genetic fuzzy ASC is able to reduce |B| . |w| . and |Sg,]

max

significantly, which indicates that this controller is very effective at enhancing the vehicle

handling during this maneuver. Simultaneously, a reduction of || _ and || by the
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genetic fuzzy ASC indicates that it is also very effective at improving the vehicle
stability. Finally, the fact that the maximum lateral deviation of the vehicle from the
desired path remains very small throughout the maneuver confirms that the genetic fuzzy

ASC enhances the path-following capability of the vehicle as well.

Parameter 7] Bl AY nax O
AUTO21EV 126.5%s 50.1° 3.67/m 700°
GFYMC 22.60°/s 4.36° 0.18m 46.4°
ATVC 24.00%s 4.40° 0.18m 48.0°
GFASC 22.45°s 4.25° 0.16m 45.7°

Table 6-1V: Vehicle response during the brake-in-turn maneuver using the driver model without a
controller, with the genetic fuzzy YMC (GFYMC), with the ATVC, and with the genetic fuzzy ASC
(GFASC)

6.4.4 Straight-line braking on a p-split road

As the final test, the AUTO21EV is driven on a p-split road and the driver model
attempts to stop the vehicle in an emergency braking situation. Figure 6-22 illustrates the
vehicle trajectory for this maneuver when no stability controller is active and compares it
to the case when the genetic fuzzy ASC is active. As can be seen, the genetic fuzzy ASC
is able to correct the side-pushing effect of the vehicle while braking on a p-split road,
and prevents the vehicle from leaving the predefined road. The braking distance of the
vehicle is about 45.7 meters. Looking at Figure 6-23, it is clear that the genetic fuzzy
ASC is able to limit and, later, diminish the yaw rate and sideslip angle of the vehicle
while driving over the black ice patch, which indicates that the vehicle remains stable
during this maneuver. Note that, for clarity, the yaw rate and sideslip angle of the vehicle

observed when no controller is active are not illustrated here.
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Figure 6-22: Desired and actual vehicle trajectories when braking on a p-split road while holding the
steering wheel fixed, with and without the genetic fuzzy ASC (GFASC)
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Figure 6-23: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when braking on a p-
split road while holding the steering wheel fixed and using the genetic fuzzy ASC (GFASC)

Figure 6-24 illustrates the fixed steering wheel input and the equivalent corrective
steering wheel angle that is generated by the genetic fuzzy ASC to counteract the side-
pushing effect of the vehicle. As can be seen, the active steering controller has applied up
to 54° of equivalent steering wheel angle in order to correct the side-pushing effect of the
vehicle. Figure 6-25 illustrates the tire slip ratios while braking on the p-split road, and
indicates that the slip controllers on the left wheels have limited the motor torques
between 0.7 and 1.15 seconds of the simulation in order to prevent tire lock-up while
ensuring the maximum possible braking force is applied when braking on the black ice
patch. Later in the simulation, due to the weight shift to the front axle, the slip controllers
on the rear axle have limited the motor torques to prevent tire lock-up at higher
deceleration rates. The activation of the slip controllers is confirmed in Figure 6-26,
which illustrates the motor torques for all four wheels.

Table 6-V summarizes the vehicle response during the straight-line braking on a
u-split road maneuver when holding the steering wheel fixed and using the genetic fuzzy
ASC. Comparing different parameters of the vehicle response during this maneuver, it
can be seen that the genetic fuzzy ASC is very effective at improving all the decisive

parameters that describe the stability, path-following capability, and braking performance

of the vehicle. In particular, the genetic fuzzy ASC has reduced the ||  and ||

max

values significantly, which indicates an enhancement in the stability of the vehicle.
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Moreover, the braking distance of the vehicle has been reduced considerably by the
genetic fuzzy ASC, indicating an improvement in the longitudinal dynamics of the
vehicle. The genetic fuzzy ASC also reduces the maximum lateral deviation of the

vehicle such that the vehicle remains on the predefined road throughout the maneuver.
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Figure 6-24: Equivalent corrective steering wheel input applied by the genetic fuzzy ASC (GFASC),
augmenting the fixed steering input of the driver in order to correct the side-pushing effect of the vehicle

when braking on a u-split road
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Figure 6-25: Tire slip ratios when braking on a p-split road while holding the steering wheel fixed and
using the genetic fuzzy ASC (GFASC)
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Figure 6-26: Requested and actual motor torque at each wheel when braking on a p-split road while holding
the steering wheel fixed and using the genetic fuzzy ASC (GFASC)

Parameter 1B V7] e AXiraking AY o
AUTO21EV 24.2° 63.4%s 48.4m 15.9m
GFYMC 0.40° 1.85%s 44.5m 0.46m
ATVC 1.7° 9.70%s 47.3m 2.70m
GFASC 1.6° 2.50°s 45.7m 0.36m

Table 6-V: Vehicle response during the straight-line braking on a p-split road maneuver without a
controller, with the genetic fuzzy YMC (GFYMC), with the ATVC, and with the genetic fuzzy ASC
(GFASC)

6.5 Chapter summary

In this chapter, the simplified 14-DOF vehicle model introduced in Chapter 4 is used to
develop an active steering controller. Use of this simplified vehicle model facilitates the
testing of different control strategies and the application of a genetic algorithm procedure
to the development of the fuzzy active steering controller. A genetic tuning procedure is
applied to the developed fuzzy ASC to improve its performance. A variety of maneuvers
are simulated to demonstrate the performance and effectiveness of the genetic fuzzy
ASC. Table 6-VI provides a subjective evaluation of the effectiveness of the genetic

fuzzy ASC based on different test maneuvers.
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=

Characteristic PR
Frrilis Stability Path | Longitudinal
Maneuver following dynamics
Double-lane-change 1 1 2
Step-steer 3
Brake-in-turn 3 3 3
Strai ght-line' braking 3 25 25
on a p-split road
- 1<

Mean Value [x—zxij 2.33 2.33 2.75 2.25

Table 6-VI: Subjective evaluation of the effectiveness of the genetic fuzzy ASC based on different test

maneuvers (3 = very effective, 2 = effective, 1 = effective to some extent, 0 = ineffective)
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7 Integration of the Advanced Torque Vectoring and

Genetic Fuzzy Active Steering Controller

As mentioned earlier in Chapter 1, the optimum driving dynamics can only be achieved
when the tire forces on all wheels in all three coordinate directions are monitored and
controlled precisely. This advanced level of control is only possible when the vehicle is
equipped with various active chassis control systems that are networked together in an
integrated fashion. Taking advantage of the strengths of each active chassis subsystem,
the ideal traction and stability performance of the vehicle can be obtained by activating
the subsystem or subsystems that will be most effective given the required and actual
behaviour of the vehicle. In the previous chapters, the performance and effectiveness of
each stability control system, namely the advanced torque vectoring controller (ATVC)
and the genetic fuzzy active steering controller (GFASC), were studied and evaluated
individually. In this chapter, we investigate whether the integration of these stability
control systems enhances the performance of the vehicle in terms of handling, stability,
path-following, and longitudinal dynamics. An integrated approach is introduced that
distributes the required control effort between the in-wheel motors and the active steering

system.

7.1 Integration of chassis control systems using an activation function

As mentioned in Chapter 6, superimposing the steering input provided by the driver with
a correction generated by the GFASC is considered to be a continuous process, and is not
perceived by the driver as being annoying. It is also advantageous to employ steering
intervention rather than braking or driving individual wheels when controlling the vehicle
on slippery surfaces, since steering intervention requires less frictional force between the
tire and the road to generate a corrective yaw moment. However, the GFASC is not of
significant help when the vehicle is driven near its handling limits due to its limited range
of effectiveness (caused by actuator restrictions). In Chapter 5, on the other hand, it has
been confirmed that the ATVC is very effective at improving the vehicle stability and
handling, even when driving the vehicle near its handling limits. It has also been

observed, however, that the activation of the in-wheel motors to generate a corrective

171



7 Integration of the Advanced Torque Vectoring and Genetic Fuzzy Active Steering

yaw moment can cause some oscillations in the vehicle states, which might be perceived
by the driver as being disruptive and annoying.

Figure 7-1 compares the performance and effectiveness of the genetic fuzzy yaw
moment controller (GFYMC), ATVC, and GFASC based on different test maneuvers,
which are listed in Tables 4-VII, 5-V, and 6-VI, respectively. Recall that the GFYMC is
considered to be the ideal stability controller against which the performance and
effectiveness of all other controllers are compared. As can be seen, neither the ATVC nor
the GFASC can match the performance and effectiveness of the GFYMC in all four
categories. Moreover, although the ATVC demonstrates better performance in the
stability category when compared to the GFASC, the performance and effectiveness of
the GFASC is superior in the other three categories (namely, vehicle handling, path-
following, and longitudinal dynamics). Therefore, it makes sense to integrate these two
controllers such that their individual strengths can be exploited, the effects of their

weaknesses can be reduced, and the overlapping of their functionalities can be avoided.

