The Pennsylvania State University
The Graduate School
College of Engineering

VEHICLE YAW CONTROL UTILIZING HYBRID ELECTRIC DRIVETRAINS
WITH MULTIPLE ELECTRIC MOTORS

A Thesis in
Mechanical Engineering
by
James Anthony D’Iorio

 2008 James Anthony D’Iorio

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

December 2008

ii

The thesis of James Anthony D’Iorio was reviewed and approved* by the following:

Moustafa El-Gindy
Senior Scientist, Applied Research Laboratory
Thesis Co-Advisor

Joel R. Anstrom
Research Associate, Thomas D. Larson Pennsylvania Transportation Institute
Thesis Co-Advisor

Eric Marsh
Professor of Mechanical Engineering

Karen A. Thole
Professor of Mechanical Engineering
Head of the Department of Mechanical and Nuclear Engineering

*Signatures are on file in the Graduate School

iii
ABSTRACT
Vehicles with multiple electric motors coupled to individual wheels have exciting
opportunities for safety control systems. An investigation is conducted to determine what
dynamic benefits can be gained by vehicles with this architecture. First, a literature
survey is conducted to determine what other researchers have investigated. Next a
theoretical approach to the subject sheds some light on what control techniques to apply.
Then, a unique vehicle named the Electric Lion that exists at the Thomas D. Larson
Pennsylvania Transportation Institute is used to conduct testing for this research topic.
The vehicle is a series hybrid that has an electric motor coupled to each front wheel.
Sensors were installed, and testing was conducted at the Penn State Ice Rink. The results
are analyzed, and conclusions are drawn. The investigation concludes with
recommendations for future work.
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Chapter 1
Introduction
Recently, there have been many motivations for more efficient or alternative
energy source automobiles. Environmental effects, cost of oil, and political climate are
just a few of the driving forces pushing for a change in the automotive industry. A clear
response to these drives for change is research and development of hybrid electric
vehicles and pure electric vehicles.
Research trends and automotive prototype releases, such as the Chevy Volt,
allude to vehicles that are primarily driven by electric motors. These vehicles may be
pure electric vehicles, Figure 1.1, or have a hybrid drivetrain, Figure 1.2 and Figure 1.3.
Regardless of means of energy delivery, if the vehicle uses electric motors to transmit
power to the ground, there are exciting new possibilities for control systems. This is
because electric motors have very different drive characteristics from internal combustion
engines. Torque generation in electric motors is fast and precise. Magnitude of torque
produced is a direct function of motor currents. Since current is a measurable quantity,
the magnitude of the torque applied at the wheels can be well known. Finally, motors can
be packaged small enough to couple a motor directly to one wheel on the vehicle. In a
conventional vehicle drivetrain, complicated clutch mechanisms would be needed in
order to transmit independent torque to different wheels, and magnitude of that torque
would not be easily measured.
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Figure 1.1: 4WD EV configuration [1]

Figure 1.2: RWD EV configuration [2]
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Figure 1.3: FWD EV configuration [3]

As a result of the desirable characteristics of electric motors, multiple control
systems have been developed for electrically driven vehicles. Often given various names,
they can usually be summed to anti-lock braking systems/traction control systems
(ABS/TCS) and dynamic yaw-moment control (DYC) systems. ABS/TCS are designed
to keep tire slip ratios in a desired range. They usually control each wheel independently,
making it a lower level control system. Figure 1.4 shows the quarter car model from
which an ABS/TCS is usually modeled. DYC systems utilize the torque independence of
multiple electric motors to generate a yaw moment on the vehicle, and often require
ABS/TCS as a sub-system.
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Figure 1.4: One-wheel vehicle model [4]

The purpose of this work is to investigate the benefits of these control systems on
electric and hybrid-electric vehicles with multiple electric motors. Emphasis is placed on
actual testing since little testing has been done previously on full-size passenger vehicles.
A literature review will survey the existing body of work on the subject. Then, a chapter
on the theory of vehicle dynamics and vehicle control systems will explain what is
theoretically possible of the systems being investigated. A full description of the test
vehicle will follow, ensued by test results. The work will conclude with a summary of
what was learned and recommendations of future work.

Chapter 2
Literature Review
This chapter will focus on surveying the body of literature written about DYC
systems for vehicles with multiple electric motors. Although connections have been
made to similarities in modeling these systems with four-wheel steer (4WS) systems [2],
these studies will be excluded from this literature review due to drastic differences in
actual implementation.
Even though all DYC systems operate by manipulating the vehicle yaw moment,
they can be installed on vehicles with different drivetrain architectures. Control strategies
and actual implementation can also vary widely. Finally, researchers have employed
varying degrees of simulation and experimental test work. The survey will conclude by
reviewing knowledge gained by conducting this study.

2.1 Vehicle Architecture
The first major influence on a DYC system design is the type of vehicle on which
it is being implemented. There are three primary vehicle architectures that take full
advantage of the characteristics of electric motors: individual motors coupled to all four
wheels (4WD), individual motors coupled to each rear wheel (RWD), and individual
motors coupled to each front wheel (FWD).
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There is an abundance of DYC studies conducted on vehicles with 4WD. An
example of a 4WD architecture is shown in Figure 1.1. Multiple studies are preliminary
in that they contain simulation work only, such as work done in [5] and [6]. While giving
the control system the most authority, 4WD systems are probably the furthest from reality
since they contain twice as many motors and have many more drive components,
equating to a higher total vehicle cost. It has been argued in [7] and [8] that electric
motors can be placed in the wheels of the vehicle to save weight, as shown in Figure 2.1,
but increasing the unsprung mass so drastically will negatively affect vehicle ride quality.
Installing motors in the wheels also limits motor speed range, since there is no room for a
gear or belt reduction. Another overlooked factor on 4WD electric vehicles is how to
deal with the issue of actuator redundancy. These vehicles have four actuators, and only
need to regulate forward velocity, and either one or two control goals. In other words, the
torque contribution of each individual motor needs to be determined at every instant in
time for a given throttle input from the driver. He and Hori address actuator redundancy
in simulation in [7] and testing in [9] with a traction force distribution method. Studies
done on 4WD vehicles that do not implement a traction force distribution system assume
the yaw moment can be generated, without actually determining how much torque each
wheel will contribute. These studies are useful for preliminary results, but are incomplete
since they cannot be implemented on an actual vehicle.

7

Figure 2.1: Typical Evs equipped with in-wheel motors [9]

RWD studies have been conducted in [10] and [11], and Figure 1.2 shows an
example of the vehicle architecture. Driving just the rear wheels costs less than a 4WD
configuration, as well as removes the issue of actuator redundancy. In addition, it is a
good distribution of tire loading, since the rear tires experience much smaller sideslip
angles than the front tires during normal driving. As long as an ABS/TCS is
implemented, the electric motors can prevent power-on oversteer by preventing the rear
tires from breaking loose. However, the DYC system may load the rear tires to their
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saturation limits even during normal driving. This is dangerous because directional
stability of the vehicle is dependent on the rear tires being in a reasonable slip ratio range.
It is also important to note this configuration does not take full advantage of regenerative
braking, due to weight transfer to the front wheels during braking. Since development of
electric vehicles is being motivated by the poor efficiency of conventional automobiles, a
RWD electric vehicle may not generate as much interest as the other architectures since it
does not effectively capture braking energy.
Very few DYC studies have been conducted on FWD vehicles. This
configuration keeps the vehicle weight distribution similar to conventional vehicles, as
well as takes full advantage of regenerative braking. In addition, the rear wheels are not
driven, guaranteeing directional stability during normal driving. All of these factors hint
that this configuration is likely to hit the market before the others. Anstrom investigates
DYC on a FWD series hybrid in [3], and Figure 1.3 outlines the test vehicle. The drive
motors in this study are placed inboard, and are coupled to the wheels through a belt
reduction and half-shaft. The motors and belt reduction can be seen removed from the
vehicle in Figure 2.2. Compared to in-wheel motors, there may be more flexing due to
the half-shafts, but this vehicle configuration allows the motors to operate in a more
desirable speed range and does not sacrifice ride quality as wheel motors do by increasing
the unsprung vehicle mass.
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Figure 2.2: Wheel motors and belt reductions [3]

2.2 Control Strategy
Even though the controller inputs to the vehicle are dependent on the vehicle
architecture, vehicles with the same drivetrain can have drastically different control
strategies. This is because four-wheeled vehicles are complex and highly non-linear, so
varying degrees of performance can be seen by having very different control goals.
Planar vehicle motion is often modeled similar to Figure 2.3, while the most simple
vehicle description is seen in Figure 2.4. The latter is often referred to as the 2DOF
bicycle model, and the most common choice of vehicle states is yaw rate (γ), and vehicle
sideslip angle (β). Subsequently, there are three main control strategies: control yaw rate,
control vehicle sideslip angle, or control both. Once the control parameter is chosen, a
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reference signal must be generated. It is also evident that the more advanced controllers
incorporate some kind of a stability controller as well. Finally, controller types used to
complete the overall control goal will be compared.

Figure 2.3: Vehicle forces and moments in the xy-plane [7]
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Figure 2.4: Bicycle model [10]

Many researchers chose the overall controller to somehow regulate yaw rate.
Controlling γ has perceivable performance gains. A dangerous situation occurs when the
driver inputs a steering angle, and the vehicle does not rotate. Regulation of γ alleviates
this situation, and is instantly appreciated by the driver. Anstrom conducts a complete
study of γ control on a FWD vehicle in [3]. Another benefit of this control scheme is that
yaw rate can be measured with a gyroscope sensor as demonstrated in [10]. These
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sensors can be prone to noise and drift, but overall they are effective and attainable.
Current production vehicles are not normally equipped with a gyroscope, but the sensors
are available to researchers. If enough interest is generated by these DYC systems, work
may be conducted to implement gyroscope sensors in vehicles in a cost-effective manner.
In contrast to controlling yaw rate, controlling vehicle sideslip angle is very
difficult. This is because β is not easily measured and must be estimated. Despite this
difficulty, Shino and Nagai controlled β on a small-sized vehicle in [11]. Their results
seem successful but they only compared sideslip angles that were estimated, since the
actual angle could not be measured. This makes it hard to quantify the degree of
controller performance because the controlled parameter cannot be monitored directly.
Aoki et al acquired a sophisticated sensor that allowed them to measure β, and used it to
check the accuracy of their sideslip angle observer design [12]. After confirming their
novel observer, they no longer required the use of the expensive sensor. However, once
the sensor is removed from the vehicle, an observer estimation was the only available
signal for sideslip angle. While suppressing β is shown to increase overall vehicle
stability in both of these studies, it does not guarantee directional stability the same way a
yaw rate controller does. Without a solid method for obtaining a measurement of sideslip
angle, it will remain difficult to implement β control.
The most complicated control scheme is full state feedback of both γ and β. This
is seen in studies like [6], which are purely simulation based and do not address how the
control signals will be obtained or how tractive forces will be distributed. In practice,
these factors tend to be problematic, making studies like [6] less useful. It was already

13
mentioned how difficult obtaining sideslip angle can be. Controlling both states adds
even more complexity to the controller design. The traction force distribution system
would need to assess how to distribute force to the wheels to follow two control signals,
instead of just one. An attempt at implementing full state feedback is seen in [1]. In this
study, researchers try to estimate cornering stiffness in order to obtain β to employ full
state feedback. This method showed some promising results, but it does rely on
estimating cornering stiffness, which can be difficult. Full state feedback does have the
most control options, because it considers the most information. This merits more
research into implementing it on electric vehicles. However, vehicles do have many
performance metrics, so determining how to optimally control yaw rate and sideslip angle
at the same time has been demonstrated to be difficult.
In application, stability sub-systems have proved to be very important. Since
DYC systems can add energy to the non-linear vehicle system, it is very important to
include some kind of a stability inner loop controller, usually in the form of ABS/TCS,
on each wheel. This control loop monitors individual wheel slip ratios, and if any wheel
locks-up or breaks loose this controller will bring the slip ratio back into an acceptable
range. Without a stability controller, the DYC system can force a vehicle to go unstable.
Analyzing tire characteristics can show where this instability originates. Figure 2.5
shows tire longitudinal forces versus slip ratio and slip angle, and indicates that the large
slip ratios do not affect a tire’s ability to produce longitudinal forces. However, without
a stability controller, the DYC system can make the system unstable as demonstrated in
[1]. This is because as slip ratios increase, tires produce less lateral force, as shown in
Figure 2.6. So, when a tire breaks loose or locks up the vehicle loses directional stability.
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Without an ABS/TCS system, implementing a DYC system makes the vehicle more
dangerous than a vehicle without either system installed. This would be unacceptable
because the purpose of the DYC system is to enhance overall vehicle safety. Other
examples of stability controllers are shown in [4] and [7]. Tahemi et al approach the
stability controller with fuzzy control methods [13]. Studies based only on simulation,
like [5], sometimes overlook this forced instability, making them less useful studies.

