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Executive Summary 
The purpose of this project was to explore ways to improve the roll and yaw stability of 
combination heavy duty commercial trucks.  The three-pronged approach included developing 
stability algorithms, assembling demonstration hardware, and investigating robust wireless 
communication between individual units of the vehicle.  The project aimed to establish building 
blocks for an integrated electronic stability control (ESC) system to help a driver maintain 
control of a tractor-semitrailer combination vehicle.  The significance of the project is the 
potential for improving the safety and productivity of commercial vehicle operations through 
reductions in truck-related crashes, injuries, and fatalities.  The project was sponsored by the 
National Transportation Research Center, Inc., through a grant from the U.S. Department of 
Transportation’s Research and Innovative Technology Administration. 

Background 
Modern ESC products automatically slow a vehicle rounding a corner too quickly or apply 
individual brakes when necessary to improve the steering characteristics of a vehicle.  Air brake 
systems in North America provide no electronic communication between a tractor and 
semitrailer, limiting the degree to which control systems can be optimized.  Prior research has 
demonstrated stability improvements where dynamic measurements and control commands are 
communicated between units of a vehicle.  This project was needed to develop a control 
algorithm, demonstrate the necessary hardware, and document the feasibility of an intra-vehicle 
wireless network to provide communications without changing the standard equipment 
connections between a tractor and semitrailer. 

Brief Overview 
To define a new algorithm for ESC, researchers first determined which vehicle states need to be 
measured for controlling the vehicle.  They developed an algorithm to calculate the proper brake 
response to specific conditions.  An integrated stability control for the tractor and semitrailer will 
require communication between the two units.  Dynamic models were used to optimize the 
competing stability needs of yaw and roll.   

Equipment to test this and other ESC algorithms was implemented in the laboratory.  Hardware 
components suitable for the harsh environment for measurement, sensor-to-controller 
communication, semitrailer-to-tractor communication, and brake actuation were specified and 
assembled as a working system.  The goal was to demonstrate collection of the needed vehicle 
state information, transmit the information to the ESC system, and then actuate the brakes in 
response to controller commands.   

A wireless network was developed to support whole-vehicle ESC.  Communicating dynamic 
signals requires a high data rate with high reliability.  The rate adaptation algorithm 
distinguished channel fading from data packet collisions.  The network’s adaptive multi-hop 
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routing was aware of the connectivity of its wireless links.  Adaptability was necessary to avoid 
packet collisions and tolerate fading in the harsh vehicle environment.  Experiments on an actual 
vehicle demonstrated that the protocol can reliably transmit high-priority, urgent messages. 

Research included an extensive literature review of air brake and braking control evolution and 
technology back to the 1860s, a description of the structure and system processes involved in 
commercial vehicle air brake systems, a discussion of the physics and mechanics of truck 
stability, and a description of existing wireless communication protocols for vehicles.  
Simulation models were used to supplement laboratory-scale bench testing and track testing. 

Conclusion 
An algorithm for improving the stability of a multi-unit, heavy-duty combination vehicle has 
been developed and demonstrated in simulations.  The ESC system reflected in this algorithm 
can manage more than one unit symbiotically.  The algorithm accounts for both roll and yaw 
instabilities, and it acts in a way that can manage a developing instability in one mode without 
diminishing the stability of other modes.  Time-domain simulations have shown its effectiveness 
in transient and steady-state maneuvers.  The algorithm works on a range of surface frictions, 
though some maneuvers on extremely slippery (e.g., snow) surfaces are only minimally 
improved.   

The hardware bench test system for a complete tractor-semitrailer brake system and control unit 
was built and exercised.  The system has the flexibility to implement different architectures 
within the controller.  The sensing and decision-making processors can be a single, centralized 
unit, or they can be a pair on the tractor and semitrailer.  Functional and performance test 
protocols for the equipment have been written. 

Wi-Fi has been demonstrated on a three-semitrailer combination unit in motion in a test track 
environment.  A throughput rate in excess of what is necessary for the control algorithms has 
been experimentally confirmed.  When the vehicle is stationary, the throughput rate is limited 
only by the wireless equipment itself.  Nearly 100 Mbps was achieved.  Vibration of the vehicle 
while in motion limited the reliable throughput rate to 40 Mbps.  

Future Program Efforts  
Though the stability algorithm was implemented in a simulation, its inputs were limited to 
quantities that can be measured in practice in an actual vehicle.  This established the bandwidth 
needed to implement the measurement and control system, providing guidance to the subsequent 
tasks. 

The algorithm uses a tiered approach—it calculates the stability margin for the tractor and 
trailers and for roll and yaw in sequence.  The simulations have shown this approach to be 
effective, but a more robust approach is possible.  If a single, integrated set of the equations of 
motion for the entire vehicle were developed, then the stability could be expressed in state space.  
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That is, the stability threshold could be expressed in a compact mathematical formula rather than 
as a sequence of tests.  This would allow the control interventions to be optimized, automatically 
balancing any conflicting needs. 

One next step is to execute the functional and performance test protocols developed for the ECS 
equipment.  The equipment is available to serve this purpose in future research, experimenting 
with the performance of different sensors and actuators, control algorithms, and electronics 
architectures. 

Work should continue to reduce the cost and improve the reliability of intra-vehicle 
communication.  Dedicated hardware could be made to cost less money when manufactured in 
quantities and to use less power.  Research in algorithms and protocols has proven the reliability 
needed for a system that supports safety functions. 
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Chapter 1 – Introduction and Background 
A team led by the National Transportation Research Center, Inc., (NTRCI) worked to improve 
the roll and yaw stability of combination heavy duty trucks by developing stability algorithms, 
assembling demonstration hardware, and investigating robust wireless communication.   

The team beginning this work completed a series of projects for NTRCI on heavy vehicle 
stability.  The team explored the roll stability of a van semitrailer (Knee et al. 2005), a flatbed 
semitrailer (Pape et al. 2008), and a tank semitrailer (Arant et al. 2009 and LaClair et al. 2010). 
A project running concurrently gathered data on the behavior of a triple trailer combination 
vehicle in normal maneuvers (Pape et al. 2011). 

1.1 Background 
Modern electronic stability control (ESC) products automatically slow a vehicle rounding a 
corner too quickly or apply individual brakes when necessary to improve the steering 
characteristics of a vehicle.  Air brake systems in North America provide no electronic 
communication between a tractor and semitrailer, limiting the degree to which control systems 
can be optimized.  Prior research has demonstrated stability improvements when dynamic 
measurements and control commands are communicated between units of a vehicle.  The 
purpose of this project was to establish building blocks for an integrated system to help a driver 
maintain control of a combination unit vehicle.  Those building blocks are a control algorithm, a 
demonstration of the necessary hardware, and an intra-vehicle wireless network to provide 
communications without changing the standard equipment connections between a tractor and 
semitrailer. 

1.2 Project Team 
Two academic institutions, Clemson University International Center of Automotive Research 
(CU-ICAR) and Auburn University National Center for Asphalt Technology (NCAT), had 
leading roles in the technical work of this project.  Two research institutions, Battelle and Oak 
Ridge National Laboratory (ORNL), supported particular aspects of the technical work.  Three 
commercial companies, National Instruments, Volvo, and Bendix Commercial Vehicle Systems, 
LLC, donated equipment for the project and provided valuable advice.  More complete 
descriptions of each organization and its role follow. 

1.2.1 CU-ICAR 
CU-ICAR had the lead role in developing algorithms for vehicle stability and in designing and 
building the working demonstration model. 

1.2.2 Auburn University  

Auburn University had primary responsibility for the investigation of wireless communication 
between units of a combination vehicle. 
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1.2.3 ORNL  

ORNL contributed expertise to the working demonstration of sensors and protocols. 

1.2.4 Battelle  
Battelle provided technical expertise to the background of air brakes and contributed to the 
management task.  Battelle had primary responsibility for assembling and editing the final report, 
using contributions by other team members. 

1.2.5 Bendix  

Bendix donated the braking system components for the hardware bench test system, which 
included the Bendix ABS-6 actuation, sensing, and control hardware.  Bendix also participated in 
several technical discussions, bringing their extensive vehicle stability experience to the team.  

1.2.6 National Instruments  

National Instruments contributed products and expertise to the project.  The company donated 
hardware and software for designing, building, and testing the controller.  Staff gave advice in 
controller hardware-in-the-loop system development methods.  

1.2.7 Volvo 
Volvo contributed a tractor electrical harness, including the connections for the ABS-6 system, 
and technical support. 

1.2.8 NTRCI  

NTRCI staff played an active role in managing the project and coordinating the activities of the 
numerous contractor teams.   

1.3 Project Description 
The first of three integrated activities was to develop an algorithm for the optimum yaw and roll 
control of a combination vehicle.  The study determined which vehicle state parameters are 
needed to control the vehicle and the proper brake response to specific conditions.  An integrated 
stability control for the tractor and semitrailer will require communication between the two units.  
Dynamic models were used to optimize the competing stability needs of yaw and roll.   

Closely tied to the first activity was the laboratory implementation of a braking system.  
Hardware components suitable for the harsh environment for measurement, sensor-to-controller 
communication, semitrailer-to-tractor communication, and brake actuation were specified and 
assembled to a working system.  The goal was to demonstrate collecting the needed vehicle state 
information, transmitting the information to the ESC system, and then actuating the brakes in 
response to controller commands.   
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The third and final activity was to develop a wireless network for supporting a vehicle stability 
control system.  Communicating these dynamic signals requires a high data rate with high 
reliability.  The rate adaptation algorithm distinguished channel fading from data packet 
collisions.  The network’s adaptive multi-hop routing was aware of the connectivity of its 
wireless links.  Adaptivity was necessary to avoid packet collisions and tolerate fading in the 
harsh vehicle environment.  The protocol demonstrated how to transmit high priority urgent 
messages reliably.  

1.4 Project Schedule 
This project was conducted in the first nine months of calendar 2011.  The three main technical 
tasks ran in parallel through July 31, 2001.  Figure 1-1 is the project schedule.  The tasks are 
identified and their lead organizations are named below the figure.   

Tasks 
Month of the Project 

01/11 02/11 03/11 04/11 05/11 06/11 07/11 08/11 09/11 
1          
2          
3          
4          
5          

Figure 1-1.  Chart.  Schedule of tasks. 

Task 1: Program Management (NTRCI Lead) 

Task 2: Control Strategies (CU-ICAR Lead) 

Task 3: Sensors and Protocols (CU-ICAR Lead) 

Task 4: Wireless Investigation (Auburn Lead) 

Task 5: Reporting (Battelle Lead).  
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Chapter 2 – Literature Review 
Over the last 60 years, the heavy truck industry has matured into a very efficient and effective 
goods transportation enterprise.  As is the case with most industries, the initial developments in 
the heavy trucking industry dealt primarily with operational limitations (payload limitations, 
human limitations, etc.) and equipment cost.  Later developments were mostly focused on 
improving efficiencies and ergonomics (allowing the human to be more productive).  In keeping 
with usual technology development trends, the last two decades have demonstrated a move 
toward improving vehicle safety in addition to improving operational efficiency.  This interest in 
safety has also been increasing due to rising injury and disability costs as well as governmental 
regulations and mandates.  

Examples of recent safety-related activities include the regulation requiring antilock brakes 
(ABS) on all tractors and trailers made after March 1, 1997 (NHTSA 2009) as well as the 
reduction of maximum stopping distances 96 km/h (60 mph) for class 8 vehicles from 102 m 
(335 ft) to 76 m (250 ft) in 2011 (NHTSA 2009).  

Based in part on the results of ESC in reducing passenger car accident rates, injuries, and deaths, 
there is now interest by the U.S. government in ESC systems for commercial vehicles as well 
(NHTSA 2011).  Additionally, other markets (Europe) have already begun the transition to ESC 
for commercial vehicles, increasing the probability that similar legislation will be forthcoming in 
the U.S.  Thus there is now significant interest within the commercial vehicle industry for 
evaluation of ESC capabilities, costs, benefits, and limitations.  It is with these facts in mind that 
the current research on commercial vehicle stability is being conducted. 

2.1 Introduction to Commercial Vehicle Air Brakes 
The air brakes currently used in commercial vehicles are the result of over 150 years of 
adaptation and development.  Brake systems for heavy trucks continue to evolve and adapt to 
increasingly stringent safety and efficiency requirements. 

2.1.1 Historical Perspective 

The development of modern braking systems for heavy commercial vehicles is an example of 
emerging technology, combining elements of entrepreneurship, political expediency, and the 
growth of industrialization.   

The first practical air brakes appeared in the 1860s, following several patents by George 
Westinghouse covering the technologies we are familiar with today (Figures 2-1 and 2-2).  These 
include the use of compressed air to actuate the brakes (Synnestvedt 1895), implemented with 
control valves and gladhands (Westinghouse 1869), followed by the introduction of auxiliary 
reservoirs (Westinghouse 1872b) and fail-safe design (Westinghouse 1872a).  In 1871, a train 
accident that killed 24 people occurred in Revere, Massachusetts, capturing public attention and 
prodding managers of eastern railways to adopt air brakes (Rodengen 1999). 
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Figure 2-1.  Drawing.  Widdifield & Button friction buffer brake. 

Source: (Master-Car Builders Association 1887) 

 
Figure 2-2.  Drawing.  Westinghouse straight air brake. 

Source: (Synnestvedt 1895) 

Westinghouse’s developments formed the basis for the founding of Westinghouse Air Brake 
Company (Wabtec Corporation 2008), later shortened to WABCO.  The company’s technology 
became widely accepted and its use was institutionalized by the adoption in 1893 of the Federal 
Railroad Safety Appliances Act, mandating the use of air brakes on all trains in the U.S. by 1900. 

The first truck was produced by Gottlieb Daimler in 1896 (Figure 2-3), with a 1500-kg payload 
(Mercedes Benz UK 2011).  The first truck produced in the U.S. (Figure 2-4) was the product of 
the Winton Motor Carriage Company in 1898 (Stapleton 1997; Holdgreve 1999).  The first truck 
produced by the longest surviving truck company in the U.S., Mack Trucks, was produced in 
1900 (Mack Trucks LLC 2011).  Mack also produced rail cars and locomotives.  Winton began 
production of diesel engines in 1912, and in 1930 Winton’s company was bought by General 
Motors, later to form part of Electro-Motive Division, which became the world’s largest 
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producer of locomotives in the world (Electro-Motive Diesel 2011; Brazeau 2011).  The 
technical link between the rail car and the heavy truck was close, and developments in 
technology similarly affected both. 

 
Figure 2-3.  Photo.  The first truck in 1896 produced by Daimler Motoren Gesellschaft. 

Source: (Mercedes Benz UK 2011) 

 
Figure 2-4.  Photo.  1898 Winton semi-truck carrying a new Winton motor car. 

Source: (Holdgreve 1999) 

As the use of heavy trucks expanded, air brakes were adopted on these vehicles from the 
railroads.  By 1949, air brakes became the standard for all heavy trucks, tractor-trailers, buses, 
fire trucks, and off-highway construction vehicles (Honeywell International 2011). 
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2.1.2 Design of Modern Commercial Vehicle Air Brakes 

The basic form of the commercial vehicle air brake has changed little since 1949.  Historically 
and today most commercial vehicles in use in the U.S. use drum brakes in which a pair of brake 
pads press against the inside of a brake drum to apply a braking effect, dissipating the vehicle’s 
kinetic energy as heat generated by friction between the surfaces of the brake pad and the brake 
drum (See Figure 2-5).  

 
Figure 2-5.  Drawing.  Drum-style air brake. 

Source: (South Carolina Department of Transportation 2011, 5-3) 

Different methods of applying force to move the brake shoe and the attached brake pad or block 
against the brake drum have been used.  The most common methods are the wedge design and 
the S-cam design.  In the wedge design, the brake shoe is actuated by the motion of a wedge 
(See Figure 2-6).  Outside of military vehicles and heavy construction vehicles, this design is no 
longer common in North America due to the higher air pressures required and greater sensitivity 
to changes in friction leading to compatibility issues when mixing wedge braked tractors with  
S-cam braked trailers.  Further, wedge brakes are difficult to inspect and exhibit higher hysteresis 
than the S-cam design. 

Brake shoe
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Figure 2-6.  Drawing.  Wedge brake design. 

Source: (Bendix Spicer Foundation Brake LLC 2011b) 

In the S-cam design, the brake shoe is actuated through the motion of an S-shaped lever, which 
acts on both brake shoes together (See Figure 2-7).  This is the most commonly found type of 
brake design, used on approximately 95% of Class 5-8 air-braked vehicles in North America 
(Bendix Spicer Foundation Brake LLC 2011b). 

 
Figure 2-7.  Drawing.  S-cam brake design. 

Source: (Bendix Spicer Foundation Brake LLC 2011b) 
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The control of the brake shoe actuation on an air brake is accomplished by a brake chamber, 
which converts an air pressure differential into a force applied on the brake shoe.  Early designs 
of this brake chamber were direct acting, also referred to as the straight air brake design (see the 
early work of George Westinghouse, Figure 2-2).  In this design the air pressure is applied 
directly to the diaphragm of the brake chamber, which moves in response to apply force to the 
brake shoe.  When no air pressure is applied, the brake shoe is not moved and no braking action 
exists.  In the case of an accidental loss of air pressure from a system failure, braking action is 
lost.  For this reason, the so-called automatic air brake was developed, which provided for fail-
safe operation in the case of an accidental pressure loss.  This latter system is used in all air brake 
applications in modern times. 

Brake Air Chamber 
In modern air brake systems, the brake shoe is actuated by an air cylinder called an air chamber 
(See Figure 2-8).  The air chamber is typically mounted at the wheel, and actuates the S-cam 
through the action of a pushrod. 

 
Figure 2-8.  Photo.  Cross-section of an air brake air chamber with spring brake. 

Source: (Bendix Commercial Vehicle Systems LLC 2008a) 

The air chamber with the fail-safe spring brake feature contains two separate pressure chambers.  
These are 1) the spring brake chamber and 2) the service brake chamber (See Figure 2-9).  When 
the vehicle is parked and the parking brake is applied, both the spring brake chamber and the 
service brake chamber are de-pressurized.  The parking brake is applied by the force of the 
parking brake spring acting on the diaphragm, which extends the pushrod.  
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Figure 2-9.  Drawing.  Air chamber with parking brake applied. 

When the driver releases the parking brake, supply air pressure is applied to the spring brake 
chamber, counteracting the force of the parking brake spring.  The pressure of the supply air acts 
on the spring brake chamber diaphragm to push the parking brake spring back, releasing the 
parking brakes (See Figure 2-10). 

 
Figure 2-10.  Drawing.  Air chamber with parking brake released. 
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When the driver applies the service brake, service air pressure is applied to the service brake 
chamber.  The pressure of the service air acts on the service brake chamber diaphragm to actuate 
the pushrod and apply force to the slack adjuster, which in turn rotates the S-cam shaft, resulting 
in the spreading of the shoes and contact between the pads and drum. (See Figure 2-7.) 

 
Figure 2-11.  Drawing.  Air chamber with service bake applied. 

If the brake system air pressure is lost, pressure in both chambers of the air chamber falls and the 
parking brake is automatically engaged by the mechanical action of the parking brake spring.  

Automatic Slack Adjuster 
In the course of regular use, the typical brake pad and drum material will wear away, so that the 
distance of movement of the brake pad from its resting position to the position of contact with 
the brake drum will increase over time.  If the brake pad wears without adjustment to 
compensate, the brake may become ineffective.  The distance between rest and contact positions 
may become so great that the effective stroke of the air chamber pushrod cannot accommodate 
the increase.  To mitigate this condition, the slack adjuster keeps the brake in constant 
adjustment by advancing the S-cam forward as the friction material wears (See Figure 2-12).  
In the early days, checking and adjustment of ‘manual’ slack adjusters was a part of every 
professional driver’s daily routine.  Air brakes do not provide the pedal ‘feel’ of hydraulic 
brakes, so drivers often are not aware of brake system problems until failure occurs in an 
emergency situation (Seiff 1994).  
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Figure 2-12.  Drawing.  Automatic slack adjuster. 

Source: (Bendix Spicer Foundation Brake LLC 2011b) 

Braking system maintenance has been an ongoing concern for commercial vehicle operators and 
regulators.  According to the Commercial Vehicle Safety Alliance (CVSA), out of adjustment air 
brakes and brake system defects constitute the major defect areas resulting in commercial 
vehicles being placed out of service during roadside safety inspections (CVSA 2011).  Fatalities 
involving the crash of a commercial vehicle make up 1 out of every 8 traffic deaths 
(NHTSA/DOT 2004).  In one study, brake defects were found in 56% of tractor-trailer crashes 
(Stein 1989, 469).  Of all large truck crashes, 29% involve brake failure, brake adjustment or 
other brake issues, according to the Large Truck Crash Causation Study (Hedlund and Blower 
2011).  All of these facts motivated the requirement in 1995 to equip all air-brake systems in 
commercial vehicles with automatic brake adjusters, commonly referred to as automatic slack 
adjusters, or simply as autoslacks. 

Treadle Valve 
The driver’s brake signal for the application of the service brake is generated by a brake-pedal-
actuated air valve, often referred to as a treadle valve (See Figure 2-13).  The treadle valve 
operates both primary and secondary brake circuits, where the tractor drive axles are typically 
controlled by the primary circuit, and the tractor steer axle and trailer axle are typically 
controlled by the secondary circuit.   
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Figure 2-13.  Drawing.  Brake pedal treadle valve. 

Source: (Bendix Commercial Vehicle Systems LLC 2007) 

A schematic showing a typical air brake system pneumatic layout for a tractor is shown in  
Figure 2-14.  Other valves between the treadle valve and the individual air chambers provide 
ABS or traction control.  For axles located farther away from the treadle valve, a relay valve 
(sometimes called a distribution valve) is used to allow the large volume of air required to 
actuate the brakes to be stored in reservoirs close to the brake chambers, thus permitting a small 
air volume control signal to be delivered from the treadle valve, and reduce the delay in fully 
actuating the brakes. 

The air volume required for supply and control is an important consideration, since movement of 
the air volume to actuate the brakes is a source of lag in their operation.  It has been estimated 
that this lag is on the order of 400 to 600 milliseconds for a trailer axle to respond to a brake 
command (Murphy, Limpert, and Segel 1971; Winkler et al. 1976; Yanakiev, Eyre, and 
Kanellakopoulos 1997; Dunn 2003).  For a multi-trailer combination vehicle these control signal 
transport delays are yet longer, so brake delay on the most rearward vehicle units can exceed 
1 second.  Efforts to control the stability of such vehicles with automatic controllers are limited 
by the control signal transport delay and the slow response of the brake mechanism itself.  The 
cycle time of ABS implementations on air brakes can be on the order of 750 milliseconds 
(Kienhöfer, Miller, and Cebon 2008, 571). 
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Figure 2-14.  Diagram.  Bendix air brake system diagram for tractor. 

Source: (Bendix Commercial Vehicle Systems LLC 2004a) 

Quick Release Valve 
A characteristic of an air brake in general is that the level of hysteresis in such a brake is 
relatively high.  In order to reduce the amount of hysteresis, the quick release (QR) valve was 
developed.  The function of the quick release valve is to reduce the time needed to exhaust the 
air from the air chamber.  It is typically mounted close to the chambers it serves (Bendix 
Commercial Vehicle Systems LLC 2004a).  The quick release valves are shown in the schematic 
of Figure 2-14 as “QR-1 Valve” and “QR-1C Valve” and are often integrally combined with the 
relay valve. 

Relay Valve 
The air chambers on the trailer axles are located far away from the treadle valve controlling their 
action.  This distance is more than 10 m, and in the case of triple trailer combinations can exceed 
25 m.  To reduce hysteresis and lag, the air chambers controlling the brakes on a remote axle are 
themselves controlled by a relay valve.  When the driver applies the brakes, air travels through 
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the delivery (i.e., the control) line to the relay valve and moves an internal piston.  This closes 
the exhaust and opens the delivery of air to the air brake chambers, thus actuating the brakes.  
The primary benefit of using a relay valve is it reduces the volume of air needed to control the 
brake, thereby making the actuation more responsive.  The brake force is adjustable and when 
released the relay valve exhausts to atmosphere.  Relay valves are generally mounted close to the 
chambers they serve and are available in both remote and reservoir mount designs.  Relay valves 
are also typically used on the rear axle brakes on tractors.  Relay valves are also used on axles of 
trailers.  The relay valve is shown in the schematic of Figure 2-14 as “R-12 Valve.” 

Traction Control Valve 
Some tractors come with a traction control feature, which applies the brakes to prevent drive tires 
from spinning on slippery surfaces.  To permit an electronic signal to apply the brake, a solenoid 
is added to open the delivery of air to the air brake chambers under an electrical signal.  The 
valve may be incorporated into the relay valve or it may be separate.  In normal operation, this 
valve performs the standard relay function, and the traction relay valve is normally mounted near 
the service brakes it serves, as is the standard relay valve.  (Bendix Commercial Vehicle Systems 
LLC 2008b).  See Figure 2-15.  A valve of this type is used on axles other than the drive axles to 
support ESC systems and other systems where an electronic controller applies the brakes. 

 
Figure 2-15.  Diagram.  Bendix ATR6 traction relay valve and antilock traction control assembly. 

Source: (Bendix Commercial Vehicle Systems LLC 2004a) 

Antilock Brake Modulator Valve (ABS) 
The antilock braking system (ABS), intermittently releases the braking force when necessary to 
prevent the wheel from locking.  A modulator valve between the quick release or relay valve and 
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the air chamber has a solenoid controlled by the ABS controller.  When the valve is shut, 
pressure is able to build up again.  (Bendix Commercial Vehicle Systems LLC 2004a).  The 
modulator valve is shown in the schematic of Figure 2-14 as “M-30 or M-32 Modulator” and a 
section view of this valve is shown in Figure 2-16. 

 
Figure 2-16.  Drawing.  Bendix antilock brake modulator valve. 

Source: (Bendix Commercial Vehicle Systems LLC 2004b)(Bendix Commercial Vehicle Systems LLC 2004a) 

2.1.3 The Future of Commercial Vehicle Air Brake Systems 

In recent years, issues of traffic congestion, fuel availability and cost, and driver availability have 
prompted analysts and policy makers to search for ways to increase the efficiency of freight 
hauling.  One way to accomplish this is to increase the capacity of commercial vehicles 
(Woodrooffe et al. 2009a).  Furthermore, the Federal Motor Carrier Safety Administration 
(FMCSA) continues in its mission to improve commercial vehicle safety, in order to reduce the 
rate of accidents and injury due to crashes of heavy trucks.  Both of these efforts promote the 
improvement of the effectiveness and efficiency of braking systems on heavy duty trucks.  To 
this end, several developments in air brake systems are occurring now or are on the horizon.  