Handling Path-following Capability
3 3
2.5 2.5
2 2
15 15
1 1
0.5 0.5
0 T T 0 T T
GFYMC ATVC GFASC GFYMC ATVC GFASC
Stability Longitudinal Dynamics
3 3
25 25
2 2
15 15
1 1
0.5 0.5
0 T T | 0 T T
GFYMC ATVC GFASC GFYMC ATVC GFASC

Figure 7-1: Subjective evaluation of the performance and effectiveness of the GFYMC, ATVC, and
GFASC based on different test maneuvers (3 = very effective, 2 = effective, 1 = effective to some extent, 0
= ineffective)

In this work, the integration of the ATVC and GFASC is realized by using the
activation function illustrated in Figure 7-2. This activation function is a standard

Gaussian curve generated using the following exponential function:

172



7 Integration of the Advanced Torque Vectoring and Genetic Fuzzy Active Steering

- (5corr - §corr )2
exp —= 2 1.100% [ | <3
Xarve (5corr) = 20

100% . |6,

corr

(7.1)
|>3

corr

where 7, (0. ) is the ATVC activation function, which is defined as a function of the

corrective steering angle (J,,,,); &, is the actuator range limit of the active steering

controller, which is set at 3% and o is the standard deviation, which is set at 0.7 in order
to form the bell curve shown in Figure 7-2. Note that the shape of this activation function
Is designed such that the contribution of the ATVC is introduced gradually rather than
abruptly. In other words, depending on the driving conditions and the difference between
the desired and actual behaviour of the vehicle, the GFASC first attempts to stabilize the
vehicle without receiving any support from the ATVC. As the required corrective
steering angle increases, the activation function gradually activates the ATVC to support
the GFASC in its effort to stabilize the vehicle. If the required corrective steering angle is
larger than 3°, thus exceeding the actuator range limit of the active steering controller, the
activation function fully activates the ATVC such that both controllers are fully deployed
to help stabilize the vehicle.
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Figure 7-2: Activation function used for the integration of the ATVC and GFASC
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7.2 Evaluation of the integrated control of the advanced torque
vectoring and genetic fuzzy active steering

In order to evaluate the performance and effectiveness of the integrated control of the
ATVC and GFASC, the AUTO21EV is driven through a series of test maneuvers, as
described in Chapter 2.

7.2.1 1SO double-lane-change maneuver

The performance of the integrated control system consisting of the ATVC and the
GFASC is first evaluated by driving the AUTO21EV through the double-lane-change
maneuver with an initial speed of 75 km/h and using the path-following driver model.
Figure 7-3 illustrates the vehicle trajectory and demonstrates that the driver is able to
negotiate the maneuver without hitting the cones when the integrated control strategy is
used. Note that the path-following driver model is not able to negotiate this maneuver at
higher speeds without hitting the cones when only the GFASC is active (see Figure 4-11).
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Figure 7-3: Desired and actual vehicle trajectories when driving through the double-lane-change maneuver
with an initial speed of 75 km/h using the path-following driver model and the integrated control of the
ATVC and GFASC

Figure 7-4 illustrates the vehicle yaw rate and sideslip angle during this maneuver.
In contrast to the individual performance of the ATVC and GFASC (Figures 5-6 and 6-
15), the integrated control scheme using both the ATVC and GFASC is able to match the
actual vehicle yaw rate with the desired yaw rate that is calculated using the reference
bicycle model. Note that the oscillations in the actual vehicle yaw rate that were observed
when the ATVC was used on its own are not present when the integrated control
approach is used. In addition, the maximum yaw rate and sideslip angle of the vehicle are
almost the same as those obtained when the GFYMC was active (Figure 7-25). Figure
7-5-a illustrates the vehicle lateral acceleration as a function of time. As can be seen, the

lateral acceleration when using the integrated control approach is, in some regions,
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similar to that observed when using the GFASC and, in other regions, is similar to that
observed when using the ATVC. At the handling limits, oscillations can be seen in the
lateral acceleration of the vehicle, which are caused by the activation of the in-wheel
motors, but they are mostly damped out. Figure 7-5-b confirms that, except during the
second lane-change, the driver requires about the same amount of steering wheel input as
is the case when only the ATVC is used. Figure 7-5-c illustrates the vehicle speed during
the double-lane-change maneuver, and confirms that the vehicle loses the least amount of
speed when the integrated control approach is used. This lack of deceleration can be
attributed to the fact that only relatively small steering angles are needed to negotiate the
maneuver (Figure 7-5-b) and the fact that the couples generated at the front and rear axles
do not slow the vehicle down. As a result, the speed reduction during this maneuver when
using the integrated control approach is even less than that observed when the GFYMC is
active. Figure 7-5-d illustrates the handling performance of the vehicle and indicates that
the hysteresis of this plot is less than that of the analogous plots for the GFASC and the
ATVC. In other words, the responsiveness and agility of the vehicle are considerably
improved compared to the cases where only individual controllers (hamely, the GFASC
and the ATVC) are active. However, the responsiveness and agility of the vehicle are not
as good as they are when the GFYMC is used to generate the required corrective yaw

moment.
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Figure 7-4: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when driving through the
double-lane-change maneuver with an initial speed of 75 km/h using the driver model and the integrated
control of the ATVC and the GFASC
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and (d) vehicle yaw rate as a function of the steering wheel input when driving through the double-lane-
change maneuver with the GFYMC, the ATVC, the GFASC, and the integrated control of the ATVC and
GFASC

Figure 7-6 illustrates the torque of each in-wheel motor during the double-lane-
change maneuver. Comparing this figure to Figure 5-7, it is clear that the use of the
ATVC is reduced to a minimum by the activation function. In other words, the ATVC is
only activated when the GFASC is unable to stabilize the vehicle on its own, which
generally only happens when the vehicle is driven near its handling limits. Looking at the
motor torque plots, it can be seen that the GFASC is able to stabilize the vehicle most of
the time, and the ATVC is only activated at three time periods. For instance, between 2.4
and 2.65 seconds of the simulation, during which time the vehicle experiences the
maximum lateral acceleration of 8.5 m/s (Figure 7-5-a), the left-to-right torque vectoring
controller has ordered the left wheels to brake and the right wheels to accelerate, thereby
generating a positive corrective yaw moment to compensate for an oversteering situation,
where the actual yaw rate is larger than the desired one (Figure 7-4). Looking at the

torque vectoring ratios shown in Figure 7-7, it can be confirmed that the front-to-rear
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Figure 7-6: Requested and actual motor torque at each wheel when driving through the double-lane-change
maneuver using the driver model with the integrated control of the ATVC and GFASC
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Figure 7-7: Front-to-rear torque vectoring ratios when driving through the double-lane-change maneuver
using the driver model with the integrated control of the ATVC and GFASC

torque vectoring controller supports both the GFASC and the left-to-right torque
vectoring controller in a coordinated effort to stabilize the vehicle. For instance, between
2.4 and 2.65 seconds, the front-to-rear torque vectoring controller has requested that the
front motors generate up to 61% of the total required corrective yaw moment. Note that
generating more torque with the front motors and less with the rear ones reduces the
lateral force potential at the front axle and increases that at the rear axle, and vice versa.

The asymmetric lateral force potentials on the front and rear axles help to generate the
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required corrective yaw moment. The activation of the front-to-rear torque vectoring
controller can also be confirmed in Figure 7-6. For instance, between 2.4 and 2.65
seconds, the front-to-rear torque vectoring controller has requested the front-left motor to
generate up to 770 Nm of braking torque and the front-right motor to generate up to 770
Nm of driving torque while, at the same time, the controller has requested up to 510 Nm
of braking and driving torques from the rear-left and rear-right motors, respectively. Note
that, although the controller has requested large motor torques from the front motors, the
motors are not powerful enough to generate the requested torques at a speed of 68 km/h.
The effects seen in Figure 7-6 can also be confirmed by looking at the tire traction
potentials and tire slip ratios shown in Figures 7-8 and 7-9, respectively. For instance, the
maximum traction potential of the rear-left tire is only exceeded once, at 3.35 seconds
(Figure 7-8). Looking at Figures 7-6 and 7-9, it can be confirmed that the requested motor
torque at the rear-left wheel is restricted by the slip controller during this time period in
order to prevent tire spin-out. Thus, the plot of the traction potential of the rear-left tire
exceeds 1 due to the fact that the lateral force of the tire has exceeded its limit. The same

explanation is valid for the rear-right tire when its traction potential is exceeded at 2.45

seconds.
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Figure 7-8: Traction potential of each tire when driving through the double-lane-change maneuver using the
driver model with the integrated control of the ATVC and GFASC

Table 7-1 summarizes the vehicle response during the double-lane-change

maneuver when the driver model is used with the integrated control of the ATVC and
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GFASC. The vehicle response is compared to the cases where the driver model is used
with no stability controller, with the GFYMC, with the ATVC, and with the GFASC.
Comparing different parameters of the vehicle response during the double-lane-change
maneuver, it can be seen that the performance of the integrated controller — in all the
decisive parameters that describe the handling, stability, and longitudinal dynamics of the
vehicle — is better than that of either of the individual controllers (namely, the ATVC and
the GFASC). Moreover, with respect to the handling of the vehicle, the integrated control

approach has reduced || and |y7| by about the same amount as the GFYMC. The
maximum lateral acceleration of the vehicle (‘ay‘max) is also about the same as it is when

the GFYMC is active; however, when the integrated control system is active, the driver

requires a larger maximum steering wheel angle to negotiate the maneuver. In addition,
the hysteresis of the performance plot (Ay,, ) is about 1.4 times larger than that observed

when the GFYMC is active. However, the speed lost during the maneuver is less than that
lost when the GFYMC is active. Altogether, the integrated control approach is considered
to be very effective at improving the handling and stability characteristics of the vehicle.
Since the least amount of speed is lost during the maneuver when the integrated control
approach is used, it is considered to be the most effective controller for improving the
longitudinal dynamics of the vehicle.
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Figure 7-9: Tire slip ratios when driving through the double-lane-change maneuver using the driver model
with the integrated control of the ATVC and GFASC

179



7 Integration of the Advanced Torque Vectoring and Genetic Fuzzy Active Steering

Parameter 8., (7. ] | sl | AW Viost

AUTOZ21EV 26.3° 115.4%s 8.2m/s? 545° 163.8°/s | 20.5m/s

GFYMC 6.2° 31.2%s 8.4m/s? 108° 21.0% | 13.2m/s
ATVC 6.1° 36.4%s 8.4m/s? 140° 35.5% | 13.5m/s
GFASC 13.6° 60.1%s 8.4m/s? 211° 79.5%s | 14.6m/s

ATVC+GFASC 7.5° 31.5%s 8.5m/s? 136° 30.2%s | 10.3m/s

Table 7-1: Vehicle response during the double-lane-change maneuver using the driver model without a
controller, with the GFYMC, with the ATVC, with the GFASC, and with the integrated control of the
ATVC and GFASC