Figure 2.5: Braking and traction forces vs. slip ratio and slip angle [14]
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Figure 2.6: Lateral force vs. slip ratio and slip angle [14]

Once the control parameter is decided, the controller needs a reference
signal. The desired yaw rate, sideslip angle, or both are almost always generated from a
linearized bicycle model simulated onboard the vehicle. To achieve this, current vehicle
states are fed into an onboard computer, and it outputs what the desired dynamics should
be. This process, called model matching control, is discussed in detail in [15]. Many
authors use this technique to generate reference signals, but very few address how the
desired vehicle model should behave. Anstrom asserts the model should behave like a
slightly understeer vehicle [3]. Esmazadeh et al mention a neutral steer vehicle behaves
best [6]. Studies conducted with β feedback usually have the reference sideslip angle as
zero [11] and [12]. Many studies have only focused on testing a controller design, and
have not made that controller perform the best from the driver’s perspective. It is very
important that the vehicle operator feels that the car is behaving as it should. A more
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conclusive study should be conducted on what desired vehicle dynamics these controllers
should be following.

2.3 Implementation
There are many ways to implement the mentioned control laws on an
actual car. Sensors must be specified and installed on the vehicle. Then signal
processing must be done to obtain an estimate on the desired signals the sensors cannot
produce. Finally, a controller type is designed to regulate the desired vehicle state using
all of the signals available.
Sensors are the only way for the controller to know how the vehicle
states are changing. So, careful sensor choice can make the difference between a
controller that works and one that does not. Most controllers require individual wheel
speed. These signals are easy to acquire since many motors have rotary encoders built-in
to determine rotor speed. Since motors are coupled directly or through a speed reduction
to the wheels, the wheel speed is easily known. Also, anti-lock braking systems usually
have rotary encoders integrated, making these sensors cost effective and readily available
on many vehicles. Most controllers also require user inputs, which are often monitored
through encoders on the steering shaft, acceleration pedal, and brake pedal. Almost every
study required the use of some sensor to measure yaw rate. This is usually done with a
gyroscope.
Other vehicle states are not readily measurable. Vehicle forward velocity
is often needed for controller design, but is hard to obtain from any one sensor. In [13] a
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data fusion method is employed that processes signals from the four wheel speeds and an
accelerometer, and weights them according to other vehicle states. This method is a good
approach, but will require a lot of tuning to get the speed estimation accurate.
Researchers who did not work on 4WD vehicles often estimated vehicle speed from the
rotary encoders on the non-driven wheels, such as in [11]. This straightforward method
is effective, except when the non-driven tires lock-up due to heavy braking. In this
instance, they will misrepresent vehicle speed. Secondly, if the control goal is to measure
vehicle sideslip angle, the angle must somehow be estimated. Effective observer
techniques are discussed in [12]. However, an expensive sensor will be needed to
validate the observer design. Attempts to estimate tire cornering stiffness have been
made in [10]. Cornering stiffness is only measurable in controlled conditions from a
specific machine, making this parameter hard to use. Finally, vehicle yaw moment is
sometimes observed [10]. Many other parameters have been estimated, but these are the
most notable.
Almost every controller type has been implemented in order to execute DYC
systems on vehicles with multiple motors. Classical PID feedback control has been
employed in [3] and [8]. These control methods are the simplest, but their performance
can be limited. Optimal full state feedback control has been utilized in [6] and [7]. These
systems are more complex, and require the designer to provide weighting functions for
optimality. As mentioned before, little research has been conducted on what is the
optimal reference signal for the controller, so applications of any optimal controllers
seem futile. Fuzzy-logic has been attempted in [13] and [16]. These controllers are the
most flexible, but require the most tuning. The fuzzy logic table in [16] is shown to have
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over 200 rows, each of which need to be optimized for the specific vehicle. This type of
system may be too complicated for an experimental system, but is often used in industry
due to its robustness. An adaptive nuero-fuzzy controller is presented in [17]. This
system, which uses a neural network, makes it impossible to discern different controller
states. Neural networks are good at learning non-linear systems, but are hard to
troubleshoot. Since neural networks learn, they must be trained, which is a process of
trial and error. It is also possible to over-train a neural network, in which the controller
starts to predict sensor noise. All these factors make neural network controllers less
desirable to use. Every one of these controllers is implemented in a vehicle through an
embedded computer or digital signal processor, which are both relatively expensive.
Little work has been done to see if a cost-effective microprocessor could handle the
control algorithm. Future work should be conducted on making these systems robust and
cheap enough to implement in a production vehicle.

2.4 Simulation and Experimental Testing
In conducting any investigation, it is very important to provide supporting
evidence to back up any claims. Simulation work is an effective way to iterate on
controller design quickly, and provide some indication of performance. Experimental
testing is vital as well, since simulations will never capture all the vehicle non-linearities.
A variety of simulation work has been presented by the field, which ranges from
3DOF non-linear bicycle models [5] to use of full-scale simulators such as Carsim [8].
There is always a tradeoff with simulation complexity. As the model becomes more
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complete, it becomes increasingly difficult to handle and interpret results. Since many of
the DYC systems aim to increase handling as well as stability, it is very important that
the vehicle model include non-liniearites, such as tire saturation. One method,
demonstrated in [13] is to include the Pacejka Magic Tire Model to capture tire nonlinearities. Another method would be to include a full tire finite-element model in the
simulation. Without including these non-linearities, the simulation results would only be
accurate for steady state and low acceleration maneuvering. If the vehicle is to operate in
the non-linear region, great care should be taken to include more prominent suspension
effects. It is also important to obtain an accurate description of tire normal force at all
times, since this will determine how much tractive force each tire will have. The
effectiveness of the DYC system will depend heavily on the ability to produce tractive
forces. Without the capability to provide accurate results in limit handling situations, the
simulations may be misleading.
In addition to simulation work, different degrees of experimental testing have
been conducted as well. Hallowell and Ray investigated the use of a DYC system on a
small remote controlled car [18]. While this provides the most cost effective and fastest
means of testing, this experimental work is the furthest from a full-sized implementation.
Enough authors have been able to provide results on larger vehicles to make further work
on small-scaled RC cars not needed. A large body of work is conducted on golf cart size
vehicles, commonly referred to as neighborhood electric vehicles (NEVs). While these
vehicles are closer to passenger automobiles in size, they exhibit very different vehicle
sideslip angle behavior, as shown by the NEV named NOVEL in Figure 2.7 [11]. This
proves that while these studies are useful, they do not replace testing done on full-size
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vehicles, like those done in [3] and [9]. Maneuvers tested ranged from J-turns and
slaloms, to lane changes, all conducted on varying coefficient of friction surfaces. All of
these tests represent an emergency situation, making their results important to analyze.

Figure 2.7: Sideslip angle characteristics with respect to chassis velocity at steady state
cornering [11]

2.5 Conclusions
Clearly, there are almost as many DYC system designs as there are studies
conducted on vehicles with multiple electric motors. With research trends hinting at
production of these vehicles, it is important that studies continue on how to make full use
of their advantages. Utilizing the desirable motor characteristics mentioned before, a
DYC system would be easy to implement, something not trivial in a conventional
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automobile. FWD vehicles need to be further investigated since they have better
regenerative braking capabilities than RWD, and have been studied little in comparison to
4WD and RWD vehicles. More investigations should be conducted on the desired
dynamics of a vehicle these controllers should be emulating. Most studies simply picked
a desired yaw rate or sideslip model, with little explanation. Determining what makes the
vehicle handle best would help control designers decide if they can use yaw rate or if they
need to estimate vehicle sideslip angle to implement a DYC system. A better
understanding of desirable vehicle handling dynamics would also help with choice of
controller type. Work should also be conducted on making these systems cost effective
and robust enough for production. Finally, it has been deemed important that both
complete simulation work and full vehicle testing are the most beneficial studies, since
these studies leave the least room to misinterpret results.

Chapter 3
Vehicle Dynamics and Control System Design
This chapter will outline the basics of vehicle dynamics starting from planar
vehicle motion to the development of a linear vehicle model. Next it will cover the
properties of electric motors that are attractive for vehicle control systems. Finally, there
will be a discussion of the different traction control and dynamic yaw control systems.

3.1 Vehicle Dynamics
Automobiles are very complex dynamic systems that have always been
challenging to represent mathematically. There is a tradeoff between model accuracy and
simplicity. Generally, the more complete and accurate the model is, the more
complicated it is to understand, represent, and process computationally. For the purposes
of this study, the vehicle dynamics discussed and analyzed will only pertain to those that
greatly affect a DYC system.

3.1.1 Forces and Moments
While there are many forces and moments on a vehicle, Figure 2.3 shows most
relevant forces and moments that affect large scale vehicle dynamics. These forces and
moments generally include longitudinal and lateral tire forces, and yaw moment on the

23
vehicle. For the purpose of developing vehicle dynamics control systems addressing just
these forces and moments should be adequate.

3.1.2 Non-Linearities
Many non-linearities exist on the vehicle system, which makes modeling difficult.
It is the task of a good model designer to decide which non-linearities are important to
include in a vehicle model, and which ones have little effect on the results. With respect
to DYC systems it is most important to include non-linearities that affect large scale
vehicle dynamics.
The first major source of vehicle non-linearity is the tires. Figure 2.5 and
Figure 2.6 show the most prominent tire non-linearities, which are saturation of
longitudinal and lateral force. As tire slip ratio increases, the tire’s ability to produce
longitudinal force saturates, and its ability to produce lateral force decreases. This puts a
defined limitation on a DYC system’s ability to influence the vehicle dynamics. Other
non-linearities are tire relaxation length, camber effects, large slip angle effects, and
effects of normal force.
Another source of non-linearity is the vehicle suspension. The suspension
changes tire steer angles and camber angles. It also allows the vehicle to roll and pitch,
changing the load distribution on the tires. There are also compliance effects of bushings
and other components. These changes in forces generated by the suspension are small at
low vehicle lateral accelerations. At large lateral accelerations, the suspension can

24
bottom out, drastically changing its characteristics. It is important to be aware that the
suspension can play a large role in the vehicle dynamics at large lateral accelerations.
Many non-linearities have little effect on DYC system design and therefore are
not a focus of this study. Some of these non-linearities include: bearing drag and other
forms of friction, rolling resistance, aerodynamic effects, steering hysteresis, and
drivetrain backlash, just to name a few. It is often important to reassess which nonlinearities to include throughout the process of model development, since it is not always
obvious which ones have the largest effect.