The first of these is a recent change to Federal Motor Vehicle Safety Standards (FMVSS) 
requiring a reduction in stopping distance for heavy trucks.  In 2009, the National Highway 
Traffic Safety Administration (NHTSA) mandated this reduction by a series of updates to 
FMVSS No. 121 (NHTSA 2010).  These updates reduce the required stopping distance of 
tractors traveling at 60 miles per hour from 355 feet to 250 feet, a reduction of 30 percent.  The 
transition to the new stopping distance requirement will be completed in two phases from 2011 
to 2013, with standard 6x4 tractors built on or after August 1, 2011, required to meet the new 
standard.  It addresses approximately 70 percent of all new heavy tractors built (Bendix Spicer 
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Foundation Brake LLC 2011b).  All other tractors, including severe service 6x4 units, built 
before August 2013 may continue to meet the old standard.  

Although many manufacturers and suppliers thought the reduction in stopping distance could be 
achieved only through adoption of more expensive disc brakes on commercial vehicles, it seems 
that most manufacturers have been able to meet the standard through brake system hysteresis 
reductions and by larger drums called enhanced drum brakes (Bendix Spicer Foundation Brake 
LLC 2011c, 2; Brothers 2009).  Nevertheless, all the major brake suppliers to the industry offer a 
line of disc brakes (Bendix Spicer Foundation Brake LLC 2011a; Haldex Commercial Vehicle 
Systems 2011; Meritor WABCO 2011). 

The next change in air brake systems is a movement to adopt ESC in heavy trucks.  ESC has 
been shown to be very effective at reducing the rate of accidents in passenger cars (Dang 2004; 
Liebemann et al. 2003; Aga and Okada A. 2003).  ESC shows promise of being similarly 
effective in reducing the incidence of accidents of heavy vehicles (Barickman et al. 2009; 
Woodrooffe et al. 2009b).  In Europe, the adoption of ESC in commercial vehicles has been 
pushed by the adoption of ECE R13 (2008).  In 2007, the United Nations Economic Commission 
for Europe (UNECE) amended Regulation 13, requiring new trucks to be equipped with ESC 
starting in 2010 (Wurster et al. 2010).  

This change required several major modifications to regulations and current design standards, 
including the adoption of an Electronically Controlled Braking System (ECBS).  ECBS keeps the 
compressed air as the source of braking force, but the brake control is an electronic signal, i.e., 
the driver’s electronically measured brake demand is transmitted to the brake control valve, in 
turn connected to the air supply reservoirs with the brake chambers.   

Relevant Test Standards 
Air brake systems are specified in part by standards governing their testing and evaluation.  
Table 2-1 presents a partial list of such standards, from the Society of Automobile Engineers 
International (SAE). 

Table 2-1.  Test standards for air brake systems. 

SAE Standard No. Standard Title 

J294 Service Brake Structural Integrity Test Procedure-Vehicles Over 4500 kg (10,000 
lb) GVWR (gross vehicle weight rating) 

J1505 Brake Force Distribution Test Procedure-Trucks and Buses 
J1854 Brake Force Distribution Performance Guide-Truck and Bus 
J1859 Test Procedures for Determining Air Brake Valve Input-Output Characteristics 
J1911 Test Procedure for Air Reservoir Capacity--Highway Type Vehicles 

J2115 Air Brake Performance and Wear Test Code Commercial Vehicle Inertia 
Dynamometer 

J2318 Air Brake Actuator Test Performance Requirements - Truck and Bus 
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2.2 Commercial Vehicle Stability 
This section presents basic principles and background information on roll and yaw stability 
understeer/oversteer phenomena are also discussed, as are the physics and dynamics of 
articulated vehicles. 

2.2.1 Roll Stability 

The only way that a vehicle can remain upright during a handling maneuver is for the vehicle to 
transfer vertical load from one wheel to the other generating a moment counter to the overturning 
moment (Figure 2-17, Figure 2-18).  The vehicle’s and suspension’s compliances have been 
neglected in this simplified analysis.  This simplifying assumption is made for reasons: 

• Calculating chassis roll requires more precise information on the vehicle (suspension 
stiffness, roll center, etc.) than needed to assess rigid chassis behavior 

• Calculating chassis roll requires additional computational time when the goal is to have a 
fast estimator of roll potential. 

• If the vehicle is kept well below its roll threshold, the effect of the assumption is minimal. 

 

 

Figure 2-17.  Diagram.  Overturning moment (Arant 2010). 
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The vertical load will transfer from the tires on the inside of the curve to the tires on the outside 
of the curve.  Load transfer continues until the vertical load on the inner wheel reaches zero.  
At this point the vehicle is said to be at its stability limit even though it will not actually roll over 
until the center of gravity (CG) location passes outside the outer tires or the roll inertia of the 
vehicle becomes greater than the stabilizing moment generated by the mass and half the track 
width.  (Another possible outcome is yaw divergence—the tires cannot provide sufficient lateral 
force to maintain the curve and the vehicle slides off the road.) 

The objective of any roll warning or roll mitigating controller is to anticipate roll instability and 
to intervene before instability is reached.  If instability is detected, the controller will need to 
either reduce the lateral acceleration induced overturning moment or increase the potential 
restoring moment.  However, as both corrective options are relatively slow to implement, the 
stability system will need to predict the roll state of the vehicle several seconds into the future.  

2.2.2 Yaw Stability 
While roll stability is generally considered the bigger issue in commercial vehicle safety  
(Figure 2-19), yaw instability is still a significant safety issue (Kharrazi and Thomson 2008a).  
Further, the types of maneuvers which result in yaw instability are more diverse than the 
maneuvers which generate roll instability (Figure 2-20) (Kharrazi and Thomson 2008a).  Thus 
any attempt to manage yaw instability will have to manage a much larger set of driving situations 
as compared to roll instability. 

 
Figure 2-19.  Histogram.  Commercial vehicle accident type (Kharrazi and Thomson 2008a). 
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Figure 2-20.  Histogram.  Yaw instability accident type (Kharrazi and Thomson 2008a). 

Yaw instability is also a more complex control problem than roll instability.  While roll 
instability is primarily related to excessive lateral acceleration, yaw instability is a function of 
lateral acceleration and vehicle speed where instability can be observed in common commercial 
vehicles at lateral accelerations as low as 0.1 (Ma and Peng 1999).  Yaw instability can also be 
triggered by the vehicle’s control system through poor activation of brakes.  In particular, a 
jackknife event can be triggered if the trailer brakes do not match the drive axle brakes in 
deceleration (Ma and Peng 1999).  This probably leads to an underrepresentation of yaw 
instability accidents in the crash data analysis because drivers occasionally willingly choose to 
be involved in a rear-end collision through less-than-full brake activation rather than risk a 
jackknife (Palkovics and Fries 2001). 

Understeer and Oversteer 

Yaw instability for a passenger car is manifested as either understeer or oversteer indicating 
which axle is saturating (Figure 2-21).  In the case of understeer, the vehicle has reached the 
limit of lateral force potential at the front axle and the vehicle slides off the road.  In the case of 
oversteer, the rear axle has reached the limit of lateral force potential and the vehicle spins.  All 
passenger car yaw stability systems place priority on avoiding oversteer accidents, as these are 
the most dangerous. 
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Figure 2-21.  Diagram.  Passenger car yaw instability (Tekin and Unlusoy 2010). 

This steering behavior of the vehicle is often quantified as the understeer gradient, which is a 
measure of the amount of understeer present in the vehicle per g of lateral acceleration  
(Figure 2-22).  It is usually denoted as degrees of road wheel steer per g of lateral acceleration. 

𝐾𝑢𝑠 =
𝑀𝑓 ∙ 𝑔
𝐶𝛼𝑓

−
𝑀𝑟 ∙ 𝑔
𝐶𝛼𝑟

 

Figure 2-22.  Equation.  Understeer gradient, due to tire stiffness and mass distribution. 

Here, Mf and Mr are the mass carried by each axle and Cαf and Cαr are lateral forces generated by 
the tires on an axle per degree of slip.  (Figure 2-22 is the component of understeer gradient 
attributable to the relative mass distribution and tire cornering stiffness between the front and 
rear of a vehicle.  This is typically the largest contributor to understeer, but roll steer and many 
lesser effects contribute as well.) A positive gradient means that the vehicle is stable and 
understeering as the front axle has a lower ratio of lateral force to normal force.  This means that 
as lateral acceleration builds (through an increase in speed or a decrease in turning radius), the 
driver has to input an increasing amount of steering to keep the desired path (Figure 2-23).  Here 
δ is the road wheel steer angle (in radians), L is the vehicle wheelbase, R is the turn radius, and g 
is gravity.  The first term in the equation’s left hand side, the ratio of the wheelbase to the turn 
radius, represents the purely geometric or Ackerman steering relation.  The second term on the 
left hand side of the equation in Figure 2-23 is the understeer term, which adds to (or subtracts 
from) the steer angle necessary to maintain a radius. 

 

Understeer Oversteer 
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𝛿 =
𝐿
𝑅

+ 𝐾𝑢𝑠 ∙
𝑉2

𝑅 ∙ 𝑔
 

Figure 2-23.  Equation.  The purely geometric turning equation is modified by the understeer term. 

In cases where Kus is negative, the steering input goes down with increasing lateral acceleration 
(and may even become a negative steering input).  This leads to an unstable vehicle that is 
difficult or even impossible to control.  Therefore all stability systems act to make sure that Kus 
is always positive (though short negative spikes are occasionally used to induce vehicle yawing 
in emergency maneuvers). 

Understeer and Oversteer for Articulated Vehicles 

In commercial vehicles, yaw instability is more complicated as each unit of the vehicle can 
become unstable in yaw.  Moreover, unlike single unit vehicles, the understeer gradient changes 
with speed and lateral acceleration.  Thus the models are good for fixed lateral accelerations and 
need to be updated as the vehicle’s lateral acceleration changes (Yu et al. 2008), (Zhou et al. 
2008).  For illustration, Figure 2-24 shows a typical tractor response where the vehicle is initially 
understeering but transitions to oversteer.  This is a typical loaded tractor and trailer behavior 
response. 

 
Figure 2-24.  Graph.  Constant radius understeer results (El-Gindy 1995). 
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As each unit of a tractor and trailer can be understeering or oversteering, there are four stability 
combinations for a typical tractor and semitrailer combination relating the behavior of the tractor 
and the trailer through the articulation of the vehicle (Figure 2-27).  Here Γ is the articulation 
angle, δ is the road wheel steering angle, Ltractor is the tractor wheel base, Ltrailer is the trailer 
wheel base, Kustractor is the tractor understeer gradient at the given conditions, Kustrailer is the 
trailer understeer gradient at the given conditions, V is the vehicle speed, and g is gravity. 

 

Γ
𝛿

=

𝐿𝑡𝑟𝑎𝑖𝑙𝑒𝑟
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Figure 2-25.  Equation.  Ratio of the articulation angle to steer angle. 

𝑉𝑐𝑟𝑖𝑡𝑡𝑟𝑎𝑐𝑡𝑜𝑟 =  �
𝐿𝑡𝑟𝑎𝑐𝑡𝑜𝑟 ∙ 𝑔

|𝐾𝑢𝑠𝑡𝑟𝑎𝑐𝑡𝑜𝑟| 

Figure 2-26.  Equation.  Critical speed for a tractor. 

𝑉𝑐𝑟𝑖𝑡𝑡𝑟𝑎𝑖𝑙𝑒𝑟 =  �
𝐿𝑡𝑟𝑎𝑖𝑙𝑒𝑟 ∙ 𝑔

|𝐾𝑢𝑠𝑡𝑟𝑎𝑖𝑙𝑒𝑟| 

Figure 2-27.  Equation.  Critical speed for a trailer. 

• Tractor and trailer both understeer.  Articulation angle gain (increase in articulation 
relative to steering input increase) will approach the ratio of the understeer gradients as 
speed increases (Figure 2-25).  Vehicle is stable. 

• Tractor understeer and trailer oversteer.  As Kustrailer is negative, the articulation gain is 
initially positive but becomes negative and the trailer swings out.  This is an unstable 
arrangement at speed.  However, at low speeds, the articulation gain is positive making 
the vehicle drivable. 

• Tractor oversteer and trailer understeer.  As speed increases toward the critical speed, the 
articulation gain approaches infinity.  This results in the tractor yawing too much, which 
is a jackknife.  The system is unstable at elevated speed. 
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• Tractor and trailer both oversteer.  Response depends on ratio of understeer gradients to 
the ratio of the wheelbases.  If the ratio of the understeer gradients is greater or less than 
the ratio of the wheelbases, the articulation gain will drive to either negative or positive 
infinity.  This results in a jackknife or a swing out (excessive trailer yaw), though the 
difference will be hard to tell from the driving perspective.  The vehicle is unstable at 
elevated speed. 

Longer combination vehicles (LCVs) have even more complicated stability interactions in yaw 
making them difficult to analyze analytically.  The above material on tractor and trailer 
understeer and oversteer interactions was drawn from course notes published by the University 
of Michigan (Winkler and Ervin 2006). 

2.3 Prior Commercial Vehicle Stability Systems 
The underlying equations and mechanics of past roll stability systems, yaw stability correction, 
and combinations of the two are presented in contrast to currently available roll and yaw stability 
systems in commercial vehicles. 

2.3.1 Roll Stability Systems 

Roll stability systems have been available since the early part of this century.  A lateral 
accelerometer senses when the vehicle is approaching an assumed rollover threshold, and applies 
the brakes to slow the vehicle and reduce the cornering force. 

To understand the relationship, it is easiest to start with the observation that the lateral 
acceleration the vehicle sees is a product of the vehicle’s speed and the path radius, as in 
Figure 2-28. 

R
VAy

2

=  

Figure 2-28.  Equation.  The lateral acceleration depends on the forward velocity and the turn radius. 

So to reduce the lateral acceleration, the vehicle’s speed must decrease or the path radius must 
increase.  By applying an understeer moment to the vehicle, the ESC system does both of these 
tasks (reduce speed and increase path radius) as the vehicle’s yaw rate reduces and the path 
swings wide of the driver’s intent.  The only problems are that this is a relatively slow process 
and the driver usually attempts to override the path deviation through increased steering demand.  
Thus the system needs to intervene before rollover is imminent. 

In the case of a tractor and trailer, there is an additional action that the ESC system can take to 
reduce rollover potential.  As the trailer is always attached behind the tractor’s longitudinal CG 
location, braking the trailer wheels will impart an understeering moment to the tractor  
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(Figure 2-29).  The trailer brakes are also capable of removing significant kinetic energy from 
the vehicle, thereby reducing the vehicle’s speed. 

 

Figure 2-29.  Diagram.  Tractor and trailer yaw control (Andersky and Conklin 2008). 

However, if the tractor is understeering, then the only solution is to brake the inside rear tractor 
wheels, much like would be done for a passenger car (Figure 2-30). 

 

Figure 2-30.  Diagram.  Tractor trailer understeer and oversteer corrections (Goodarzi et al. 2009). 

2.3.2 Correcting Yaw Instability 

Generally, the yaw instabilities of the tractor are more significant as the tractor’s mass moment 
of inertia is much smaller than the inertia of the longer trailer.  Thus tractor instabilities happen 
much more quickly than trailer instabilities.  An illustration of how the tractor and trailer will 
interact with and without stability is shown below in Figure 2-31. 



 

 27 

 
Figure 2-31.  Diagram.  Articulated vehicle stability control illustration (Freightliner LLC 2007). 

The goal of the stability system is to evaluate each unit of the vehicle to determine the desired 
vehicle response based on steering inputs and a simple model of the vehicle’s dynamic behavior.  
The desired behavior model can be implemented as a set of state equations (state space model) or 
a set of transfer functions (Ghoneim et al. 2000).  The ideal output of the controller is a neutral 
steering vehicle (Zhou et al. 2008), as that is how the driver intuitively expects the vehicle to 
behave.  An example controller is shown in Figure 2-32. 

 
Figure 2-32.  Diagram.  Example yaw controller (Zhou et al. 2008). 
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As brakes are being used, it is not surprising that the vehicle’s speed reduces somewhat when the 
system engages.  However, Manning and Crolla found that despite the effect on speed control, 
brake based systems do offer the best compromise between controllability and driver intent 
(Manning and Crolla 2007).  Further Nantais found that while brake based systems do result in 
the development of understeer, the effects are small enough and slow enough for the driver to 
compensate as needed (Nantais 2006). 

Brake based stability controls work by generating yaw moments as shown in Figure 2-33.  Here 
the oversteering of the vehicle is being corrected by introducing a moment counter to the 
vehicle’s rotation. 

 

Figure 2-33.  Diagram.  Oversteer correction (Nantais 2006). 

2.3.3 Combined Roll and Yaw Stability 

The major difficulty in developing a controller to manage both yaw and roll stability is that the 
stability demands for yaw and roll may conflict (Zhou et al. 2008).  For example, if a vehicle is 
understeering and rolling over, the yaw controller will indicate that more yaw rate is needed to 
correct the understeer.  But increased yaw rate means increased lateral acceleration, which 
exacerbates the roll stability problem.  Thus a priority or hierarchal control algorithm is needed 
to manage the inevitable trade-offs (Yoon et al. 2007). 
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This is not a hypothetical problem, as shown in Figure 2-19, where 14% of fatal truck accidents 
involved both yaw and roll instability (Kharrazi 2008b).  Further, MacAdam noted that in some 
cases it is not possible to decouple the yaw and roll stability requirements for a commercial 
truck, particularly when the CG is relatively high (MacAdam 1982).  Finally, large tire slip 
angles, which provide quick yaw corrections, also produce large lateral accelerations, which 
reduce roll stability (MacAdam 1982). 

To visualize this interaction of yaw and roll, the reader is pointed to Figure 2-34, where the 
overlap of yaw and roll stability is clearly observable.  Note that a significant portion of the 
stability map indicates both yaw and roll stability risks.  However, there have been successful 
controllers built to manage both yaw and roll stability with some providing improved overall 
stability with both yaw and roll control enabled (Figure 2-35) (Chan 2010; Yoon et al. 2009).  
An example of such a controller is shown in Figure 2-36 (Chen and Peng 1999). 

 
Figure 2-34.  Diagram.  Yaw and roll stability regimes (MacAdam 1982). 
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Figure 2-35.  Graph.  Combined yaw and roll controller for a car (Yoon et al. 2009). 

 
Figure 2-36.  Diagram.  Yaw and roll controller (Chen and Peng 1999). 

To underscore the interaction of yaw and roll stability, the following excerpt on coupled yaw and 
roll from Bendix Commercial Vehicle Systems LLC, is presented (Andersky and Conklin 2008).   

By helping a vehicle maintain directional stability during both oversteer and understeer 
situations, the driver’s intended path continues to be followed, and loss-of-control 
situations are minimized.  (Many rollovers are) the outcome of loss-of-control situations 
that begin when the driver maneuvers to avoid a situation – which, in turn, initiates 
directional instability – leading to the eventual lateral acceleration event culminating in 
the rollover. 

Similarly, Woodrooffe and Blower (2010) noted that adding ESC improved roll stability and 
concluded that the added roll benefit came from the yaw controller activating before the roll 
controller, producing a restorative response before the activation of the roll controller.  Clearly 
there are solutions where the competing goals of yaw and roll control can be achieved, but the 
controller approach must be rather sophisticated. 

2.3.4 Current Roll and Yaw Stability Systems 

Systems to manage heavy truck stability are available on the market today.  All of the major 
brake control systems manufacturers offer a roll stability, or a combined yaw and roll stability, 
product.  However, the stability control systems available in North America operate only within 
a single unit of a vehicle.  There is no communication of vehicle dynamic states between units.  
Systems on a tractor that activate the trailer brakes must do so without knowledge of whether the 
trailer is equipped with ABS.  (Although ABS has been mandated for trailers since 1997, the life 
of trailers can be decades, so many unequipped trailers remain on the road.  The ABS status 
signal is communicated through the electrical connection between the tractor and semitrailer.  
A control system on the tractor cannot rely on this signal, however, because it could be pulling a 
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two-trailer combination with one unequipped trailer.)  Trailer systems cannot activate the tractor 
brakes.   

Generally most tractor systems are full ESC systems with yaw and roll stability.  The systems 
can estimate some trailer behavior (yaw) based on the difference between the ideal (modeled 
tractor dynamic behavior) and the actual behavior as the trailer acts on the tractor.  These 
systems can also anticipate a roll problem for the trailer from measured lateral accelerations at 
the tractor, though they have no measurements of the trailer’s behavior. 

Currently available trailer-only systems address only rollover.  Yaw instability calculations 
would require either the articulation angle or the target yaw rate, neither of which is available to 
the trailer.  When tractor and trailer ESC systems are paired, the result is a more stable vehicle 
system (Arant et al. 2009), but further improvements could be made if information were shared 
about the dynamic state of each unit. 

2.3.5 Multiple Unit Stability 

The control problem for ensuring stability increases in complexity and scope with the number of 
units in the vehicle.  In fact, for multiple unit vehicles, closed form solutions defining the 
vehicle’s stability may not be possible.  Therefore, different approaches to evaluating and 
managing stability are needed. 

Perhaps the two biggest issues facing a multiple unit controller are state measurement/control 
actuation delays and system interactions where improving the stability of one unit may 
negatively affect the stability of an adjacent unit.  To understand the data communication issue, it 
helps to realize that an LCV can be over 110 feet from end to end.  This is a significant transport 
distance, and the time for a pneumatic actuation command to travel this distance is considerable. 

The only sequence of major studies on the stability control of LCVs (doubles and triples) is the 
Rearward Amplification Suppression system (RAMS) (MacAdam et al. 2000).  The authors 
successfully demonstrated that precisely timed, momentary brake applications can limit the 
excessive motions of multi-unit vehicle and prevent rollover (Figure 2-37).  Systems with and 
without communication between vehicle units were tested.   
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Figure 2-37.  Graph.  RAMS rearward amplification (MacAdam et al. 2000). 

The control response used diagonal braking to produce countering yaw moments on each trailer 
suppressing the build-up of lateral acceleration (Figure 2-38, Figure 2-39). 

 
Figure 2-38.  Diagram.  RAMS control illustration (MacAdam et al. 2000). 
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Figure 2-39.  Diagram.  RAMS diagonal brake illustration (MacAdam et al. 2000). 

The results were quite encouraging even though there was no communication between the 
trailers and each system was reacting to the yaw rate and lateral accelerations seen at that unit 
(Figure 2-40). 

 
Figure 2-40.  Graph.  RAMS roll suppression (MacAdam et al. 2000). 
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2.4 Sensors and Vehicle Observability 
Once a vehicle model has been developed and a controller constructed, the simulation or 
validation process will need information on the vehicle it is attempting to control.  The two types 
of data needed by the controller are vehicle parameter data (mass, length, tire properties, etc.) 
and vehicle states (lateral acceleration, side slip, yaw rate, etc.).  The problem is that, with few 
exceptions, the needed information is variable with time.  Thus methods to determine both the 
parameters and states are needed. 

2.4.1 Measuring Vehicle Parameters 

A common practice when modeling passenger cars is to assume that the vehicle parameters are 
known, because vehicle mass changes little (Park et al. 2008).  But this assumption is most 
definitely not true when dealing with commercial vehicles used to haul freight (Du and Zhang 
2008; Wang and Hsieh 2009; Chen and Shieh 2011).  These parameters are not only difficult to 
obtain, but vital for accurate stability control (Andersky and Conklin 2008; Brown et al. 2009).  
Therefore methods to evaluate the vehicle’s parameters are needed. 

Estimating Mass 
Traditionally, one of the more difficult parameters to measure has been vehicle mass and mass 
distribution.  Usually mass has been measured through monitoring acceleration when the engine 
power is known (Nantais 2006; Huh et al. 2007; Limroth 2009a) or through observed lateral 
accelerations and assumed tire cornering stiffness (Limroth 2009a; Limroth 2009b; Limroth et al. 
2009).  However, these methods become more complicated when the tractor can swap trailers (or 
the trailer swap tractors) as knowing the tire performance of all vehicle units and the engine 
performance from the trailer’s perspective is difficult.   

A second problem commonly encountered in estimating mass is accounting for road grade and 
road crown.  Road grade results in a loss of gain of acceleration as potential energy is converted 
into kinetic energy.  It also results in errors to the measured longitudinal acceleration.  
Meanwhile road crown results in errors to the measured lateral acceleration, which will 
negatively affect the mass estimate.  While these effects can be accounted for by using other 
sensors (global positioning system, or GPS, yaw rate, etc.) the corrections usually require 
Kalman style filters, which means a time averaging approach. 

Many tractors and trailers produced today are equipped with air suspensions, because air offers a 
superior ride and load leveling capabilities.  Products are available to measure the load on axles 
using this pressure.  Their output is displayed for the driver or loader; they are not yet integrated 
with stability controllers. 
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Measuring Tire Properties 
A tire is a complicated structure that cannot be linearized in the modeling.  That leaves a difficult 
problem in how to determine the tire properties for the given operational environment (load, road 
condition) (Cheng and Cebon 2011).  The solution is to recognize that the shape of a tire’s lateral 
and longitudinal force curves does not change that significantly between surface conditions and 
load conditions.  Thus what is needed is to use the known mass and the measured lateral 
acceleration to determine the tractive potential of the tire or the effective ground coefficient of 
friction.  With that known, reasonable estimates of the tire force can be obtained given the load, 
torque, and the slip angle. 

Several techniques exist to measure the tire’s performance, which account for measurement bias 
and error.  Typical methods employ time based averaging of kinematic models or Kalman filters 
with secondary data sources such as GPS.  

Measuring Unit Inertia 
As the load on a commercial vehicle changes, the vehicle’s inertial properties will change as 
well.  With the mass known, the vehicle’s inertia can be approximated sufficiently for stability 
control.  In yaw, the inertia can be estimated by monitoring the yaw rate and lateral acceleration 
(Limroth 2009a).  As the CG height of a heavy duty truck cannot be easily identified, the roll 
inertia cannot be directly calculated.  Thus the roll inertia of the vehicle can be defined only in 
terms of the lateral acceleration.  However, the stability model needs to know the relationship 
between lateral acceleration and roll rate/roll angle, so this method will meet the modeling needs. 

2.4.2 Estimating Vehicle States 

The identification of vehicle states can be generally broken into two categories:  States that are 
directly observable, and states that are not directly observable.  Directly observable states are 
ones for which sensors exist and are cost-effective to implement.  Non-observable states are ones 
that are impractical to measure on the vehicle.  Each of the major states to be measured is 
discussed below along with its observability. 