7.2.2 Step-steer response maneuver

In order to evaluate the performance of the vehicle using the integrated control of the
ATVC and GFASC in a step-steer response maneuver, the vehicle yaw rate, sideslip
angle, and lateral acceleration as functions of time are observed. Figure 7-10-a illustrates
the fixed step-steer input and the equivalent corrective steering input generated by the
GFASC. As can be seen, the intervention of the GFASC is almost the same as that
observed when the GFASC is used on its own (Figure 6-16-a). In other words, the
GFASC is able to match the behaviour of the vehicle to that of the desired bicycle model
without requiring a significant amount of support from the ATVC. As a result, the vehicle
experiences a lateral acceleration of 4.3 m/s?, which is similar to that obtained when the
GFASC is used on its own (Figure 7-10-b).
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Figure 7-10: (a) Required steering wheel input and (b) lateral acceleration of the vehicle when driving
through the step-steer maneuver using the integrated control of the ATVC and GFASC

Figure 7-11 illustrates the vehicle yaw rate and sideslip angle when the integrated

control of the ATVC and GFASC is used, and compares the response to that obtained
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when no stability controller is used, and when the GFYMC, ATVC, and GFASC are
used. As can be seen, the yaw rate and sideslip angle of the vehicle are similar to the
results obtained when the GFASC is active. Table 7-11 summarizes the vehicle response
during the step-steer test maneuver. By comparing different parameters of the vehicle
response during this maneuver when it is performed with and without the integrated
control of the ATVC and GFASC, we can conclude that the integrated control approach
is very effective at improving all the decisive parameters of the vehicle that describe its

handling characteristics.
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Figure 7-11: Yaw rate (top) and sideslip angle (bottom) of the vehicle when driving through the step-steer

maneuver using the integrated control of the ATVC and GFASC

Parameter t, PO~ FoecEe100% | |4, t,
AUTO21EV 0.34s 1.30% 1.43° 0.66s
GFYMC 0.15s 0.00% 1.38° 0.51s
ATVC 0.15s 16.1% 1.36° 0.47s
GFASC 0.15s 2.20% 1.53° 0.53s
ATVC+GFASC 0.15s 2.20% 1.53° 0.53s

Table 7-11: Vehicle response during the step-steer maneuver using the driver model without a controller,
with the GFYMC, with the ATVC, with the GFASC, and with the integrated control of the ATVC and
GFASC

7.2.3 Brake-in-turn maneuver

Figure 7-12 illustrates the vehicle trajectory relative to the desired circular path during a

brake-in-turn maneuver, using the driver model with and without the integrated control of
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Figure 7-12: Desired and actual vehicle trajectories when braking in a turn using (a) the driver model only
and (b) the driver model with the integrated control of the ATVC and GFASC

the ATVC and GFASC. As can be seen, the driver model is able to keep the vehicle on
the predefined circular path while severely braking when the integrated controller is
active, and the lateral deviation of the vehicle from the desired path remains negligible
throughout the maneuver. Figure 7-13-a illustrates the driver’s steering wheel input as a
function of time, and indicates that the driver model is able to control the vehicle very
smoothly and with little steering effort when the integrated controller is used. This figure
also shows the activity of the active steering controller when using the integrated control
approach as it superimposes a corrective signal atop the driver’s steering wheel input at
each time step. Comparing this figure to Figure 6-19-a, it can be confirmed that the
integrated control approach requires a smaller corrective steering angle than the GFASC,
which can be attributed to the fact that the ATVC also helps to stabilize the vehicle.
Figure 7-13-b illustrates the lateral acceleration of the vehicle and confirms that the
vehicle remains stable when the integrated control approach is used. This figure also
confirms that the vehicle does not experience any high oscillations at higher lateral
accelerations, as is the case when the ATVC is used on its own. Note that, for clarity, the
driver’s steering input and the lateral acceleration of the vehicle when no stability
controller is active are not illustrated in Figure 7-13.

Figure 7-14 compares the vehicle yaw rate and sideslip angle when driving
through the brake-in-turn maneuver using the driver model with the GFYMC, the ATVC,
the GFASC, and the integrated control of the ATVC and GFASC. Note that, for clarity,
the yaw rate and sideslip angle of the vehicle when no stability controller is active are not
illustrated. When the integrated control approach is used, the vehicle behaves almost like
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the desired reference model until the braking action begins, using primarily the GFASC
because the required corrective steering angle remains below 1°. However, once the
braking begins, both the GFASC and the ATVC contribute to minimizing the yaw rate
error. As can be seen in Figure 7-13-a, the GFASC superimposes the driver’s steering
input with a steering angle of up to 2.7° at 4.3 seconds of the simulation, which is
equivalent to a steering wheel angle of about 48°, assuming a steering ratio of 1:18. In
other words, the activation function engages the ATVC up to 90% of its full potential at

4.3 seconds in order to support the GFASC as it attempts to stabilize the vehicle.
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Figure 7-13: (a) Required steering wheel input and (b) lateral acceleration of the vehicle when braking in a
turn using the driver model with the GFYMC, the ATVC, the GFASC, and the integrated control of the
ATVC and GFASC
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Figure 7-14: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when braking in a turn
using the driver model with the GFYMC, the ATVC, the GFASC, and the integrated control of the ATVC
and GFASC

Figure 7-15 illustrates the torque of each in-wheel motor during this maneuver.

Until the braking begins, the speed-control driver model requests up to 63 Nm of drive
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torque from all four motors to keep the vehicle speed constant. When the braking begins,
the ATVC increases the braking torque request on the right wheels and reduces that on
the left wheels; however, at a speed of 70 km/h, the motors are not powerful enough to
provide the motor torques requested by the ATVC. Braking the vehicle in a curve causes
a weight shift to the front and, in this case, right side of the vehicle that considerably
reduces the traction potential of the left tires. Therefore, the slip controllers limit the
braking torque of the front-left wheel between 4 and 4.1 seconds, and that of the rear-left
wheel between 4.1 and 5.3 seconds, in order to avoid wheel lock-up. The slip controller
for the rear-right wheel limits its braking torque between 5.5 and 5.9 seconds in order to
avoid a lock-up situation caused by the high available braking torque and the weight shift
to the front axle. The activation of the slip controllers can be confirmed in Figure 7-16,
which illustrates the slip ratio of each tire. Figure 7-17 shows the traction potential at
each tire and clearly indicates that the traction potentials of the left tires have exceeded
their limits. In other words, although the slip controllers have limited the braking torques
on the left wheels, the high lateral acceleration of the vehicle has caused the resultant tire
forces on the left wheels to exceed their traction potentials. Figure 7-18 illustrates the
front-to-rear torque vectoring ratios and indicates that this controller also supports the
driver in stabilizing the vehicle while braking in a turn, requesting more braking torque
from the rear wheels than the front wheels, thereby reducing the lateral force potential at
the rear axle and increasing that at the front axle. Figure 7-19-a illustrates the vehicle
speed as a function of time and confirms the performance of the speed controller. Figure
7-19-b illustrates the vehicle longitudinal acceleration as a function of vehicle speed, and
confirms the severity of the braking action in this maneuver.

Table 7-111 summarizes the vehicle response during the brake-in-turn maneuver
when the integrated control approach is used, and compares it with the performance
observed when no stability controller is used, and when the GFYMC, ATVC, and
GFASC are used. Comparing different parameters of the vehicle response during this
maneuver, it can be seen that the integrated control approach is very effective at
improving all the decisive parameters that describe the handling, stability, and path-
following capabilities of the vehicle. The integrated control of the ATVC and GFASC is

able to reduce || _ . |w| . and |5,|  significantly in comparison to those obtained

max

when no stability controller is used, which indicates that the integrated control approach
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is very effective at enhancing the vehicle handling during this maneuver. Simultaneously,

a reduction of || _ and |y7| _ indicates that the integrated control approach is also very

effective at improving the vehicle stability. Finally, the fact that the maximum lateral
deviation of the vehicle from the desired path remains very small throughout the
maneuver confirms that the integrated control approach enhances the path-following

capability of the vehicle as well.
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Figure 7-15: Requested and actual motor torque at each wheel when braking in a turn using the driver
model with the integrated control of the ATVC and GFASC
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Figure 7-16: Tire slip ratios when braking in a turn using the driver model with the integrated control of the
ATVC and GFASC
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Figure 7-17: Traction potential of each tire when braking in a turn using the driver model with the

integrated control of the ATVC and GFASC
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Figure 7-18: Front-to-rear torque vectoring ratios when braking in a turn using the driver model with the

integrated control of the ATVC and GFASC
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Figure 7-19: (a) Vehicle speed as a function of time when braking in a turn using the driver model with the
integrated control of the ATVC and GFASC, and (b) longitudinal acceleration as a function of vehicle
speed when braking in a turn using the driver model with the GFYMC, the ATVC, the GFASC, and the

integrated control of the ATVC and GFASC
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Parameter 7] Bl AY nax [t
AUTOZ21EV 126.5%s 50.1° 3.67/m 700°
GFYMC 22.60°s 4.36° 0.18m 46.4°
ATVC 24.00%s 4.40° 0.18m 48.0°
GFASC 22.45°Is 4.25° 0.16m 45.7°
ATVC+GFASC 22.45°Is 4.45° 0.17m 46.1°

Table 7-111: Vehicle response during the brake-in-turn maneuver using the driver model without a
controller, with the GFYMC, with the ATVC, with the GFASC, and with the integrated control of the
ATVC and GFASC