3.1.3 Linearization
The most basic and common linearization of the vehicle model is the bicycle
model, shown in Figure 2.4. The bicycle model is obtained by linearizing the vehicle
model in the xy-plane, and assuming that many of the previously mentioned nonlinearities have little effect on the general vehicle dynamics. This model is generally
effective at lower lateral accelerations, about 0.4 g’s, and small steer angles, about 3
degrees [19]. When staying within that realm of operation, it is still necessary to include
the main tire non-linearities because of the DYC system’s ability to break the tire loose or
lock a tire up. In this case, the states of the bicycle model are vehicle yaw rate and
vehicle sideslip angle.
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3.1.4 Steady-State Dynamics
Steady-state dynamics of the bicycle model are defined by when the vehicle
states, yaw rate and sideslip angle, settle to constant values in a maneuver. The terms
steady-state understeer, steady-state neutral steer, and steady-state oversteer represent the
vehicle’s rotational dynamics at steady-state. A neutral steer vehicle would require the
same steer angle to track a specific circle, no matter what the vehicle speed. Understeer
vehicles require more steering angle as speed increases, and oversteer vehicles require
less steering angle as vehicle speed increases. Without any controller, the Electric Lion is
essentially a steady-state neutral steer vehicle due to its weight distribution. This differs
from most production vehicles, which are designed to be steady-state understeer, and is
mainly a result of the battery pack placement. However, the DYC system can affect the
steady-state handling dynamics of the vehicle depending on the torque distribution
between the wheels.

3.1.5 Transient Dynamics
Transient dynamics are the rest of the dynamics that the vehicle experiences when
the vehicle states are not constant. They include things like response time to steering
input, yaw rate overshoot, and limit handling situations. Limit understeer is usually
referred to as vehicle push, and limit oversteer is referred to as vehicle spin. A vehicle
that is steady-state understeer can go into a spin, and a vehicle that is steady-state
oversteer can push. Terrain variation or friction changes can initiate either case. How
the vehicle responds at its limit of handling is directly related to this study. If a DYC
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system can positively affect the limit handling cases, it could prevent accidents and save
lives.

3.2 Properties of Electric Motors and their Pertinence to Vehicle Applications
Electric motors are power dense electrical to mechanical energy converters. They
have fast response times, compared to those of internal combustion engines. Also,
measuring the torque output of the motor is a feasible process. There is a relationship
between torque and motor current, depending on the motor design, that can be used to
determine the motor torque. It is much more difficult to obtain torque output of an
internal combustion engine.
As a result of the fast response time and easily measured torque, electric motors
provide exciting opportunities for control systems. First, traction control is easily
implemented for each individual wheel. One of the reasons for this is that most motor
controllers require rotary encoders for their operation. In addition, when the motor is
directly coupled to the wheel, the rotational velocity of the wheel is known if is the
rotational velocity of the motor is known. For acceleration-based traction control, the
rotational velocity of the wheel is the only parameter needed.
Secondly, the motors can be small enough and have enough power density to
couple directly to individual wheels. Once there is more than one motor coupled directly
to different wheels onboard a vehicle, there is an opportunity for influencing the vehicle
yaw-moment. In contrast, internal combustion engine vehicles have to rely on brakes for
DYC systems. Braking systems can only remove energy from each corner of the vehicle,
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while electric motors can drive on one side of the vehicle, and brake on the other. In this
instance, the driving motor is adding energy to that corner of the vehicle system. This
means a DYC system implemented with electric motors has more flexibility than one
implemented with braking systems.

3.3 Control System Design
The control system design is largely dependent on the vehicle architecture. It is
generally accepted that there is a need for an inner-loop stability controller, in addition to
the yaw-moment controller. The overall control structure can be seen in Figure 3.1. This
controller design is based on a 4WD architecture; on a 2WD architecture there would
only be two traction controllers and two quarter car models.
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Figure 3.1: Overall control system design for 4WD vehicle

3.3.1 Stability Control
Stability control is often in the form of anti-lock braking/ traction control systems.
Without a stability controller that runs as an inner-loop controller, meaning it has the
most authority in the control system, it is possible that other vehicle control systems can
force the vehicle to go unstable. As far as ABS/TCS are concerned, there are three
designs that are popular in the field: acceleration-based control, inertia observing control,
and slip ratio control.
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Acceleration-based traction control is best outlined in [20]. This type of
controller is very similar to the design of modern-day anti-lock braking systems. The
controller is implemented on each individual wheel coupled to an electric motor. Wheel
rotational velocity is required, and is usually measured through the rotary encoders
included with most electric motors. Rotational acceleration is obtained from
differentiating the rotational velocity signal. The controller then ensures that the wheel
stays within determined rotational acceleration boundaries. Figure 3.2 shows an example
of the ABS control cycle, which is similar to acceleration-based traction control.
Figure 3.3 shows the design of the acceleration-based traction system.

Figure 3.2: Bosch ABS control cycle [20]
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Figure 3.3: Acceleration-based control design

Inertia observing control utilizes the ability for the electric motor to sense the
effective drivetrain inertia. It is outlined well in [1] and [4]. Figure 3.4 shows the
representation of the vehicle as a rotating mass. When the wheel breaks loose, or locks
up, the effective inertia of the vehicle, as seen by the motor, approaches the inertia of just
the wheel. When the tire is in good adhesion, the effective inertia of the vehicle, as seen
by the motor, includes an effective rotational inertia of the vehicle. The controller drives
the inertia to stay within specified values. Observing the effective inertia requires the
detection of the motor torque. This is different than acceleration-based traction control,
in that the observed parameter is motor torque instead of motor rotational acceleration.
Figure 3.5 shows the design of an inertia observing controller.
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Figure 3.4: Vehicle modeled as a rotating mass [21]

Figure 3.5: Inertia observing traction control design

The final controller is a slip ratio based traction controller. Slip ratio control is
outlined well in [8] and [22]. This controller requires the absolute vehicle speed as an
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input. Once absolute vehicle speed is known, the required rotational speed for each
wheel on the vehicle can be computed for an estimate of desired slip ratio. If a more
precise slip ratio is required, information about vehicle yaw rate, track width, and tire slip
angle is also needed. The controller then drives each wheel to its desired slip ratio.
Figure 3.6 displays the control design of a slip ratio controller.

Figure 3.6: Slip ratio traction control design
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3.3.2 Yaw-Moment Control
Once a stability controller is developed, a higher level yaw-moment controller can
be investigated. As mentioned previously, these types of controllers come in the form of
yaw rate control, vehicle sideslip angle control, and full state feedback. An unaddressed
subject in the field is determining the ideal reference signal for all of these controllers.
Usually a bicycle model is employed onboard the vehicle that simulates the steady state
dynamics of a desired understeer gradient.
Yaw rate control is employed by controlling yaw rate to a desired reference
signal. In order to measure yaw rate either a MEMS-based gyroscope or fiber optic
gyroscope is utilized. Once a desired yaw rate is established, the controller is to be
structured as in Figure 3.7. Yaw rate control was implemented in [3] and [8].

Figure 3.7: Yaw rate control structure
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Vehicle sideslip control is a more difficult control structure. Currently, there are
different ways to measure vehicle sideslip, all expensive and hard to implement.
Assuming that the parameter could be measured, the control structure would look like
Figure 3.8. Some researchers have tried to drive sideslip angle to zero [11], but it is
unknown if this is the best control strategy. Sideslip angle control was implemented with
some degree of success in [12].

Figure 3.8: Vehicle sideslip angle control structure

If both yaw rate and sideslip angle were available, one might employ yawmoment full state feedback. This is the most powerful control scheme but it is also the
most complex. It contains all of the difficulties of controlling vehicle sideslip angle as
well as adds the task of controlling yaw rate at the same time. The overall control
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structure would look like Figure 3.9. Full state feedback has been simulated in [6] and
implemented in a vehicle in [1].

Figure 3.9: Full state feedback control architecture

3.4 Vehicle Dynamics and Control System Design Conclusions
After examining the many options for traction controllers and dynamic yawmoment controllers, it has been decided to start this study with exploring an accelerationbased traction controller and yaw rate controller. The acceleration-based traction
controller is immediately immplementable on the Electric Lion since the electric motors
installed provide their rotational velocity. Inertia observing control requires knowing the
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motor torque, and slip ratio control requires absolute vehicle speed. Vehicle sideslip
angle control is very problematic, as mentioned before, and hence the investigation will
start with yaw rate control.

Chapter 4
Vehicle Hardware Description
A unique vehicle was available to investigate the advantages of independent
electric motors for vehicle dynamics. The Electric Lion is a 1992 Ford Escort converted
to a series electric hybrid through various student competitions. The vehicle has an
electric motor coupled to each front wheel, making it an ideal test bed for this project. As
tested, the vehicle weighed in at 3,240 lbs with a driver, with 1,590 lbs in the front and
1,650 lbs in the rear. This is a 49/51 weight distribution, which makes the vehicle
essentially neutral-steer during steady-state maneuvers. The vehicle is shown in
Figure 4.1.

Figure 4.1: The hybrid electric Electric Lion
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4.1 Energy Delivery System
The energy delivery system of the Electric Lion consists of a battery pack,
Auxiliary Power Unit (APU), and embedded computer. A schematic of the energy
delivery system can be seen in Figure 4.2.

Figure 4.2: Energy delivery system overview
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The bulk of the propulsion power comes from the battery pack, but the pack only
contains enough energy to propel the vehicle 40 to 60 miles. To extend the range of the
vehicle the APU, which consists of an alternative-fuel engine that turns the generator,
produces additional electrical energy. This configuration classifies this vehicle as a
pluggable range extending series-hybrid, since all of the energy is delivered to the road
through the electric motors. If the engine/generator combination can meet the average
road load of the vehicle, the battery pack will not deplete in charge. If this is the case, the
vehicle is said to be charge sustaining. An embedded computer determines a throttle
input for the APU based on pack state of charge and existing road load.
The Electric Lion is powered by a Saft Nickel Metal-Hydride (NiMH) watercooled pack. The battery pack installed in the vehicle can be seen in Figure 4.3. Each
module is 12 volts nominal (10 cells) and 109 Amp-Hours. There are 12 modules
connected in series, making the pack 144 volts nominal. Since each module is allowed to
charge up to 14.1 volts and discharge down to 10 volts, the battery pack is allowed to
swing between 120 volts and 169.2 volts. Both the embedded computer and motor
inverters have protection settings for both of these voltage limits.
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Figure 4.3: Electric Lion battery pack

The pack is cooled with a 50/50 mix of water/ethyl-glycol. An auxiliary water
pump manufactured by Bosch, as shown in Figure 4.4, has been retrofitted to pump the
coolant to a liquid/air heat exchanger. This water pump is designed to operate on a 3/4”
hose diameter; however the pack nipples are 3/8” diameter. The reduction in hose size
added significant resistance to the water circuit, which severely reduced system flow. To
lower the overall fluid resistance, the pack was split into two sections to be cooled in
parallel. The cooling schematic can be seen in Figure 4.5.
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Figure 4.4: Bosch auxiliary water pump

Figure 4.5: Battery cooling schematic
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The battery heat exchanger can be seen to the right in Figure 4.6. To avoid
redundant equipment, the battery heat exchanger was mounted on the engine radiator.
The same fan cools both units. Testing was done to ensure that this configuration
adequately cooled the battery pack.