In general the following variables need to be measured or calculated to analyze or control the 
dynamics of a vehicle: 

• Steering-wheel (hand wheel) angle 

• Lateral acceleration 

• Yaw velocity 

• Longitudinal velocity. 
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The following variables may be additionally measured or calculated: 

• Roll angle 

• Sideslip angle or lateral velocity 

• Steering-wheel (hand wheel) torque 

• Brake system pressure. 

In order to measure or calculate the above variables, sensors are used to acquire the necessary 
data.  The sensors may measure the variable directly or indirectly.  The types of sensors in 
common use today are discussed below. 

Lateral Acceleration 
As accelerometers are relatively inexpensive, obtaining a direct measurement of the vehicle’s 
lateral acceleration is possible.  Road crown can introduce bias into the measurement.  Lateral 
acceleration measurements can be compensated using GPS data or by comparing the measured 
results against physical model based observers or estimation using kinematic model based 
observers (Limroth 2009a). 

Roll Rate 
Angular rate sensors are also relatively inexpensive; thus measuring the roll rate is possible.  
However, the roll rate sensor can be noisy, so integrating the signal to produce a roll angle can be 
problematic (Cheli et al. 2007).  To correct for this, the roll rate can be compared to the observed 
or modeled lateral acceleration, because the roll rate should be zero for a constant lateral 
acceleration.  Depending on the quality of the measured signal, a corrective model, such as a 
Kalman filter, may be needed. 

Lateral Velocity and Side Slip 
Lateral velocity and side slip angle are often used interchangeably as the two are related 
kinematically (Figure 2-41) where β is the side slip angle, Vy is the lateral velocity, and Vx is the 
longitudinal velocity. 

𝛽 = 𝑡𝑎𝑛−1 �
𝑉𝑦
𝑉𝑥
� 

Figure 2-41.  Equation.  Side slip angle. 

While direct sensing of lateral velocity using cameras or GPS units has been demonstrated, these 
approaches generally suffer from low data throughput and are prohibitively expensive to 
implement (Limroth 2009a).  Therefore, estimation methods are usually employed in practice. 
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As the side slip is the result of the non-linear responses of all tires, it is particularly sensitive to 
errors in tire estimations (Best et al. 2000; Kim 2010).  Typical approaches use state space 
estimators based on physical models of the vehicle (such as the equation in Figure 2-42) or 
kinematic models (such as the equation in Figure 2-43) (Limroth 2009a). 
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Figure 2-42.  Equation.  State space formulation of vehicle side slip from tire behavior. 

𝐴𝑦 = 𝑉�̇� + 𝑉𝑥 ∙ 𝑟 

Figure 2-43.  Equation.  Kinematic formulation side slip. 

The kinematic model has the advantage that it is accurate in the non-linear vehicle domain (no 
linearized terms) and it is easier and faster to solve, but it is subject to sensor bias errors (Cheli et 
al. 2007).  The state space model simplifies the response and is less sensitive to sensor bias, 
though it does need regular corrections to the tire cornering stiffness.  Thus a combination of 
techniques is generally employed. 

The last method for evaluating side slip is from GPS data.  Here the vehicle’s velocity vector is 
measured using GPS and compared to the gyro measurement (Figure 2-44).  As the GPS velocity 
error increases at lower speed (Doppler shift), the error is highest for low speed maneuvers 
(Figure 2-45). 

𝛽 = 𝜓𝐺𝑦𝑟𝑜 − 𝜓𝐺𝑃𝑆 

Figure 2-44.  Equation.  Side slip or “Crab angle” of a vehicle from measurable yaw angles. 
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Figure 2-45.  Graph.  Side slip error from GPS measurement (Daily and Bevly 2004). 

Yaw Rate Sensor (yaw rate or acceleration) 
A yaw rate sensor, also sometimes called a gyro, is a device that measures angular velocity 
around a reference axis.  Yaw rate sensors use the Coriolis effect, wherein a test mass is forced to 
vibrate normally at its resonant frequency.  The vibration provides the mass with a linear velocity 
component.  When the mass is rotated, the Coriolis force causes the vibration motion of the mass 
to be coupled to another vibration mode or plane of the mass.  The magnitude of this secondary 
vibration is proportional to the angular rate of turn (Watson Industries Inc. 2010).  Yaw rate 
sensors can be based on piezoelectric or micromechanical technology.  In the micromechanical 
type, the Coriolis acceleration is measured by a micromechanical capacitive acceleration sensor. 
As with the capacitive accelerometers discussed earlier, yaw rate sensors using micromechanical 
technology can typically have a frequency response down to 0 Hz (DC), and are for this reason 
preferred for vehicle dynamic measurements.  As with accelerometers, yaw rate sensors can vary 
in price from several thousand dollars for a research-quality unit to a few dollars for a production 
unit purchased in large quantities. 
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Inertial Measurement Unit (IMU) 
An Inertial Measurement Unit (IMU) is an electronic device that measures a vehicle’s velocity, 
orientation, and acceleration using a combination of accelerometers and gyros.  IMUs have the 
advantage of being easy to mount and are easier to work with than the individual components. 
However, because they generate velocity and position from integration of acceleration and are 
using dead-reckoning, they suffer from accumulated error.  Typically this condition is resolved 
by providing sensor fusion with complementary technology, which can reduce or eliminate the 
error bias.  One example of this would be the elimination of roll angle error by resetting roll 
angle to zero when the vehicle is stopped on level ground.  Another example would be the 
provision of GPS data to determine vehicle speed.  

Because the cost of GPS devices has fallen considerably in recent years, some IMUs are now 
equipped with GPS capability (Racelogic 2010); however, these units still remain too expensive 
for use in production vehicles. 

The cost of an accelerometer/gyro-based IMU can range from several thousand dollars for a 
research-quality unit to a few hundred dollars each for a high-quantity purchase. 

Wheel Speed 
Measurement of vehicle speed is not as trivial as it might first appear.  The most effective way to 
measure the speed of a moving vehicle is to observe the vehicle from a position that is fixed with 
respect to a point of reference.  This is the concept behind the use of GPS measurements.  The 
use of GPS as the primary source of speed information for a vehicle is, however, not practical, 
since the use of GPS is subject to signal availability, and dropouts can present problems for 
vehicle dynamic control systems (Racelogic 2009).  

However, sensing the vehicle speed by using a sensor on the vehicle is also problematic. 
Microwave and optical sensors are effective but not economical.  Sensors that use the rotation of 
a vehicle component, such as a driveshaft or a wheel, rely on a known translation between the 
measured rotation and the vehicle speed.  Even here, errors can result from a variety of sources, 
including 1) tire inflation pressure variation, 2) tire wear, 3) tire slip, and 4) tire diameter 
differences from factory fitment.  

In modern vehicles speed sensing is usually done with the aid of a wheel speed sensor, which is a 
device that measures the rotational velocity of the wheel on a vehicle.  Typically, a wheel speed 
sensor will be installed on each wheel, but cost considerations may limit the installation to the 
wheels of one axle of a tandem pair on a vehicle with tandem axles, with the assumption that the 
wheel speeds associated with the other axle will not be very different. 

Wheel speed sensors have been designed using Hall Effect and magnetoresistive technology. 
Because magnetoresistive technology provides greater resolution (Gonzalez 2009), it is almost 
universally used for wheel speed sensors today. 
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The wheel speed sensor assembly consists of a speed sensor and an exciter ring (also called a 
tone wheel) (See Figure 2-46).  The exciter ring is a steel ring with equally spaced teeth around 
its diameter.  The sensor’s magnet and pole piece form a magnetic field.  As an exciter tooth 
passes by, the magnetic field is altered and an alternating current (AC) voltage is generated in the 
sensor coil.  The number of AC cycles per revolution of the wheel depends on the number of 
teeth in the exciter ring.  The frequency of AC cycles is directly proportional to the wheel speed.  
AC voltage is also proportional to speed, but also varies with the gap between the sensor tip and 
the exciter ring tooth (Bendix Commercial Vehicle Systems LLC 2004c). 

 

Figure 2-46.  Drawing.  Bendix wheel speed sensor installation. 

Source: (Bendix Commercial Vehicle Systems LLC 2004c) (Bendix Commercial Vehicle Systems LLC 2004a) 

Hand Wheel Angle Sensor 
A variety of steering wheel (hand wheel) angle sensors are in use.  The sensor itself is typically 
of a design that matches the algorithm used to collect data from the sensor, as there are a number 
of technical issues regarding the measurement of steering wheel angle that do not have 
commonly agreed solutions (Tseng et al. 1999).  Examples of these problems are: 

• Adjustment of steering wheel position center (i.e., zero position) to accommodate build 
variations of the vehicle, steering system misalignment, or tire variations such as conicity 

• Adjustment of the steering wheel position center to accommodate dynamic variations due 
to road crown or vehicle loading 

• Compensation for compliances in the steering system, both as designed and from wear 

• Provision of steering wheel angle measurement range beyond 360 degrees of rotation. 
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Solutions to these problems can be implemented in hardware or software, and the specific form 
of the steering wheel angle sensor then follows suit.  In order to provide a durable steering wheel 
angle sensor, many manufacturers design a sensor with an optical sensing element that receives a 
light signal passing through a toothed wheel (Hamamatsu Photonics Japan 2011).  These sensors 
may have some computation done within the sensor assembly itself to provide solutions to 
steering center or range of angle measurement problems.  Typically the dynamic adjustments are 
made by a remotely located processor that has access to other vehicle data. 

Steering wheel angle sensors of various types can be purchased for less than $100 although as 
noted above, each application might require additional expense beyond the purchase price to get 
a data-acquisition-ready setup.   

2.4.3 Communication Networks 

As previously discussed, the concept of a vehicle network for coordinating the vehicle dynamic 
performance of a combination vehicle goes back to the infancy of railroads.  A network in this 
context means an intra-vehicle system of data and control information.  Vehicle-external 
networks have also received their share of research interest, with applications in automated 
highway systems (AHS), advanced commercial vehicle systems (ACVS) and commercial vehicle 
fleet telematics to name but a few.  The interested reader is referred to the work done in this area 
by the Federal Motor Carrier Safety Administration (FMCSA) in its Commercial Vehicle 
Information Systems and Networks (CVISN) effort (FMCSA 2011).  For this discussion, the 
focus will be limited to the intra-vehicle network with the purpose of vehicle dynamic analysis 
and control. 

Networks on commercial vehicles, as with sensing devices, have followed general industry 
trends in computing and networking technologies, and have served as the basis for networked 
control systems such as ABS and stability control.  

There are several networking technologies currently developed or in development for in-vehicle 
use (Dominguez et al. 2007).  Bosch developed the Controller Area Network (CAN) protocol, 
Volkswagen implemented the Automobile Bitserielle Universal-Schnittstelle (A-BUS), Renault 
and the PSA Group developed the Vehicle Area Network (VAN) protocol, BMW developed the 
M-BUS and Honda developed the Data Link Connector (DLC).  The majority of these 
automobile manufacturers have in time adopted for general purpose communication the CAN 
standard (Dominguez et al. 2007; Etschberger 2001; Robert Bosch GmbH 1991; ISO 1992; ISO 
1994).  Other in-vehicle networking technologies are in common use as well (Davis 2011). 

2.5 Wireless Vehicle Communication Protocols and Performance 
Complete details of IEEE 802.11n technology are discussed in Paul and Ogunfunmi (2008) 
where the evolution of the IEEE 802.11n amendment is described following the discussion on 
the previous generation wireless local area network (WLAN) devices (IEEE 802.11a/b/g).  The 
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key technique in IEEE 802.11n is the multiple-input, multiple-output (MIMO) technology which 
forms the foundation of high performance by transmitting and receiving data from multiple 
antennas.  To understand the performance of MIMO, Paul and Ogunfunmi (2009) investigate 
IEEE 802.11n physical (PHY) layer, and Medvedev et al. (2006) discuss the complexity of 
various MIMO receiver structures for IEEE 802.11n WLANs.  Moreover, the performance and 
enhancement of the media access control (MAC) layer of IEEE 802.11n are investigated in 
Abraham et al. (2005), Wang and Wei (2009), and Xiao (2005). 

All the above-mentioned papers are either based on mathematical analysis or simulations, so the 
evaluation results cannot be used directly on analyzing the reliability of actual IEEE 802.11n 
networks.  On the other hand, Fiehe et al. (2010) studied the performance of IEEE 802.11n using 
extensive measurement campaigns carried out in both interference-controlled and typical office 
environments.  They discovered that in a typical office environment significant performance 
improvement can be expected in IEEE 802.11n but theoretically achievable bit rates cannot be 
reached.  So far, there is no work about the empirical study of applying IEEE 802.11n in an 
outdoor environment, such as vehicular networks. 

As discussed in Stallings (2004), the WiFi technology including IEEE 802.11a/b/g/n is originally 
designed for indoor use.  Due to dynamic communication environments of outdoor WiFi 
networks, as described by Paul et al. (2011), it is difficult to achieve reliable performances.  
Particularly, Jarupan and Ekici (2011) discover the complexity and instability of communications 
in outdoor vehicular networks.  To address these issues, much work has been done on applying 
WiFi technology to vehicular networks such as Bychkovsky et al. (2006), Mahajan et al. (2007), 
Eriksson et al. (2008), and Balasubramanian et al. (2008).  Bychkovsky et al. (2006) conducted a 
measurement study with over 290 drive hours over a few cars under typical driving conditions, 
and they concluded that WiFi networks cannot provide reliable networking for vehicular network 
but can support only some delay-tolerant applications.  The high mobility of vehicles led 
Mahajan et al. (2007) to investigate the connection times between vehicles and roadside access 
points.  They concluded that regular periods of disconnection occur as vehicles move through 
areas poorly covered by the access points (APs).  In the Cabernet project, Eriksson et al. (2008) 
studied how to deliver vehicular content using WiFi, and they concluded that only non-
interactive vehicular applications can be supported by WiFi.  In other words, it is impossible to 
use existing AP infrastructures to build reliable vehicular networks.  To address this issue, 
Balasubramanian et al. (2008) proposed a new network access method called ViFi which uses a 
decentralized and lightweight probabilistic algorithm for coordination between participating base 
stations to minimize disruptions and support interactive applications for vehicles.  Most previous 
work of WiFi vehicular networks focused on vehicle-to-infrastructure communications where 
vehicles are considered the wireless clients connecting to roadside APs to achieve network 
access.  There is only limited work that studies vehicle-to-vehicle communications.  For 
example, Jerbi et al. (2007) confirm the feasibility of using ad hoc networks to extend the 
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transmission range of the infrastructure and reduce the connection time for moving cars in 
vehicular networks. 

In summary, most experimental studies on applying WiFi (IEEE 802.11a/b/g) technology to 
vehicular networks focused on building fast connections between cars and roadside APs to 
achieve vehicle-to-infrastructure communications.  On the other hand, performance evaluations 
of IEEE 802.11n are conducted either on MAC or PHY layers for indoor environments.  The 
studies from this project are the first to empirically investigate the network reliability of inter-
vehicle and intra-vehicle communications in IEEE 802.11n based vehicular networks. 
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Chapter 3 – Stability Control of a Tractor and Semitrailer 
Recent work by NTRCI (Arant et al. 2009) resulted in the development of a validated functional 
vehicle model of a Volvo VT 830 tractor and an LBT fuel tank trailer (LaClair et al. 2010).  The 
functional model was developed in TruckSim®, a vehicle dynamics application developed by 
Mechanical Simulation Corporation (2009b).  The data for the model was generated using 
Michelin’s kinematics and compliance test facility in Greenville SC (Pape et al. 2008), (Arant et 
al. 2009). 

The work presented here deals with the development of a complete integrated ESC system for a 
tractor and trailer as well as the evaluation of the potential benefits of such a system.  As a 
validated vehicle model was available, the ESC development used the model of the Volvo VT 
830 and LBT tank trailer as the reference vehicle; however, the results are applicable to any 
tractor and trailer vehicle.  To assess the ESC system’s capabilities, a simulated vehicle was 
subjected to different steering inputs in loaded and unloaded configurations on a range of road 
surfaces.  The results indicate that improvements in stability are possible but determining the 
correct ESC system response is not always easy. 

Four main tasks need to be addressed in the development of an ESC controller.  The first task is 
to develop a simplified mathematical model of the vehicle to use as a reference vehicle.  The 
second task is to develop the yaw control and roll control strategies.  The third task is to identify 
the parameters to be measured.  The fourth task is to convert the model in to a state space form 
or transfer function form for quick analysis so that the model can be used to control the actual 
vehicle.  

An overarching constraint is for the model to be efficient.  The controller must use the vehicle 
model in real time, so the model must be significantly faster than the actual vehicle to give the 
controller time to evaluate the reference model and then act on the conclusions drawn from the 
results of the reference model.  How fast the model needs to be is not universally agreed upon; 
however, Chen recommends that the model be 60 times faster than real-time (Chen 1999). 

3.1 Controller Development Overview 
The ESC development process can be effectively divided into two parts.  The first is the 
development of the vehicle in TruckSim® and the second is the development of the controller in 
LabVIEW.  The TruckSim® model acts as a surrogate for an actual vehicle and on-track testing 
(which would be costly) while LabVIEW, described further in Section 3.1.2, is a flexible 
development environment in which the vehicle’s controller was developed.  In simpler terms, 
TruckSim® is the vehicle and LabVIEW is the language in which the ESC algorithm managing 
the truck’s brakes was developed.  TruckSim® and LabVIEW were selected because National 
Instruments (makers of LabVIEW) also makes real time hardware applications that can be used 
to implement the ESC controllers developed here on actual vehicles in the future. 
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3.1.1 TruckSim® 

TruckSim® is a vehicle modeling software application that simulates the vehicle’s dynamic 
behavior to various inputs (Figure 3-1).  It is a functional model: the vehicle components are not 
modeled as structural bodies deforming under loads and moments, but rather the vehicle 
component responses to forces and displacements (transfer functions) are determined from look-
up tables and the component responses are summed to determine the vehicle’s behavior.  This 
type of model does not require as much detailed information on the construction of the vehicle 
but rather relies on the measured responses of the actual vehicle acquired through controlled 
testing.   

 
Figure 3-1.  Animation still.  TruckSim® vehicle animation (Mechanical Simulation Corporation 2009a). 

The TruckSim® user interface (Figure 3-2) has the vehicle parameters in the (upper left and the 
driving scenario or procedure below the vehicle’s configuration.  The road surface condition is 
documented under miscellaneous data.  The application manages the interface between 
TruckSim® and the controller (LabVIEW in this case) through the control menu (center top).  
Through changes in each of these inputs, the different vehicle configurations were evaluated with 
multiple controllers on multiple road circuits. 
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Figure 3-2.  Screen shot.  TruckSim® interface (Mechanical Simulation Corporation 2009a). 

Data communication from TruckSim® to LabVIEW is defined by two tables in TruckSim® (an 
input and an output list).  In this case, the vehicle’s wheel speeds, steering demand, yaw rates, 
etc. are passed to LabVIEW and the wheel brake pressures (second table not displayed) are 
returned.  At each simulation time step, TruckSim® passes the vehicle state parameters to 
LabVIEW, which then evaluates the vehicle’s stability and provides TruckSim® with appropriate 
brake pressures for each wheel position.  All stability responses are brake based.  Active steering 
and active suspension are not employed in this controller design. 

As it is beyond the scope of this report to describe how TruckSim® operates, the reader is 
advised to refer to the TruckSim® reference for further details (Mechanical Simulation 
Corporation 2009b). 

3.1.2 LabVIEW 

LabVIEW is a graphical programming language that can be used to interface with hardware or 
other applications.  In this instance, it interfaces with TruckSim® and acts as the brake controller 
for the simulated vehicle.  The LabVIEW application has two components:  The first is a front 
panel that contains the user control inputs (Figure 3-3), and the latter is a block diagram or 
program logic structure (Figure 3-4).  Note the two car icons in Figure 3-4, which manage the 
data transfer between LabVIEW and TruckSim®. 
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Figure 3-3.  Screen shot.  LabVIEW front panel. 

 
Figure 3-4.  Block diagram.  LabVIEW block diagram. 
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Figure 3-4 shows that LabVIEW evaluates the vehicle’s dynamic state and determines what 
brake response is needed at each time step in the simulation.  The LabVIEW algorithm uses a 
combination of ideal vehicle behavior predictions (simplified linear reference vehicle) and 
vehicle stability assessments, such as roll and side slip estimations, to define the appropriate 
control response.   

3.1.3 Commercial Vehicle Brake System 
As the stability system uses the vehicle’s brakes to maintain stability, a discussion on 
commercial vehicle brake operation is in order.  For U.S. vehicles, the brakes are controlled 
pneumatically, as shown in Figure 3-5.  The brake pedal allows air pressure to travel to the axle 
relay valves, which then actuate air pressure chambers on each wheel, engaging and disengaging 
the brakes.  To reduce the flow volume demand through the brake pedal, the brake command 
pressure is not the air source for actuating the brakes.  That is accomplished by the modulators 
using a pressurized air supply at air reservoirs mounted near the brake sets on each axle.  Each 
axle or axle group has its own modulator, which manages left and right braking. 

 
Figure 3-5.  Sketch.  Tractor brake system (Andersky and Conklin 2008). 

The trailer brakes are usually managed in a similar method to the drive axles with an air 
command being sent via the blue glad-hand connector (top) and a pressurized tank filled via air 
from the red glad-hand connector (top). 

When an electronic stability system is added, the time delay for the air to reach the modulators 
on the tractor (steer and drive axles) can be reduced through an electrical connection to the 
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modulators.  However, the modulators still have a time delay as they respond pneumatically to 
the electronic brake command.  However, the only communication to the trailer on current North 
American equipment is via a pneumatic command.  

3.1.4 Stability Control Overview 

Current North American commercial vehicle brake systems do not communicate vehicle state 
information or brake demand information between the tractor and trailer.  The tractor ESC 
system can activate the trailer brakes but without any feedback on brake performance.  As a 
result, current ESC systems cannot manage the entire vehicle’s stability but only the stability of 
the tractor or a trailer to which they are mounted.  The system developed here presumes that 
communication of vehicle state and brake management is possible enabling a full vehicle 
stability system. 

The stability control algorithm developed in this research (Figure 3-5) can be divided into six 
major functional groups: 

1. TruckSim® interface where data is passed between LabVIEW and TruckSim®.  On an 
actual vehicle, this section would be replaced with input data from sensors and command 
signals to brake actuators. 

2. Estimation of road friction and tire cornering stiffness (the three icons in the lower left). 

3. Stability control algorithm (labeled ESC). 

4. Brake transport delay � 1
𝜏𝑠+1

� to the axles. 

5. Antilock brake function. 

6. Transport delay in actuating the brakes � 1
𝜏𝑠+1

�. 
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Figure 3-6.  Diagram.  Stability control algorithm. 

(This figure appears truncated because it is part of the LabView block diagram.) 

Of particular importance in this analysis are the two transport delays, as trucks use a 
compressible medium (air) for brake command and actuation.  Even in the case of ESC 
activation, which is communicated by electrical signal for the tractor, there is still a transport 
delay as the electrical signal is converted to a pneumatic actuation by the brake controller.  And 
all commands to the trailer are communicated by pneumatic means regardless of command 
source (driver or ESC).  For more information on the brake command process, please refer to 
Section 2.1.2.  

The stability controller implemented here is a complete vehicle controller, meaning that the 
controller can sense the dynamic behavior of both the tractor and trailer and can control the 
tractor and trailer as a system.  While this type of communication is not currently available on 
North American tractors and semitrailers, such communication could be introduced through the 
addition of a second electrical connector.  Further, both pneumatic and electrical brake controls 
were evaluated to assess the benefit of reducing the signal delays.  The research here is partly 
intended to provide justification for expanding ESC capabilities through enhancing vehicle 
communication capabilities and implementing electronically controlled braking. 

3.2 Tractor Trailer Stability 
As noted in Section 3.1.4, the majority of commercial ESC systems are tractor only systems.  
While trailer stability systems do exist, their use is much more limited and they tend to be roll 
control only with no provision for jackknife or trailer swing-out control.  To produce a complete 
vehicle controller, the vehicle system needed to be re-assessed to determine what performance 
metrics needed to be monitored and what unit coupling interactions were present. 
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3.2.1 Vehicle Degrees of Freedom 

Typical single unit vehicle control strategies that account for roll as well as yaw stability manage 
three vehicle states: Yaw rate, lateral velocity (or side slip), and roll rate (Du and Zhang 2008, 
163-174), (Liebemann et al. 2004), (Bedner et al. 2007), (Yoon et al. 2009).  Side slip and lateral 
velocity are related and can be interchanged easily as shown in the equation in Figure 3-7.  Here 
ν is the vehicle’s lateral velocity, U is the forward velocity, and β is the side slip.  (Small angle 
assumptions are being made).  When solving combined roll and yaw systems, the roll rate is 
introduced as a variable to convert the second order roll equation into two first order equations 
for a total of four first order state equations. 

𝑣 = 𝛽 ∙ 𝑈 

Figure 3-7.  Equation.  A vehicle traveling forward has a lateral velocity that is 
the product of the forward velocity and the side slip. 

When linearizing the vehicle’s equations of motion, the vehicle’s forward velocity is usually 
assumed to be constant, or at least constant over a time step.  Vehicle pitch is typically ignored, 
resulting in the assumption that there is no longitudinal load transfer.  Aerodynamic and other 
secondary inputs are also ignored.  While these assumptions do affect the accuracy of the model, 
the resulting errors are usually not significant enough to render the model unacceptable as a 
vehicle estimator.  As computational time (model simplicity) is paramount, the errors are 
generally accepted. 

When expanding the model to account for one or more trailers, the assumption is made that the 
forward speed of the trailer(s) is the same as the tractor since the trailer(s) follow the tractor.  
Pitch of the trailer(s) is also generally ignored (Sampson and Cebon 1998), (Sampson 2000), 
(Tianjun et al. 2007), (Tianjun and Liyong 2009, 508-11).  The trailer(s) connections are 
modeled using constraint equations enforcing the same displacements on both vehicle units at the 
connection point. 

For the work presented here, the vehicle unit side slip angles were used instead of lateral 
velocity.  This selection has no effect on the modeling quality; the choice was based on the fact 
that the equations are simpler when using side slip.  The simpler equations are likely faster, but 
the computational advantage has not been measured. 