7.2.4 Straight-line braking on a p-split road

As a final test, the AUTO21EV is driven on a p-split road and the driver model attempts
to stop the vehicle in an emergency braking situation. Figure 7-20 illustrates the vehicle
trajectory for this maneuver when no stability controller is active and compares it to the
case when the integrated control of the ATVC and GFASC is used. As can be seen, the
integrated control approach is able to correct the side-pushing effect of the vehicle while
braking on a p-split road, and prevents the vehicle from leaving the predefined road. The
braking distance of the vehicle remains the same as it was when the GFASC was used
alone. Looking at Figure 7-21, it is clear that the integrated control approach is able to
limit and, later, diminish the yaw rate and sideslip angle of the vehicle while driving over
the black ice patch, which indicates that the vehicle remains stable during this maneuver.
Note that the yaw rate and sideslip angle of the vehicle when no controller is active have

been omitted from Figure 7-21 for clarity.
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Figure 7-20: Desired and actual vehicle trajectories when braking on a p-split road while holding the
steering wheel fixed, with and without using the integrated control of the ATVC and GFASC
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Figure 7-21: Desired and actual vehicle yaw rate (top) and sideslip angle (bottom) when braking on a p-
split road while holding the steering wheel fixed, using the integrated control of the ATVC and GFASC

Figure 7-22 illustrates the fixed steering wheel input and the equivalent corrective
steering wheel angle required to counteract the side-pushing effect of the vehicle, which
is generated by the GFASC. As can be seen, the active steering controller has applied up
to 3° of corrective steering angle, which is equivalent to 54° of steering wheel angle, in
order to correct the side-pushing effect of the vehicle. Thus, the activation function has
engaged the ATVC up to 100% of its full potential in order to support the driver in
stabilizing the vehicle. This level of activation can be confirmed by looking at Figure 7-
23, which illustrates the motor torques for all four wheels. As can be seen, between 0.7
and 0.9 seconds of the simulation, the left-to-right torque vectoring controller has
requested more braking torque from the left motors than the right motors in order to
counteract the side-pushing effect of the vehicle. Note that the left motors are not able to
generate the high braking torques requested by the ATVC due to their performance limits
at high speeds, but the braking torques on the right motors are adjusted accordingly. The
opposite situation occurs at 1.15 seconds, when a corrective steering angle of up to -3° is
generated by the GFASC. In this case, the ATVC requests more braking torque from the
right motors than the left ones which are, once again, unable to meet the demands of the
ATVC.
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Figure 7-22: Equivalent corrective steering wheel input applied by the GFASC when using the integrated
control of the ATVC and GFASC, augmenting the fixed steering input in order to correct the side-pushing
effect of the vehicle when braking on a p-split road

Comparing Figures 7-23 and 5-20, it can be confirmed that, when using the
integrated control approach, the ATVC only becomes activated when the GFASC reaches
its actuator range limits. Looking at Figure 7-23, it is also apparent that the slip
controllers on the left wheels have limited the braking torques to 20 Nm (between 0.7 and
1.15 seconds) in order to prevent wheel lock-up while, at the same time, ensuring the
maximum possible braking force is being applied when braking on the black ice patch.
The activation of the slip controllers is confirmed in Figure 7-24, which illustrates the tire
slip ratios while braking on the u-split road. Note that, later in the simulation, due to the
weight shift to the front axle, the motor torques at the rear axle are limited by the
maximum possible motor torques (calculated by equation (5.24) in Chapter 5) to prevent
wheel lock-up at higher deceleration rates. This observation is confirmed in Figure 7-25,
which illustrates the traction potential for each tire. As can be seen, the traction potentials
of the rear tires are restricted and do not exceed their limits. Figure 7-26 illustrates the
torque distribution applied by the front-to-rear torque vectoring controller. As can be
seen, this controller has requested that the front motors generate up to 52.5% of the
required corrective yaw moment in order to correct the undesirable side-pushing effect
when driving over the black ice patch. Requesting more torque from the front motors
reduces the lateral force potential on the front axle and increases that on the rear axle. The
asymmetric lateral force potentials on the front and rear axles also help to generate the

required corrective yaw moment around the vertical axis of the vehicle.
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Figure 7-23: Requested and actual motor torque at each wheel when braking on a p-split road while holding
the steering wheel fixed, using the integrated control of the ATVC and GFASC
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Figure 7-24: Tire slip ratios when braking on a p-split road while holding the steering wheel fixed, using
the integrated control of the ATVC and GFASC

Table 7-1V summarizes the vehicle response during the straight-line braking on a
u-split road maneuver when holding the steering wheel fixed and using the integrated
control of the ATVC and GFASC. Comparing different parameters of the vehicle
response during this maneuver, it can be seen that the integrated control approach is very

effective at improving all the decisive parameters that describe the stability, path-
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following, and braking performance
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Parameter 1B e . AXpraking AY rax
AUTOZ21EV 24.2° 63.4%s 48.4m 15.9m
GFYMC 0.40° 1.85%s 44.5m 0.46m
ATVC 1.70° 9.70%s 47.3m 2.70m
GFASC 1.60° 2.50%s 45.7m 0.36m
ATVC+GFASC 1.45° 2.35%s 45.6m 0.27m

Table 7-1V: Vehicle response during the straight-line braking on a p-split road maneuver while holding the
steering wheel fixed without a controller, with the GFYMC, with the ATVC, with the GFASC, and with the
integrated control of the ATVC and GFASC

7.3. Chapter summary

In this chapter, an activation function is introduced that integrates the control efforts of
the ATVC and the GFASC. A variety of test maneuvers are simulated to demonstrate the
performance and effectiveness of this integrated control approach. Table 7-V provides a
subjective evaluation of the effectiveness of the integrated control of the ATVC and

GFASC based on different test maneuvers.

I\.Iaueuvercharacmmtle Handling Stability foliig}ng Lfllxlil:ilﬂf:al
Double-lane-change 2.5 3 3
Step-steer 3
Brake-in-turn 3 3 3
T R
Mean Value {flznlxi] 2.83 3 3 2.75
=

Table 7-V: Subjective evaluation of the effectiveness of the integrated control of the ATVC and GFASC
based on different test maneuvers (3 = very effective, 2 = effective, 1 = effective to some extent, 0 =
ineffective)

Figure 7-27 compares the performance and effectiveness of the GFYMC, ATVC,
GFASC, and the integrated control of the ATVC and GFASC based on different test
maneuvers (as listed in Tables 4-VII, 5-V, 6-VI, and 7-V, respectively). Note that the
GFYMC is considered to be the ideal stability controller against which the performance
and effectiveness of all other controllers are compared. As can be seen, the performance

and effectiveness of the integrated control approach exceeds that of the individual control
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systems in all four categories. In addition, the integrated control of the ATVC and
GFASC demonstrates the same performance as the GFYMC in the stability and
longitudinal dynamics categories. Although the performance of the integrated control
approach in the handling category cannot match that of the GFYMC, the integrated

controller demonstrates better performance in the path-following category.

Handling Path-following Capability
3 3
25 25
2 2
1.5 1.5
1 1
0.5 0.5
0 0
GFYMC GFASC ATVC+GFASC GFYMC GFASC ATVC+GFASC
Stability Longitudinal Dynamics
3 3
25 25
2 2
1.5 1.5
1 1
0.5 0.5
0 0
GFYMC GFASC ATVC+GFASC GFYMC GFASC ATVC+GFASC

Figure 7-27: Subjective evaluation of the performance and effectiveness of the GFYMC, ATVC, GFASC,
and integrated control of the ATVC and GFASC based on different test maneuvers (3 = very effective, 2 =
effective, 1 = effective to some extent, 0 = ineffective)
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The vision for the future automotive chassis is to interconnect the lateral, longitudinal,
and vertical dynamics by controlling the driving, braking, steering, and damping actions
of each wheel separately. Drive-by-wire technology is currently being used in concept
vehicles for the electronic control and actuation of braking, steering, suspension, and
drive systems. These technologies attract strong interest from the automotive industry
but, for the most part, are not yet commercially available.

The chassis control systems developed today are distinguished by the way the
individual subsystems work in order to provide vehicle stability and control. Since the
influences of individual subsystems are interconnected and coupled through the tire-road
characteristics, each individual subsystem often influences two of the three vehicle
dynamics domains (namely, the longitudinal, lateral, or vertical dynamics). Therefore, by
installing more than one chassis control system into a vehicle, it must be ensured that the
systems function together properly and do not interfere with each other. This level of
cooperation requires that the individual chassis control systems are integrated and
networked together using a high-level supervisory control system that can monitor and
coordinate the behaviour of the individual subsystems, assigning appropriate tasks to
each of them depending on the driving maneuver and road conditions. Ultimately, the
optimum driving dynamics can only be achieved when the tire forces on all wheels and in
all three directions can be influenced and controlled precisely. Only in this way can the
highest level of active safety, ride quality, and driving pleasure be achieved in every
possible driving situation, up to the limits of adhesion.

Recently, mostly due to global warming concerns and high oil prices, electric
vehicles have attracted a great deal of interest as an elegant solution to environmental and
energy problems. In fact, we are likely to see more changes in automotive powertrains in
the next five years than we have seen in the last 100 years. Many car companies have
already revealed their plans to bring plug-in hybrid and battery electric vehicles to the
commercial market in the next five years [Adcl10]. In addition to the fact that electric
vehicles have no tailpipe emissions and are more efficient than internal combustion

engine vehicles, they represent an exciting platform on which to apply advanced motion
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control techniques, since the torque of an electric motor can be generated and controlled
quickly and precisely in an efficient way.

The prime focus of this thesis is to develop effective control strategies to improve
driving dynamics and safety based on the philosophy of individually monitoring and
controlling the tire forces on each wheel. In this regard, an electric vehicle with four
direct-drive in-wheel motors and an active steering system is designed and modelled in
the ADAMS/View environment. This platform represents a two-passenger electric all-
wheel-drive urban vehicle (AUTO21EV) that has a similar configuration to the
commercially-available Smart fortwo. The front and rear suspension systems of the
AUTOZ21EV are designed, analyzed, and tuned to have a high amount of flexibility in
their kinematic layouts, providing self-steering behaviour, Ackermann steering, anti-squat
mechanism, and maintaining the maximum lateral force potential on the tires when
cornering. The dynamic characteristics of the suspension systems are also analyzed and
optimized to minimize the effects of the large sprung mass and the vibrations and
dynamic loads that are transmitted to the chassis and suspension components. The full
kinematic model of the AUTOZ21EV is later transformed into a dynamic model in
ADAMS/View by equipping the vehicle with Pacejka tire models and introducing a road
model. The results of these analyses are presented in Appendix A.