Figure 4.6: Heat exchanger for battery pack
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On this series-hybrid, the APU is a Kawasaki 620D two-cylinder utility engine
turning a custom Uniq Mobility generator. The air-cooled generator is belt driven by the
Kawasaki engine. Figure 4.7 shows the APU components.

Figure 4.7: Auxiliary power unit

The engine currently runs on liquefied petroleum gas (LPG), but research is
ongoing to convert it to operate on supercharged hydrogen gas. On LPG peak engine
power is about 17 kW, and power should be maintained when hydrogen is used as a fuel
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in conjunction with forced induction. Investigations into supercharging the utility engine
are ongoing. A supercharger designed for Harley-Davidson motorcycles was acquired as
this utility engine is similar in size to motorcycle engines, and it can be seen in
Figure 4.8.

Figure 4.8: Supercharger for Harley-Davidson motorcycle

It is important to that the engine can provide enough power to maintain the
vehicle at cruising speeds on the highway. If the engine cannot meet the road load at
cruising speed the vehicle will deplete the battery pack, and its range will be limited. The
hydrogen storage system can be seen in Figure 4.9.
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Figure 4.9: SCI 5000 PSI hydrogen storage tank

It is also important that the generator is constantly cooled while it is operating.
The blower that cools the generator is designed with an induction motor, and as a result it
does not always start when commanded. To ensure that the generator never operates
without cooling, a vacuum switch was installed, shown in Figure 4.10. The switch
monitors the pressure between the blower and the generator. If air is flowing there will
be a slight vacuum, which will throw the switch and signal to the computer that the
generator is being cooled.
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Figure 4.10: Vacuum switch for generator

The final component in the vehicle’s energy delivery system is a RTD (Real Time
Devices) embedded computer. This computer monitors the entire system and makes
decisions accordingly. The software to run the embedded computer was written in
MATLAB SIMULINK, and was downloaded to the computer using MATLAB xPC
toolbox. Figure 4.11 shows an image of the computer in the car.
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Figure 4.11: RTD embedded computer

There are three data acquisition cards installed on the embedded computer.
Between the three cards there are multiple analog inputs and outputs, and digital inputs
and outputs. In relation to energy delivery, the computer monitors the bus voltage,
battery pack temperature and APU rotational speed. Based on this information, it
determines a throttle setting for the engine and if the cooling fan should be operating to
cool the battery pack. The portion of the Simulink model that represents the energy
management system is shown in Figure 4.12.
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Figure 4.12: Electric Lion APU control code

4.2 Drive System
The drive system of the Electric Lion is composed of two electric motors, two
motor inverters, and the same RTD embbeded computer. Figure 4.13 shows an overview
of the drive system.
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Figure 4.13: Electric Lion drive system overview

The motors are Solectria model ACgt20, and the inverters are Solectria model
AC320. There is one motor directly coupled to each wheel through a belt reduction. The
motor assembly is shown out of the vehicle in Figure 4.14. Each motor has a peak power
of 35 kW and the gear ratio to the wheels is 8.57:1. Power is supplied to the motors in
the form of three phase electricity generated by the motor inverters. Each motor inverter
takes a torque request from the embedded computer, while monitoring motor speed and
bus voltage. Based on these inputs, the inverter will generate the necessary three phase
power to drive the motor. The motors and inverters installed in the vehicle can be seen in
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Figure 4.15. Specifications for the motors and inverters can be seen in Table 4.1. Analog
communication between the motors and embedded computer needed to be isolated since
the motors are on the high voltage ground and the computer is on the low voltage ground.
Isolation cards were built, and they can be seen in Figure 4.16.

Figure 4.14: Motors with belt reductions [3]
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Figure 4.15: Motors and inverters installed in vehicle

Table 4.1: Motor and inverter specifications [3]
Specification

AC320 Controller

Specification

Acgtx20 Motor

Max Power

35 kW @ 144 V

Nominal Power

36 kW @ 144 V

Nominal Battery V

108-180 VDC

Max Pwr w/AC320

30 kW

Operating Range

92-173 VDC

Nominal Torque

20 Nm

Max Motor Current

240 A rms

Max Nm w/AC320

70 Nm

Max Battery Current

240 A

Nominal Speed

4000 rpm

Eff. @ Nominal kW

98%

Max Speed

12000 rpm

Eff. @ Full Load

96%

Weight

70 lb (32 kg)

Control Type

Vector Control

Cooling System

12V brushless fan

Weight

22 lb.
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Figure 4.16: Three channel isolation cards

The driver interfaces to the drive system through the throttle and brake pedals on
the vehicle. Each pedal is equipped with a potentiometer, which is monitored by the
embedded computer. Due to the nature of potentiometers, software filters were
implemented in the vehicle code to smooth out the throttle and brake inputs. Each filter
was a Butterworth design with a cutoff frequency of 4 Hz. Testing of the filter design
occurred on the dynamometer to ensure that the filters did not inhibit good throttle
response. After monitoring the pedal inputs, the embedded computer then sends a torque
request to each motor inverter. Passing the pedal inputs through the computer, instead of
directly to each motor inverter, allows control systems to be developed on the embedded
computer.
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Figure 4.17: Electric Lion analog drive system code

4.3 Vehicle Control System
The control system on the vehicle is comprised of a vehicle speed sensor, 6-axis
inertial measurements unit (IMU), and controlling computer. A schematic of the control
system can be seen in Figure 4.18.
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Figure 4.18: Electric Lion control schematic

It is important to know vehicle speed in order to take advantage of certain traction
controller designs. Unfortunately, there is no accepted way to measure absolute vehicle
speed accurately and robustly. Two sensors were investigated to measure vehicle speed.
The first, a Racelogic VBOX, is a GPS-based sensor. While the VBOX needs little
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calibration and is robust enough to implement on a consumer vehicle, it cannot receive
signal inside buildings like an ice rink and is expensive. Since testing was going to be
conducted inside, this sensor was not adequate. The VBOX can be seen in Figure 4.19.
The other speed sensor investigated for DYC testing was a Datron CORREVIT DLS-1
non-contact optical speed sensor, shown in Figure 4.20. It is desirable for the sensor to
be located at the center of gravity of the vehicle, but that was not possible with this test
setup. Instead, the sensor was installed on the front of the vehicle. The optical sensor
performed very well on pavement as well as ice. Unfortunately, this sensor is not
feasible for consumer use, due to its price and maintenance. These sensors must always
be free of debris, and would not integrate well into a non-research vehicle. However, for
the purpose of research, it will accurately and reliably measure vehicle speed.

Figure 4.19: Racelogic VBOX: GPS speed sensor

56

Figure 4.20: CORREVIT non-contact optical speed sensor

To accurately measure the dynamics of the vehicle, a 6-axis fiber-optic IMU was
employed. The IMU, a Crossbow VG700, was installed close to the center of gravity of
the Electric Lion. Figure 4.21 displays the unit in the vehicle. The fiber-optic gyro
technology utilized in this sensor is an order of magnitude more accurate than MEMSbased gyroscope technology. This unit is also much more expensive than a MEMS IMU,
but it will work well for this research application. For future consumer use, cheaper
MEMS-based IMUs would need to be employed.
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Figure 4.21: Crossbow VG700 installed at center of gravity

Finally, the same RTD embedded computer runs the software for both the traction
controller and yaw controller. It employs feedback utilizing the various sensors
implemented on the vehicle. The dynamic controllers were designed to layer right over
the top of the existing drive software. Figure 4.22 displays the portion of the code with
these controllers.
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Figure 4.22: Electric Lion control system code
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4.4 Data Acquisition
The role of the data acquisition is purely for the purpose of conducting research
and presenting data. If the control system was completely developed, the data acquisition
system would not exist, since the end-user would have no interest in the data it stores. To
log data, one needs access to all the signals, and somewhere to store that data. Since the
embedded computer had plenty of inputs available and was already monitoring many of
the vehicle states, the decision was made to use it as the data acquisition system. For this
reason, any additional signals that were to be logged were routed to available inputs on
the embedded computer. Table 4.2 shows the signals that are logged.

Table 4.2: Logged signals
Number
1
2
3
4
5
6
7
8
9
10

Signal
Model Time
Driver-Side Motor Rotational Speed
Driver-side Motor Current
Bus Voltage
Driver-Side Torque Request
Longitudinal Acceleration
Lateral Acceleration
Yaw Rate
Longitudinal Speed from Accessory Sensor
Driver Pedal Input

Units
Seconds
Revolutions/minutes
Amps
Volts
Volts (-5 to 5 Volts)
G’s
G’s
Degrees/second
Miles/ Hours
Volts (-5 to 5 Volts)
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Unfortunately, the RTD computer does not have an onboard IDE device to store
data. As a result, following each test the data must be transferred to a host computer
connected to the embedded computer by RS-232. Figure 4.23 shows the computer layout
in the vehicle, and Figure 4.24 shows the MATLAB xPC explorer. After conducting a
test, one clicks “Send to MATLAB Workspace” in the xPC explorer to import the data
from the embedded computer.

Figure 4.23: Host laptop installed in Electric Lion

Figure 4.24: xPC explorer in MATLAB

4.5 Vehicle Hardware Conclusions
Much was learned while preparing the vehicle for testing. First, all of the
components on the Electric Lion rely on analog signals for communication. These
signals often needed to be filtered, zeroed, and processed to ensure system performance.
Even after the signals were processed, the investigator often had to check on them to
ensure they were still behaving properly. Digital communication and data storage would
be a vast performance improvement.
Secondly, even though the GPS-based sensor has good performance qualities, it
does not work indoors. It did not connect to even one sattelite while inside the Penn State
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Ice Rink. However, the non-contact optical sensor performed very well at the ice rink.
Even though this sensor is not feasible for consumer applications, it will have to do for
the purposes of this testing.
Finally, just before the first day of testing the passenger-side motor inverter failed.
While this was extremely inconvenient, it was determined that testing with just the
driver-side motor would still be a very valuable effort. Options are currently being
explored as to how to fix or replace the failed inverter.

Chapter 5
Testing Results without Traction Control
Vehicle testing occurred with the Electric Lion at the Penn State Ice Rink. This
facility was chosen to eliminate variability by testing on a surface that is fairly flat with a
consistent coefficient of friction. The very low friction coefficient is ideal for testing the
dynamic controller because it forces vehicle instability.
The first set of tests were conducted to charaterize the vehicle behavior on ice.
Only the standard drive software was loaded, so there were no dynamic controllers
installed. To further understand how a yaw controller can influence dynamics in this
situation, only the driver-side motor was driving the vehicle. The passenger-side motor
was disabled. As a result, only the driver-side motor speed was able to be measured. At
least three tests were conducted for each maneuver to ensure repeatibility, but results will
only be shown from one test each. Table 5.1 gives a description of each test maneuver.
The conditions at the Penn State Ice Rink were very consistent. Before testing,
the ice was cleaned and smoothed by the ice resurfacing machine. Even after the
resurfacing, there were some irregularities in the ice, but nothing too large to affect
testing. According to [22], the coefficient of friction between tires and ice is 0.2 or
lower, but to know the exact coefficient would take further investigation. Prior to testing,
the tires on the Electric Lion were all filled to 32 psi. Before driving the car on the ice,
the tires were washed with water and a stiff-bristled brush. All rocks and other debris
were picked out of the tread. Figure 5.1 shows a picture of the vehicle at the ice rink.
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Table 5.1: Test maneuver descriptions
Maneuver
Throttle Step-Input

Description
This maneuver is a simple step-input on
the throttle pedal from the driver.