The kingpin connection was assumed to be rigid in the longitudinal and lateral directions, have 
no resistance to articulation, and have a non-linear roll stiffness as shown in Figure 3-8.  As 
neither the tractor nor trailer models captured pitch, there was no pitch motion in the fifth wheel. 
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Figure 3-8.  Plot.  Fifth wheel roll moment (Arant et al. 2009). 

3.2.2 States and Vehicle Parameter Measurement 

The vehicle parameters used in the stability analysis were the tractor and trailer yaw rates, lateral 
accelerations, side slips, roll rates, and roll angles.  Of these, yaw rate, roll rate, and lateral 
acceleration are easy to measure directly.  Side slip and roll angle are not. 

Side slip is the relationship between the vehicle unit’s lateral and forward velocity  
(equation in Figure 3-9).  However, lateral velocity is difficult to measure.  Fortunately, there has 
been a significant amount of research on this subject with good side slip estimators being 
developed using yaw rate, lateral acceleration, and Kalman filtering of GPS data (Best, Gordon, 
and Dixon 2000, 57-75), (Gao et al. 2010, 217-234), (Anderson and Bevly 2010, 1413-1438), 
(Tin Leung et al. 2011, 29-58).  Since this is already a well-researched problem with known 
solutions, the modeling here simply used the known side slip angle from the TruckSim® model. 

𝛽 =
𝑉𝑦
𝑉𝑥
≈
𝑉𝑦
𝑉

 

Figure 3-9.  Equation.  Side slip. 

For roll angle, Kalman filters have also been developed that work with roll rate and lateral 
acceleration (Kamnik, Boettiger, and Hunt 2003, 985-997), (Yu, Güvenç, and Özgüner 2008, 
451-470).  Rather than spend research time on redeveloping roll angle estimators, the decision 
was made to simply use the TruckSim® roll angle and document how to calculate the roll angle 
for future implementation when testing actual vehicles. 

3.2.3 Control Tier Approach 
The approach was to develop stability checks for the individual units and then evaluate each 
stability criterion in succession.  This stability assessment procedure has been used by several 
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other researchers (Chen and Peng 1999), (Zhou, Guo, and Zhang 2008), (Yoon et al. 2010, 1247-
1268).  The only significant consequence of this change in stability assessment approach was the 
probability that the algorithm would take longer to evaluate (four stability checks instead of one) 
and that trade-offs between different stability requirements would be a little harder to achieve. 

Implementing the stability system in LabVIEW was accomplished by implementing each 
stability criterion successively such that later controllers could pre-empt brake demands by 
earlier controllers.  The controller order is designed to ensure that the more dangerous stability 
risks are managed even at the expense of lesser stability risks.  The precedence of the stability 
risks is a combination of resulting crash severity and system controllability.  More severe 
accidents or stability limitations that occur quickly are higher in priority.  The order of the 
controllers was as follows: 

• Tractor yaw control 

• Trailer yaw control 

• Jackknife or swing-out (programmed as a subset of trailer yaw control) 

• Tractor and trailer roll control. 

In some cases, communication of stability needs identified by one controller was passed to 
subsequent controllers to improve overall performance. 

Finally, the resulting controller used a combination of reference controller and margin controller 
techniques.  Tractor yaw control was managed by referencing the actual vehicle’s response to the 
modeled vehicle’s behavior.  Errors between the actual vehicle’s behavior and the modeled 
vehicle’s behavior were used to develop corrective brake responses.  For other stability criteria, 
such as roll control, the actual response of the vehicle was evaluated against a stability threshold 
margin, and the controller activated the brakes when the vehicle exceeded the acceptable margin 
of safety. 

Tractor Yaw Control 
The tractor yaw controller is the simplest of the controllers.  The basic model is the well 
documented two-axle yaw controller, where the actual vehicle’s states are compared to predicted 
states from a simple linear model of the vehicle (Figure 3-10) (Ghoneim et al. 2000, 124-144), 
(Ko and Lee 2002, 181-192), (Antonov, Fehn, and Kugi 2008, 780-801), (Limroth 2009a). 
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Figure 3-10.  Equation.  Tractor yaw control estimator. 

Errors between the observed vehicle and the modeled vehicle (Figure 3-11) were used to define 
the appropriate yaw moment correction needed, which was then implemented through 
differential braking of the wheels.   

 
Figure 3-11.  Block diagram.  Tractor yaw controller (Limroth 2009a). 

The tractor yaw controller equations shown compare the measured tractor’s dynamic response to 
the predicted vehicle’s response where the predicted response is based on the simplified linear 
model of the tractor.  Brake corrections are made to align the actual vehicle’s response to the 
model vehicle’s response.  

 
Figure 3-12.  Sketch.  Tractor yaw control brake response (Andersky and Conklin 2008). 

Tractor Model 
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For understeer cases, the controller would brake the inside rear drive axles to introduce a yaw 
moment.  For oversteer cases such as shown in Figure 3-12, the outer front wheel is braked to 
introduce a moment counter to the yaw direction.  The trailer brakes are activated, because the 
kingpin is always behind the tractor’s CG location, so that trailer brakes always act to reduce 
tractor yaw. 

Tractor yaw control is first in the series of controllers, as tractor yaw was deemed to be the least 
serious of the stability threats.  The driver can sense this instability more readily than other 
instabilities and can directly affect the instability though a change in steering.  This does not 
mean that tractor yaw stability is not a serious safety issue, but that the remaining stability issues 
either result in more serious accidents or are more difficult to manage and need to take priority.  
Drivers generally agree that it is better to slide off the road than to roll over or to have the trailer 
swing out and get tripped on a barrier or soft soil. 

Trailer Yaw Control 
Trailer yaw control has two goals.  It must prevent both (a) trailer yaw divergence from the 
tractor, i.e., jackknife and swing-out, and (b) yaw divergence of the entire vehicle, where the 
tractor and trailer rotate essentially as a single unit with little articulation angle.  The latter case 
may seem somewhat unlikely, but it can occur if the roll correction results in prolonged heavy 
braking of the drive and trailer axles such that the rear of the tractor and the trailer lose lateral 
stability.  Typically, roll control overrides yaw control unless the risk of entire vehicle yaw 
instability is present, in which case trailer yaw control takes precedence.   

The block diagram for the trailer yaw controller is Figure 3-13.  The yaw controller approach 
was quite simple with the instability threat being defined as the current articulation angle and the 
articulation rate multiplied by a constant determined from the vehicle’s inertia.  This instability 
threat was measured against the restoring potential of the vehicle braking moments.  Jackknife or 
yaw instability risk was mitigated by releasing the tractor drive axle brakes and activating the 
trailer brakes for a jackknife or releasing tractor and trailer brakes for a swing-out. 
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Figure 3-13.  Diagram.  Trailer yaw control. 

For a jackknife, releasing the drive axles’ brakes allows the tractor to use the drive axles’ traction 
to regain yaw control and drive out of the tractor spin, while the trailer brakes act to reduce the 
tractor’s yaw as well.  For a swing-out, the tractor brakes are released to increase the speed of the 
tractor and allow the tractor to correct yaw divergence.  The trailer brakes are also released so 
that the trailer tires can generate a larger lateral force (in place of a longitudinal brake force) such 
that the trailer swings back behind the tractor. 

In some cases the tractor can experience yaw divergence (spin out) while the trailer is swinging 
outward.  The result is that there is not a significant change in articulation even though the 
vehicle is experiencing yaw instability.  To test for this type of instability, the side slip of the 
trailer is monitored.  If the trailer begins to exhibit yaw instability, the trailer brakes are released 
to allow the trailer to re-establish yaw stability.  As this type of yaw instability has been observed 
to lead to rollovers in the analysis, this is the top priority stability response, though it is a 
relatively rare occurrence. 

Tractor and trailer Roll Control 
The model assessed the rollover risk by comparing the restorative moment potential  
(Figure 3-14) against the overturning moment (Figure 3-15).  When the overturning moment 
reached 50% of the restoring moment, the trailer brakes were engaged.  To prevent the roll 
response from shocking the vehicle with pulses of full brake pressure, the brake response of the 
ESC system was inversely proportional to the stability margin.  At 50% of stability margin the 
brakes began engaging and increased to 100% when the stability margin was reduced to 0% 
(Figure 3-16). 
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𝑀𝑟𝑒𝑠𝑡𝑜𝑟𝑒 =
𝑀 ∗ 𝑔 ∗ 𝑡

2
 

Figure 3-14.  Equation.  Roll restoring moment. 

𝑀𝑂𝑣𝑒𝑟𝑟𝑡𝑢𝑟𝑛 = 𝑀 ∗ 𝑔 ∗ 𝜙 + 𝑀 ∗ 𝐴𝑦 ∗ ℎ +
𝐼𝑧𝑧 ∗ 𝜙2̇

2
 

Figure 3-15.  Equation.  Overturning moment. 

 
Figure 3-16.  Diagram.  Tractor and trailer roll control. 

The roll controller engaged the outside steer tire to reduce the tractor yaw rate and thus the 
tractor and trailer lateral acceleration.  It also engaged the trailer brakes to both reduce the 
tractor’s yaw rate and to slow the vehicle.  The outside drive axles were also engaged, but any 
subsequent observation of increased tractor side slip would release the tractor brakes to prevent a 
jackknife. 

3.3 Brake Actuation and Brake Control 
As discussed in Section 3.1.3, commercial vehicles use pneumatic brakes as opposed to the 
hydraulic brakes used in most passenger vehicles.  As air is a compressible medium, there are 
delays between when the brake command is given and the brake actuation.  The simulation of the 
brake and ESC systems must account for these transport delays.  But before understanding how 
the ESC system manages these delays, it helps to understand how the ABS brake function works, 
because the ESC system controls the brakes through the ABS. 

3.3.1 Modeling ABS 

When a brake command is given, be that from the driver or the ESC system, the response is an 
air pressure change in the hose connecting the relay valve and the brake chamber at the wheel.  
In line between the wheel and the relay valve is the ABS modulator, which releases pressure as 
needed to manage wheel lock-up, as explained at the end of Section 2.1.2.  In the simulation, the 
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ABS system is modeled as a simple on/off switch that allows brake pressure to be applied to the 
brake chamber or dumps the brake pressure. 

While the schematic of the controller is quite complicated (Figure 3-17), the function is simple.  
The controller allows the command pressure to pass through the system until the wheel slip 
reaches 50%, at which point the output pressure is cut (no brake pressure) until the wheel speed 
recovers to 90% of the vehicle’s speed.  At this time the controller allows the pressure to pass 
through again.  Thus the controller attempts to maintain the wheel speed between 90% and 50% 
(10% slip to 50% slip).  The 50% to 90% range is significantly larger than what is typical for a 
passenger car due to the media being compressible and the resulting brake response transient 
delays.  

 
Figure 3-17.  Diagram.  ABS controller. 

Once the brake demand leaves the ABS controller, it passes through a transport delay, which 
models the time delay of the air brake chambers (Figure 3-18) where the air pressure overcomes 
the restoring spring load within the brake chamber, rotates the S-cam, and activates the brakes.  
See Section 2.1.2 for details on the brake chamber operation.  The output of the transport delay is 
then the input to TruckSim® and controls the brakes in the simulation (Figure 3-19). 
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Figure 3-18.  Diagram.  Axle transport delay. 

 
Figure 3-19.  Diagram.  Brake demand to TruckSim®. 

3.3.2 Full Air Brake Simulation 

Once the driver or an ESC system mounted on a tractor determines that a brake response is 
needed, a command is issued to the brake modulator on the appropriate axle.  For steer and drive 
axles, this can be an electric signal from the ESC or pneumatic signal from the driver input.  
For the trailer axles, the command is pneumatic as there currently are no electrical brake 
command mechanisms between the tractor and trailer.  To simulate the brake system, the 
modeled brake command passes through a first order time delay to simulate the actual vehicle’s 
signal delay to the given axle with the trailer having a significantly longer delay than the drive 
axles (Figure 3-20).  The signal transport delays values are drawn from published research 
journals (Dunn 2003), (Kienhöfer, Miller, and Cebon 2008, 571-583), (Bayan et al. 2009), 
(NHTSA 2010) and are realistic delays for a commercial brake system. 
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Figure 3-20.  Diagram.  Brake transport delay to axle modulator. 

Both the transport delays and the ABS slip range were tuned to reproduce wheel performances 
seen in commercial vehicles (Choi and Cho 2001, 57-72), (Kienhöfer, Miller, and Cebon 2008, 
571-583).  The two criteria used were wheel cycle time (ABS engage to ABS disengage time) 
and wheel lock and unlock rates.  Due to the signal delays, commercial vehicle brake systems 
generally have slow cycle times (on the order of 1 to 2 Hz, as shown in Figure 3-21) compared to 
hydraulic (passenger car) systems, which are usually 20 to 30 Hz on average. 
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Figure 3-21.  Plot.  Measured wheel pulses (Choi and Cho 2001, 57-72). 

In addition to having slower cycle times, commercial vehicle systems often cannot respond fast 
enough to prevent wheel lock at lower speeds.  For example, Kienhoffer and Miller measured the 
wheel speeds and air chamber pressures for a typical commercial brake system and showed that 
on a damp (mu = 0.75) surface, the wheels exhibited the anticipated lock-slip-lock behavior 
(Figure 3-22). 
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Figure 3-22.  Plots.  Measured brake performance (mu = 0.75) (Kienhöfer, Miller, and Cebon 2008, 571-583). 

3.3.3 Electronically Controlled Braking Systems 

ECBS can dramatically reduce the signal delays in commercial vehicles by replacing the 
pneumatic signal with an electric signal (Figure 3-23).  The actual braking is still pneumatic, but 
the brake actuator is at the brake chamber, eliminating the signal delays from the command 
(treadle valve) to the modulator and then from the modulator to the brake chamber.   
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Figure 3-23.  Sketch.  Electronic control brake system diagram (Palkovics and Fries 2001, 227-89). 

While ECBS has become common in Europe, it is not in use in the US as most experts interpret 
FMVSS 121 (the US federal regulations on commercial vehicle brake systems) as not permitting 
ECBS (NHTSA 2009), (Palkovics and Fries 2001, 227-89).  In Europe, ECE R13 (2008), which 
is the European counterpart of FMVSS 121, was modified to permit ECBS as part of a mandate 
to include ESC on all commercial vehicles (Wurster, Ortlechner, and Schick 2010).   

3.3.4 Stopping Performance 

The first task in evaluating the pneumatic brake system model was to determine if the model 
produced the same wheel modulation as seen in actual vehicles (Figure 3-22).  The brake model 
produced similar wheel control performance with the ABS cycle time being a little less than 1 Hz 
for both the tractor (Figure 3-24) and trailer (Figure 3-25).  The ABS controller also 
demonstrated the anticipated wheel slip pattern for the tractor (Figure 3-26) and trailer (Figure 
3-27), with the slip ratio kappa cycling between 10 and 50 percent.  The model also reproduced 
the full wheel lock behavior below speeds of 35 km/hour on a damp (mu = 0.75) surface road 
(Figure 3-22).  As it is most undesirable to have the steer wheels lock in braking (loss of lateral 
control), the steer wheels have a peak pressure of 0.75 MPa (108 psi) versus the drive and trailer 
axles at 0.85 MPa (120 psi).  The brakes on the steer axle are also smaller than the drive and 
trailer axles.  Thus the steer axles did not show the same lock-unlock cycle as their braking 
moment was lower. 
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Figure 3-24.  Plot.  Tractor full stop (mu = 0.75). 

 

Figure 3-25.  Plot.  Trailer full stop (mu = 0.75). 

 

Figure 3-26.  Plot.  Tractor slip control (mu = 0.75). 

 

Figure 3-27.  Plot.  Trailer slip control (mu = 0.75). 

Note:  Figure legends for the simulation results are defined as follows: 

• Unit 1 –  Tractor 

• Unit 2 –  Trailer 

• L1  –  Left steer axle 

• R1  –  Right steer axle 

• L2  –  Left forward drive axle 

• R2  –  Right forward drive axle 

• L3  –  Left rear drive axle 

• R3  –  Right rear drive axle 

• L4  –  Left forward trailer axle 
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• R4  –  Right forward trailer axle 

• L5  –  Left rear trailer axle 

• R5  –  Right rear trailer axle. 

To check the performance of the pneumatic brake system against relevant standards, the 
FMVSS 121 dry brake test requirement that the loaded vehicle stop from 97 km/h (60 mph) in 
250 ft (76.2 m) was simulated (Figure 3-28).  The simulated vehicle beat the requirement by 
8.5 m (28 ft, which is a reasonable performance. 

 
Figure 3-28.  Plot.  FMVSS 121 dry straight line stop. 

To demonstrate the performance of the commercial vehicle brake system and to document the 
potential stopping improvements of ECBS, several straight line braking runs were evaluated on 
multiple road surfaces.  To test the system’s response over the full usage range of the vehicle, 
tests were conducted from 97 km/h (60 mph) and from 150 km/h (93 mph) test.  The higher 
speed was not intended to be an actual operational condition; the simulation was a test at the 
extreme limits of the vehicle to show the effects under any conceivable speed.  The results, 
shown in Table 3-1 and Table 3-2, indicate that ECBS has the potential to reduce stopping 
distances between 6% and 29% depending on the load and road conditions.  Cases where there 
was a need for increased brake pressure modulation showed greater potential for the ECBS 
system (snow traction was so low that neither system ever reached peak operating pressure).  
The ECBS model used in this analysis was the same brake model as the air system but with the 
transport delays reduced as appropriate. 
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Table 3-1.  Full vehicle stopping distance (meters) from 97 km/h (60 mph). 

Road Surface 
Loaded Vehicle 
Pneumatically 

Controlled 
Brakes 

Loaded Vehicle 
Electronically 

Controlled 
Brakes 

Unloaded Vehicle 
Pneumatically 

Controlled Brakes 

Unloaded Vehicle 
Electronically 

Controlled 
Brakes 

Dry (mu = 0.85) 67.7 59.2 64.6 53.8 
Damp (mu = 0.75) 76.7 65.4 70.9 57.2 

Wet (mu = 0.5) 134.1 93.5 110.4 83.5 
Snow (mu = 0.25) 298.3 257.5 234.8 212.3 

Table 3-2.  Full vehicle stopping distance (meters) from 150 km/h (93 mph). 

Road Surface 
Loaded Vehicle 
Pneumatically 

Controlled 
Brakes 

Loaded Vehicle 
Electronically 

Controlled 
Brakes 

Unloaded Vehicle 
Pneumatically 

Controlled Brakes 

Unloaded Vehicle 
Electronically 

Controlled 
Brakes 

Dry (mu = 0.85) 154.6 144.6 145.3 127.0 
Damp (mu = 0.75) 175.6 158.3 159.2 134.8 

Wet (mu = 0.5) 305.6 219.5 248.5 191.7 
Snow (mu = 0.25) 677.8 597.1 520.9 472.1 

There are two primary reasons for the reduced stopping distance of the ECBS system  
(Figure 3-29).  The first is that the electronic control brake system can supply pressure to the 
wheels much more quickly (Figure 3-30, Figure 3-31) as the transport time is much smaller.  
This removes the delay in deceleration seen in Figure 3-29 for the conventional ABS (or EBS) 
system (red and denoted by rectangles) where the vehicle travels approximately 10 meters before 
brake force builds sufficiently to slow the vehicle.   
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Figure 3-29.  Plot.  Straight line braking (mu = 0.75) (Unit 1, the tractor, and Unit 2, the tank semitrailer, have 

the same speed in both cases, so their plots are coincident.) 
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Figure 3-30.  Plot.  Drive axle brake pressure 
(mu = 0.75). 

 

Figure 3-31.  Plot.  Trailer axle brake pressure 
(mu = 0.75). 

 

Figure 3-32.  Plot.  Drive axle slip ratio (mu = 0.75). 

 

Figure 3-33.  Plot.  Trailer axle slip ratio (mu = 0.75). 

The second advantage of the ECBS system is that it can cycle much more quickly and maintain a 
tighter control on wheel slip (Figure 3-32, Figure 3-33), which keeps the tire operating in its peak 
tractive zone.  This results in higher braking forces and higher decelerations. 

3.4 Results of Simulating the ESC Algorithms in LabVIEW and TruckSim® 
The evaluation of the ESC systems (pneumatic and ECBS) was divided into four operational 
regions based on vehicle load and maneuver.  In almost all cases, the ESC system improved 
vehicle performance and the ESC plus ECBS system produced even better vehicle performance.  
In the analysis cases below, the blue vehicle represents the baseline tractor and semitrailer (no 
ESC), the red vehicle was equipped with the ESC system and pneumatic brakes, and the purple 
vehicle was equipped with ESC and ECBS. 

3.4.1 Maneuver Test Speeds 

The maneuvers modeled and presented here were intended to show the behavior of the vehicle 
with and without stability control.  As the vehicle needed to be at its stability limit to 
demonstrate the performance of the ESC systems, the vehicle speed was adjusted for each load 
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case and maneuver.  For the reader’s reference, Table 3-3 and Table 3-4 document the test 
speeds for each of the stability evaluations.  

Table 3-3.  Vehicle speeds at the threshold of stability (km/h) – lane change maneuver. 

 Loaded Unloaded 
Dry (mu = 0.85) 93 120 

Damp (mu = 0.75) 90 120 
Wet (mu = 0.5) 90 100 

Snow (mu = 0.25) 60 80 

Table 3-4.  Vehicle speeds at the threshold of stability (km/h) – exit ramp maneuver. 

 Loaded Unloaded 
Dry (mu = 0.85) 89 120 

Damp (mu = 0.75) 90 110 
Wet (mu = 0.5) 85 95 

Snow (mu = 0.25) 70 80 

Note that as the road surface traction increases, the unloaded vehicle’s speed increases 
significantly.  This is in line with the observation that the vehicle was severely traction limited in 
snow where yaw stability was the major risk. 

3.4.2 Vehicle Configurations and Maneuvers 
To evaluate the performance of the stability system, a tractor and semi-trailer was evaluated on 
multiple road surfaces in empty (Figure 3-34) and fully loaded (Figure 3-35) configurations.  
The payload consisted of a front mass (8,300 kg), a center mass (1,900 kg), and a rear mass 
(11,150 kg).  The fully loaded vehicle weighed out at the US DOT limit of 80,000 lb. for a five-
axle commercial vehicle.  Note:  TruckSim® did not have a tank truck animation, so a van trailer 
graphic is used here. 



 

 71 

 

Figure 3-34.  Animation still.  Unloaded vehicle. 

 

Figure 3-35.  Animation still.  Loaded vehicle. 

The maneuvers simulated were a lane change to model transient behavior and an exit ramp to 
model steady state behavior.  While the exit ramp is not a true steady state maneuver (there is a 
transient component entering the maneuver), it is about as close to a real steady state maneuver 
as the vehicle is likely to see.  This is because the driver generally increases the steering to a set 
value at the initiation of the turn and then makes only minor adjustment to maintain a constant 
turning radius.  The test cases were a permutation of the following three parameter sets  
(Table 3-5) for a total of 16 driving simulation cases plus an additional 8 straight line braking 
simulations. 

Table 3-5.  Simulation permutation parameters. 

Road: 
mu = 0.25 – Snow 

mu = 0.5 – Wet 
mu = 0.75 – Damp 
mu = 0.85 – Dry 

Vehicle Condition: 
80,000 lb. GVW – Loaded 

30,500 lb. – Empty 

Maneuver: 
Double Lane Change 

Exit Ramp 
Straight Line Brake 

The exit ramp was a simple turn with a constant radius of 152 m (500 ft) with a straight segment 
approach.  There was no spiral; the driver preview model blended the segments together.  The 
road had no superelevation (bank) or grade.  The lane change was a 4 meter wide path with a 
3.5 meter offset after 70 meters and a return after 150 meters.  The gate spacing was 30 meters 
on each side (Figure 3-36).  



 

 72 

 
Figure 3-36.  Diagram.  Lane change cones. 

In all figures and plots, the vehicle stability designations are as follows: 

• Blue: No stability control 

• Red: ESC system using conventional air brake system 

• Purple: ESC with ECBS. 

3.4.3 Loaded Vehicle on an Exit Ramp 

As exit ramps expose the vehicle to sustained lateral accelerations, this maneuver primarily tests 
the roll stability of the vehicle (Figure 3-37) though lateral stability was also of concern for the 
lower friction road surface cases.  The tractor is stable in roll, so only the trailer’s roll angles are 
presented here.   

Figure 3-38 illustrates how effective the ESC systems were at mitigating rollover.  When a risk 
of rollover was detected (see Section 3.2.3), the tractor brakes were selectively actuated to 
generate a yaw moment counter to the turning direction.  The trailer brakes were activated as 
well though the inner trailer brakes contributed very little as they were lightly loaded.  The effect 
was to slow the vehicle and to increase the vehicle’s path radius, both of which lowered the 
lateral acceleration and thus overturning moment.  However, braking the drive axles did 
introduce a risk of jackknife, particularly on low friction (low mu) surfaces, and required close 
monitoring.  The arrows in Figure 3-38 represent the resulting tire forces (vertical, lateral, and 
longitudinal) and are proportional to the force magnitude. 
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Figure 3-37.  Animation still.  Exit ramp – loaded vehicle – roll illustration (mu = 0.85). 

 
Figure 3-38.  Animation still.  Exit ramp – loaded vehicle – brake vectors (mu = 0.85). 
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In addition to reducing rollover on high mu surfaces, the ESC system also acted to control 
jackknife behavior on low friction surfaces (Figure 3-39).  This was done by releasing the tractor 
drive axle brakes and applying the trailer brakes so that the trailer re-aligned itself behind the 
tractor. 

 
Figure 3-39.  Animation still.  Exit ramp, loaded vehicle – ESC articulation control (mu = 0.25). 

Figure 3-40 shows the response of the vehicle with both ESC systems and without an ESC 
system on multiple road surfaces.  The results were generally as expected with the ECBS ESC 
system outperforming the pneumatic ESC system and both ESC systems demonstrating stability 
improvements over the non-ESC vehicle.   
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Figure 3-40.  Plots.  Exit ramp – loaded vehicle – roll and tracking errors. 
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All stability margin calculations were determined by increasing the maneuver speed of the ESC 
simulation until the resulting vehicle performance reproduced the performance seen with the 
nominal (no ESC) vehicle.  The criteria for grading performance were the maximum path error 
during a maneuver segment, speed at wheel lift, or maximum articulation angle.  The stability 
margin represents the increased entrance speed that the system can offer over the base vehicle for 
a given stability limit. 