In Chapter 2, a number of different open-loop and closed-loop test maneuvers are
identified that can provide important information about different aspects of the dynamic
behaviour of the vehicle and the performance and effectiveness of individual chassis
control systems. These test maneuvers are chosen such that all aspects of the vehicle
dynamics are addressed. In addition, a comprehensive evaluation method is presented that
combines the results of different test maneuvers and evaluates them as a whole to identify
the advantages of each control method. Since closed-loop test maneuvers are used in this
work, two driver models are developed and implemented in the simulation environment
for providing the driver inputs required to successfully negotiate the maneuvers. In this
regard, a multiple-preview-point path-following driver model is developed that can look
ahead and adjust the steering wheel angle based on the lateral offset between predefined
preview points on the optical lever of the driver and the desired path. Moreover, a gain
scheduling PID controller is developed for the speed-control driver model, which can
adjust the speed of the vehicle to that requested by the driver by controlling the torques of
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the in-wheel motors. The performance and effectiveness of the driver models are
evaluated and confirmed using some standard test maneuvers. It has been confirmed that
both the path-following and speed-control driver models are able to negotiate complex
test maneuvers, such as the ISO double-lane-change maneuver and brake-in-turn
maneuver, very well.

In Chapter 3, an advanced fuzzy slip controller is developed for the AUTO21EV
that combines the functionalities of an ABS, a TCS, and the brake system of the vehicle.
This slip controller is designed based on the idea of limiting the maximum possible tire
slip ratio to a fixed, predefined amount in order to generate the maximum possible
braking or traction force while decelerating or accelerating, respectively, on different
road conditions. The performance and functionalities of the developed fuzzy slip control
system are evaluated using several standard test maneuvers. It has been confirmed that
the fuzzy slip controller is able to fulfill the functionalities of the ABS and conventional
hydraulic brake systems by outperforming the regulations on braking systems for
passenger vehicles. It has been also confirmed that the fuzzy slip controller is able to
maximize the traction potential of each tire when accelerating.

In Chapter 4, a 14-degree-of-freedom vehicle model is developed to allow for the
testing of different control strategies, and for applying a genetic tuning algorithm to the
development of the fuzzy yaw moment controller. Based on this simplified vehicle
model, a fuzzy yaw moment controller is developed for the AUTO21EV that determines
the corrective yaw moment required to minimize the sideslip and yaw rate errors of the
vehicle, comparing the actual values to those obtained using a reference model, with the
ultimate objective of following the desired trajectory requested by the driver. The fuzzy
yaw moment controller is designed as a high-level supervisory module that assigns tasks
to low-level actuators and controllers, employing an integrated chassis control
management philosophy. However, at this stage of development, the calculated corrective
yaw moment is applied directly to a torque driver that is positioned at the center of mass
and around the vertical axis of the vehicle. Although this torque driver symbolizes an
unrealistic control system, the fuzzy yaw moment controller represents the ideal stability
control system, in which any corrective yaw moment can be generated without being
restricted by the actuator range limits or performance. In addition, a novel hybrid genetic-
fuzzy tuning technique is developed to optimize the shape and distribution of the
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membership functions of the fuzzy controller. By combining a multi-criteria genetic
algorithm with the fuzzy yaw moment controller, a more powerful genetic fuzzy yaw
moment controller is produced that provides better performance. The effectiveness and
performance of the genetic fuzzy yaw moment controller is evaluated using a variety of
test maneuvers. In particular, it has been confirmed through several maneuvers that the
genetic fuzzy yaw moment improves the handling, stability, path-following, and
longitudinal dynamics of the vehicle considerably in comparison to those obtained when
no stability controller is active.

Chapter 5 describes the development of an advanced low-level torque vectoring
controller that receives tasks from the previously developed high-level genetic fuzzy yaw
moment controller. The objective of the advanced torque vectoring controller is to
generate the required corrective yaw moment through the torque intervention of the
individual in-wheel motors to stabilize the vehicle during normal and emergency driving
maneuvers. A novel algorithm is developed for the left-to-right torque vectoring control
on each axle, and a PD controller is introduced for the front-to-rear torque vectoring
distribution action. Again, the effectiveness and performance of the advanced torque
vectoring controller is evaluated using several test maneuvers. It has been confirmed that,
although the advanced torque vectoring controller has improved all the decisive
parameters that describe the handling, stability, path-following, and longitudinal
dynamics of the vehicle in comparison to the results obtained when no stability controller
is active, it cannot be considered as effective as the genetic fuzzy yaw moment controller,
which represents the ideal case but is not directly realizable. In addition, it has been
observed that the actuation of the in-wheel motors when stabilizing the vehicle near its
handling limits would cause severe oscillation in the yaw rate response, which would be
perceived by the driver as being disruptive and annoying. Therefore, in practice, the
advanced torque vectoring controller should not be used for correcting small yaw rate
errors.

In Chapter 6, a novel fuzzy active steering controller is developed, and a reliable
method to tune its membership functions in an optimized way is presented, which can
make it unnecessary to perform much of the expensive field testing that would otherwise
be used to tune a stability control system. Fuzzy logic is chosen for the active steering
controller because it represents a robust and flexible inference method that is well suited
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for tackling the highly nonlinear behaviour inherent in vehicle dynamics. The rule base of
the fuzzy active steering controller is described in vague linguistic terms using expert
knowledge, which suits the nonlinear behaviour of vehicle dynamics. A novel multi-
criteria genetic algorithm, which is similar to the one introduced in Chapter 4, is
presented to optimize the distribution of the fuzzy membership functions of the input and
output variables in order to improve the performance of the fuzzy active steering
controller. Again, the performance and effectiveness of the genetic fuzzy active steering
controller are evaluated using several test maneuvers. It has been confirmed that the
genetic fuzzy active steering controller can improve all the decisive parameters that
describe the handling, stability, path-following, and longitudinal dynamics of the vehicle
when compared to the case in which no stability controller is active; however, it is not as
effective as the genetic fuzzy yaw moment controller. In addition, it has been confirmed
that the performance and effectiveness of the genetic fuzzy active steering controller is
superior in the vehicle handling, path-following, and longitudinal dynamics when
compared to the results obtained using the advanced torque vectoring controller.
However, due to the actuator rage limits of the genetic fuzzy active steering controller,
the advanced torque vectoring controller demonstrates better performance in the stability
category.

Chapter 7 addresses the integration of the developed advanced torque vectoring
controller and genetic fuzzy active steering controller. Comparing the performance and
effectiveness of the individual control systems, it has been found that the intervention of
the genetic fuzzy active steering controller is considered to be a continuous process, and
is not perceived by the driver as being annoying. It is also advantageous to employ
steering intervention rather than braking or driving individual wheels when controlling
the vehicle on slippery surfaces, since steering intervention requires less frictional force
between the tire and the road to generate a corrective yaw moment. However, the genetic
fuzzy active steering controller suffers from its limited range of effectiveness (caused by
actuator restrictions). The advanced torque vectoring controller, on the other hand, is
found to be very effective at improving the vehicle stability and handling, even when the
vehicle is driven near its handling limits. However, it has also been observed that the
actuation of the in-wheel motors to generate a corrective yaw moment can cause some

oscillations in the vehicle states, which might be perceived by the driver as being
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disruptive. To overcome the shortcomings of each of these control systems, a novel
activation function is introduced that takes advantage of the strengths of each chassis
control system and distributes the required control effort between the in-wheel motors
and the active steering system based on the difference between the desired and actual
behaviour of the vehicle. The performance and effectiveness of the integrated approach
are evaluated using several maneuvers. It is confirmed that the integrated control
approach has superior performance over the individual control systems in all chosen test
maneuvers. The integrated control of the advanced torque vectoring and genetic fuzzy
active steering controller has demonstrated the same performance as the genetic fuzzy
yaw moment controller in the stability and longitudinal dynamics categories. Moreover,
although the performance of the integrated control approach in the handling category
cannot match that of the genetic fuzzy yaw moment controller, the integrated controller
demonstrates better performance in the path-following category.

Although all of the control strategies developed in this work have demonstrated a
good performance and effectiveness at increasing the vehicle stability, handling, path-
following, and longitudinal dynamics, further effort has been invested into discovering an
optimal method of generating the required corrective yaw moment using the available
actuators and controllers. In this regard, a more elegant approach can be found in the
aerospace and marine vessel industries, which deal with over-actuated systems, and is
called the ‘control allocation’ technique [Hae03, Dur93, And07, Ore06]. In this method,
the control effort is determined in two separate steps: in the first step, conventional
control laws are used to determine the total control effort that must be produced; in the
second step, a control allocator is used to map the total control demand onto individual
actuator settings, taking into account various actuator constraints. Therefore, a logical
future extension of this work should involve the use of an optimization-based control
allocation method that can allocate the required corrective yaw moment generated by the
genetic fuzzy yaw moment controller between the in-wheel motors and the active steering
controller in an optimal way. It would be very interesting to compare the performance
and effectiveness of the control allocation method with the results obtained using the
integrated control approach developed in this work. In this way, the effectiveness of each

control system can be compared against an optimization based control allocation method
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and better conclusions can be made about the operation and effectiveness of the
developed controllers in this work.

It is also very important to examine the robustness of the developed control
systems against internal and external disturbances. This should be done both in the
simulation environment and, later, through various field testing of a physical prototype of
the AUTO21EV. In this regard, a parameter sensitivity analysis should be performed to
understand the most important model parameters and the sensitivity of the different
control systems with respect to these parameters. Note that the sensitivity of the control
systems against the various parameters of the Magic Tire Formula should contain the
major part of this analysis. Moreover, the sensitivity of the control systems to different
sampling times has to be analyzed.

As mentioned earlier, there is also an immediate need for a friction coefficient
estimator, since the bicycle model and the maximum torque estimator of the advanced
torque vectoring controller require knowledge of the current friction coefficient between
the tire and the road in order to adequately adapt to various road conditions.