Maximum Acceleration with Driver
Feedback

To execute this maneuver, the driver tried
to accelerate the vehicle as quickly as
possible without breaking the tire loose.
The vehicle is stopped only by the electric
motor, without any assistance from the
hydraulic brakes.

Braking Step-Input

Skid Pad with Positive Yaw Moment

To execute a skid pad maneuver, the
driver attempts to track a 15-foot radius
circle while gradually increasing speed.
During this skid pad, the motor driving
the vehicle is on the outside of the circle
being tracked. This adds yaw moment to
the vehicle and increases the vehicle’s
tendency to rotate.

Skid Pad with Negative Yaw Moment

To execute a skid pad maneuver, the
driver attempts to track a 15-foot radius
circle while gradually increasing speed.
During this skid pad, the motor driving
the vehicle is on the inside of the circle
being tracked. This reduces the overall
yaw moment on the vehicle and decreases
the vehicle’s tendency to rotate.

Slalom

The slalom is conducted by navigating
cones approximately 30 feet apart as
quickly as possible.
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Figure 5.1: Electric Lion at the Penn State Ice Rink

5.1 Throttle Step-Input
Figure 5.2 though Figure 5.5 show results for the open-loop step-input test.
Looking at Figure 5.2, one can see that each time the user gave the vehicle a step-input
on the throttle the wheel almost instantly broke loose. Figure 5.3 displays the
corresponding wheel rotational velocity, which is rigidly locked to the motor rotational
speed by the belt reduction. However, the wheel rotational speed was filtered, in order to
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determine when the wheel was rolling. In this test, the wheel came to a complete stop
after each step-input.
The motor drew a large amount of current with each step-input, because as the
wheel breaks free it takes a large amount of torque to accelerate the wheel quickly, as
shown in Figure 5.4. This is due to the large rotational inertia of the entire system, which
is largely attributed to the belt reduction. An important thing to note is that with each
large current draw, the high voltage bus dips significantly for a short period of time. If
the batteries were at a low state of charge at the beginning of this test, the voltage drop
may bring the high voltage bus under the acceptable low voltage limit of 120 volts.
These large current spikes are detrimental to the batteries, and the voltage drop may
affect drivability.
Also, one might notice that when the throttle was released the motor decelerated
much slower than it accelerated to its maximum speed. This is because when there is no
throttle input, the motor applies no braking torque. The motor and wheel coast down to
zero rotational speed by friction in the bearings and from the ice. Finally, Figure 5.5
displays the dynamics measured from the inertial measurements unit. Lateral
acceleration and yaw rate are essentially zero for the duration of the test, while
longitudinal acceleration peaks with each step-input, but never grows much larger than
0.08 g’s.
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Figure 5.2: Open-loop step input test: motor speed and driver throttle input vs time

Figure 5.3: Open-loop step input test: filtered wheel speed and user throttle input vs. time
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Figure 5.4: Open-loop step-input test: motor current, voltage, and power vs. time

Figure 5.5: Open-loop step input test: longitudinal acceleration, lateral acceleration, and
yaw rate vs. time
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5.2 Maximum Acceleration with Driver Feedback
Figure 5.6 through Figure 5.11 show the results from the maximum acceleration
with driver feedback test. This test sheds light on human response time. Even though
individual response time can vary drastically depending on the driver, it is at least
important to see how quickly the vehicle can be accelerated when the driver has the
knowledge of the low surface friction. This data should show response times that are
quicker than the average user because the driver expected the tire to break loose.
Even with the expectation of low friction, the response time by the driver is still a
little less than 0.5 seconds from the time the tire breaks loose to the time the driver lets up
on the pedal, as shown in Figure 5.7, and up close in Figure 5.8. Some of the factors that
contribute to this delay are: the time it takes for the driver to recognize the tire has broken
loose, the time it takes for the driver to react, the muscle speed of the driver, and the
delay of the drive system.
The peak motor rotational velocity is much lower than the previous test, usually
around 4,000 rpm, down from 7,000 rpm. Current peaked at 100 amps, as shown in
Figure 5.9, which is much lower than the 240 amp peak from the previous maneuver.
The lower current spikes are better for the batteries and cause the bus voltage to drop
less.
Looking at Figure 5.10, one can see that the longitudinal acceleration was
relatively low, peaking at 0.04 g’s. The driver perceived that the car was not accelerating
quickly at all, which usually led to increased throttle input. The extra input was always
enough to get the tire to break loose. Figure 5.11 shows the dynamics of the best
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iteration from the driver. The wheel response for this iteration is shown in Figure 5.8.
Since this event is so non-linear, it is very difficult for the driver to predict when the tire
will break loose, and the vehicle can often be accelerated quicker by intentionally making
sure the tire never breaks loose at all. A good example of this is shown in the next
maneuver, the braking step-input, just before the brake input is applied. The vehicle
gains more overall speed since the tire never breaks loose.

Figure 5.6: Open-loop maximum acceleration test: motor speed and driver throttle input
vs time
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Figure 5.7: Open-loop maximum acceleration test: filtered wheel speed and user throttle
input vs. time

Figure 5.8: Open-loop maximum acceleration test: filtered wheel speed and user throttle
input vs. time, zoomed-in on best iteration
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Figure 5.9: Open-loop maximum acceleration test: motor current, voltage, and power vs.
time

Figure 5.10: Open-loop maximum acceleration test: longitudinal acceleration, lateral
acceleration, and yaw rate vs. time
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Figure 5.11: Open-loop maximum acceleration test: longitudinal acceleration, lateral
acceleration, and yaw rate vs. time, zoomed-in on best iteration

5.3 Braking Step-Input
Figure 5.12 through Figure 5.15 show the test results from the braking step-input
test. Looking at Figure 5.13, the wheel rotational speed went to zero almost immediately
after depressing the brake pedal. The driver only inputted about 40% of the available
braking torque request, which was probably much more than what was needed to make
the tire lock-up.
Figure 5.14 indicates that nearly zero regenerative braking took place during this
maneuver. Since the motor is rigidly linked to the wheel, the motor speed also went
immediately to zero after the brakes were depressed, as shown in Figure 5.12. With zero
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rotational velocity, the motor can do very little regenerative braking. Thus, it is
important to allow the tire to roll to increase the opportunity to recapture braking energy
as well as to maintain directional stability of the vehicle.
Figure 5.14 shows the dynamics of the maneuver. Here, one can see that lateral
acceleration and yaw rate were essentially zero, while longitudinal acceleration peaked at
-0.12 g’s. This is a very low braking deceleration as compared to dry pavement. It took
nearly two seconds for the vehicle to come to a complete rest, while the tire had no
rotational velocity. This means that the wheel was sliding for two seconds, a period of
time in which that tire could produce no lateral force to steer the vehicle.

Figure 5.12: Open-loop braking step-input: motor speed and driver throttle input vs time
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Figure 5.13: Open-loop braking step-input: filtered wheel speed and user throttle input vs.
time

Figure 5.14: Open-loop braking step-input: motor current, voltage, and power vs. time

76

Figure 5.15: Open-loop braking step-input: longitudinal acceleration, lateral acceleration,
and yaw rate vs. time

5.4 Skid Pad with Positive Yaw Moment
Figure 5.16 though Figure 5.20 show the results of the skid pad where the driving
wheel was on the outside of the vehicle. When the outside wheel is driving, this adds to
the yaw moment that is making the vehicle rotate around the circle. The results of this
test show how the vehicle behaved as it approached the limit. Having only the outside
wheel driving also simulated a situation similar to having a yaw moment controller,
adding to the overall yaw moment of the vehicle.
Figure 5.17 indicates that the vehicle speed reached approximately 5 mph since
the tire had good adhesion throughout this maneuver. The front tire never broke loose
after the car started rolling, which means it still had available friction left to steer the
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vehicle. Since the tire never broke loose, the current demand on the battery packed
remained very low, as shown in Figure 5.18.
As the vehicle approached the limit of lateral acceleration, the rear tires lost
traction and the vehicle spun-out, as shown in Figure 5.19. Lateral acceleration reaches
about 0.15 g’s and then yaw rate climbs very quickly to 50 deg/s. This indicates that a
dynamic yaw-moment controller can drive the vehicle to limit oversteer on low friction
surfaces. Figure 5.20 shows the detail of the dynamics when the vehicle spun-out.
Examining Figure 5.20, one might notice that the yaw rate peaked much later than the
lateral acceleration, as highlighted by the heavy vertical line on the graph. This is
because when the rear tires saturated, they no longer contributed to the total lateral force
on the vehicle.

Figure 5.16: Open-loop skid pad with positive yaw moment: motor speed and driver
throttle input vs time
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Figure 5.17: Open-loop skid pad with positive yaw moment: filtered wheel speed and
user throttle input vs. time

Figure 5.18: Open-loop skid pad with positive yaw moment: motor current, voltage, and
power vs. time

79

Figure 5.19: Open-loop skid pad with positive yaw moment: longitudinal acceleration,
lateral acceleration, and yaw rate vs. time

Figure 5.20: Open-loop skid pad with positive yaw moment: longitudinal acceleration,
lateral acceleration, and yaw rate vs. time, zoomed-in on spin-out
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5.5 Skid Pad with Negative Yaw Moment
Figure 5.21 though Figure 5.25 show the results of the skid pad where the driving
wheel was on the inside of the vehicle. When the inside wheel is driving, this subtracts
from the yaw moment that is making the vehicle rotate around the circle. This maneuver
similated a situation where a dynamic yaw controller would be subtracting yaw moment
from the vehicle. To the driver there was very little percievable differences between the
maneuvers until the vehicle reached the dynamic limits.
According to Figure 5.22, the vehicle speed was still roughly 5 mph, but less than
in the previous skid maneuver. This time, when the vehicle approached the limit of
lateral acceleration, the front tires lost traction and the vehicle pushed off the circle in a
straight line. When the front tires reached the limit, the driving tire broke loose, as
shown at the end of the maneuver in Figure 5.22. Current spiked at this time, portrayed
by Figure 5.23.
Looking at Figure 5.24, the tires lost traction at 0.12 g’s of lateral acceleration,
which a lower peak lateral acceleration than the previous skid pad maneuver. The details
of the vehicle pushing can be seen in Figure 5.25. In this maneuver lateral acceleration
and yaw rate peak and drop at the same time, as accented by the heavy vertical line. This
is because when the front tires saturate, the vehicle stops rotating. This reduces the
sideslip angle on the rear tires, reducing their contribution of lateral force at the same
time as the front tires saturate.
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Figure 5.21: Open-loop skid pad with negative yaw moment: motor speed and driver
throttle input vs time

Figure 5.22: Open-loop skid pad with negative yaw moment: filtered wheel speed and
user throttle input vs. time
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Figure 5.23: Open-loop skid pad with negative yaw moment: motor current, voltage, and
power vs. time

Figure 5.24: Open-loop skid pad with negative yaw moment: longitudinal acceleration,
lateral acceleration, and yaw rate vs. time
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Figure 5.25: Open-loop skid pad with negative yaw moment: longitudinal acceleration,
lateral acceleration, and yaw rate vs. time, zoomed-in on vehicle pushing