For the dry road (mu = 0.85), the ESC system was able to provide a 6% rollover margin and the 
ESC + ECBS system provided a 12% stability margin.  The advantage of the ECBS was that the 
brakes were activated much more quickly and aggressively (Figure 3-41).  The faster acting 
ECBS brake system more quickly slowed the vehicle to a speed safe for the curve; thus the 
vehicle brakes could be released sooner allowing the tires to generate lateral forces sooner, 
which helped to limit path deviation. 

For low friction surfaces, such as the wet road case, the air based ESC system provided a 2% 
offtracking margin and the ECBS based ESC system provided a 5% margin based on rear trailer 
path deviation.  The ECBS based system was able to provide a better stability margin as it could 
actuate the brakes quickly to slow and modify the tractor’s heading and then release quickly so 
that the tires could develop lateral forces needed to control the lateral slide of the trailer. 
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Figure 3-41.  Plots.  Exit ramp – loaded vehicle – brake pressures. 
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The snow was the only surface condition where the ESC systems had difficulty improving 
stability of the loaded vehicle on the ramp.  In this case, there was so little traction that any 
braking forces resulted in a loss of lateral traction.  For the ECBS system, the brakes could be 
pulsed fast enough to prevent the development of large trailer slip angles early in the maneuver.  
However, the amount of traction available was so low that any braking resulted in a loss of 
lateral force.  The transport delays in the pneumatic ESC system resulted in longer brake 
durations, which resulted in longer periods of reduced lateral force and subsequently larger 
sustained trailer side slip angles (Figure 3-42). 

 
Figure 3-42.  Plot.  Exit ramp – loaded vehicle – trailer side slip (mu = 0.25). 

3.4.4 Unloaded Vehicle on an Exit Ramp 

While the loaded vehicle on the exit ramp is predominantly a test of rollover control, the 
unloaded vehicle on the exit ramp is generally more demanding on yaw control, particularly for 
low friction cases.  The controller objective was to mitigate both intra-vehicle instability 
(jackknife or swing-out) and total vehicle stability such as off tracking (as shown in the example 
in Figure 3-43).  As drivers are typically much more concerned about jackknife or swing-out 
accidents, the ESC system was tuned to prevent these at the cost of path following deviations. 
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Figure 3-43.  Animation still.  Exit ramp – unloaded vehicle – yaw illustration (mu = 0.5). 

With an unloaded vehicle, there was little risk of a rollover.  However, the relatively high CG of 
the empty tank truck did produce enough trailer roll to activate the ESC system in roll for the dry 
(mu = 0.85) and damp (mu = 0.75) cases.  This caused a confounding activation of the left drive 
axle and trailer brakes (Figure 3-45), which resulted in the pneumatic ESC system having a 
relatively large tracking error (Figure 3-44).  However, the pneumatic ESC system’s 
performance was still better than the base vehicle’s performance.  

For the low friction cases (mu = 0.5, 0.25), the pneumatic brake system produced significant path 
tracking errors (Figure 3-44) as the brakes engaged and remained engaged for long periods of 
time (Figure 3-45).  With the brakes engaged, the lateral traction potential was limited and the 
trailer tracking error increased.  The offtracking errors were not seen in the ECBS and ESC 
system, as the ECBS could cycle the brakes quickly enough to allow the trailer axles to generate 
lateral force and mitigate loss of lateral tracking. 

Figure 3-44 also contains the driver steering demand during the maneuver.  This was included to 
show how the driver tried to maintain vehicle path as the ESC systems managed yaw instability.  
Here it was noted that the ESC plus ECBS system resulted in lower driver corrections and the 
vehicle’s stability was better than the pneumatic ESC system.  The faster brake actuation  
(Figure 3-45) produced smaller path deviations, which meant that the driver needed a smaller 
steering correction.  Thus the ECBS makes the vehicle safer and easier to drive. 
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Figure 3-44.  Plots.  Exit ramp – unloaded vehicle – tracking error and steering demand. 
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Note:  Only the left rear drive and left rear trailer brakes are presented for clarity.  All trailer 
wheels see the same brake command, so showing only one trailer wheel is sufficient.  
Additionally the maneuver (exit ramp) primarily uses the left side drive axle for heading control 
(yaw reduction) and both left drive wheels see the same command.  This simplification makes it 
easier to observe the differences among the three control cases. 
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Figure 3-45.  Plots.  Exit ramp – unloaded vehicle – brake pressures. 
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This ESC system could not handle the cases with low friction.  While algorithm tuning is a factor 
in the poor performance, the key reason for the poor performance was that traction was 
insufficient to slow the vehicle and maintain vehicle heading and orientation (Figure 3-46).  The 
better performance of the ECBS brake system (fast, short pulses in Figure 3-45) resulted in lower 
trailer side slip and better performance, relative to pneumatic brakes, but it was still not 
significantly different from the base vehicle. 

 
Figure 3-46.  Plot.  Exit ramp – unloaded vehicle – trailer side slip (mu = 0.25). 

3.4.5 Loaded Vehicle in a Lane Change 

The loaded vehicle in a lane change maneuver (Figure 3-47) was a demanding test for the ESC 
system.  As is typical, roll stability due to untripped rollover was a greater concern at higher road 
friction levels, and lateral tracking was the greater concern with less friction (Figure 3-48). 
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Figure 3-47.  Animation still.  Lane change – loaded vehicle – roll illustration (mu = 0.85). 

Both the pneumatic and electronic ESC systems were able to improve roll stability (1% for the 
pneumatic and 6% for the ECBS) as shown in Figure 3-48.  The significant advantage for the 
ECBS ESC system comes from the fact that the ECBS system could slow the vehicle more 
quickly (Figure 3-49), as the brakes could be actuated more quickly.  This is especially evident in 
the trailer brake pressures (Figure 3-50). 

The ESC systems also improved offtracking of the trailer for higher mu situations as well, 
though this was primarily a function of the lower final speed of the vehicle. 
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Figure 3-48.  Plots.  Lane change – loaded vehicle – roll and tracking errors. 
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Figure 3-49.  Plot.  Lane change – loaded vehicle – vehicle speed (mu = 0.85). 
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Figure 3-50.  Plot.  Lane change – loaded vehicle – brake pressures. 
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While the ESC improved vehicle performance in wet and dry conditions, the ESC systems did 
not appreciably improve stability in snow.  The lack of traction on the 0.25 mu surface resulted 
in very low speeds, which produced low lateral accelerations and almost no roll, and which 
meant that no roll correction was needed.  The low traction level also limited offtracking 
correction, resulting in very little value for the system in snow.  This is essentially the same issue 
noted in the loaded exit ramp maneuver.  The solution may be for the ESC system to deactivate 
much like ABS systems deactivate at low speed when they are counterproductive. 

3.4.6 Unloaded Vehicle in a Lane Change 

The final maneuver evaluated was the empty vehicle lane change (Figure 3-51).  As with the 
previous simulation cases, the ESC algorithm performed well in dry and wet conditions  
(Figure 3-52).  The ESC plus ECBS system also improved vehicle performance in snow 
(mu = 0.25), albeit only slightly. 

 
Figure 3-51.  Animation still.  Lane change – unloaded vehicle – yaw illustration (mu = 0.85). 

Figure 3-52 shows that when there is sufficient traction, both ESC systems can reduce the swing-
out of the trailer.  Only when the surface traction is low does the pneumatic ESC system begin to 
fail, as the brake pressure cannot be modulated fast enough to maintain lateral stability  
(Figure 3-53).  In particular, note the left drive brake demand in snow.  For the pneumatic ESC 
system, the command to activate the brakes and then release is so quick that the brake pressure 
never builds at the wheel, as the delays consume the entire command.   
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Figure 3-52.  Plots.  Lane change – unloaded vehicle – tracking error and steering demand. 
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Figure 3-53.  Plots.  Lane change – unloaded vehicle – brake pressure. 
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In addition to improving the lane holding of the vehicle, the tractor and trailer side slip angles 
were also improved with the ESC systems, as shown in Figure 3-54.  This makes the vehicle feel 
more secure and gives the driver more confidence in the vehicle.  The only case where the side 
slip angles increase with ESC was for the trailer in snow, as the trailer struggled to maintain the 
deceleration and lateral traction balance. 
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Figure 3-54.  Plots.  Lane change – unloaded vehicle – side slip angles. 
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3.5 Critical Control Issues 
In many cases, it is possible to introduce instability through application of the brakes even when 
the goal is to improve stability.  Several examples of this have been documented in the analysis 
above, such as increasing lateral path divergence to maintain roll stability and increasing path 
divergence to control jackknife and swing-out instability.  The vast majority of the control tuning 
developed for this model was spent on managing these trade-offs.  The following is a summary 
of the more significant issues. 

3.5.1 Brake Response Time 

As shown in section 3.4.4, the response of the ESC system in a low friction environment can 
result in a poorer system response than the conventional vehicle.  The limitations of the 
pneumatic ESC system in low friction environments are also seen in section 3.3.4, where the 
ECBS system had significantly reduced stopping distances for both loaded and unloaded 
configurations (Table 3-1 and Table 3-2).  The analysis indicates that it is simply not possible to 
control wheel speed precisely enough to maintain both lateral and longitudinal traction in low 
friction environments with the transport delays of existing pneumatic brake systems. 

3.5.2 Proportioning of Drive and Trailer Brakes 
As drivers often fear a jackknife or trailer swing-out accident more than a head on collision 
(Section 2.2.2), a priority of the ESC system was to ensure that stable intra-vehicle dynamics 
were maintained.  To aid in maintaining tractor to trailer stability, a block was added to the 
controller to make sure that the drive axles were never exposed to a braking force greater than 
the trailers when the ESC system attempted to mitigate rollover (Figure 3-55).   

 
Figure 3-55.  Diagram.  Drive axle brake limiter. 
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Braking the drive axles can result in the trailer pushing the tractor.  If the trailer is not aligned 
with the tractor, the result can be similar to an inverted pendulum where the base (tractor) is not 
moving forward as quickly as the pendulum (trailer) and the trailer pivots around the tractor.  
The method used to limit the drive brake force in this model is admittedly rather crude and has 
the negative effect of limiting the yaw controller’s efforts to enhance tractor rotation in an 
understeer situation.  But the simulation cases here did not require much yaw enhancement, and 
the method worked well enough to demonstrate the need for tractor to trailer brake balancing. 

To show the consequences of not balancing the brakes, the loaded vehicle on the exit ramp was 
evaluated without the drive axle limiter on a wet (mu = 0.5) road (Figure 3-56).  The green truck, 
which was exposed to maximum drive axle brake pressures (Figure 3-57), experienced a large 
articulation angle and nearly jackknifed.  Figure 3-58 shows the side slip angles of the tractor 
and trailer.  As the tractor is the unit with the large side slips, the tractor, and not the trailer, is 
yawing too much.  Thus the event is a jackknife event and not the trailer’s failure to turn with the 
vehicle.  For the example case presented here, the drive axle pressure was approximately double 
the trailer brake pressure (Figure 3-57). 

 
Figure 3-56.  Animation Still.  Jackknife at the drive axle, induced by braking. 
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Figure 3-57.  Plot.  Exit ramp – loaded vehicle – drive axle brake pressure (mu = 0.5). 

 
Figure 3-58.  Plot.  Exit ramp – loaded vehicle – tractor side slip (mu = 0.5). 

3.5.3 Pulsing of Trailer Brakes to Manage Swing-out 

The ESC controller developed in this exercise placed roll control as the primary stability 
requirement.  However, absolute focus on roll stability was not always the best approach and, 
paradoxically, could lead to some roll stability issues.  To illustrate this point, a simulation was 
run without the stability check for brake induced vehicle yaw deviation.  For the loaded exit 
ramp case on a wet road, the ESC system intervened quickly to slow the vehicle (Figure 3-59).  
But as the brake pressure increased, the wheel speeds decreased (Figure 3-60), which reduced the 
lateral force potential of the trailer.   
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Figure 3-59.  Plot.  Exit ramp – loaded vehicle – trailer brake pressure – side slip control illustration 

(mu = 0.5). 

 
Figure 3-60.  Plot.  Exit ramp – loaded vehicle – trailer wheel speed – side slip control wheel speed 

(mu = 0.5). 

The reduction in lateral force produced very large side slip angles (Figure 3-61).  When the 
brakes were released (100 meters into the maneuver), the lateral force suddenly built up, 
resulting in a near rollover of the trailer (Figure 3-62).  Thus, while roll stability was the primary 
concern, there was a limit to the priority such that instability was not introduced as a 
consequence of overly aggressive actions to mitigate rollover. 
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Figure 3-61.  Plot.  Exit ramp – loaded vehicle – trailer side slip – side slip control wheel speed (mu = 0.5). 

 
Figure 3-62.  Plot.  Exit ramp – loaded vehicle – trailer roll – side slip control wheel speed (mu = 0.5). 

3.6 Conclusions 
The purpose for developing the stability controller presented here was threefold: 

• Determine stability priorities between the tractor and trailer, as well as yaw vs. roll 
stability limitations and how the differing stability requirements for the differing units 
interacted 

• Assess the potential benefits of ESC 

• Determine what effect electronic controlled brakes might have 
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The results confirmed the initial assumptions on commercial vehicle stability and indicate that 
significant work will be needed to develop an optimal ESC system for class 8 vehicles.  

3.6.1 Relative Effectiveness of Air and ECBS in Braking 
The straight line stopping performance (section 3.3.4) indicated a significant advantage for the 
ECBS system, particularly for low friction conditions.  By minimizing the brake command 
transport delays, the wheels could be controlled in a much tighter slip ratio range and the wheels 
could be braked and released much more quickly.  Both of these attributes allowed the tires to 
operate in their peak traction region.  For low friction cases, where lower brake pressures are 
required to lock a wheel, this was even more important, as the ESC system tried to maintain the 
optimal brake pressure on the wheels. 

3.6.2 Tuning the Electronic Stability Controller 

From the results in Section 3.4, it is clear that ESC systems can improve the dynamic 
performance of commercial vehicles.  However, they provide only a relatively small stability 
margin and cannot invalidate the laws of physics.  If the vehicle’s inertia is greater than the 
restorative potential of the ESC system, the vehicle will still crash. 

While an ESC system cannot prevent all crashes, it was shown that the ESC system could choose 
the less severe crash type based on algorithm design (jackknife is better than rollover, path 
divergence is better than jackknife, etc.).  It was also shown that lower mu surfaces were more 
sensitive to controller intervention.  Finally, as with the straight braking analysis, better wheel 
control through electronic controlled brakes improved the stability of the vehicle in all cases. 

It should also be noted that the controller algorithm was not re-tuned for the ECBS model.  The 
same stability intervention criteria and methods were used for both the pneumatic and ECBS 
systems.  Re-tuning the ESC algorithm for the ECBS system would, in all probability, have 
resulted in even better performance of the ESC plus ECBS system.  This was not done so that the 
effect of the brake change alone was more apparent. 

3.6.3 Future work 

The most significant limitation of the stability controller developed here was that stability modes 
were not evaluated simultaneously, but rather in a sequential, tiered structure.  Some of the 
compromises, such as limiting tractor brakes to avoid a jackknife, might be eliminated if the 
entire vehicle’s stability could be assessed as a whole.   

Migrating to a controller that captures the yaw and roll stability of each unit and integrates the 
stability of each unit into a cohesive control strategy would be much easier with a single set of 
equations describing the motion of the complete vehicle.  This remains as one of the key points 
that needs to be addressed in future work. 



 

 99 

3.6.4 Discussion on Extension to Multi-Trailer Vehicles 

The need to develop a better method to assess the entire vehicle’s stability will become even 
more important when additional units are added.  As shown here, the stability of one unit affects 
the stability of the other unit, and any attempts to improve stability of one unit also affect the 
other unit.  The issues associated with unit-to-unit interaction will increase as additional units are 
added.  At the same time, the management of the vehicle’s stability becomes more important as 
more units are added, bringing more potential instability sources. 

The recommendation for further work is to expand the model’s linearized reference vehicle by 
defining the equations of motion to include multiple trailers and then to develop a weighting 
system whereby the stability of each unit is captured and weighed against the other units to 
determine the optimal controller response.  
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Chapter 4 – Sensors and Protocols 
The purpose of this section was to develop a hardware bench test system to implement the ESC 
algorithms discussed in Chapter 3, for later installation on a vehicle.  The major tasks were: 

• The selection of measurement sensors 

• The implementation of sensor-to-controller communication 

• The implementation of controller-to-controller communication.  

The goal was to develop the methodology required to collect the needed vehicle state 
information, to transmit input information to the ESC system, and then transmit ESC output 
commands to the brake actuators.  Additionally this effort considered the extension of the ESC 
strategies to LCVs.  The research concluded with the development of a hardware bench test 
system that could validate a development controller for implementation on a vehicle for testing 
ESC algorithms.  The hardware bench test system included sensors, controllers, and actuators.  
Communication protocols and hardware connections were assembled.  This phase did not 
include the instrumentation of a complete vehicle control system but rather the development of 
the technologies and concepts needed to do so. 

As shown in Figure 4-1, the hardware bench test system consisted of three major components.  
First, the development controller included computer processors, analog-to-digital input and 
digital-to-analog output converters, and networking hardware to implement and test control 
algorithms such as those developed in the previous chapter.  The second major component was a 
stationary mockup of the air brake system on a tractor and semitrailer, consisting of the brake 
actuators that would affect braking control on an actual vehicle.  The third major component was 
a set of sensors used to provide information to the development controller about the vehicle 
dynamic state.  The purpose of the hardware bench test system was to demonstrate that the 
development controller could receive information about the vehicle’s dynamic state from all the 
available sensors located anywhere on the tractor or trailer, process the information in real time, 
and generate the output signals to power and control the actuators affecting vehicle dynamics. 
Because the development controller could consist of several CPUs, and sensors could reside on 
several different networks on the vehicle, the integration of the ESC system is not a trivial task, 
and the hardware bench test system serves the role of an integration validation tool.   
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Figure 4-1.  Diagram.  The hardware bench test system. 

4.1 Test and Demonstration Plan 
The approach consisted of four steps: 

• Specification and acquisition of system-under-test components, sensors and controller 
design, and development tools 

• System-under-test and controller system assembly 

• System functional test 

• System performance tests.  

As of this writing, the system has been assembled and the functional and performance tests are 
pending. 

4.1.1 Braking System 
ABS-6 is the name Bendix gives to its advanced brake control system.  This system “provides 
core antilock braking, along with Bendix Smart ATC (its brand of automatic traction control) 
and ESP (covering understeer, oversteer, and rollover situations)” (Bendix Commercial Vehicle 
Systems LLC 2006).   
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The ABS-6 includes the electronic control unit (the Bendix ECU), air pressure sensors, an 
integrated yaw rate sensor and accelerometer, a steering wheel angle sensor and six wheel speed 
sensors (two for the front axle and four for the tandem rear axle of the tractor).  Since ABS-6 
controls an air brake system, it also includes the traction relay valves, the ABS modulator valves, 
brake chambers, and air lines that are typical of air brake installations on a commercial vehicle. 

The ABS-6 system provides sensors only for the tractor, as it is a tractor-based ABS.  Additional 
sensors were provided for the trailer to measure yaw rate, acceleration, and air reservoir pressure. 

4.1.2 Sensors 

The selection of sensors for the hardware bench test system was based on the vehicle 
configuration and required measurements implied in Section 3.2.2 and shown in Table 4-1. 

Table 4-1.  Sensor requirements and specifications. 

Parameter Measurement Resolution 
Steering Wheel Angle -180 deg to + 180 deg +/- 1 deg 

Sideslip Angle -15 deg to + 15 deg +/- 0.3 deg 
Lateral Velocity -15 m/s to + 15 m/s +/- 0.15 m/s 

Longitudinal Velocity 0 m/s to 50 m/s +/- 0.5 m/s 
Yaw Velocity -50 deg/s to +50 deg/s +/- 0.5 deg/s 

Roll Angle -15 deg to + 15 deg +/- 0.15 deg 

Practical sensor selection requires the consideration of tradeoffs between performance and cost. 
Because information about the ESC system needs is insufficient and tradeoffs between 
performance and cost cannot yet be measured, the sensors selected should be considered as 
acceptable for performance requirements. 

The hardware bench test system was implemented in conjunction with an installation of the 
Bendix ABS-6 ESC system.  The ABS-6 system uses a proprietary ECU that is communicating 
with a set of sensors and actuators on the vehicle.  The hardware bench test system used the 
sensor information from the Bendix ABS-6 system to fulfill part of the sensor requirements for 
this task.  This methodology was a test of the ability to piggy-back onto an existing ABS system 
pre-installed on a tractor-semitrailer vehicle. 

4.1.3 Communication Networks 

A variety of sensor-to-controller communication methods were tested.  Several sensors used the 
CAN-bus protocol to communicate with the controller, while the output of several other sensors 
was read directly by the controller using ADCs.  For details, see Sections 4.2.5 and 4.3.1. 
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Two methods were used for communicating between the tractor development controller and the 
trailer development controller.  The first was a high-speed 32-bit VME-bus-based network 
architecture, which NI calls “MXI,” and the second was conventional Ethernet.  

The VME-bus standard is a computer bus standard that was first developed by Motorola for its 
popular 68000 line of microprocessors.  It has since become widely used for many computer 
processor interface applications and has become the dominant technology for backplane 
development (NI Developer Zone - National Instruments 2011d). 

MXI interconnects multiple devices using a flexible cabling method similar to GPIB (the IEEE-
488 Standard Digital Interface for Programmable Instrumentation), but uses a hardware memory-
mapped communication scheme that eliminates software overhead, providing for fast and real-
time control systems where the tractor and trailer control units must be synchronized.  Thus far, 
MXI has not been applied on production vehicles.  The MXI Interface is described in detail in 
the discussion of networking in Section 4.5.1. 

Although MXI is fast and flexible, its use implies a centralized control architecture, with one 
CPU controlling the entire combination vehicle, since MXI essentially makes all PXI chassis a 
slave to the one with the CPU.  The merits of centralized control versus distributed control on a 
combination vehicle is a topic of research.  In order to be able to investigate the performance of 
both options, an Ethernet network was used to allow multiple development controllers 
distributed across the combination vehicle. 

Ethernet is the familiar computer networking technology introduced in the 1980s to manage local 
area networks of computers.  Standardized by IEEE 802.3, Ethernet is a protocol governing how 
data is placed on and retrieved from a common transmission medium.  Because Ethernet does not 
imply any hardware specification related to computer memory or the CPU, it relies on software 
overhead to manage data transfer in a control system application.  

4.1.4 Functional Testing 

Functional testing of the hardware bench test system verified that the implementation provides 
the required operations.  The development controllers on the tractor and semitrailer needed to 
communicate with each other.  The communication needed to be synchronous so that the 
performance was well determined.  Data was transferred between them with a global time stamp.  
The development controllers need to control their respective brake systems in real time. 

4.2 Vehicle System Hardware 
A hardware bench test system was designed and built for the above tests.  The bench test system 
consisted of a framework for holding the system-under-test, the development controllers, and 
accessories such as power supplies and electric cabling.  The system-under-test is discussed 
below.  This discussion breaks the system up according to the following technologies: 
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(1) Braking System, (2) Pneumatic Components, (3) Electrical Components, (4) Sensors, and 
(5) Networks. 

4.2.1 Braking System 
The braking system components used in this research were supplied by Bendix and were an 
example of the Bendix ABS-6 ESC system in current production on Volvo VN and VHD Series 
Class 8 truck tractors. 

An overview of a typical braking system is shown in Figure 4-2.  In this figure, the functional 
elements of the braking system are depicted in the approximate locations they would reside in an 
actual vehicle, with the front axle at the top of the figure.  The brake hardware from the brake 
pedal (treadle valve) out to the air chamber was included in the hardware bench test system, but 
the actual brake mechanisms (S-cam, brake drum, and shoes) were not. 

The treadle valve provides the driver’s control to the front and rear traction relay valve.  The 
controller for TCS can also control the front and rear traction relay valve.  The controller for 
ABS can control each ABS modulator valve.  The individual air chamber at each wheel is 
therefore controlled either by the driver through the treadle valve, or by a controller command to 
a traction relay valve or an ABS modulator valve.  In this way, each wheel brake can be 
controlled independently to manage the vehicle’s dynamic behavior. 

The system architecture is shown in Figure 4-3.  It contains traction relay valves controlling the 
pneumatic brake command signal to the brake air chambers on each axle.  The rear tandem axle 
of the tractor is controlled by one traction relay valve, and the trailer axle is controlled by the 
front axle traction relay valve.   

The treadle valve controls primary (drive axles) and secondary (steer axle and trailer) pneumatic 
circuits.  In addition, TCS and ABS are accomplished by logical controllers that activate traction 
relay valves and ABS modulator valves respectively.  In this way, the system consists of building 
blocks, where ABS can be offered as a feature separately from TCS, and TCS can be offered as a 
feature separately from ESC.   

The wheel brakes are controlled by either a foot-operated valve or, when intervention is required 
to control the vehicle’s dynamic behavior, by electronic control.  The front axle and the rear 
axles are each controlled by a valve that implements a command signal from one or the other 
brake control source.  The trailer brakes are operated via a pneumatic signal from the tractor. 
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Figure 4-2.  Diagram.  Simplified schematic of a typical air brake system. 

Figure 4-3 also shows, labeled with dashed-line boxes, the sensors used in the system.  The 
details of these sensors, and their connectivity to the system and controls, are covered in  
Section 4.2.4. 
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Figure 4-3.  Diagram.  Hardware system-under-test, brake system functional layout. 

4.2.2 Pneumatic Controls 

Since the system-under-test was not actually installed on a truck, the pneumatic controls of the 
brake system were powered by the laboratory’s 0.85 MPa (120 psi) shop air.  FMVSS 121 
requires that the air compressors in air brake systems for buses cut in at 586 kPa (85 psi) and for 
trucks cut in at 689 kPa (100 psi) (NHTSA 2004), so the hardware bench test system setup air 
supply provides a similar pneumatic environment to an actual truck.  The 0.9 m3/min (30 cfm) 
capability of the shop was adequate. 

A layout of the pneumatic design of the brake system is shown in Figure 4-4.  This figure shows 
the air supply, providing pressurized air to the treadle valve and each traction relay valve.  This 
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pressurized air could then be supplied as commanded by actuating the treadle valve (foot brake) 
or through electric control of the traction relay valve. 