Although the performance of the advanced fuzzy slip controller and the genetic
fuzzy active steering controller have been confirmed in a driving simulator set up, the
performance of the advanced torque vectoring controller and the integrated control
approach of the genetic fuzzy active steering controller and the advanced torque
vectoring controller have to be confirmed in the driving simulator environment as well.
Ultimately, the performance and effectiveness of all of the developed control systems
have to be examined, analyzed, and confirmed on a physical prototype of the
AUTOZ21EV using a human driver. In this regard, the human driver can subjectively
evaluate the effectiveness of each candidate controller in real driving conditions and

compare his evaluations with those performed using a driver model in this work.
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Appendices

A Design and Modelling of the AUTO21EV

Many controller designs have been proposed for the control of individual vehicles. The
combination and coordination of these active systems, however, has not been fully
addressed, even though some of them have similar or complementary objectives. Since
the translational and rotational degrees-of-freedom of a vehicle are coupled, one chassis
control system may adversely affect the operation of other systems. As such, it is evident
that the appropriate integration of chassis control systems could be used to improve
vehicle stability, safety, and comfort simultaneously. Hence, the integration of various
control systems has the potential to optimize the dynamic behaviour of the vehicle
independently of the driving maneuver by controlling the allocation of the horizontal and
vertical forces at each individual wheel.

The objective of this research is to develop effective control strategies to improve
vehicle dynamics, based on the philosophy of individually monitoring and controlling the
tire-road forces on each wheel. In this regard, a full vehicle with four in-wheel motors
and an active steering system has been modelled in the ADAMS/View environment in
order to investigate advanced vehicle stability and traction control strategies. This
platform represents a two-passenger electric all-wheel-drive urban vehicle (AUTO21EV)
that has a similar configuration to the commercially-available Smart fortwo (Figure A-1).
An electric vehicle with four direct-drive in-wheel motors is the most exciting platform
on which to apply advanced motion control techniques, since the motor torque and speed
can be generated and controlled quickly and precisely. In fact, the torque response of an
electric motor is on the order of a few milliseconds and, therefore, responds 10 to 100
times faster than the internal combustion engines and hydraulic braking systems in use
today [Hor04]. The use of small but powerful direct-drive in-wheel motors allows for the
implementation of the most advanced torque vectoring system possible, in which any
desired torque distribution between the four wheels can be realized. Such a platform also
represents the most advanced all-wheel-drive (AWD) system, generating the optimal

amount of traction by controlling the slip ratio of each tire. In addition, steer-by-wire

211



A Design and Modelling of the AUTO21EV

technology on the front axle facilitates the inclusion of an active steering system, which

helps maintain vehicle stability by electronically augmenting the driver’s steering input.

AUOZlEV Smart fortwo

Figure A-1: AUTO21EV concept car (left) and the commercially-available Smart fortwo [Smal0] (right)

A.1 Preliminary vehicle design

As a first step in the design of the AUTO21EV, the vehicle dynamics in the longitudinal,

lateral, and vertical directions are examined.

A.1.1 Longitudinal dynamics

The initial design stage involves a comprehensive acceleration analysis to determine the
power and traction force demands of the vehicle. Various sizes of electric in-wheel
motors are considered, and the vehicle performance is assessed to ensure that the vehicle
is able to bend safely with ordinary city traffic and drive up a regulated maximum slope.
Figure A-2 illustrates the acceleration performance of the selected direct-drive in-wheel
motors. Here, Fresist 0% 10 Fresist 30% indicate the total stationary resistive forces as a
function of vehicle speed on different upward slopes, and Firction totar iNdicates the total
available traction force as a function of speed. The available traction effort results in a
fairly high acceleration potential even at higher speeds. For example, an acceleration
potential of about 5 m/s? at the vehicle’s maximum speed of 90 km/h allows the vehicle
to maneuver easily in urban traffic. In addition, due to the high motor torques available,
the vehicle experiences its maximum acceleration of about 8.3 m/s? at zero speed when
driving on a dry flat road. Note that, due to the high acceleration rate at low speeds and,
consequently, a weight transfer to the rear axle, the front tires will spin out if their
respective motor torques are not controlled by a slip controller.

The traction effort and power characteristics of the vehicle are used to size an

appropriate electric motor for the AUTO21EV. Although the in-wheel motors currently
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on the market are generally designed as direct-drive permanent magnet synchronous
machines (PMSM), in this stage of the design process, permanent magnet direct current
(PMDC) motors are used in order to simplify the modelling process. Direct-drive electric
motors use no gear reduction between the motor and the drive shaft, thereby reducing the
weight and size of the system, but they require the speed-torque characteristics of the
motor to directly meet the requirements of the vehicle. These machines are characterized
by containing permanent magnets in their rotor, usually rare-earth magnets to increase the
power density, where the rotor can be attached to the rim of the tire. Furthermore, these
motors are brushless and, therefore, are very robust and reliable. PMSMs have the
advantage that the magnetization loss in the field of the motors can be eliminated, which
not only improves the efficiency, but also prevents overheating of the tires by the outer
rotor [Ter97]. Figure A-3 illustrates the run-up characteristics of the chosen PMDC
motor, where the motor voltage, torque, and power are shown as functions of motor

speed.
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Table A-l illustrates the specifications of the chosen PMDC motor. Based on
these characteristics, the vehicle power system characteristics are defined, as illustrated in
Figure A-4. Here, Prequired_0% 10 Prequired_30% 1llustrate the power required to overcome the
stationary resistive forces on different road gradients as a function of vehicle speed, and
Pavailanle iNdicates the total available power as a function of speed. It is confirmed that the
chosen drivetrain is powerful enough to offer sufficient acceleration potential throughout
the entire speed range, and enables the vehicle to drive up the maximum slope of 30
percent gradient. Note that the power characteristics curve of the vehicle must be greater

than the maximum power required to drive up the maximum slope of 30 percent gradient.

Specification Value Unit
Peak Power 40 kw
Peak Torque 700 Nm
Maximum Speed 1650 rpm
Maximum Voltage 350 Y
Maximum Current 311 A
Total Mass 30 kg
Rotor Mass 11.2 kg
Internal Resistance 0.768 o]
Motor Constant 1.95 mH
Current Restriction Factor 3.25 -

Table A-1: PMDC motor characteristics
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Figure A-4: AUTO21EV power requirements
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The brakes of the AUTO21EV are designed to ensure that the rear brakes do not
lock before those on the front axle, which would result in vehicle instability. The
relationship between the front and rear braking force distribution is illustrated in Figure
A-5, where each axis describes the braking force at each axle relative to the total weight
of the vehicle. The ideal braking force ratio represents the optimal braking force ratio on
the front and rear axles for every possible adhesion situation and, thus, every possible
braking condition. The optimal braking force distribution depends on various parameters,
such as the vehicle’s center of gravity, speed, and payload. In order to ensure that the
front wheels consistently lock earlier than the rear wheels, the constant braking ratio must
remain below the ideal braking ratio for all adhesion coefficients. Based on legislative
braking guidelines, a constant braking ratio is only allowed to exceed the ideal braking

distribution curve after an adhesion coefficient of 0.8 has been reached [Wal05].
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Figure A-5: Ideal braking force distribution and a braking force limiter technique for different CG heights

It is the job of the proportioning valve to adjust the braking force balance and
achieve a close approximation to the ideal distribution, as illustrated by the parabolic
curves in Figure A-5. These curves represent the ideal braking force distributions for
vehicles with center of gravity heights of 0.4 m and 0.5 m. This figure confirms that the
lower the location of the vehicle’s center of mass, the lower the braking ratio required. If
no braking force proportioning valve is installed, then the distribution of the braking
force forms a straight line whose slope is the ratio of the braking force at the front and

rear axles. The point at which the front wheels lock is found at the intersection of the base
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distribution and the lines representing the respective coefficients of friction (the dotted
lines with slope -1 in Figure A-5). However, a braking force limit proportioning valve is
usually installed to actuate after the braking distribution line reaches the ideal braking
force distribution, so that the rear axle braking force does not increase further.

An extensive braking system analysis is performed to examine different vehicle
center of mass locations and braking ratios. Based on these calculations, the vehicle’s
center of gravity position is chosen to be located at 0.4 m above the ground and at
0.82 m behind the front axle for the curb weight plus driver. Moreover, a constant base
braking ratio of 75 percent to the front axle and 25 percent to the rear axle is selected,
which stops the vehicle from its top speed of 90 km/h in about 3 seconds, requiring a
braking distance of 36 m.

A.1.2 Lateral dynamics

A bicycle model is used to investigate the effects of front and rear tire cornering
stiffnesses, center of gravity location, mass, and moment of inertia of the vehicle on the
steering performance, yaw damping rate, and yaw natural frequency of the vehicle. The
usefulness of a bicycle model is limited to lateral accelerations less than 0.4g, where the
vehicle and tire behaviour can be considered to be linear [Wal05]. The results of an
analysis of the bicycle model for a vehicle with the same tires on the front and rear is

illustrated in Figure A-6.
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Figure A-6: Self-steering characteristics of the bicycle model when the position of the vehicle center of
gravity varies and the tire lateral stiffnesses are the same on both axles

If the vehicle center of gravity position is closer to the front axle, traction is first
lost at the front wheels and, consequently, an increasing steering angle is required at
higher speeds in order to keep the vehicle on the desired path, as compared to a neutral-
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steered vehicle. In addition, an understeered vehicle possesses a characteristic speed at
which the vehicle is most ‘responsive’, reacting quickly and accurately to any steering
inputs with no overshoot or delay. The AUTO21EV center of gravity is located at 0.82 m
behind the front axle and 0.98 m from the rear axle and, therefore, it has an understeered
characteristic with a characteristic speed of 105 km/h. Note that most available passenger
cars on the market are designed as understeered vehicles with characteristic speeds
between 65 and 100 km/h, which is the speed range in which vehicles are driven most
often and, thus, require the best responsiveness [Wal05]. Transient skid-pad testing is
used to describe the behaviour of the vehicle. The transient behaviour of a vehicle can be
analyzed by writing the equations of motion of the linearized bicycle model as functions
of sideslip angle (Figure A-6).