5.6 Slalom
Figure 5.26 through Figure 5.29 show the results of the slalom. Maximum speed
on the slalom was something on the order of 3 mph, as indicated by Figure 5.27. This
speed is lower than the skid pad maneuvers because a slalom is a dynamic maneuver
where smoothness of the driver plays an important role. Since the steering angle input
into the vehicle is constantly changing, the vehicle can become unsettled if not properly
handled. One thing to note during this maneuver is that the driver needed to be more
wary of whether the tire had good adhesion. The driving tire did break loose a few times
and the driver needed to respond be releasing the throttle quickly. When the front tires
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lost traction, the vehicle stopped responding to the driver’s steering inputs, until the tires
came down to a reasonable slip ratio. Of course, the current spiked during these
situations, as shown in Figure 5.28.
Examining Figure 5.29 shows that the magnitude of lateral acceleration and yaw
rate are both larger when the driving motor is adding to the yaw moment of the vehicle.
In this instance, that is when lateral acceleration and yaw rate are both positive. This
further indicates that a DYC system could certainly help the vehicle rotate on the ice.
The rear tires never saturated because the lateral acceleration was well under 0.12 g’s that
made them saturate in the skid pad maneuver with positive yaw moment. Figure 5.27
and Figure 5.29 indicate that the front tire broke loose during both turning left and
turning right maneuvers. This is because it can saturate in either longitudinal or lateral
force, and the effect in either case is the tire breaking loose. On a surface with this little
friction, it would be beneficial to have a traction controller maintain good adhesion on the
driven tires.
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Figure 5.26: Open-loop slalom: motor speed and driver throttle input vs time

Figure 5.27: Open-loop slalom: filtered wheel speed and user throttle input vs. time
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Figure 5.28: Open-loop slalom: motor current, voltage, and power vs. time

Figure 5.29: Open-loop slalom: longitudinal acceleration, lateral acceleration, and yaw
rate vs. time
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5.7 Conclusions of Testing Results without a Traction Controller
Many things have been learned during this set of testing. First, vehicles with
electric motors coupled to individual wheels driving on ice have distinct behavioral
differences than conventional vehicles. Secondly, much insight has been gained on DYC
system design and implications of these systems.
The Electric Lion had distinct handling differences on ice from conventional
vehicles. The most obvious being the implications of having a motor coupled directly to
each front wheel. When a tire breaks loose, only that tire is affected. Each other driving
wheel on the vehicle can still provide torque to drive the vehicle. On a conventional
2WD vehicle, there are two common configurations. One is an engine coupled to an
open differential. With this configuration, when one wheel breaks loose, the differential
limits torque output to the other wheel. The second configuration is when an engine is
coupled to a locking differential. When a wheel breaks loose on this vehicle, the
differential locks and forces both wheels to rotate at the same speed. Both 2WD
conventional vehicle configurations have limitations. On the Electric Lion, each wheel
can rotate and provide torque independent of the other. The driving wheels on the
Electric Lion also had a much higher effective inertia than the driving wheels on a
conventional vehicle. This is due to the large gear reduction between each motor and
wheel. So, after a wheel breaks loose on the hybrid-electric and the throttle is released it
takes a relatively long time to slow back down. Another thing learned is the dynamic
limits of the Electric Lion on ice. These limits are very low compared to dynamic limits
on dry pavement, which was expected.
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This testing also revealed some implications of a DYC system. First, a DYC
system can definitely affect the dynamics of the vehicle in a positive way. The motors
can influence the vehicle to rotate faster or slower, as shown in the skid pad and slalom
maneuvers. The system can force the vehicle to both limits of non-linearity, spin and
push. This means a DYC system can have a very large impact on the vehicle dynamics
on low friction surfaces, and justifies further work. Since it is possible for the controller
to force the vehicle to go unstable, it is important to include some sort of an ABS/TCS to
prevent the driving wheels from breaking loose or locking up.

Chapter 6
Development of Traction Controller
After the first set of data was collected at the ice rink, there were trends noticed
immediately in the data that needed attention. The signals that were to be used for
control feedback needed processing. This processing occurred on the first set of collected
data after the testing. After suitable signal processing was determined, a traction
controller was developed. In the next chapter, data will be presented that implemented a
traction controller on the vehicle. In that set of data, signal processing occurred real-time
on the same signals so that they could be utilized for feedback.

6.1 Data Filtering and Zeroing
While the entire set of test data was utilized to determine the signal processing;
only the final results will be presented on the data from the skid pad with a positive yaw
moment. The first signal that was processed was the motor angular velocity. This signal
needed to be clean so that the derivative could be taken and utilized for the accelerationbased traction controller. The signal did not have any issues with zero angular velocity,
so all it needed was a filter. A Butterworth filter with a cutoff frequency of 1.5 Hz was
chosen after experimenting with different filter designs. The result of the filter can be
seen in Figure 5.2. One can see that the signal becomes much cleaner from the filter.
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Figure 6.1: Comparison of unfiltered and filtered motor rotational velocity from the skid
pad with positive yaw moment maneuver

The other signals that needed to be addressed were the vehicle dynamics:
longitudinal acceleration, lateral acceleration, and yaw rate. Similar to the motor angular
velocity, the dynamics were also very noisy. In addition, they often started at various
values besides zero. This is one of the biggest downfalls of the analog communication in
a noisy environment like an electric vehicle. The serial link out of the IMU was
monitored separately from the analog signals. The data transferred over the serial
communication was much cleaner and had no problems starting at zero for every test, as
shown in Figure 5.6. Unfortunately, the embedded computer does not have an available
serial port to utilize the RS-232 communication. Butterworth filters were again
employed to deal with the noise. The filters for longitudinal acceleration, lateral
acceleration and yaw rate had cutoff frequencies of 2.5 Hz, 5Hz and 5Hz, respectively.
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Figure 6.2: Comparison of yaw rate measured from analog out and serial connection on
the IMU during the skid pad with positive yaw moment maneuver

To cope with the issue of starting at zero for each test, an adaptive algorithm was
written in Simulink to dynamically zero the signals each time the vehicle was shifted in
or out of neutral. The zeroing algorithm worked fairly well, but could use further
modification. The code essentially averages the first few data points collected, and
subtracts that from the signal. The result is a signal that starts at zero, or very close to it.
The software implementation of the zeroing code can be seen in Figure 5.4, and the
results of the filters and zeroing can be seen on yaw rate in Figure 5.5. As one can see,
the signal processing was very effective in making the analog signal behave like the data
from the serial signal. This should be clean enough to use for feedback in the future.
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Figure 6.3: Zeroing algorithm for dynamic signals

Figure 6.4: Comparison of yaw rate measured from analog out, serial connection on the
IMU, and processed analog out during the skid pad with positive yaw moment maneuver
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6.2 Traction Controller Development
Once all of the signals behaved properly, a first attempt at a traction controller
was made. It was decided to use an acceleration-based traction controller due to its ease
of implementation and its ability to operate without absolute vehicle speed.
In order to implement the traction controller, the derivative was taken of the
motor rotational speed and analyzed when the wheel broke loose. The rotational
acceleration of the motor grew very large immediately upon the tire breaking loose, and
this can be used to cut the throttle signal appropriately. Figure 5.7 shows the rotational
motor acceleration compared to the rotational motor velocity for one of the maximum
acceleration with driver feedback maneuvers.

Figure 6.5: Motor angular velocity and acceleration for one of the maximum acceleration
with driver feedback maneuvers
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One can see that the acceleration signal was very clean, and very usable for
setting thresholds for an acceleration-based traction controller. The design of the
controller is simple. When the rotational acceleration of the motor exceeds a certain
value, the throttle input is set to zero. When the motor decelerates to a certain value, the
throttle is set back to the input from the pedal. A braking algorithm is very similar to the
traction algorithm, only the throttle input is switched off when the motor decelerates to a
certain value, and then the throttle is restored once the motor accelerates past a certain
threshold.
The traction acceleration thresholds were initially set to 5,000 rpm/s to switch off
the throttle input, and -4,000 rpm/s to switch the input back to the driver. It is important
that the magnitude of the deceleration threshold be smaller than the magnitude of the
acceleration threshold, because in driving maneuvers the motor accelerates more than it
decelerates. If the thresholds were the same, the torque request may never be set back to
the throttle input from the driver. This logic is reversed for braking maneuvers, so the
deceleration threshold was set to -5,000 rpm/s and the acceleration threshold was set to
4,000 rpm/s. Figure 5.9 shows the traction controller code in Simulink. A relay block is
utilized to handle the switching of the controller. The relay outputs a value of one below
the acceleration threshold, and a value of zero above it. It will return a value of one again
once the deceleration threshold is reached.
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Figure 6.6: Acceleration-based traction control code

Chapter 7
Testing Results with Acceleration-Based Traction Controller
The second set of testing was done to evaluate a traction controller based on
rotational acceleration of the wheel. The testing was again conducted at the Penn State
Ice Rink. The same preparation procedures were followed before driving the vehicle on
the ice. One important thing to note is that the ice was much smoother for this testing
than for the open-loop testing. Again, refer to Table 5.1 for descriptions of the testing
maneuvers. Similar to the open-loop testing, only one set of results will be displayed for
each maneuver.

7.1 Throttle Step-Input Using Controller with Large Acceleration Thresholds
Figure 7.1 through Figure 7.5 show the data from the first step-input test with a
traction controller. The first controller had acceleration cut-offs of 5,000 rpm/s and
-4,000 rpm/s, which were larger than acceptable. The following data was used to make a
judgment on how to further change the controller design.
The motor and wheel were allowed to accelerate to fairly high rotational
velocities before the throttle was set to zero, as shown in Figure 7.1 and Figure 7.2.
Since the acceleration cut-offs were so high, it took a significant amount of time to reach
the rotational acceleration threshold. One important thing to note is that the deceleration
cut-off was set at a lower magnitude than the acceleration cut-off to ensure that the
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throttle was always switched back to the pedal input. This is evident in Figure 7.4, where
the motor accelerates by over 10,000 rpm/s, but only decelerates by about 5,000 rpm/s.
The controller does not observe linear velocity of the vehicle, and it is possible for the
tire to never come back into a reasonable slip ratio, which was the case in this test. The
vehicle never exceeded 5 mph during this test.
The rotational speed oscillation of the motor and wheel stressed the entire energy
delivery system with each cycle, as shown in Figure 7.3. Accelerating the wheel to such
high rotational velocities required significant power, about 30 kW. Considering how low
the friction was on the ice, this was a very inefficient use of stored energy from the
battery pack. As mentioned before, this is a result of the extremely high drivetrain
inertia.
The vehicle did move forward a little each cycle, so the controller did partially
accomplish its intended purpose. Figure 7.5 shows the dynamics, which are all
essentially zero besides longitudinal acceleration which peaked at about 0.06 g’s. While
the vehicle did accelerate forward, directional control would be severely limited with the
tire experiencing large slip ratios.
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Figure 7.1: Acceleration-based traction control step-input test with large acceleration
thresholds: motor speed, actual motor command, and driver throttle input vs time

Figure 7.2: Acceleration-based traction control step-input test with large acceleration
thresholds: filtered wheel speed, actual motor command, and driver throttle input vs time
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Figure 7.3: Acceleration-based traction control step-input test with large acceleration
thresholds: motor current, voltage, and power vs. time

Figure 7.4: Acceleration-based traction control step-input test with large acceleration
thresholds: motor rotational accel., actual motor command, and driver input vs time
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Figure 7.5: Acceleration-based traction control step input-test with large acceleration
thresholds: longitudinal acceleration, lateral acceleration, and yaw rate vs. time

7.2 Throttle Step-Input Using Controller with Smaller Acceleration Thresholds
Since the controller in the previous test did not perform exactly as desired, the
acceleration thresholds were lowered to 4,000 rpm/s and -3,000 rpm/s. Also, the driver
tried to limit throttle input. Figure 7.6 through Figure 7.12 shows the results of the
throttle step-input maneuver with the new rotational acceleration limits.
During this maneuver, the traction controller behaved better than in the first stepinput maneuver. The motor rotational velocity and wheel rotational velocity maintained
lower peak values during each cycle, as shown in Figure 7.6 and Figure 7.8. The
rotational acceleration of the motor also maintained lower peak values, as shown in
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Figure 7.10. The lower peak rotational velocity and rotational acceleration put a much
lower load on the energy delivery system. Voltage drop is much smaller, and the power
required is much lower than 30 kW. The controller switching on and off can be seen in
detail in Figure 7.7. An entire cycle took about 0.8 seconds, with the controller being
either on or off for 0.4 seconds at a time.
Figure 7.12 shows lateral acceleration and yaw rate to be essentially zero.
Longitudinal acceleration was very small, but the vehicle certainly gained speed. With
this controller and throttle input, the vehicle maintained good directional stability. If
excessive throttle was inputted, the tire still experienced much larger slip ratios than
necessary, as is evident with the data at 23 to 25 seconds in this test.