The Bendix ABS-6 system includes pressure sensors to sense the state of pressure in the vehicle 
suspension, and also to sense the actuation of the brake by the driver.  If these pressures are not 
present, ABS-6 may generate fault codes.  In order to avoid this situation, the air pressure 
sensors for the Bendix ABS system were plumbed to provide the appropriate pressure signals.  
As there was no air suspension present in the test setup, the suspension pressure sensor was 
plumbed directly to the air supply. 
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Figure 4-4.  Diagram.  Brake system pneumatic functional layout. 
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4.2.3 Electrical Components 

The system-under-test was attached to a control system to implement the new stability control 
programs under development.  This implied that the development controller would take the 
sensor inputs of, and generate command signals to control the actuators of, the Bendix ABS-6 
system.  A functional layout of the electrical controls of such an implementation is shown in 
Figure 4-5. 

In this layout, the functionalities of the ESC development controller for ABS and TCS were 
separated, as the demands for brake release or brake application were addressed to each function 
respectively.  All sensor inputs were for processing by the development controllers in both the 
single and dual CPU configurations. 
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Figure 4-5.  Diagram.  Brake system electrical functional layout. 
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4.2.4 Sensors 

A number of sensors are required.  The purpose of the hardware bench test system was not to 
provide a life-like input but to provide a way to test that an input could be measured.  The 
hardware bench test system is a tool for setting up controller hardware prior to an actual on-
vehicle testing.  It cannot be used in its current form to evaluate the controller algorithms 
because it does not account for vehicle dynamics and it does not apply realistic inputs to all 
sensors simultaneously. 

Yaw Rate 
The yaw rate sensor used for tractor measurements was the Bendix YAS-60, which also 
measures lateral acceleration.  This sensor reported vehicle lateral acceleration and rotations 
about the vertical axis, using a dedicated serial communication link (CAN), also referred to as 
the sensor CAN, shared with the steering angle sensor, and used power and ground inputs 
supplied by the E-60 Bendix ECU (Bendix Commercial Vehicle Systems LLC 2005). 

For the trailer yaw rate measurement, a Kistler DAG dual axis angular rate sensor was used.  
This angular rate sensor provided the measurement about the vertical axis and longitudinal axis, 
with a range of ± 150 degrees per second and a frequency response from 25 Hz down to 0 Hz 
(DC). 

Steering Wheel (Hand Wheel) Angle 
The steering wheel sensor was the Bendix SAS-60 Steering Angle Sensor.  This sensor reported 
steering wheel position to the Bendix ABS-6 E-60 ECU using a serial communication link 
(CAN) shared with the yaw rate sensor.  Its power and ground inputs were supplied by the E-60 
ECU (Bendix Commercial Vehicle Systems LLC 2005). 

Accelerometer 
The lateral acceleration signal for the tractor was obtained from the Bendix YAS-60 sensor 
described above.  

Additional acceleration measurements for the tractor and trailer each were made by a Dytran 
7523A1 accelerometer.  This accelerometer was a capacitive type triaxial accelerometer, 
providing lateral, vertical, and longitudinal acceleration measurements, with a range of ± 2 g and 
a frequency response down to DC. 

Air Pressure 
The pressure of air in the tractor suspension was measured by a ceramic capacitive Bendix 
pressure sensor.  The sensor generated a voltage signal proportional to pressure while being 
supplied with power and ground by the Bendix E-60 ECU. 
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Additional pressure measurements for the trailer were made by an Omega PX209-300G5V.  
This was a solid state piezoresistive pressure transducer using a micro-machined diffused silicon 
diaphragm.   

The Bendix ABS-6 system also provided pressure sensors for brake demand. 

Wheel Speed 
The wheel speed sensor used was the Bendix W-24 Wheel Speed Sensor.  This sensor generated 
an AC signal that varied in voltage and frequency proportional to wheel speed (Bendix 
Commercial Vehicle Systems LLC 2005).   

4.2.5 Networks 

Two network architectures were developed and evaluated.  In both architectures, electronics to 
communicate with sensors and actuators on the tractor were mounted in the backplane of one 
housing or chassis, and the corresponding electronics for the semitrailer was mounted in a 
separate chassis.  The distinction between the two architectures is that one had a single CPU to 
control both chassis, and the other had two CPUs, one in each chassis. 

The backplane in each chassis was PCI Express standard, a high-speed serial communication for 
attaching hardware devices to a computer.  (National Instruments Products and Services 2011q). 
Analog data input and output to both tractor and trailer backplanes was provided for through the 
inclusion of data acquisition (DAQ) cards in both devices.  The tractor’s Bendix brake system 
has sensors that communicate through the tractor’s CAN interface (SAE J1939), and the chassis 
for the tractor received data from them via the CAN.  The trailer chassis did not use a CAN. 

The single-CPU architecture used one development controller to manage sensing and actuation 
on both the tractor and the semitrailer.  The high-speed data link provided by the National 
Instruments MXI Interface between two chassis backplanes effectively made the backplane 
chassis in the trailer an extension of the tractor controller.  This implementation is shown in 
Figure 4-6.  In the case of the single-CPU implementation, an Ethernet connection to the PXI 
chassis provided an attachment of a laptop to the CPU for servicing and data collection.  The 
dual-CPU architecture used two development controllers with one managing the tractor’s sensing 
and actuation and the other doing the same for the semitrailer.  The two controllers were 
connected by a high-speed Ethernet network served by a switch, which also provided for the 
attachment of a laptop to the network for system servicing and data collection.  This 
implementation is shown in Figure 4-7. 
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Figure 4-6.  Diagram.  Brake system network functional layout – single CPU controller. 
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Figure 4-7.  Diagram.  Brake system network functional layout – dual CPU controller. 

4.3 Development Controller Hardware 
The development control system hardware consisted of two PCI-bus-based backplane chassis 
with CPU, network interface, and DAQ resources installed.  The details of these devices will 
now be discussed. 
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4.3.1 Control System Configurations 

The basis of the development controller was the National Instruments PXI chassis system.  PXI 
(PCI eXtensions for Instrumentation) is a PC-based platform for measurement and automation 
systems.  PXI combines PCI-bus features with the rugged, modular, Eurocard packaging of 
CompactPCI and adds specialized synchronization buses and key software features.   

The PXI chassis is the backbone of the controller development system.  It provides the power, 
cooling, and communication buses of PCI and PCI Express for the controller and its modules.  
XI CPUs eliminate the need for an external computer to serve as the controller, therefore 
providing a complete system contained within the PXI chassis.  The PXI chassis includes the 
CPU, hard drive, Ethernet, and peripherals.  Their operating system is LabVIEW® Real-Time.   

Each device used in the development controllers will now be introduced. 

PXI CPUs 
Each PXI could include a CPU.  Two types of PXI CPUs were available, the PXI-8187 and the 
PXI-8106.  They are both computers with similar capability, varying only in details of core 
specification, processing speed, and memory. 

Specifications of the PXI-8187 (National Instruments Products and Services 2011m) 

• 2.5 GHz Pentium 4-M processor  

• 256 MB DDR RAM standard, 1 GB 

• Integrated hard drive, USB 2.0, Ethernet. 

Specifications of the PXI-8106 (National Instruments Products and Services 2011l) 

• 2.16 GHz Intel Core 2 Duo T7400 dual-core processor 

• 512 MB (1 x 512 MB DIMM) dual-channel 667 MHz DDR2 RAM standard, 4 GB  

• 10/100/1000BASE-TX (Gigabit) Ethernet, ExpressCard/34 slot, and 4 Hi-Speed USB 
ports 

• Integrated hard drive. 

These CPUs were installed on one of two backplane chassis, either the PXI-1002 (4-slot chassis) 
or the PXI-1042Q (8-slot chassis).  (National Instruments Products and Services 2011i; National 
Instruments Products and Services 2011j) 
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Analog Input and Output 
PXI data acquisition devices handled the input of sensor data that did not come through the CAN 
and the output of actuator commands.  A PXI-6259 was used in each PXI chassis, one for the 
tractor and one for the trailer. 

Specifications of the PXI-6259 (National Instruments Products and Services 2011k) 

• Four 16-bit analog outputs (2.8 MS/s); 48 digital I/O; 32-bit counters  

• Correlated DIO (32 clocked lines, 10 MHz)  

• NI-DAQmx driver software and NI LabVIEW® SignalExpress interactive data-logging 
software.  

To facilitate electric harness connections, the harness interface was done through NI SBC-68 
connector blocks (National Instruments Products and Services 2011f). 

CAN 

The acquisition of data from the sensor CAN and vehicle CAN was accomplished by 
incorporating a CAN interface into each PXI chassis.  For the tractor controller, the PXI-8513/2, 
a two-channel interface, was chosen, while for the trailer a single-channel PXI-8513 interface 
was chosen. 

PXI-8513 (National Instruments Products and Services 2011n) 

• 1- and 2-port XS CAN interface  

• NI-XNET driver for developing frame and signal applications in LabVIEW®  

• NI-XNET device-driven DMA engine for coupling the CAN bus to host memory to 
minimize message latency  

• Integrated CAN databases  

• Synchronization, 1 μs timestamps for integration with NI DAQ, digitizers, switches, large 
systems.  

Networking 
MXI-bus (NI Developer Zone - National Instruments 2011c) 

The network adopted for the single CPU configuration was the National Instruments MXI-bus.  
The MXI-bus is a powerful, high-speed communication link that interconnects devices using a 
flexible cabling scheme.  Derived from the VME-bus (see section 4.3.3), MXI provides a high-
performance way of controlling PXI systems using commercially available desktop computers 
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and workstations.  National Instruments developed and published the MXI specification and 
released it as an open industry standard in 1989. 

MXI-bus provides the performance of an embedded PXI computer while also providing the 
flexibility of general purpose PCs.  MXI-bus is described as a 32-bit system bus on a cable (NI 
Developer Zone - National Instruments 2011c).  It connects multiple devices using a hardware 
memory-mapped paradigm that eliminates software overhead.  These devices can then directly 
access each other’s resources through reads and writes to their address locations, so that 
individual devices on a MXI-bus behave as a single system with a shared address space.  

The MXI-bus implementation in this research used the PXI-8364 and PXI-8361 MXI Express 
interface cards (National Instruments Products and Services 2011h). 

The configuration of the Single CPU Controller is shown in Figure 4-8. 
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Figure 4-8.  Diagram.  Development controller configuration – single CPU controller. 

Ethernet 
The Dual CPU option was almost identical to the single CPU option with respect to the 
individual computer chassis features.  The only difference, aside from the number of CPUs, was 
the type of network link between the two PXI chassis.  An Ethernet network connection was 
used for the Dual-CPU option.   
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The configuration of the Dual CPU Controller is shown in Figure 4-9. 

 
Figure 4-9.  Diagram.  Development controller configuration – dual CPU controller. 

4.3.2 Control System Electrical Hardware 

The details of the control system electrical system can be seen in Figure 4-10. 
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The PXI Chassis used for the controllers in this project each contained their own power supply. 
In addition, several sensors required a supply of power, so additional power supplies were used 
as needed.  The power requirements for the valve solenoids for the brake system air valves were 
unknown.  The analog output of the PXI-6259 DAQ card was limited to a power of 10W, which 
was considered not to be enough power to control the brake solenoid.  To provide a flexible 
power supply solution for this component, a 12V wet-cell lead acid battery was used as the 
power source, with switching provided by individual high-capacity relays, controlled by the 
DAQ card mounted in the PXI chassis.  The battery was kept charged during testing by a 1A 
battery charger. 
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Volvo Electric Harnesses 
To provide electrical connectivity to the Bendix ABS-6 system, an electrical harness was 
obtained for an example Volvo truck (Volvo truck electrical harness 21588437 Rev. P01, 
21565326 Rev. P02 and 20915063 Rev. 02).  This harness, including the cab and frame sub-
harnesses and master fuse box, also required 12V power, and was also attached to the 12V wet-
cell battery. 

Dummy Loads for Bendix Controller 
The ECU of the Bendix ABS-6 system contains a number of fault-detection features to provide 
for fault-tolerance and reliability and safety.  One of these features was a check on the electrical 
load imposed by air valve solenoids.  If these loads were different from a certain value, the 
Bendix ECU would limit the system functionality.  To mitigate this possibility during testing, 
equivalent solenoid coils were obtained and connected to the Volvo truck electrical harness, so 
that the Bendix ABS-6 ECU would see the desired electrical load during operation.  The actual 
valve solenoids of the system-under-test were connected to the development controllers, as 
implied by Figure 4-5.  

CAN Interface Taps 
To obtain data from the Bendix system’s sensor CAN network, a tap was made into the sensor 
CAN at the Steering Wheel Angle sensor node. 
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Figure 4-10.  Diagram.  Control system electrical schematic. 

NI PXI Chassis(s)

Ve
hi

cl
e 

C
AN

Development Controller(s)

ABS
Modulator

Fr L

ABS
Modulator

Rr L

ABS
Modulator

Trailer

ABS
Modulator

Mid R

ABS
Modulator

Mid L

ABS
Modulator

Fr R

ABS
Modulator

Rr R

Traction
Relay Valve
Front Axle

Traction
Relay Valve
Rear Axle

Press Sensor
Primary

Press Sensor
Secondary

Press Sensor
Tractor Susp

Wheel
Speed
Sensor
Fr L

Wheel
Speed
Sensor
Fr R

Wheel
Speed
Sensor
Mid L

Wheel
Speed
Sensor
Mid L

Wheel
Speed
Sensor
Rr L

Wheel
Speed
Sensor
Rr L

Trailer
Yaw Rate Sensor

Trailer
Accelerometer

Tractor
Yaw Rate Sensor

Tractor
Accelerometer

Tractor
Steering Angle

Truck Electrical
Harness

Press Sensors

Modulator
Dummy Load

Fr L

Modulator
Dummy Load

Fr R

Modulator
Dummy Load

Mid L

Modulator
Dummy Load

Mid R

Modulator
Dummy Load

Rr L

Modulator
Dummy Load

Rr R

Traction
Relay Valve
Dummy Load

Fr

Traction
Relay Valve
Dummy Load

Rr

Modulator
Dummy Load

Trailer

Sensor CAN

Vehicle CAN

12V Battery
or 12V Power

Supply

12V
20A

Relay

12V
20A

Relay

12V
20A

Relay

12V
20A

Relay

12V
20A

Relay

12V
20A

Relay

12V
20A

Relay

12V
20A

Relay

12V
20A

Relay

D/A Converter

Bendix ABS6
Controller

A/D Converter

CAN
Interface

Tr
uc

k 
El

ec
tri

ca
l H

ar
ne

ss

Se
ns

or
 C

AN

To 12V

Power Supply(s)



 

 120 

4.4 Control System Development Software 
The single or dual CPUs in Section 4.3 ran software on a platform developed for the chassis.  
The software will be described first, followed by the measurement and data inputs. 

4.4.1 Control System Software 

LabVIEW® (Laboratory Virtual Instrumentation Engineering Workbench) is a software platform 
for the development of data acquisition, control systems, and data analysis applications in an 
industrial setting.  It is a graphical programming environment using a block diagram with icons 
and wires. 

LabVIEW® uses a graphical programming language called G (not to be confused with G-Code).  
In LabVIEW®, execution is determined by the structure of the graphical block diagram.  The 
wires in the block diagram propagate variables.  LabVIEW® program execution is based on 
dataflow, which means that nodes in a LabVIEW® program execute as soon as all the data 
becomes available and different parts can execute in parallel.   

LabVIEW® Real-Time was used in this research.  The LabVIEW® Real-Time Module and RT 
Series hardware delivers deterministic, real-time performance for data acquisition and control 
systems.  Using LabVIEW® graphical programming, LabVIEW® Real-Time embedded control 
applications using PID control can be developed on a laptop, and then downloaded and executed 
on an independent hardware target.  LabVIEW® Real-Time targets include an embedded 
processor running LabVIEW® RTOS and real-time hardware drivers run with the same API calls 
as in LabVIEW® (National Instruments Products and Services 2011a).   

NI-DAQmx  

NI-DAQmx is National Instruments’ data acquisition software driver (National Instruments 
Products and Services 2011g).  NI-DAQmx driver software provides a single programming 
interface for programming analog input, analog output, digital I/O, and counters on each 
multifunction DAQ hardware device.  NI-DAQmx controls every aspect of data acquisition, 
including NI signal conditioning devices, from configuration, to programming in LabVIEW®, to 
low-level operating system and device control. 

NI Measurement and Automation Explorer  

Measurement & Automation Explorer (MAX) (National Instruments Products and Services 
2011p; National Instruments 2011) is a graphical user interface used to configure instrument 
drivers and provide access to CAN, DAQ, PXI and other types of devices.   
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NI X-NET 1.3  

The NI-XNET 1.3 API (National Instruments Technical Sales 2011) provides function calls in 
LabVIEW® so signals and frames can be easily sent to and from applications.  The following 
data transfer modes were tested: 

• Single-point signal input and output modes read and write the most recent values 
received for each signal. 

• Waveform signal input and output modes use the time when the signal frame is received 
to resample the signal data to a waveform at a fixed sample rate.  These modes were used 
for synchronizing XNET data with DAQmx analog/digital input channels and plotting 
waveforms. 

• XY signal input and output modes return exact XY pairs of a signal’s timestamp and its 
value.   

• Stream input and output modes for frames read or write every frame on the network.  

• Queued frame input and output modes read and write frame data from a dedicated queue 
per frame, used for identifying and recording CAN messages. 

4.4.2 Data Sets and Parameters 

Digital data came to the development controller through the CAN, as is typical on heavy duty 
trucks.  The chassis had ADCs for data coming directly from sensors. 

Receiving CAN Data 
To communicate with hardware on the CAN network, XNET must understand the 
communication format in the actual embedded system.  The embedded communication is 
described by a file, such as a CANdb (.dbc) file, which is called a database.  The database 
contains many object classes, each of which describes an entity in the embedded system 
(National Instruments 2009, 4-8).  The following object classes exist: 

• Database: Each database is represented as a distinct instance in NI-XNET.   

• Cluster: Each database contains one or more clusters, where the cluster represents a 
collection of hardware products connected over a shared cabling harness.  In other words, 
each cluster represents a single CAN network.   

• ECU: Each ECU represents a single hardware product in the embedded system.  The 
cluster contains one or more ECUs connected over a CAN cable.  It is possible for a 
single ECU to be contained in multiple clusters, in which case it behaves as a gateway 
between the clusters. 
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• Frame: Each frame represents a unique unit of data transfer over the cluster cable.  The 
frame bits contain payload data and an identifier that specifies the data (signal) content.  
Only one ECU in the cluster transmits (sends) each frame, and one or more ECUs receive 
each frame. 

• Signal: Each frame contains zero or more values, each of which is called a signal.  Within 
the database, each signal specifies its name, position, length of the raw bits in the frame, 
and a scaling formula to convert raw bits to/from a physical unit.   

The database was created and accessed through the XNET Database Editor.  An example 
database is shown in Figure 4-11. 

 
Figure 4-11.  Screen shot.  NI-XNET database editor. 

In the database a cluster was defined for the sensor CAN network of the system-under-test.  The 
frame properties for each data variable defined on the CAN in the system-under-test are shown 
in Table 4-2 and the signal properties are shown in Table 4-3.  The byte order is “Little Endian.”  
This refers to the convention where bytes at lower addresses have lower significance (the word is 
stored little-end-first).  See Figure 4-12 for the input screens in the XNET Database Editor.  The 
CAN message can be parsed and scaled within the CAN session setup, to provide the 
engineering data output directly as needed. 

Table 4-2.  CAN frame properties for system-under-test. 

Frame Arbitration Length Transmit Time 
SPL PRES 18FEAE21h 8 Byte 1 s 

VDC1 18FE4F0Bh 8 Byte 0.1 s 
VDC2 18F0090Bh 8 Byte 0.02 s 
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Table 4-3.  CAN signal properties for system-under-test. 

Frame Signal Range Resolution 
Start 
Bit 

# of 
Bits Data type 

Byte 
Order Units Scale 

SPL 
PRES 

Pneumatic 
Supply Press   0 8 Unsigned Little 

Endian  1 

SPL 
PRES 

Trailer Air 
Pressure   8 8 Unsigned Little 

Endian  1 

SPL 
PRES 

Service Brake 
Air 

2000 to 
0 

0.08 bar per 
bit 16 8 Unsigned Little 

Endian kPa 8 

SPL 
PRES 

Service Air 
Pressure 

2000 to 
0 

0.08 bar per 
bit 24 8 Unsigned Little 

Endian kPa 8 

VDC1 Status 1   0 8 Unsigned Little 
Endian  1 

VDC1 Status 2   8 8 Unsigned Little 
Endian  1 

VDC2 Steer Angle 
-31.374  

to 
31.374 

1/1024  
rad per bit 0 16 Signed Little 

Endian rad 0.0000977 

VDC2 Yaw Rate -3.92  
to 3.92 

1/8192  
rad per bit 24 16 Unsigned Little 

Endian Rad/s 0.000977 

VDC2 Lat Accel 
-15.687  

to 
15.687 

1/2048  
m/s2 per bit 40 16 Signed Little 

Endian m/s2 0.000488 

VDC2 Long Accel -12.5  
to 12.5 

0.1 m/s2  
per bit 56 8 Signed Little 

Endian m/s2 0.1 

 
 

 
Figure 4-12.  Screen shot.  NI-XNET, Setting CAN signal properties. 
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The CAN session in the LabVIEW® project represents the controller code.  The virtual 
instrument that controls the CAN session includes a setup screen where the CAN port number is 
selected and the desired frames are selected (see Figure 4-13).  

The programmatic representation of the CAN session appears in Figure 4-14.  In this view, the 
frame rate, CAN port termination property (XNET allows software-configurable termination), 
and error state properties can be set.  Messages can be parsed in the program, and data time 
stamped according to the PXI global clock, allowing careful management of component 
performance if the device on the CAN also publishes a time stamp in its messages.  The precise 
measurement of the timing of events system-wide is an important advantage of doing controller 
development using the PXI-based systems. 

 
Figure 4-13.  Screen shot.  CAN port configuration. 

 

 
Figure 4-14.  Diagram.  CAN frame capture implemented in a LabVIEW® program. 
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Receiving and Transmitting Analog Signals 
Data acquisition setup and management of I/O in LabVIEW® is facilitated by a graphical 
interface.  LabVIEW® works with NI-PXI hardware to make pin assignments and signal 
conditioning straightforward (see Figure 4-15). 

 
Figure 4-15.  Screen shot.  NI-DAQ I/O terminal assignments. 

Pin assignments can be interactively confirmed (see Figure 4-16).  The MAX can provide for 
formal calibration of the data acquisition setup (see Figure 4-17). 
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Figure 4-16.  Screen shot.  NI MAX connection diagram. 

 
Figure 4-17.  Screen shot.  NI MAX data plot and calibration. 
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4.5 Physical Implementation 
All the equipment described above was built in a hardware bench test system. 

4.5.1 System-Under-Test Hardware 
The system-under-test was assembled on a stainless-steel table, which served as a rigid platform 
for the actuators and sensors.  The table also served as a workbench for the development 
controllers, as well as a chassis to hold the electrical harnesses for the system-under-test and the 
development controllers.  See Figure 4-18. 

 
Figure 4-18.  Photo.  Hardware bench test system. 
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Speed Sensor 
In order to provide for a speed signal, a simple speed sensor input array was designed, using a 
tone wheel mounted on a bearing, which was spun by hand to provide a speed sensor signal.  All 
the individual speed sensors were excited by a common tone wheel.  A generic tone wheel was 
used.  See Figure 4-19. 

 
Figure 4-19.  Photo.  Speed sensor array around the tone ring. 

Other Sensors 
Since the system-under-test was not actually connected to a vehicle, no actual yaw rate could be 
measured.  To simulate the rotation of the vehicle, the yaw rate sensor was simply turned by 
hand.  Similarly, lateral acceleration was simulated by gravity. 

Use of Air Cylinder for Brake Air Chamber 
The use of actual brake air chambers to receive the air supply for braking was considered 
unnecessary.  The requirement for this part was simply to hold air under pressure and to exhaust 
the air when the brakes were released.  In place of actual air brake chambers, aluminum pressure 
cylinders, such as are commonly available on the market, were used.  The ports of the air 
cylinders were drilled and tapped to receive a fitting such as a typical air brake cylinder would 
use, in order to provide the correct flow characteristics.  The pressure cylinders chosen for this 
research had a volume of 49 cubic inches (Figure 4-20).  Bendix engineers confirmed that this 
volume was suitable for the test purpose of this study. 
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Physical Layout of Components 

 
Figure 4-20.  Photo.  Air cylinder, traction relay valve, ABS modulator, treadle valve. 
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Figure 4-21.  Photo.  Layout of test stand assembly. 

4.5.2 Controllers 

The development controllers consisted of two NI PXI chassis.  The tractor controller was a PXI-
1002 chassis with a PXI-8187 CPU installed.  In the case of the dual CPU option, the trailer 
controller was a PXI-1042Q chassis with a PXI-8106 CPU installed (See Figure 4-22 and  
Figure 4-23).  In the case of the single CPU option, the PXI-8106 CPU was omitted. 
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Figure 4-22.  Photo.  Development controller for trailer (left) and tractor (right). 
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Figure 4-23.  Photo.  PXI chassis for trailer (top) and tractor (bottom). 

The use of the PXI-8187 Embedded Controller limits the Ethernet bandwidth to 100 Mbps.  This 
is far more than the rate at which measurement data needs to be transmitted between the tractor 
and trailer.  Whether two separate controllers need to communicate more quickly as they process 
the data is a separate question.  In case this speed is not fast enough to provide adequate 
bandwidth between the tractor and trailer, but a Dual CPU option is still desired, the other 
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network option is to use another CPU with 1Gbit/s Ethernet.  For example, the PXI-8108 and 
PXI-8196 both provide 1GBit Ethernet. 

Other network resources available on the PXI platform include CAN, LIN (National Instruments 
Products and Services 2011c), FlexRay (National Instruments Products and Services 2011b), 
DeviceNet (National Instruments Products and Services 2011d), and GPIB (National Instruments 
Products and Services 2011e). 

4.6 Results and Applications 
The hardware bench test system was assembled and completed, and Section 4.1.4 functional 
testing was successfully concluded.  Data was collected from both analog inputs and CAN inputs 
from both PXI chassis and passed to the other chassis, for both single- and dual-CPU 
configurations.  Furthermore, signals were sent deterministically between the two PXI chassis for 
both configurations.  

Since the development of a truck based hardware implementation of an ESC control system is 
predicated on the completion of functional testing of the hardware bench test system, the 
remaining parts of this testing will need to be completed as part of the next phase of 
developments.  No technical barriers are foreseen to finishing this work.  

4.6.1 Truck Brake Systems 
The products of this research can be used in a variety of ways to test ESC system developments 
on heavy commercial vehicle braking systems. 