The yaw natural frequency and yaw damping rate of the vehicle can be calculated
by comparing the coefficients of the resulting homogeneous differential equation with a
spring-damper system. Figure A-7 illustrates the range of yaw damping rates and natural
frequencies for available passenger cars. Normal passenger cars (mid-performance
vehicles) have an average yaw damping rate of approximately 0.8 and a yaw natural
frequency between 2 and 4 Hz. These values correspond to typical speed ranges between
60 and 100 km/h [Wal05]. The yaw damping rate and natural frequency of the
AUTO21EV are illustrated in Figure A-8. As can be seen, the high steering
responsiveness of the AUTO21EV is set to be between the speed ranges of 60 and 90
km/h, reflecting the predominant driving situation for an urban vehicle. Comparing the
AUTO21EV transient behaviour with Figure A-7, it can be confirmed that the yaw
damping rate and natural frequency of the AUTO21EV are defined to be in the typical

range of normal passenger cars, with a tendency towards sports cars.
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Figure A-7: Typical range of yaw damping rate and natural frequency for available passenger cars [Wal05]
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Figure A-8: Yaw natural frequency (top) and damping rate (bottom) of the AUTO21EV as functions of
forward speed

A.1.3 Vertical dynamics

The spring and damper rates of the AUTO21EV suspension system are estimated by
considering a quarter-car model, and are further refined using a formal optimization
procedure. The suspension system spring rates are designed to provide a frequency for
the sprung mass that lies within the comfort range for the human body, which is
considered to be between 1 and 4 Hz [Rei02]. The rear suspension is designed for a target
sprung mass frequency of 1 Hz. The front suspension is designed to have a 30 percent
lower ride rate than the rear suspension, based on Olley’s recommendation for a
comfortable ride [Gil92].

The design of a vehicle suspension is generally a compromise between competing
design requirements, aiming to simultaneously provide a comfortable ride as well as safe
handling performance. There are multiple excitation sources for vehicle ride vibrations,
but these can generally be divided into two classes: road roughness and on-board sources
[Wal05]. For an electric vehicle, on-board sources are restricted to tires, rims, and the
rotating parts of the electric motors, as there is no powertrain. These excitations are
considered to be insignificant in the following analysis, which considers only road
roughness as the excitation source. The suspension parameters are selected based on an

optimization of the half-car model shown in Figure A-9. The ride performance of the
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vehicle is described by the root mean square (RMS) of the chassis vertical acceleration
(which is based on the evaluation of the transfer function of the chassis acceleration with
respect to the road excitation) and the Laplace transform of the temporal power spectral
density (PSD) of the road surface profile [Guo82, Hro81]. The optimization problem is
limited by four design constraints. The first design constraint requires that the vehicle
holds to the ground by minimizing the fluctuation of the adhesion force between the tire
and road. In other words, the probability of the tire leaving the ground must remain below
some acceptable limit. The second design constraint is defined based on the allowable
roll angle of the vehicle. Assuming that no anti-roll bar is included in the suspension, the
suspension stiffness is directly limited by the allowable roll angle. An empirical value for
the acceptable roll angle for a normal passenger car is used: less than about 3° for a lateral
acceleration of 0.5g [Wal05]. The third constraint limits the maximum suspension
dynamic displacement to avoid hitting the bump stops. The fourth and final constraint
concerns the life of the tire: the smaller the tire stiffness, the larger its deflection and the
shorter its life. The tire static deflection should be less than 8 to 13 percent of the profile
height of the tire [Jal07].

0

center of
/ sprung mass

z
yL \\ ; |\I|4I sprung mass

suspension

unsprung mass

tire

road

Figure A-9: Half-car suspension model when assuming an equal static mass distribution on the front and
rear axles [Jal07]

A genetic algorithm (GA) optimization tool is developed to calculate the optimal
suspension and tire parameters based on the above considerations. Figure A-10 illustrates
the results of the GA tool for the AUTO21EV when it is driven with an initial speed of 36
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km/h on a rough road. The suspension stiffness and damping rates are determined by
setting the stiffness of the tires to the same values as those used on the Smart fortwo:
130.5 kg/cm. The optimal suspension stiffness and damping rate are calculated to be 51.7
kg/cm and 5.7 kg/cm/s, respectively. The resulting probability of the tire leaving the
ground is equal to 0.13 percent, and the RMS of the vertical chassis acceleration is

0.355¢g. Both values are reasonable for passenger cars.
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Figure A-10: Optimization results for the AUTO21EV suspension system

A.2 Detailed suspension design

Double-wishbone suspension configurations are selected for the front and rear axles of
the AUTO21EV. Specific suspension characteristics (Figure A-11), such as toe-in angle,
camber angle, caster angle, and track width changes during vertical wheel travel, are
chosen to optimize the cornering behaviour. The suspensions are designed to provide
desirable self-steering characteristics for the vehicle, such as camber thrust, roll steer, and
lateral load transfer. Other considerations include mechanisms to reduce body pitch angle
during acceleration and braking, and roll motion during cornering. By designing a passive
suspension with ideal characteristics, the stability control systems do not need to correct
for faulty suspension system behaviour, and can focus on improving the driving dynamics
of the vehicle. Extensive analyses are performed on various suspension configurations by

German exchange students directly supervised by the author. Detailed analyses are
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performed on trailing arm and semi-trailing arm [Pet05], double-wishbone [Jal05], and

multi-link [Bod06] suspension systems.

Positive
Negative caster
camber
i ’ Positive
Negative tamber

caster

Direction of travel Toe out

Figure A-11: Sign convention for camber, caster, and toe angle on a double-wishbone suspension [Jal05]
Since the parameters of an independent suspension system are interrelated, virtual
prototyping software (ADAMS/View) is used to model the suspension systems. The
double-wishbone suspensions of the front and rear axles are illustrated in Figure A-12.
The following steps are performed during the design process of the suspension system on
each axle:
1) Redistribution of forces: The kingpin inclination, kingpin offset, caster angle, and
caster trail are adjusted to fall in the ranges found on commercial vehicles in order to
reduce the amount of force acting on the steering axis and tie rods (Figure A-13). The
front and rear suspensions are designed to have a kingpin inclination of ¢ = 15.5° and a
negative kingpin offset of r, = -21.7 mm at static ride height. The front double-wishbone
suspension has a caster angle of T = 7.5° and a positive caster trail of r.x = 18.4 mm,
whereas the rear suspension is designed to have zero caster angle and zero caster trail in
the design position.
2) Modification of the control arms to define a desirable roll axis: The determination of
the roll center height on each axle is done at static ride height by changing the control
arm slopes in the front view. The target values are chosen based on Olley’s
recommendations [Mil02], where a desirable roll center height of less than 127 mm is
recommended for the front axle and a roll center height below 410 mm is recommended
for the rear axle. A higher roll center height at the rear axle provides a roll understeering
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effect. The final vehicle model has a front roll center height of 89.4 mm and a rear roll

center height of 94.7 mm in the static design position.

Front Double-wishbone Rear Double-wishbone
Suspension Suspension

upper A-arm

spring/damper
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‘ > 2l lower A-arm \

g ‘ & S ( anti-roll bar

tie rod steering rack

upper A-arm

link

Figure A-12: Front and rear suspension systems of the AUTO21EV

3) Incorporation of anti-pitch characteristics: By inclining the suspension control arms
towards one another on both axles, the body pitch motion can be reduced during
acceleration and braking. The inclined angles cause part of the additional vertical force
created by the dynamic weight shift during braking or acceleration to reduce spring
deformation [BodO6]. Three rules are considered to determine the desired positions of the
front and rear suspension pitch poles, O and O, (Figure A-14-a). First, to provide the
driver with some feedback during acceleration and braking, the complete elimination of
the pitch motion is avoided [Gil92]. A pitch angle reduction of 60% was chosen,
compared to a vehicle without an anti-pitch mechanism. Figure A-14-b illustrates the
effect of the anti-pitch mechanism during acceleration and braking for the AUTO21EV.
Secondly, the resultant force due to the control arms should be located as close to the
center of gravity as possible. Finally, for independent wheel suspensions, it is important
for the pitch poles to be higher than the wheel center of the driven axle [Rei02].

4) Design of an appropriate steering geometry: An electric-motor-driven rack-and-pinion
principle has been chosen for the steering system. The location, length, and angle of the
tie rods on the front axle and suspension links on the rear axle are analyzed and set to
values that provide the best handling properties, including a roll understeering effect,
reduced wheel fight and rolling resistance, and minimal toe angle change during bump
travel. The vertical position of the inner hard-points of the tie rods and links are defined

based on Olley’s recommendations for an ‘ideal’ steering geometry [Mil02], using a
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graphical method introduced by Reimpell [Rei02]. Figure A-15 illustrates the roll
understeering behaviour of the vehicle when driving in a turn. At the front axle, the outer
bump-travelling wheel experiences a toe-out situation and the inner rebounding wheel
experiences a toe-in situation. At the rear axle, the opposite phenomenon occurs to realize

roll understeering at high speeds.
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Figure A-13: Illustration of kingpin inclination (o), kingpin offset (r,), caster angle (t), and caster trail (r.)
in front suspension of the AUTO21EV
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Figure A-14: (a) Pitch poles of the front and rear axles, and (b) AUTO21EV body pitch motion for
accelerating and braking with and without the anti-pitch mechanism
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Figure A-15: Roll understeering behaviour through toe angle changes on the front and rear suspensions
when driving in a curve

In the next step, the steering rack position in the horizontal direction is determined
based on the Ackermann differential steering angle Ad4, which describes the difference
between the inside &; and outside &, A Steering angles (Figure A-16-a). Perfect Ackermann
steering describes the situation in which the front tires have the same instantaneous center
of rotation in a turn. In practice, however, a smaller differential steering angle is used
because the tires must not come into contact with the wheel arch or other components of
the front axle [Rei02]. On the other hand, the smallest possible turning circle for the
vehicle can only be achieved if the steer angle of the outside wheel is as large as possible.
In order to avoid impairing the cornering behaviour of the vehicle while simultaneously
increasing the lateral force capacity of the front outside tire and decreasing the cornering
radius, the steering angle on the outside wheel is designed to be larger than that
calculated by Ackermann. In this regard, a reduction to 55% Ackermann is chosen as the
target for the preliminary design, which is close to the setup of the BMW 3-Series
[Rei02]. Figure A-16-b illustrates the influence of the steering rack location on the

differential steering angle.
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Figure A-16: (a) Differential steering angle (Ad,= &; - 804 > 0) according to Ackermann, and (b) influence
of steering rack position on differential steering angle

5) Adjustment of suspension kinematics: Since negative camber angles on the tires of an
axle increase the lateral force potential on that axle, it is important to provide the tires
with negative camber angles during all driving maneuvers [Wal05]. Therefore,
suspensions are designed to have a negative camber angle at the static ride height.
Furthermore, the kinematics of the front and rear suspensions are designed such that the
outer wheels are pushed into more negative camber and the inner wheels are pushed into
positive camber when cornering. In this way, the suspension system not only counteracts
the effects of body roll on tire camber, but also increases the lateral force potential of the
more heavily-loaded outside tires. Finally, the wheel track change is reduced by changing

the upper control arm length.