Figure 7.6: Acceleration-based traction control step-input test with smaller acceleration
thresholds: motor speed, actual motor command, and driver throttle input vs time

102

Figure 7.7: Step-input test with smaller acceleration thresholds: motor speed, actual
motor command, and driver throttle input vs time, zoomed-in for detail

Figure 7.8: Acceleration-based traction control step-input test with smaller acceleration
thresholds: filtered wheel speed, actual motor command, and driver throttle input vs time
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Figure 7.9: Acceleration-based traction control step-input test with smaller acceleration
thresholds: motor current, voltage, and power vs. time

Figure 7.10: Acceleration-based traction control step-input test with smaller acceleration
thresholds: motor rotational accel., actual motor command, and driver input vs time
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Figure 7.11: Step-input test with smaller acceleration thresholds: motor rotational accel.,
actual motor command, and driver throttle input vs time, zoomed-in for detail

Figure 7.12: Acceleration-based traction control step-input test with smaller acceleration
thresholds: longitudinal acceleration, lateral acceleration, and yaw rate vs. time
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7.3 Throttle Step-Input Using Controller with Accepted Acceleration Thresholds
Since reducing the acceleration thresholds yielded positive results in the previous
test, the thresholds were once again lowered. Figure 7.13 though Figure 7.19 shows the
data from the step-input test with the smallest acceleration thresholds of 3,000 rpm/s and
-2,500 rpm/s. Performance during this test was very comparable to the previous test.
Figure 7.13 shows peak motor rotational velocity around 2,000 rpm, which is
similar to the results in the second step-input maneuver, shown in Figure 7.6. Also,
Figure 7.17 shows peak motor rotational acceleration around 9,000 rpm/s, which is very
similar to the data from the second step-input maneuver, as shown in Figure 7.10. Power
requirements for this traction controller also look very similar to the previous traction
controller. These results are shown in Figure 7.16. The vehicle was able to sustain
turning, and a gradual acceleration at the same time. Figure 7.19 displays the dynamics
for the maneuver.
Examining Figure 7.14 one can notice that the response time of the system was
only marginally improved in this test. Since the rotational acceleration cut-off values
were much lower for this controller, the system must have a significant time delay. The
time delay is great enough to not allow the controller to switch on and off fast enough.
For the rest of this set of testing the acceleration cut-offs were set to the values used in
this test. This is the fastest the electric motor can switch on and off without making other
modifications to the vehicle. Since the time response of the electric motor is much
quicker than what was found here, an investigation should be conducted to determine the
factors contributing to the time delay.

106

Figure 7.13: Acceleration-based traction control step-input test with accepted acceleration
thresholds: motor speed, actual motor command, and driver throttle input vs time

Figure 7.14: Step-input test with accepted acceleration thresholds: motor speed, actual
motor command, and driver throttle input vs time, zoomed-in for detail
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Figure 7.15: Acceleration-based traction control step-input test with accepted acceleration
thresholds: filtered wheel speed, actual motor command, and driver throttle input vs time

Figure 7.16: Acceleration-based traction control step-input test with accepted acceleration
thresholds: motor current, voltage, and power vs. time
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Figure 7.17: Acceleration-based traction control step-input test with accepted acceleration
thresholds: motor rotational accel., actual motor command, and driver input vs time

Figure 7.18: Step-input test with accepted acceleration thresholds: motor rotational accel.,
actual motor command, and driver throttle input vs time, zoomed-in for detail
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Figure 7.19: Acceleration-based traction control step-input test with accepted acceleration
thresholds: longitudinal acceleration, lateral acceleration, and yaw rate vs. time

7.4 Braking Step-Input Using Controller with Accepted Acceleration Thresholds
The only change to the controller for this maneuver is the acceleration and
deceleration thresholds were reversed. This ensures that the controller always restores
throttle input by making the magnitude of rotational acceleration needed to allow throttle
input less than the rotational acceleration required to stop the throttle input. Figure 7.20
through Figure 7.24 show a braking step-input with the accepted acceleration thresholds.
In this test the ABS controller performed very well.
The motor and wheel rotational speed never reached 0 rpm until the vehicle came
to rest. This is shown in Figure 7.20 and Figure 7.21. Since the tire had good adhesion
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up until the brake potentiometer was pressed, it is known the vehicle reached about 5
mph. The rotational acceleration shown in Figure 7.23 was smaller in magnitude
compared to the previous tests. The power demands on the vehicle during the braking
event were practically zero, as shown in Figure 7.22. The motor was still not able to
recapture any braking energy, because the change in rotational velocity was too quick.
The dynamics, shown in Figure 7.24, were essentially zero except for longitudinal
acceleration. The maximum vehicle deceleration was 0.06 g’s. Overall, the vehicle took
longer to stop with the traction controller, than without it. This is similar to current day
anti-lock braking systems, which is considered acceptable because the driver has
directional control of the vehicle.

Figure 7.20: Acceleration-based traction control braking step-input test: motor speed,
actual motor command, and driver throttle input vs time

111

Figure 7.21: Acceleration-based traction control braking step-input test: filtered wheel
speed, actual motor command, and driver throttle input vs time

Figure 7.22: Acceleration-based traction control braking step-input test: motor current,
voltage, and power vs. time
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Figure 7.23: Acceleration-based traction control braking step-input test: motor rotational
accel., actual motor command, and driver throttle input vs time

Figure 7.24: Acceleration-based traction control braking step-input test: longitudinal
acceleration, lateral acceleration, and yaw rate vs. time
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7.5 Skid Pad with Positive Yaw Moment
For this maneuver, the traction controller acceleration thresholds were returned to
the accepted values. Figure 7.25 through Figure 7.30 show data from the skid pad
maneuver with a positive yaw moment. The results of the maneuver were almost
identical to the skid pad with positive yaw moment with no traction controller installed.
The vehicle still reached 5 mph, as shown in Figure 7.26. The traction controller
did a good job at suppressing front wheel slip during the duration of the maneuver. This
allowed the driver to focus more on driving. The power demands on the drive system
remained very small, and the high voltage bus barely drooped, as seen in Figure 7.27.
The dynamics in Figure 7.29 looked almost identical to the dynamics of the test
without the traction controller, as shown in Figure 5.19. According to these results, the
traction controller did little to prevent the vehicle from spinning out. When the vehicle
approaches limit-oversteer, the rear tires saturate. Since the traction controller is only
sensing rotational acceleration of the front wheels, it has no way of sensing when the rear
tires lose traction. As a result, the controller did not stop throttle input until the vehicle
was already in a spin. This is highly undesirable, as a yaw controller can still force the
vehicle to one of its non-linear limit. The yaw controller may be able to suppress the
spin, which only further testing can reveal, but it would be better if the stability controller
prevented the car from ever approaching the limit. Figure 7.30 shows the detail of the
spin-out event. Just like the skid pad with positive yaw moment test with no traction
controller, the lateral acceleration starts to drop well before the yaw rate peaks. Since
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this drop in lateral acceleration corresponds to the rear tires losing traction, it may be
possible to use this phenomenon as an early warning to prevent vehicle spin-out.

Figure 7.25: Acceleration-based traction control skid pad with positive yaw moment test:
motor speed, actual motor command, and driver throttle input vs time
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Figure 7.26: Acceleration-based traction control skid pad with positive yaw moment test:
filtered wheel speed, actual motor command, and driver throttle input vs time

Figure 7.27: Acceleration-based traction control skid pad with positive yaw moment test:
motor current, voltage, and power vs. time
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Figure 7.28: Acceleration-based traction control skid pad with positive yaw moment test:
motor rotational accel., actual motor command, and driver throttle input vs time

Figure 7.29: Acceleration-based traction control skid pad with positive yaw moment test:
longitudinal acceleration, lateral acceleration, and yaw rate vs. time
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Figure 7.30: Acceleration-based traction control skid pad with positive yaw moment test:
longitudinal acceleration, lateral acceleration, and yaw rate vs. time, zoomed-in for detail

7.6 Skid Pad with Negative Yaw Moment
Figure 7.31 through Figure 7.36 shows the data from the skid pad maneuver with
a negative yaw moment. The results of this maneuver were very different compared to
the open-loop skid pad with a negative yaw moment. The traction controller had a large
effect on the results.
The maximum speed reached, as shown in Figure 7.38, was similar to the speed
reached in the open-loop test, as shown in Figure 5.22. Power demands on the vehicle
were low, as shown in Figure 7.39, and the traction controller effectively suppressed
large angular accelerations of the motor, as shown in Figure 7.40. Just like in the last
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test, the driver did not have to focus on wheel spin during this maneuver. The traction
controller handled it, allowing the driver to focus on more important tasks.
In this maneuver, each time the vehicle reached the limit of lateral acceleration,
about 0.1 g’s as shown in Figure 7.35, the traction controller switched on and prevented
the vehicle from pushing. This can be seen from 40 seconds to 47 seconds in
Figure 7.32, Figure 7.34, and Figure 7.35 and enlarged for detail in Figure 7.36. When
the vehicle approached limit-understeer, the traction controller sensed the wheel breaking
loose and switched on. Allowing the wheel to regain traction restored its ability to
produce lateral force, and kept the vehicle on the circle. In this instance, the traction
controller can prevent a DYC system from forcing the vehicle to push. This result is
excellent, in that the vehicle never hits its non-linear limit. The controller also gave the
driver a very clear warning that the vehicle was close to its limit of handling.
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Figure 7.31: Acceleration-based traction control skid pad with negative yaw moment test:
motor speed, actual motor command, and driver throttle input vs time

Figure 7.32: Acceleration-based traction control skid pad with negative yaw moment test:
filtered wheel speed, actual motor command, and driver throttle input vs time
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Figure 7.33: Acceleration-based traction control skid pad with negative yaw moment test:
motor current, voltage, and power vs. time