For instance, the development of ECBS on trucks for the North American market is currently a 
topic of interest.  This hardware bench test system can be used to test the implications of new 
braking system actuation technologies associated with electronic braking systems. 

Also, in the development of new braking control systems for heavy commercial vehicles, it 
would be beneficial to test these developments with components from each braking system 
manufacturer.  Differences in performance of these components could affect the overall 
performance of the braking system as a whole. 

Future work with this test apparatus would benefit from the hardware to control a complete 
tandem axle on a trailer.  This would include adding a solenoid-operated relay valve, four ABS 
modulator valves, and four wheel speed sensors. 

4.6.2 Development Control System Hardware and Software 
The products of this research can also be used in a variety of ways to test control system 
developments on heavy commercial vehicle braking systems. 

For instance, the capability of various configurations of controllers, networks, data acquisition 
systems, and data analysis methods can be tested using this hardware bench test system. 
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The hardware bench test system can be used to explore bandwidth requirements for 
communication between vehicle unit stability-control-system controllers.  Through analysis of 
sensor throughput and control signal requirements, the hardware system would provide a 
platform for developing a specification for such communication. 

Various network or data acquisition devices might be evaluated in the development of a new 
control system.  This hardware bench test system can be used to discover problems with the 
integration of these devices into the control system. 

Another use for the system would be to determine potential communication architectures for 
communication between vehicle unit stability-control-system controllers. 

Further, various kinds of sensors and sensor systems could be tried in the development of a new 
control system.  This hardware bench test system can be used to verify the connectivity and 
performance of these sensors prior to implementation on an actual test vehicle. 

Finally, various methods in fault detection and fault tolerance can be researched using this 
hardware bench test system, since failures can be simulated in a safe and predictable way 

4.6.3 Generalizations to Longer Combination Vehicles 

As noted, the need to develop a better method to assess the entire vehicle’s stability will become 
even more important as additional trailer units are added.  Because the issues of data acquisition 
and hardware control also become more complex, the need for a test apparatus to develop and 
prove the control system concept also becomes more important as additional trailer units are 
added.  The hardware bench test system can serve as a tool for controller development for these 
vehicles. 

Because of the modular design of the hardware bench test system, the addition of more trailers 
can be easily accommodated by the addition of the brake actuation hardware and sensors.  The 
additional data acquisition requirements can be met with the PXI analog input/output cards 
chosen.  Additional controllers can be added as nodes on an Ethernet network in the case of a 
multi-CPU option, or using the MXI-bus in the case of a single CPU option. 
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Chapter 5 – Feasibility of Intra-Vehicle Wireless Communication 
Recent advances in wireless technology have enabled high data rates as well as higher reliability 
and security in intra-vehicle wireless communication, even in harsh commercial vehicle wireless 
environments.  The benefits of using wireless communication for vehicle stability control are 
numerous.  While many challenging problems exist because of the harsh wireless conditions in 
intra-vehicle networks, the research results in this section show that these problems may be 
overcome with the appropriate wireless networking techniques.  In particular, potential problems, 
such as channel fading, packet collisions, occlusion, congestion, and interferences, can be 
overcome using a combination of techniques, including rate adaptation, dynamic channel 
hopping, multi-hop routing, and efficient broadcast.  

5.1 Benefits of Wireless Electronic Stability Control 
There are many benefits in utilizing intra-vehicle wireless communication to support a vehicle 
stability control system where the sensor and actuator control data is transmitted wirelessly 
between the tractor and trailers.  First, trailers and tractors may be interchanged easily without 
the need to plug in the connectors for the sensor and actuator signal cable.  (This is especially 
important when one trailer in a combination is equipped and another is not.)  The signals will be 
dynamically transmitted through the wireless channels at a high data rate and reliability.  Second, 
the wireless channel enables transmission of different type of signals typically sent through 
different types of cables, such as the CAN data bus, serial cable, and Ethernet.  Commercial 
vehicle drivers need not deal with the different types of connectors.  Third, wireless transmission 
can enable the different types of signals to be integrated into a single standard for wireless sensor 
data and actuator transmission.  This will simplify the development of new sensors and actuators, 
which may eliminate the need to deal with different types of sensor and actuator data bus 
protocols. 

5.2 Challenging Problems of Intra-Vehicle Wireless Communication 
Intra-vehicle wireless communication presents many challenging problems due to the harsh 
wireless conditions in which intra-vehicle networks operate where wireless transmission may 
deteriorate due to many reasons, including channel fading, collisions, occlusion, congestion, and 
interference.  

As wireless technologies proliferate in many applications for wireless access by mobile/portable 
devices, the increasing amount of wireless traffic leads to poor channel quality.  Channels can 
deteriorate due to any of six main reasons: 

1. Signal fading caused by signal propagation loss between two associated stations and 
effects of multi-paths 

2. Collision caused by simultaneous transmissions from different stations 
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3. Interference from nearby unrelated signals or jammers 

4. Congestion in the network that may cause packet loss 

5. Occlusion due to objects that obstruct radio propagation 

6. Antenna placement and orientation as well as vehicle movement, that may cause 
deterioration in wireless reception. 

Since these causes cannot be eliminated due to the unstable nature of the wireless medium, 
appropriate adaptive protocols must be used to address each of these sources of wireless channel 
degradation more accurately.  

To improve the performance of wireless vehicle networks, the main characteristics of outdoor 
wireless transmission environments as well as the effects of mobility must be understood. 

First, the signal propagation delay increases in outdoor wireless networks due to larger 
transmission distance compared to indoor wireless networks, which in turn may affect the 
performance of the MAC protocol.  Second, the outdoor wireless environment has increased 
delay spread that causes inter-symbol interference.  Third, Doppler effects due to mobility may 
require sophisticated channel estimation. 

Capabilities for dynamic reconfiguration of the system will be required to handle the situation 
where some trailers in a multi-trailer combination are equipped with ESC (wireless or not) and 
other trailers are not.  As trailers are being interchanged, the trailers will communicate with the 
tractor ESC controller regarding their positions and sensor capabilities.  Trailers not equipped 
with ESC will not communicate with the tractor controller.  After the interchange is complete, 
the tractor controller will know the final configuration of the trailers, and the sensor data 
received will be associated correctly with each ESC-equipped trailer.  The ESC system will then 
use the correct sensor data from the respective trailers to control the tractor-trailer behavior. 

5.3 Summary of Wireless Communication Protocols 
Wireless vehicle networks may be built using different wireless protocols, such as IEEE 
802.11a/b/g/n, dedicated short-range communication (DSRC) (IEEE 802.11p), WiMAX, ZigBee, 
etc.  To select the best wireless protocol for intra-vehicle wireless networks, performance and 
usability studies were performed to compare these wireless protocols, particularly in the 
commercial vehicle environments.  Some of these studies were based on qualitative analyses, 
while others were based on performance measurements of the actual wireless transmission using 
performance tools, such as a product named “Iperf.” 

5.3.1 IEEE 802.11a/b/g/n (Wi-Fi) 

The IEEE 802.11 standard consists of a family of protocols.  In this particular category, a group 
of related protocols are commercially available, i.e., IEEE 802.11a/b/g/n protocols, which are 
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generally known as Wi-Fi networks.  Versions a, b, and g are prior versions; the current version, 
IEEE 802.11n, is the highest performing.  There are many benefits in using IEEE 802.11n 
because of its many advanced features, including multiple-input, multiple-output (MIMO), 
spatial multiplexing, MCS (Modulation and Coding Scheme), STBC (Space-Time Block Code), 
channel bonding, and frame aggregation.  These features enable IEEE 802.11n to transmit at a 
rate of more than 100 Mbps (with two antennas) with reasonably low packet loss rate.  This is 
the main reason that IEEE 802.11n was selected over the other protocols for the prototype intra-
vehicle wireless network for supporting ESC. 

IEEE 802.11n operates in two ISM bands, either in the 83.5 MHz bandwidth of the 2.4GHz band 
or at the 125 MHz bandwidth of the 5.8 GHz band.  The bit rate of the wireless link depends on 
the size of the spectrum.  However, the bit rate limitation can be overcome using MIMO antenna 
technology, which uses several antennas to create multiple streams of data.  Depending on the 
number of antennas, IEEE 802.11n can achieve a bit rate of up to 300 Mbps, when configured 
with three antennas.  The transmission range of IEEE 802.11n in ideal conditions is about 
53.3 meters or 175 feet (in the 2.4 GHz frequency block), longer than a turnpike double with two 
14.6-meter (48-foot) trailers (Ervin et al. 1984). 

However, in vehicle wireless networking environments, there are some pitfalls in the use of 
IEEE 802.11n (as well as the other wireless protocols described below), which could affect the 
performance and reliability of intra-vehicular wireless communication.  The performance could 
degrade due to the harsh operating environment, including mobility, congestion, collision, 
interference, jamming, vibration, and antenna polarization mismatch.  This research work shows 
how performance may be improved using techniques for overcoming some of these problems.  
Although the study used IEEE 802.11n, the techniques may also be extended to other protocols, 
e.g., DSRC. 

5.3.2 DSRC (IEEE 802.11p) 
The main advantage of using DSRC is that it uses the 5.9 GHz band that is specially allocated for 
vehicle networks, whereas IEEE 802.11n is used for a very wide range of wireless applications.  
However, the main disadvantage is that it does not include many of the advanced features of 
IEEE 802.11n, and thus gives lower performance and reliability.  

The U.S. Federal Communications Commission (FCC) allocated the 75 MHz bandwidth of the 
5.9 GHz band for vehicle-to-vehicle and vehicle-to-infrastructure wireless communication in 
1999 (Cheng et al. 2007).  The commission then established the service and license rules for 
DSRC service, which operates on the 5.850 to 5.925 GHz band for public safety and private 
applications in vehicular networks.  In 2001, ASTM International selected IEEE 802.11a as the 
underlying radio technology of DSRC’s physical layer (ASTM 2003).  In 2004, the IEEE started 
the work on the 802.11p amendment and wireless access in vehicular environments (WAVE) 
standards based on the ASTM standard.  The transmission range of DSRC is about 1000m. 
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DSRC supports both safety and commercial non-safety applications by providing separate 
channels.  The 75 MHz licensed spectrum is divided into 7 different channels with 10 MHz 
channel bandwidth each.  Both safety and non-safety applications can co-exist through a periodic 
Time Division Multiplexing (TDM) scheme.  TDM in the application level is achieved using 
time synchronization between the communicating units, e.g., using Universal Coordinated Time, 
as proposed in the IEEE communication standards in development for the DSRC band.  

5.3.3 WiMAX 
WiMAX is designed for wireless metropolitan-area networks.  It provides a service range of up 
to 31 miles (50 km), shared data rates of up to 70Mbps, and a peak data rate of up to 268Mbps.  
The WiMAX standard IEEE 802.16a supports non-line-of-sight transmission in the range 
between the 2GHz and the 22GHz bands.  IEEE 802.16e-2005 supports mobility, but has a peak 
downstream data rate of 12Mbps and an upstream data rate of 2Mbps to 5Mbps.  Its range is less 
than 50 km.  WiMAX operates on both the unlicensed frequencies of the 2.4GHz and 5.8GHz 
bands and the licensed frequencies of the 2.5GHz and 3.5GHz bands.  For industrial purposes, 
the licensed spectrum is used.  Mainly because of the licensed frequencies and the low 
throughput, WiMAX is not considered for wireless vehicle communication. 

5.3.4 Other Wireless Communication Protocols  

There are other low-powered wireless protocols, such as ZigBee (IEEE 802.15.4) and Bluetooth 
(IEEE 802.15.1).  These wireless protocols are designed for wireless personal area networks 
(WPANs) with smaller coverage area and lower power consumption.  ZigBee operates at the 
frequency spectrum of 902 to 928 MHz and 2.4 GHz, whereas Bluetooth operates at 2.4 GHz.  
The transmission range of ZigBee is 100 meters, while that of Bluetooth is only 10 meters.  On 
the other hand, the data rate of ZigBee is only 20 to 250 kbps, while that of Bluetooth is 1 Mbps.  
Because of their low data rates and transmission range, these protocols are not considered for 
vehicle networks.   

5.4 Improving Reliability and Throughput in Wireless Vehicle Networks  
Although IEEE 802.11n provides high throughput and reliability, the actual transmission could 
degrade due to many problems in the harsh operating environments of commercial vehicle 
wireless networks.  Different techniques must be developed to improve the performance by 
overcoming these problems that include mobility, congestion, collision, interference, channel 
fading, jamming, vibration, and antenna polarization mismatch.   

The goal was to focus on techniques that will give high throughput and reliability in spite of the 
presence of collision, channel fading, interference, and congestion.  Wireless transmission 
degradation is often caused by a combination of these factors.  Since different techniques are 
used to overcome different forms of degradation, it is important to detect accurately the real 
cause of the wireless degradation.  Small probe packets are used to distinguish the three main 
types of wireless degradation: collision, channel fading, and interference.  If the cause of 
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degradation is interference, then the secure and robust framework that uses dynamic channel 
selection can be used.  If the cause is collision, then the appropriate collision avoidance 
protocols, such as RTS (Request to Send) and CTS (Clear to Send), can be used.  If the cause is 
channel fading, then the Fast Recovery Rate Adaptation can be used.  If the cause of degradation 
is due to severe channel fading, then a multi-hop routing protocol can be used to avoid packet 
loss.  Congestion in emergency broadcast scenarios can be avoided using an efficient broadcast 
algorithm that combines aggregation with coding techniques.  The methods for overcoming 
wireless degradation are summarized in Table 5-1. 

Table 5-1.  Selection of methods for overcoming wireless channel degradation. 

Causes of 
Wireless 
Channel 
Degradation 

Collision Channel 
Fading Interference Severe Channel 

Fading 
Broadcast 
Congestion 

Methods for 
Overcoming 
Wireless 
Problems 

Collision 
Avoidance 
Protocol 

Rate 
Adaptation 
Algorithms 

Dynamic 
Channel 
Selection 

Multi-Hop Routing Efficient Broadcast 
with Aggregation 

 

5.4.1 Secure and Robust Framework for Wireless Intra-Vehicle Networks  
The core integrated vehicle network and framework is designed to manage the wireless channels 
in the wireless intra-vehicle network.  It monitors channel quality and interference to provide 
high-throughput communications, network authentication, emergency message propagation, and 
multi-hop packet forwarding.  It uses a cluster-based network architecture that dynamically 
creates clusters.  A cluster head node (CN) in each cluster serves as a dynamic channel hopping 
coordinator for its cluster members so that different channels are allocated to different 
communication links to avoid potential co-channel interference.  The network cluster provides 
secure wireless networking using IEEE 802.11i, as implemented in Wi-Fi Protected Access 
(WPA).  The IEEE 802.11i standard provides security mechanisms for Robust Security Network, 
including 4-way handshake and group key handshake.  WPA implements the majority of the 
IEEE 802.11i standard, including the Temporal Key Integrity Protocol, which supports 
encryption and message integrity checks to prevents replay attacks.  The network cluster 
supports network authentication and encryption that are useful for ensuring that the wireless 
intra-vehicle network of one tractor trailer will not affect that of another in a nearby or adjoining 
highway lane. 

In this secure and robust framework, dynamic channel hopping can be used for overcoming 
jamming and interference.  The system first accurately determines if interference (and not 
fading) is the actual cause of transmission degradation, in which case the dynamic channel 
hopping algorithm will select a new channel with the least interfering signals and thus avoid the 
interference (which may be caused by external sources).  The dynamic channel hopping 



 

 140 

algorithm is similar to the dynamic frequency selection (DFS) algorithm.  In this framework, 
when wireless nodes need to communicate, the Master node that has interference detection capa-
bilities will select the best channel.  If interference is detected, the system selects another channel 
with the least interference.  

5.4.2 Fast Recovery Transmission Rate Adaptation Method  

The second method for improving throughput and reliability is using a Fast Recovery Rate 
Adaptation (FRRA) algorithm.  This uses small probe packets to accurately determine whether 
the cause of poor transmission throughput is fading or interference.  If the cause is fading, then 
the transmission rate is reduced in order to improve the delivery ratio, i.e., reduce packet error 
rate, thus improving the vehicular network robustness and throughput.  Since wireless conditions 
may change frequently, this algorithm provides fast recovery when the dominant problem 
changes from fading to interference, in which case the algorithm will switch to methods for 
avoiding interference and maintaining high transmission rate.  The effect of FRRA rapid reaction 
to the changing wireless conditions will allow FRRA to improve the throughput and reliability of 
intra-vehicle wireless networks. 

5.4.3 Reliable and High-Connectivity Multi-hop Communication Protocol  
The third method for improving throughput and reliability is to use multi-hop wireless 
transmission.  This method is used when the system determines that wireless transmission over a 
single link results in a severe fading problem, possibly due to distance or reduced transmission 
power.  Severe fading problems may also occur when there is radio occlusion, such as from the 
trailer to the tractor, or occlusion between vehicles.  When severe channel fading occurs, rate 
adaptation methods will not help.  In this case, reliable multi-hop forwarding through 
intermediate nodes on the trailer and truck will ensure reliable transmission between these nodes.  
(Each node represents a device that is equipped with wireless transceiver, antenna, processor, 
and storage.)  The routing algorithm selects the multi-hop path that provides the best 
transmission quality and network connectivity for forwarding packets.  The network connectivity 
information will first be modeled based upon statistical network density data, and then will be 
updated after real-time density information is collected.  Because in the multi-hop scheme, the 
distance between nodes in each hop is relatively short, the transmission reliability is relatively 
high.  Hence reliable transmission of sensor and actuator data can be achieved using multiple 
short but reliable wireless links. 

5.4.4 Efficient Broadcast Protocol 

Broadcast packets such as emergency messages may cause congestion in wireless channels.  In 
order to improve performance in these highly congested wireless conditions, a more efficient 
broadcast protocol is required to reduce congestion and improve throughput.  To demonstrate the 
feasibility of a more efficient broadcast protocol, the Auburn University vehicle wireless 
network team developed an efficient broadcast protocol that aggregates broadcast packets at 
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intermediate nodes and then re-broadcasts them to others.  The hierarchical aggregation of 
observations was used in dissemination-based, distributed traffic information systems.  Instead of 
carrying specific values, the aggregates in this study contain a probabilistic approximation.  This 
scheme can overcome two central problems of existing aggregation schemes for vehicular 
networks.  First, when multiple aggregates of observations for the same area are available, it is 
possible to combine them into an aggregate containing all information from the original 
aggregates.  Second, any observation or aggregate can be included into higher level aggregates, 
regardless of whether it has already been previously added.  Using this efficient broadcast 
protocol, the number of packets in the wireless networks can be reduced, thus improving the 
throughput and reliability.   

5.5 Implementation of Wireless Intra-Vehicle Networks  
The implementation of wireless intra-vehicle networks requires an understanding of how 
throughput and latency requirements of the vehicle ESC system can be satisfied by the actual 
performance of the wireless hardware, network protocols, and software.  Throughput is measured 
by the number of bits actually transmitted per second.  Latency is the time from which a message 
is transmitted to the time it is received, which includes the time spent in the network protocols 
and operating systems. 

5.5.1 Requirements for Wireless Communication in Vehicle Electronic Stability Control 

To implement wireless intra-vehicle networks, the minimum raw data rates for transmission of 
sensor and actuator control data in a wireless vehicle ESC system must be computed.  Since the 
minimum data rate does not consider packet loss, higher data rates would be necessary to handle 
retransmissions due to packet loss.  By estimating the packet loss and minimum data rate, the 
actual data rate that is required can be derived. 

The wireless communication link between the trailer controller and the tractor controller supports 
transmission of sensor data from the trailer to the tractor and control data in the reverse direction.  
Each sensor data packet contains all the desired vehicle parameters, whereby the total minimum 
sensor data packet size is 30 bytes.  Each sensor data packet contains the following sensor 
information: 

• Trailer Ax, Ay, and Az (3 bytes) 

• Trailer Angular Rate (yaw, roll, pitch) (3 bytes) 

• Trailer Angle (yaw, roll, pitch) (5 bytes) 

• Trailer Position (Latitude, Longitude) (16 bytes) 

• Two Trailer Wheel Speeds (2 bytes) 

• Air Suspension Load (2 bytes). 
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Since side slip can be calculated from the yaw rate, lateral acceleration, and GPS data, this 
sensor data includes all the state and vehicle parameters that are required for ESC as described in 
Section 3.2.2.  The total number of bytes of sensor data in each packet is 31.  Assuming that the 
sensor and control data is transmitted through TCP (Transmission Control Protocol) for 
reliability, then the additional header sizes for TCP, internet protocol (IP), and IEEE 802.11n are 
20 bytes, 20 bytes, and 34 bytes, respectively.  Hence, the total number of bytes in each sensor 
data packet is 31+20+20+34 bytes, i.e., 105 bytes or 105x8 bits. 

Since the update rate of the sensor data is 100 Hz, the minimum required bandwidth for the 
wireless sensor data transmission is 105x8x100 bits/sec, i.e., 84 kbps.  This bandwidth required 
for ESC is well below the 24 Mbps transmission rate of IEEE 802.11g, even with a high packet 
drop rate.  This rate is comparable to the typical baud rate of OBD systems, 100 kbps.  From 
experience with transmission over distances of 30 to 50 meters, the packet drop rate is below 
10%.  Assuming that a retransmission is sufficient to retransmit dropped packets, then the actual 
sensor rate is 84 x 1.1 kbps, i.e., 92.4 kbps.  Although the drop rate could be higher in the harsh 
tractor-trailer environment, the required transmission should still be supported.  Tests of the 
wireless transmission in the actual triple tractor-trailer environment showed packet loss rates of 
less than 10% and transmission throughput of about 40 Mbps.  Other road and weather 
conditions may cause weak transmission and disconnections due to interference, collisions, non-
line of sight problems (occlusion), and channel fading.  Attenuation from heavy rain will likely 
cause a drop in the transmission throughput, although experiments to measure throughput 
degradation due to rain have not been conducted.  In future work, more tests will be performed in 
poor weather conditions to determine how much the throughput will drop due to the effects such 
as splash and accumulated snow on the wireless transmission. 

The packet size of the control data is 2 bytes.  Each control packet contains the following control 
data: Left Side Brakes (1 byte) and Right Side Brakes (1 byte).  When added to the additional 
header for TCP (20 bytes), IP (20 bytes), and IEEE 802.11n (34 bytes), then the total packet size 
of the control data packet is 2+20+20+34 bytes, i.e., 76 bytes or 76x8 bits.  With the update rate 
of 100 Hz for control data, then the total minimum bandwidth required is 76x8x100 bps = 
60.8 kbps.  Again, assuming packet drop rate of 10% and that only one retransmission is required 
for each dropped packet, then the actual control data rate is 66.9 kbps.  Thus the total required 
bandwidth for both the sensor and control data is 158.4 kbps.  This is again well below the 
40 Mbps transmission rate of IEEE 802.11n. 

The total delay for transmitting each sensor signal or data packet should include transmission 
time, propagation, and processing delay.  From field measurements, the total delay for each 
packet transmission is typically 1 or 2 milliseconds.  The transmission delay is very small, i.e., 
less than 0.03 milliseconds, based on the packet size of 832 bits for all the vehicle sensor 
parameters as listed above, and the transmission rate of 40 Mbps. 
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The above delay is based on a packet drop rate of less than 10% for the distance of 30 to 
50 meters as in field measurements.  However, if the transmission channel is weak, higher drop 
rates and retransmissions will result and will increase the latency to possibly 10 milliseconds for 
each packet transmission. 

5.5.2 Wireless Hardware Configuration of Wireless Vehicle Electronic Stability Control  

The configuration of the wireless hardware for implementing a wireless vehicle ESC system 
consisted of a Mini-ITX (Model NM10-A-E), manufactured by ZOTAC, with Intel Atom D510 
1.66GHz Dual-core CPU and 4GB memory.  In the current experiments, two IEEE 802.11n 
wireless cards were tested: Ubiquiti SR71-E (Atheros AR9280 chipset) and Intel Centrino 
N6200.  Both of them support most functions provided by the IEEE 802.11n standard.  The 
storage on the platform was a solid state disk 50GB hard drive.   

Since cost efficiency is paramount in intra-vehicle communications, standard commercial 
omnidirectional antennas were used in the experiment: D-Link 7dBi omni-directional antenna 
(ANT24-0700).  Most commercial IEEE 802.11n radios are designed for indoor use and are 
limited to 100mW, which is smaller than the outdoor radios (1W).  On the other hand, 
transmitting at high power outputs will result in very low data rates due to delay spread, which is 
the time delay in which reflected radio signals arrive after the direct signal has arrived at the 
receiver.  Since delay spread will cause interference with other signals, a lower data rate is 
required to avoid interference.  Hence, very few high-power IEEE 802.11n radios are available 
for outdoor environments.  Most wireless IEEE 802.11n radios transmit using low-gain vertical 
omni-directional dipole antennas such as the D-Link 7dBi selected for this study. 

5.5.3 Networking Protocols for Transmission of Sensor and Actuator Control Data 

For wireless transmission of the sensor data and the actuator control data between the tractor 
controller and the trailer sensor hub, several networking protocols and software applications are 
required, including TCP, IP, IEEE 802.11n MAC, CAN data bus, USB, and serial data bus.  
Since a variety of sensor types may be used, different types of sensor communication protocols 
may be used.  For instance, u-blox brand GPS uses USB, Novatel GPS uses serial bus, Oxford 
RT uses User Datagram Protocol (UDP), and string potentiometers analog-to-digital (A/D) 
converters use the CAN data bus.  To transmit data from these sensors to the different sensor 
communication protocols over the wireless channels, there are two extreme design approaches: 
either collect all the sensor and control data into packets using a special software and transmit the 
packets or simply tunnel the sensor and control data over the wireless channels using ssh (secure 
shell).  In the current experiments, the simpler tunnel approach was used, so that the sensor data 
that was sent through the CAN data bus was received over the ssh connection as CAN data at the 
other end of the wireless tunnel.  Since ssh is connection-oriented and implemented using TCP, 
packet transmissions over the ssh were reliable, i.e., any packet that wass dropped was 
automatically retransmitted by TCP up to seven retransmissions.  
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In some sensors, such as Oxford RT, sensor data is transmitted over UDP packets.  In this case, 
the UDP packets needed to be forwarded through different subnets, such as the sensor hub 
subnet, the wireless subnet, and the controller subnet.  By using IP routing, UDP packets were 
automatically routed from the sensor hub to the controller at the tractor. 

TCP and UDP packets were transmitted over IP and IEEE 802.11n MAC protocols.  In order to 
improve the performance of these transmissions, it is important to improve the performance of 
the wireless IEEE 802.11n MAC layer where most of the performance degradation was expected 
to occur.  The implementation of three main methods for improving performance at the IEEE 
802.11n MAC layer is described below. 