A.3 Dynamic model of the AUTO21EV

In order to simulate test maneuvers to investigate different control strategies, full
kinematic and dynamic models of the AUTOZ21EV are developed in ADAMS/View
(Figure A-17). ADAMS is a comprehensive multi-body dynamic simulation package that
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is used in this project. The extension of the kinematic model into a dynamic model
requires the development and adoption of appropriate tire and road models in
ADAMS/View. These data are used by subroutines to calculate the forces and moments
that tires exert on a vehicle as a result of the interaction between the tires and the road
surface. ADAMS/Tire can be employed to model tires for either vehicle handling or
vehicle durability analyses. Handling analyses are advantageous for studying vehicle
dynamic responses to steering, braking, and throttle inputs, whereas durability analyses
are suitable for generating road load histories as well as stress and fatigue studies
requiring component forces and accelerations. Figure A-18 illustrates the different tire

models available in ADAMS and the typical applications for each tire model.

Figure A-17: (a) Kinematic and (b) dynamic models of the AUTO21EV

Based on this information, a Pacejka 2002 tire model is chosen for this project.
The Pacejka 2002 tire model is the most recommended model for handling and real-time
control studies [Pac02]. The yaw, roll, and pitch moments of inertia of the vehicle are
estimated based on the vehicle weight and center of gravity height, as well as geometric
measurements, including the track width, roof height, wheelbase, and overall vehicle
length. The accuracy of this estimation procedure has been confirmed by experimental
results obtained from the Inertial Parameter Measurement Device located at the Vehicle
Research and Test Center in East Liberty, Ohio [Bix95]. The moments of inertia of other
vehicle parts, such as the suspension and steering system components, are calculated
using the ADAMS software, based on the component shape and constituent material. The
moments of inertia of the in-wheel motors, tires, and rims are determined by hand
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calculation [Vog07]. To fine-tune the understeering characteristic of the vehicle, an anti-
roll bar is added to the front axle of the vehicle prior to running the simulations. The
stiffness of the anti-roll bar is chosen to be 1.1 Nm/deg, which provides an understeering

effect and a maximum roll angle of 3° for the vehicle.
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Figure A-18: Typical applications for ADAMS tire models [Aks06]

A.4  Permanent magnet synchronous in-wheel motor

As mentioned earlier, the in-wheel motors currently on the market are generally designed
as direct-drive permanent magnet synchronous machines (PMSM). Use of PMSMs
implies that no gear reduction exists between the motor and the drive shaft of the wheel,
which can reduce the weight and size of the system, but also requires that the speed-
torque characteristics of the motor meet the performance requirements of the vehicle.
These motors generally contain rare-earth permanent magnets in the rotor, which provide
a high power density and employ electric commutation through the use of inverters,
allowing the design of a robust and reliable brushless, variable-speed PMSM motor with
a high power-to-weight ratio [Han94]. PMSMs are designed upside-down, which means
that the rotor is the rotating external part (which can also be attached to the rim) and the
stator is attached to the wheel shaft. This strategy is primarily used to reduce the moment
of inertia of the rotating parts, thereby reducing the amount of energy required to stop or
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accelerate the wheels. In addition, PMSMs have the ability to increase performance and
efficiency by eliminating the magnetization losses in the field of the motors. The flux-
weakening characteristic of the PMSM not only improves the efficiency of the motors,
but also prevents overheating of the tires by the rotor. Figure A-19 illustrates two possible
examples for PMSM in-wheel motors that are offered by L-3 Communications Magnet-
Motor GmbH and TM4.

Power & Control
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Cooling System: # Rim
Inlet & Outlet S
Laminations
& Windings
Power & Contol
Electronics

1 Hub Units
J Stator
Hydraulic Brake Drum

Permanent Magnets

Figure A-19: PMSM in-wheel motor offered by L-3 Communications Magnet-Motor GmbH [MMG10]
(left) and TM4 Inc. [TM410] (right)

Details on the modelling, simulation, and analysis of inverter-fed PMSM-type
motors can be found in the literature (e.g., [Rah85, Ter97, Pil89]). The PMSM motors
used in this model are assumed to consist of a cage-less surface permanent magnet rotor
and a stator with three-phase windings and a sinusoidal back electromotive force. A
balanced sinusoidal three-phase current is enforced in the stator to achieve synchronous
operation and a smooth torque profile [Rah85]. Although these characteristics are usually
achieved using an inverter by establishing pulse-width modulation (PWM) control, the
switching effects have been neglected here for simplicity; it is assumed that the PWM
works like an ideal three-phase variable voltage source. Moreover, saturation, eddy
currents, hysteresis losses, and field current dynamics have also been neglected.
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The number of pole pairs in a PMSM determines the amount of rotor rotation per

complete sine wave in the stator. If the number of pole pairs (P) is known, the following

equation can be used to relate the (electric) stator angle 6, and the (mechanical) rotor

angle 6, :

6.=P-6, (A1)
or

o =P (A.2)

for angular velocities. A common approach for modelling a PMSM s to use the d,g-axis
model. This approach uses the Park transformation to reduce a three-phase system to an
equivalent two-phase system [Han94]. The inductances in the two-phase system remain
constant since the reference frame is assumed to rotate. The Park transformation of

voltages from a three-phase system (a-b-c) to a two-phase system (d-g-0) is as follows:

v, ) cos(6,) cos(6,—2x13) cos(6,+2x13)| |V,
vy |= 3 sin(6,) sin(6,—2z/3) sin(6,+2x13) || v, (A.3)
v, 1/2 1/2 1/2 v,

where vy is equal to zero in a balanced three-phase system. The Park transformation can
also be used to relate the current in a three-phase system (i, ip, ic) to that in the equivalent
two-phase system (ig, ig). The governing equations of the latter then take the following

form:

di
vq:Rs-iq+Lq-d—:+wS-Ld-id+wS-B (A4)
W:&@+g%ﬁﬂwg4d (A.5)

where Rs is the phase resistance, B is the magnetic flux linkage, and Ly and L are the g-
and d-axis phase inductances, respectively. These four parameters, together with the
number of pole pairs (P), must be specified for the motor. Although the phase resistances
of the two- and three-phase systems are identical, the g- and d-axis phase inductances
could be different and are not identical to the phase inductance of the original system

(Ls). In the case of surface permanent magnets, however, the following relationship can

be assumed:
23 A.6
L =L =L (A.6)
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The magnetic flux linkage represents the effect of the permanent magnets, and can
be determined by measuring the no-load line-to-line voltage of the motor while it is
externally driven at a constant speed. The motor torque of a PMSM can be determined

using the Park transform as follows:

3 . .
TM:EP-[B-Iq+(Ld—Lq)-Iq-|d] (A7)
For the special case of surface permanent magnets, this equation simplifies to the
following:
T —3P B-i A8
M _E : 'Iq ( . )

Equation (A.8) defines the coupling between the electrical and mechanical domains. In
order to calculate the applied torque, equations (A.4) and (A.5) must both be solved.
After substituting equations (A.2) and (A.6) into equations (A.4) and (A.5), and rewriting
in state-space form, the following equations can be derived:

di 1 i 3 .

“9_"|v -R-i-P-w-l32L-i.-B A9
dt Lq(q T wr(z“’ D A9
di:i(vd_Rs.id—P-a),gl_s-iq) (A.10)
dt L, 2

Finally, the original phase voltages (va, Vb, Vc) must be transformed into the two-phase
voltages (vq, Vq) using equation (A.3), which relies on the vehicle model by means of
equation (A.1). In summary, five parameters and two state variables are identified for the
motor model. The three-phase voltages are the inputs to the motor model and the motor
torque is the output; the mechanical angle and angular velocity, which are state variables
in the vehicle model, are treated as external parameters. Further details about the motor
model and motor controller units used in this work can be found in [Vog07, Vog09]. In
order to address the multidisciplinary nature of the whole system, it is desirable to obtain
one model rather than separate mechanical and electrical models [McP05]. This multi-
domain approach has been accomplished through the use of linear graph theory. A
component template for the PMSM-type motor was developed [Sch04] and added to the
existing vehicle model [Vog07]. Table A-I11 lists the specifications of the PMSM in-wheel

motors used in this work.
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Specification Value Unit
Peak Power 40 kw
Peak Torque 700 Nm
Maximum Speed 3200 rpm
Maximum Voltage 350 \%
Maximum Current 311 A
Total Mass 30 kg
Rotor Mass 11.2 kg
Magnetic Flux (B) 0.5 V/rad/s
Phase Inductance (Ls) 4 mH
Phase Resistance (Rs) 0.5 0
Number of Pole Pairs (P) 12 -

Table A-I1: PMSM in-wheel motor characteristics
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