Figure 7.34: Acceleration-based traction control skid pad with negative yaw moment test:
motor rotational accel., actual motor command, and driver throttle input vs time
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Figure 7.35: Acceleration-based traction control skid pad with negative yaw moment test:
longitudinal acceleration, lateral acceleration, and yaw rate vs. time

Figure 7.36: Skid pad with negative yaw moment test: longitudinal acceleration, lateral
acceleration, and yaw rate vs. time, zoomed-in for detail
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7.7 Slalom
Figure 7.37 through Figure 7.41 shows the data from the slalom maneuver.
During this maneuver, the vehicle did behave differently than without the traction
controller. This test is most representative of aggressive driving since it includes vehicle
transients in combination with the driver trying to complete the maneuver as quickly as
possible.
The vehicle speed reached over 5 mph as shown in Figure 7.38. This speed is
significantly higher than the speeds achieved in the slalom without a traction controller,
shown in Figure 5.27. Even during this maneuver, the drive system was not heavily
stressed with high power demands, as shown in Figure 7.39. The controller suppressed
large angular acceleration well, as shown in Figure 7.40.
The traction controller usually switched on when the lateral acceleration was
negative, as shown in Figure 7.38 and Figure 7.41. This goes inline with the results from
the skid pad with positive yaw moment, in that when the yaw moment is positive the rear
tires will saturate before the front tires. If the vehicle was turned too aggressively with a
positive yaw moment, it could have spun-out. This again shows that when a yaw
controlling is adding yaw moment to the total moment it can make the vehicle unstable.
The vehicle could also carry more speed through the slalom since the driver had
to be less focused on maintaining good tire adhesion. From a drivability standpoint, the
traction controller performs very well. As a result of all this, the controller instilled more
confidence in the driver.
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Figure 7.37: Acceleration-based traction control slalom test: motor speed, actual motor
command, and driver throttle input vs time

Figure 7.38: Acceleration-based traction control slalom test: filtered wheel speed, actual
motor command, and driver throttle input vs time
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Figure 7.39: Acceleration-based traction control slalom test: motor current, voltage, and
power vs. time

Figure 7.40: Acceleration-based traction control slalom test: motor rotational accel.,
actual motor command, and driver throttle input vs time
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Figure 7.41: Acceleration-based traction control slalom test: longitudinal acceleration,
lateral acceleration, and yaw rate vs. time

7.8 Conclusions of Testing Results with Acceleration-Based Traction Controller
Much was learned with this iteration of testing. Information was acquired that
would improve the performance of the acceleration-based traction controller, as well as
guide design of other controllers.
The first lesson learned from this testing is that an acceleration-based traction
controller needs to go into some sort of “low friction mode.” The purpose of switching
modes would allow the controller to dictate maximum throttle input. During these tests
the controller performed best when the driver limited throttle input. It would be more
desirable if the controller could limit the throttle input. Implementing this would be
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fairly straight forward. If the wheels slipped multiple times in a row, the controller can
then limit the throttle input to some low value. Determining exactly when to switch into
“low friction mode” and what the limiting throttle input should be would take some
additional testing.
The second lesson learned from this testing is the controller has a time delay that
is inhibiting it from operating any faster. Future work should be conducted to minimize
this time delay. One of the largest sources of the time delay is the filters implemented on
some of the analog signals. The filters could be tuned, but the data may become too
noisy. It is recommended that digital communication be investigated to ensure fast and
accurate signal communication between the various devices onboard the car. The wheel
switching time can also be decreased by adding braking torque when the wheel breaks
loose. Once the time delay is significantly reduced, lower acceleration thresholds can be
used and should increase the effectiveness of the traction controller. Ideally, the wheel
should never accelerate faster than it does on drive pavement with a wide-open-throttle
input.
Despite the fact that the controller was limited in switching speed, it still
performed very well. It was able to prevent vehicle push, and it allowed the vehicle
operator to concentrate more on driving. Minimizing the time delay or implementing one
of the more powerful traction controllers, like slip ratio control or inertia control, will
improve the controller’s ability to prevent vehicle push and maintain good adhesion
between the driven tires and the road.
This testing also revealed what a traction controller cannot achieve on this
vehicle. More specifically, the testing gives insight on all neutral-steer cars with one
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driving induction motor having a high drive inertia located on the front of the vehicle. A
traction controller implemented on the front wheels cannot prevent the rear wheels from
losing traction. If a yaw controller was also installed on this vehicle, that controller may
force the vehicle to go unstable in limit oversteer situations. Depending on the quality of
communication, the yaw controller may or may not be able to prevent the spin quick
enough. While it would still be possible to implement a yaw controller on this vehicle,
this does reveal the limitations of this FWD configuration. Similarly, a vehicle with an
electric motor on each rear wheel would be able to prevent vehicle spin but not push.
This is because the rear tires would have additional traction loading, which would make
them break loose before the vehicle would reach its limit of lateral acceleration, and the
traction controller would switch on and allow the rear wheels to regain traction. This is
more desirable, since vehicle push is usually considered an acceptable vehicle nonlinearity. In fact, most consumer vehicles are designed to push in limit handling
situations. Thus, it may be acceptable to allow vehicle push and to have the traction
controller prevent vehicle spin. However, a 4WD setup may be able to adequately
prevent both push and spin with just a traction controller implemented.
In the future, a yaw controller should be installed on the Electric Lion to explore
how effective it will be on a FWD vehicle. These tests have shown that on low friction, a
yaw controller would be able to force the vehicle to both limits of non-linearity and
everywhere in between. Great care should be taken not to allow the yaw controller to
force vehicle spin when adding a yaw moment to the vehicle since the traction controller
will not be able to prevent it.

Chapter 8
Conclusions and Future Work
Many lessons have been learned by conducting this investigation, even if it was
only a preliminary study in Dynamic Yaw Control (DYC) systems. Knowledge has been
gained with respect to future hardware design of electric and hybrid-electric vehicles. In
addition, implications of DYC systems on front wheel drive (FWD) hybrid-electric
vehicles have been revealed. As a result of the many lessons learned in this study, there
is much more work to conduct to make this investigation comprehensive.

8.1 Hardware Conclusions Reviewed
The first lesson learned by conducting this study has to do with the nature of the
Electric Lion. The vehicle has been modified by students for over fifteen years and it’s
starting to show its age. Many of the components installed onboard may have been stateof-the-art when they were first acquired, but now newer components can often perform
better, sometimes even at a lower price point. Communication between the electric
motors, inertial measurements unit, optical speed sensor, and embedded computer are all
analog in nature. The analog connections do get the job done, but they are often noisy
and need to be filtered. Some of them also need to be zeroed. Even after the signal
processing was done, the signals still needed to be monitored by the investigator to
ensure they were behaving properly. With how cheap processing power is nowadays, it
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would be very beneficial to implement some form of digital communication between the
various devices. In fact, the inertia measurement unit (IMU) and optical speed sensor
installed on the vehicle have digital outputs available. So, installing a digital
communication card on the existing embedded computer will grant digital
communication between everything besides the electric motors.
A second thing learned about this specific hardware setup is that global
positioning system (GPS) based speed sensors do not function inside a building like an
ice rink. This was unfortunate because GPS sensors need little calibration and are more
cost effective than non-contact optical speed sensors. Even though a vehicle will never
be on an ice rink in actual consumer usage, this does raise a valid concern for certain real
life situations. A GPS speed sensor may lose satellite signal while going through a tunnel
or a dense city. However, the non-contact optical speed sensor did perform very well on
the reflective ice surface. Hence, the sensor should be calibrated and used for speed
based traction controllers. While this sensor was adequate for research applications, it
was bulky, fragile, expensive, and needed to be free of debris. As a result, it is not
practical to use this type of sensor for consumer applications. A more robust solution is
needed to determine absolute vehicle speed for non-research applications.

8.2 Testing Conclusions Reviewed
In addition to the hardware conclusions, many things were learned from taking
the Electric Lion out on the ice. The first thing the researchers immediately noticed was
the large inertia of the drivetrain and the effects it had on the vehicle dynamics. The
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inertia caused current being supplied by the battery to spike very high whenever the
wheel broke loose without restraint. Large current spikes are detrimental to the battery
pack, and infer large torques being supplied by the motor. If one was not careful, these
large torques could break a half shaft. Since this large inertia is primarily due to the belt
reduction, it certainly detracts from the attractiveness of larger, inboard motors. This
does not mean that the in-wheel motors, and their associated rough ride, are the solution.
System designers just need to be aware that these large currents and torques will arise if
they design the system poorly.
One of the main lessons of this research is that a DYC system installed on the
Electric Lion vehicle will be able to drive the car to both limit-oversteer and limitundersteer on low friction surfaces. This means that the electric motors were powerful
enough to have full control authority on surfaces like ice. While the motors may not have
the same authority on higher friction surfaces, it is arguable that it is most important to be
able to influence the vehicle dynamics on low friction surfaces. Hence, further
investigation on DYC systems on this type of vehicle architecture are validated and
should be conducted.
While it is desirable for the DYC system to be able to fully influence vehicle
dynamics, the fact is that it can force the vehicle to go unstable. This makes a lower level
stability controller, usually in the form of an Anti-lock Braking System/ Traction Control
System, a necessity. The acceleration-based traction controller tested at the ice rink did
enhance vehicle drivability and prevent some instability. The driver was able to focus
more on driving, and less on wheel slip. In addition, on this vehicle setup the traction
controller did prevent vehicle push, but could not prevent vehicle spin.
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Finally, testing the acceleration-based traction controller revealed a flaw in the
current system configuration. The vehicle had a significant time delay, which limited the
electric motor from switching from zero throttle input to driver throttle input and back to
zero throttle input, to about 0.8 seconds. The time response of electric motors is much
faster than this, so this delay is the limiting factor in the acceleration-based traction
controller. Work should be conducted to pinpoint all the sources of this time delay and
minimize the contribution of each source. One source of the delay is certainly the filters
implemented on the analog signals. This is another major reason to implement a digital
communication scheme. Some other ways to influence the time delay is to lower the
drivetrain inertia or use negative feedback to slow the wheel down after the tire breaks
loose.

8.3 Proposal of Future Work
There is still much more work to conduct to complete this investigation. The
following tasks are recommended to maximize the contribution of future work:
•

Buy and install a digital communication add-on card for the RTD
embedded computer

•

Investigate the sources of the system time delay and minimize the
contribution of each source

•

Measure the effective drivetrain inertia to implement inertia-based traction
control
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•

Calibrate the CORREVIT non-contact optical speed sensor to accurately
represent low vehicle speed on ice in order to implement slip ratio-based
traction control

•

Repair the passenger-side electric motor or implement two new motors
that utilize digital communication

Once these tasks have been completed the Electric Lion will be ready for more testing.
The other more powerful traction controllers may perform better than the accelerationbased traction controller. After the best performing traction controller is determined,
work can be done to implement feedback with yaw rate. That would conclude the study
on yaw rate control on the Electric Lion. An investigation can also be conducted to try
and control sideslip angle, but more sensors would need to be implemented on the
vehicle.
One last thing to mention would be the benefit of conducting similar
investigations on vehicles of rear wheel drive (RWD) and four wheel drive (4WD)
architectures. The FWD architecture did display certain disadvantages, primarily the
inability of the traction controller to prevent vehicle spin. It would be very interesting to
see if a RWD vehicle displays distinct advantages over the FWD topology. A 4WD
configuration would definitely be the most exciting from a control perspective, but
definitely the most complicated to build. Building either of these vehicles would
certainly encourage other research as well.
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