5.5.4 Implementation of Fast Recovery Rate Adaptation Method  
The Fast Recovery Rate Adaptation Algorithm was implemented in the “ath9k” driver for IEEE 
802.11n executing first on the Fedora14 Linux Operating System and later revised for Fedora15 
with compatible wireless version 2.6.38.2-2.  The implementation contains codes for measuring 
and analyzing performance of the protocol.  

One of the main issues encountered in IEEE 802.11n wireless transmission is a tendency for a 
large number of frame errors, which can be corrected using retransmissions through the proper 
automatic request response protocol.  However, setting the right retransmission limit becomes 
important.  At first, the retransmission limit, i.e., multi-rate retry (MRR), was set to only 4.  This 
means that FRRA abandons a frame that it fails to transmit four consecutive times.  In this case, 
when the MRR was set at 4, experience shows that the protocol will drop many frames.  
However, when the MRR was set at 20 (r0:8 r1:4 r2:4 r3:4), then the number of dropped frames 
was very much reduced.  The MRR notation of (r0:8 r1:4 r2:4 r3:4) means that when a frame 
transmission fails, the protocol will retry transmission first at rate r0 for another seven times and 
if those fail, it will then retry transmission at a lower rate of r1 for four times.  If those fail, it will 
retry transmission at a lower rate r2 for four times and if those fail, it will retry transmission at a 
lower rate of r3 for another four times.  If all those fail, then the frame will be dropped; 
otherwise the frame is transmitted successfully.  This MRR setting was the same as used in the 
ath9k rate adaptation and in Minstrel. 

5.5.5 Implementation of Multi-Hop Communication Protocol  

The multi-hop protocol is implemented at the application layer using UDP socket programming 
libraries.  Since it is implemented at the application layer, the communication time is slightly 
longer than if it were implemented at the network layer (Figure 5-1).  However, network layer 
implementation is more complex and kernel debugging is more time consuming.  This 
application layer implementation could be re-implemented at the network layer in the actual 
software distribution, where efficiency is important. 
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Physical Layer 

Figure 5-1.  Diagram.  Network architecture. 

The implementation of the multi-hop protocol execution was tested on four Mini-ITXs (Model 
NM10-A-E), manufactured by ZOTAC, with Intel Atom D510 1.66GHz Dual-core CPU and 
4GB memory.  In the multi-hop experiments, Ubiquiti SR71-E (Atheros AR9280 chipset) IEEE 
802.11n wireless cards were tested.  The wireless cards were configured in ad hoc mode for the 
multi-hop protocol.  For the purpose of the current tests, the multi-hop protocol application used 
static routing based on a configuration file. 

For the purpose of measuring performance in terms of throughput, packet loss rate, and latency, 
codes were implemented for collecting the necessary measurement data, e.g., number of packets 
and timestamps.  To ensure that the timing of the four mini-ITXs is consistent, they were time 
synchronized with each other using NTPd (Network Time Protocol daemon).  The timestamps 
were placed right before sending and right after receiving packets. 

5.5.6 Implementation of Efficient Broadcast Protocol 

To study the performance improvement of the implementation of the efficient broadcast 
protocol, many wireless nodes were necessary.  Since it was difficult to conduct these tests on 
the limited number of wireless nodes available, this test was conducted using the ns-2 network 
simulation tool.  Using ns-2 simulation, the performance improvement of efficient broadcast over 
traditional broadcast can be studied when there are several hundred wireless nodes.  When there 
are large numbers of broadcasting wireless stations, the performance can be reduced drastically.  
Efficient broadcast can alleviate this problem by reducing the number of packets being 
broadcast.  The implementation of the efficient broadcast protocol on ns-2 can be easily re-
implemented in the actual wireless devices when the need arises.  The ns-2 network simulation 
tool is a discrete event simulator that is commonly used for simulation of routing protocols, 
particularly in ad-hoc networking research, and supports many popular network protocols.  It 
offers simulation results for both wired and wireless networks. 
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5.6 Experimental Results and Analysis of Wireless Intra-Vehicle Networks 
Experiments were conducted to study the reliability and performance of wireless networks for 
intra-vehicle networking under different wireless conditions and network configurations.  Their 
performance and reliability were measured in terms of throughput and packet loss rate.  Based on 
analysis of these results, methods were developed for overcoming these wireless networking 
problems, including a rate adaptation algorithm, multi-hop routing, and efficient broadcast with 
aggregation.  The performance and reliability of these methods were measured and evaluated to 
show improvements. 

5.6.1 Experimental Setups for Studying Performance of Wireless Intra-vehicle Communication  

Three main experimental setups were used for studying the performance of wireless intra-vehicle 
communication using IEEE 802.11n: 

1. Auburn University National Center for Asphalt Technology (NCAT) test track with a 
tractor and triple trailer combination (Figure 5-2)   

2. Minivan on the I-85 highway 
3. Static outdoor test environment beside Shelby Center at Auburn University. 

To compare performance and reliability, the experiments were conducted using wireless devices 
and network protocols based on a combination of different parameters as follows: 

• IEEE 802.11n wireless cards used were either Ubiquiti SR71-E or Intel Centrino N620 
• The frequencies tested were 2.4 GHz and 5.8 GHz 
• The rate adaptation algorithms studied were FRRA, ath9k, Minstrel, and fixed rate 
• Either one stream or two stream transmission was used 
• Three different antenna orientations were used. 

The software used for measuring the performance of IEEE 802.11n transmission throughput and 
reliability was Iperf.  The results of network throughput and data packet loss evaluations were 
collected for the different experimental setups to study the impact of each configuration and 
condition on IEEE 802.11n performance and reliability.  The performance of a wireless intra-
vehicle network can be affected by the surrounding conditions, interferences, and network 
congestion level.  Variations of the performance results provided by Iperf provide a better 
understanding of the effect of different channel conditions and insights into how performance of 
IEEE 802.11n can be improved for intra-vehicle networks.  To establish a baseline for all 
measurements and eliminate effects of variation of channel conditions, the network throughput 
was measured at 5 ft range with an unobstructed line of sight before each experiment.  When 
there was no variation in throughput and data loss results, different experiments were initiated.  

To study the effect of antenna polarization mismatch on wireless intra-vehicle networks, 
experiments were performed with wireless transmission using a triple tractor-trailer running on 
the NCAT test track at Auburn University.  Figure 5-2 shows the tractor and triple trailer and the 
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NCAT test track used in the experiments.  The wireless transmission tested was between the 
third trailer and the tractor, with a distance of about 30.5 meters (100 feet).  Figure 5-3 shows 
how the wireless controllers (Mini-ITXs) and the antennas are attached to the third trailer and 
were used in the experiment.  In the figure, the wireless device shown is attached to the third 
trailer and a similar wireless device is attached to the tractor.  The tractor-trailer moved at a 
speed of about 48 km/hr (30 mph). 

 
Figure 5-2.  Photo.  NCAT test track at Auburn University. 

Each wireless controller was attached with two D-Link 7dBi antennas and connected to a ublox 
LEA EVK-6T GPS.  The triple tractor trailer was then driven around the NCAT track for about 
15 minutes in each of two experiments.  In the first experiment, the GPS data that was collected 
at the third trailer was recorded and transmitted wirelessly through IEEE 802.11n to the 
controller at the tractor.  In the second experiment, as the triple tractor-trailer was driven around 
the NCAT track for 15 minutes, the wireless controllers ran Iperf tests with gradually increasing 
transmission rate (bandwidth).  The results of these tests are discussed in Section 5.6.2 below. 

 

 
Figure 5-3.  Photo.  Wireless controller and antennas attached to the third trailer. 

Antennas 

Wireless  
Controller 
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To study the effect of Spatial Multiplexing Malfunction (SMM) on network reliability, the 
experimental setup for wireless intra-vehicle road tests used a mid-sized vehicle that was 
equipped with two IEEE 802.11n test platforms, with two antennas on each platform.  One 
platform with two transmitting antennas was mounted on the rear right. Another platform with 
two receiving antennas was mounted on the front-right side of the vehicle.  One static test and 
two road tests were performed.  The static test was conducted with the mid-sized vehicle parked 
behind the Shelby Center Building at Auburn University.  The road tests were conducted on the 
I-85 highway from Auburn, Alabama, to Columbus, Georgia, with the mid-sized vehicle moving 
at speeds of up to 104.6 km/hr (65 mph).  The first road test involved one bent antenna to test the 
SMM case.  In the second road test, all antennas worked well as a normal case for comparison 
with the SMM performance. 

To study the effect of STBC and the number of streams on network performance, three different 
configurations of bent antennas were investigated, as shown in Figure 5-4.  STBC is a technique 
used in IEEE 802.11n for reducing data loss by transmitting multiple copies of the same data 
across several antennas to improve the reliability of data transfer since various received versions 
of the data can be exploited.  For STBC to function properly, the number of streams used in 
IEEE 802.11n networks should be carefully chosen, because one malfunctioning steam will 
significantly reduce the network performance.  Each configuration had one pair of antennas 
aligned properly but not the other pair.  For each of these configurations, three road tests were 
conducted: 1) double stream operation without STBC, 2) double stream operation with STBC, 
and 3) single stream operation with STBC.  The network setup consisted of two test platforms 
(with two antennas each) placed on the right side of the vehicle about 15.2 meters (50 ft) apart 
from each other. 

 
Figure 5-4.  Diagram.  Three antenna alignment configurations for STBC and streams tests. 

To study the effect of different antenna alignment on network performance, experiments were 
performed with three different alignment configurations as shown in Figure 5-5.  These antenna 
alignments were designed to overcome the problems of Antenna Polarization Mismatch and 
SMM in wireless intra-vehicle networks.  In these experiments, the antenna alignment that was 
needed to maximize wireless network throughput was investigated.  These antenna alignment 
tests used two test platforms (with two antennas in each platform), separated by a distance of 
15.2 meters (50 ft) from each other.  The road tests were also conducted on the I-85 highway 
from Auburn, Alabama, to Columbus, Georgia, with the vehicle moving at speeds of up to 
104.6 km/h (65 mph). 
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Figure 5-5.  Diagram.  Three antenna alignment configurations for optimal antenna alignment tests. 

Two sets of tests, stationary and mobile, were conducted to measure the performance of FRRA, 
ath9k, and Fixed-Rate (fixed at 117 Mbps) algorithms.  The ath9k protocol used its own rate 
adaptation algorithm.  The distance between the sending and receiving antennas was fixed at 
3 meters (10ft).  Test bandwidths ranged from 31Mbps to 99Mbps at 3Mbps intervals.  The loss 
rate was averaged throughout all the experiments. 

To study the performance and reliability of multi-hop packet forwarding, tests were performed 
using the ad hoc network that had been set up with four wireless mini-ITXs with IEEE 802.11n 
radios.  The mini-ITXs were synchronized and the information on the number of packets 
transmitted per time period and the packet loss was collected, whereby the throughput and packet 
loss metrics were calculated.  In the first experiment, the objective was to show how throughput 
will decrease as the number of hops increase due to sharing of the wireless channel.  Throughput 
was measured for one hop over 10 meters (33 feet), two hops over 20.1 meters (66 feet), and 
three hops over 30.5 meters (100 feet).  In the second experiment, the intent was to show that 
throughput will decrease as the distance increases.  Throughput performance was compared for 
1 hop over distances of 10, 20.1, and 30.5 meters (6, 33, and 100 feet).  In the third experiment, 
the purpose was to show that over the same distance of 100 feet, the throughput performance and 
reliability of one hop transmission is low, whereas the reliability of three hop transmission over 
30.5 meters (100 feet) is stable. 

5.6.2 Results of Antenna Polarization Mismatch in Wireless Intra-vehicle Communication 

Antenna polarization mismatch occurs when the two antennas are not parallel to each other.  
Data transmission is reliable between transmitting and receiving antennas when both antennas 
have the same spatial orientation, i.e., have the same polarization.  Otherwise, the power of 
wireless signal propagation between the two antennas will be reduced, causing the signal to noise 
ratio (SNR) at the receiving antenna to be reduced.  Hence the data delivery ratio is reduced.  
Since mobile vehicular networks cannot guarantee the same (and constant) polarization between 
two antennas on two moving vehicles, antenna polarization mismatch will always occur, causing 
a reduction in the packet delivery ratio and throughput. 

In the experiment to transmit GPS information wirelessly from the third trailer to the tractor, the 
results showed that the GPS data was transmitted correctly with no loss and at a rate of 
approximately 4kbps to 6kbps (due to the slow rate in which the GPS generated the data).  This 
performance is possible even in the presence of antenna polarization mismatch.  
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Experiments were performed to measure the maximum throughput and packet loss in mobile 
wireless intra-vehicle networks in the presence of polarization mismatch.  When the truck was 
stationary at the garage, and the test bandwidth was increased to 100 Mbps, the actual throughput 
kept increasing linearly to 100 Mbps (Figure 5-6).  In a separate experiment, Figure 5-7 shows 
that when the truck was moving around the track, the actual throughput increased linearly as the 
test bandwidth is increased to 45 Mbps.  (Test bandwidth is the maximum transmission rate that 
was set for the wireless protocol to transmit.)  However, when the test bandwidth was increased 
further from 45 Mbps to 100 Mbps, the actual throughput fluctuated between 40 Mbps and 
60 Mbps (Figure 5-7).  This degradation in network performance occurred in both the straight 
and curved portions of the NCAT test track.  This is an interesting result.  When the tractor-
trailer was stationary, the throughput could be increased to 100 Mbps.  However, when the 
tractor-trailer was moving, the maximum throughput was limited to 40 Mbps by the significant 
packet loss due to antenna polarization mismatch.  The main reason for this appears to be that 
when the tractor is moving, the movements and vibration of the third trailer relative to the tractor 
may have caused the two stream transmission of IEEE 802.11n to fail due to antenna polarization 
mismatch, because only one stream is possible.  This leads to the limit of 40 Mbps throughput.  
The packet loss also increased to about 10% at 50 Mbps transmission rate when the truck was 
moving, compared to only 3% packet loss when the truck was stationary. 

 
Figure 5-6.  Plot.  Results of wireless intra-vehicle networks with tractor-trailer stationary in NCAT garage. 



 

 151 

 
Figure 5-7.  Plot.  Results of wireless intra-vehicle networks with tractor-trailer running at NCAT test track. 

5.6.3 Results of Spatial Multiplexing Malfunction (SMM) 

Spatial multiplexing uses simultaneous transmission from independent and separately encoded 
data signals (or streams) through each of the multiple transmit antennas to improve throughput 
performance.  However, spatial multiplexing will malfunction when there is a failure of some of 
these data streams, possibly due to problems with the transmit antennas.  Since spatial 
multiplexing is used extensively in IEEE 802.11n to improve performance, a malfunctioning of 
this feature can drastically reduce the network performances. 

The results of intra-vehicle road tests, shown in Figure 5-8, demonstrate some interesting 
phenomena.  During the road tests, one of the transmitting antennas was bent by the strong 
winds.  When that occurred, the data rates of the transmitter dropped from 130Mbps (MCS index 
15) to 65Mbps (MCS index 7), the throughput oscillated drastically, and higher data loss was 
observed.  (MCS index is the number that identifies the Modulation and Coding Scheme used to 
achieve the transmission rate.) This shows that spatial multiplexing does not work well with 
malfunctioning antennas, so the rate adaptation algorithm in IEEE 802.11n has to select a lower 
data rate (MCS index 7 to 0) for the single spatial stream.  Therefore, the study shows that the 
rate adaptation algorithm in the IEEE 802.11n platforms tested does not work well in the SMM 
situation.  That means that a new rate adaptation algorithm is needed for IEEE 802.11n to deal 
with the SMM issue. 

The results in Figure 5-8 also show that in both the static test and road test, when the antennas 
were aligned properly, good network performance could be achieved in terms of high 
throughput, low data loss, and stable transmission data rate.  Therefore, spatial multiplexing in 
IEEE 802.11n requires properly aligned antennas, which is not possible in typical wireless 
vehicle networks.  Furthermore, weather changes and unstable power supplies in vehicle 
networks may cause asymmetrical antenna performance, leading to further degradation in 
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throughput and network reliability.  For a wireless network supporting an ESC system to be 
reliable, it must be improved using advanced techniques such as those investigated in this 
research. 

 
Figure 5-8.  Plot.  Results of throughput and packet loss with spatial multiplexing malfunction. 

5.6.4 Results of Space-Time Block Code (STBC) and the Number of Streams 

Figure 5-9 shows road test results of throughput, packet loss, and data rates for Orientation #1.  
Results for other orientations, which are similar, are omitted for brevity.  The figure depicts the 
throughput, data loss, and changes of data rate for three scenarios: double stream operation 
without STBC, double stream operation with STBC, and single stream operation with STBC.  
The double stream operation without STBC did not work well because of the SMM issue as 
described above.  Similar network performance can be found for the double stream operation 
with STBC due to the bent antenna.  Interestingly, the single stream operation gives the best 
network throughput results.  
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Figure 5-9.  Plot.  Results of tests on effects of STBC and number of streams. 

The results in Figure 5-9 also show that the rate adaptation mechanism provided by IEEE 
802.11n did not work properly in the present experiments.  This is because even though single 
stream operation can effectively solve the problem caused by poor antenna alignment, the current 
rate adaptation algorithm of IEEE 802.11n is not aware of this antenna alignment problem.  
Instead it assumes that the problem is due to channel fading and tries to correct the problem 
using an ineffective technique of reducing the data rates.  In fact, IEEE 802.11n tries data rates 
from MCS index 13 to 11 for the double stream operations.  Figure 5-9 shows a very high 
frequency of data rate changes in the double stream with the STBC case compared to pure 
double stream without STBC.  However, the data rate of single stream with STBC did not 
change at all and remained constant at MCS index 7, because this stream used the pair of 
antennas that were properly aligned.  This is the main reason that the single stream gave the 
highest throughput performance compared to both of the two-stream cases. 

Hence, single stream operation provides more reliable networks with improperly aligned 
antennas.  Also, the optional STBC function of IEEE 802.11n helps in improving the network 
stability even for the string stream transmission.  These test results show that performance of 
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wireless intra-vehicle networks will be improved for ESC if single stream with STBC is used in 
the IEEE 802.11n network. 

5.6.5 Results of Optimal Antenna Alignments 
Previous experimental results have provided better insights into the problems of Antenna 
Polarization Mismatch and SMM in wireless intra-vehicle networks.  Based on these new 
insights, methods to overcome these problems were investigated through further experiments to 
investigate the antenna alignment needed to maximize wireless network throughput.  The 
difference between optimal antenna alignment and avoiding polarization mismatch is that when 
the truck is moving, then polarization mismatch cannot be avoided; hence the maximum 
throughput can be obtained only using Orientation #3 in Figure 5-3.  Although it is very difficult 
to implement antennas that are perfectly aligned all the time in real vehicle networks, it is still 
important to understand the optimal antenna alignment that gives the best network performance, 
which can take advantage of spatial multiplexing and rate adaptation algorithms.   

Outdoor antenna alignments are more important than indoor antennas because in indoor 
environments, IEEE 802.11n may use multi-path signal reflections from building walls.  On the 
other hand, in a typical (outdoor) vehicular network on the roads or highways, there are usually 
insufficient multi-path signals. 

From the experiment results shown in Figure 5-10, the antenna configuration of Orientation #3 
gave the antenna alignment that provided the maximum network throughput.  In this 
configuration, there was one pair of vertical antennas and another pair of horizontal antennas, 
described as follows. 

The main technique used by IEEE 802.11n to achieve a high throughput is spatial multiplexing, 
which allows data to be split and transmitted via independent data streams from different 
antennas.  The best antenna alignments would be those that are most effective in achieving 
maximal spatial multiplexing in IEEE 802.11n.  Three antenna configurations were designed to 
achieve this, as shown in Figure 5-4.  The results in Figure 5-10 show the best antenna 
configuration.  Orientation #1 uses parallel alignment of all antennas, which is considered the 
basic setting for WiFi antennas.  Orientations #2 and #3 are better antenna alignments that are 
expected to provide the optimal alignment, since they cover both vertical and horizontal 
orientations.   

The test results in Figure 5-10 show the throughput, data loss, and changes of data rate for each 
of the three examples discussed above.  Orientation #1, the basic IEEE 802.11n antenna 
alignment, does not work well because it covers only one antenna polarization.  Interestingly, 
Orientation #3 gives the best network performance in terms of higher throughput, lower data 
loss, and stable data rate during the test.  This configuration effectively uses orthogonal spatial 
streams to deliver data, so signals on both vertical and horizontal polarizations are well covered.  
Although the antenna alignment in Orientation #2 is similar to Orientation #3, its performance is 
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worse than Orientation #3 because the signals on the horizontal polarization are weaker in that 
orientation.   

 
Figure 5-10.  Plot.  Results of tests on optimal antenna alignments. 

These experimental results show that antenna-polarization diversity is critical for supporting 
spatial multiplexing more effectively and thus results in higher data rates and greater reliability 
compared to a system with only one single polarization.  Therefore, IEEE 802.11n technology 
should consider the antenna polarization effect to fully utilize its functionality and maximize its 
performance and reliability for wireless intra-vehicular networks. 

5.6.6 Results of Throughput Performance of Fast Recovery Rate Adaptation (FRRA) Algorithm 
The results of stationary tests with the FRRA algorithm in Figure 5-11 show that FRRA gives a 
slightly better performance and lower loss rate than ath9k and fixed rate (117Mbps).  FRRA 
performs slightly better for all test bandwidths from 31 to 99 Mbps.  FRRA particularly performs 
better than the ath9k rate adaptation algorithm for test bandwidths from 85 Mbps to 99 Mbps. 



 

 156 

 
Figure 5-11.  Plot.  Results of stationary tests of fixed rate, ath9k, and FRRA algorithms. 

The results of mobile tests (at 20 mph) with the FRRA algorithm in Figure 5-12 show that FRRA 
still gives a slightly better performance and lower loss rate than ath9k and fixed rate (117Mbps) 
for test bandwidths from 31 to 81 Mbps.  However, from 85 Mbps to 91 Mbps, FRRA performs 
worse than the other protocols.  This can be attributed to the behavior of FRRA, which responds 
too aggressively to channel quality variation, adversely affecting the throughput.  In future work, 
methods for further improving FRRA by using more advanced techniques will be investigated, 
particularly for addressing the problems of spatial multiplexing that were discussed previously.  
Future work will include more tests on FRRA to demonstrate that since FRRA can distinguish 
between collisions and channel fading, it will better handle large variations in the actual vehicle 
networking environments that may cause excessive collisions and channel fading. 

 
Figure 5-12.  Plot.  Results of mobile tests of fixed rate, ath9k, and FRRA algorithms. 
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5.6.7 Results of Performance of Multi-Hop Wireless Protocol 

The results of the throughput tests of multi-hop packet forwarding are shown in Figure 5-13, 
where the maximum throughput of 1 hop over 10 meters (33 feet) distance is 14 Mbps, that of 
2 hops over 20.1 meters (66 feet) is 7 Mbps, and that of 3 hops over 30.5 meters (100 feet) is 
5 Mbps.  In the 3 hop test, this result shows that the bandwidth is shared among the three links 
equally, whereby the maximum throughput of 14 Mbps for the 1 hop transmission is split into 
three wireless channels, each with 5 Mbps.  The packet loss rate is 0 in these tests.  In 3 hop 
forwarding, the packet loss can be reduced since the distance in each hop is considerably shorter 
than the distance covered by a single hop.  In supporting ESC applications, the reliability 
provided by transmission over the shorter distance in each hop will ensure that the important 
sensor and actuator control information is transmitted reliably, i.e., with very low loss rate. 

To show the reduction in performance over longer distances, the test results in Figure 5-14 show 
that as the distance of one hop increases from 1.8 meters to 30.5 meters (6 feet to 100 feet), the 
throughput performance drops from 15 Mbps to 11 Mbps.  This shows that as the distance 
between the hops increases, packet loss will increase and throughput will decrease.  Hence for 
long-distance transmission, it is more reliable to transmit the packet over multiple numbers of 
hops, each covering a shorter distance.  

Regarding throughput degradation for 1 hop over a large distance, the test results in Figure 5-15 
show that for 1 hop over 30.5 meters (100 feet), the throughput is reduced to 11 Mbps (instead of 
14 Mbps over 10 meters, or 33 feet distance), whereas the throughput for 3 hops over 
30.5 meters (100 feet) remains the same at 5 Mbps. 

 
Figure 5-13.  Plot.  Results of throughput tests of multi-hop packet forwarding. 
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Figure 5-14.  Plot.  Results of throughput tests for different distances in each hop. 

 
Figure 5-15.  Plot.  Results of throughput tests for different number of hops over the same distances. 

The results of the multi-hop experiment are summarized in Table 5-2.  The majority of the values 
were obtained from the experiments and some values were obtained by interpolation. 
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Table 5-2.  Maximum throughput rate achieved at different distances in the multi-hop experiments. 

Number of Hops 
Distance 

2 m (6 ft) 10 m (33 ft) 20.1 m (66 ft) 30.5 m (100 ft) 
1 15 Mbps 14 Mbps 13 Mbps 12 Mbps 
2 9 Mbps 8 Mbps 7 Mbps 6 Mbps 
3 6 Mbps 5 Mbps 5 Mbps 5 Mbps 

Similar antenna installations were on all three trailers in a separate test (Lim & Bevly, 2011).  
Throughput performance was degraded only slightly when all three trailers were transmitting to 
the tractor at the same time.  As the test bandwidth increased to 8 Mbps, the throughput 
increased linearly to 8 Mbps and then leveled at 8 Mbps.  The antennae and controllers on 
Trailers 1 and 2 can be used to forward data packets between Trailer 3 and the tractor.  In this 
particular configuration, the maximum throughput drops down to about 4 Mbps.  The main 
reason for this drop in throughput is that when the intermediate trailers are forwarding packets, 
the additional transmissions cause higher interferences or contentions for bandwidth.  This 
configuration should aid reliable transmission when severe weather conditions impair direct 
transmission between the third trailer and the tractor.  

5.6.8 Results of Performance of Efficient Broadcast Protocol 

The performance and reliability of the efficient broadcast protocol is measured by its throughput, 
and delivery ratio.  Figure 5-16 shows the comparison of throughput between traditional 
broadcast and efficient broadcast with aggregation.  Intuitively, throughput is proportional to the 
number of nodes; however, in traditional broadcast, the increased number of nodes may interrupt 
transmissions due to the flooded data packets.  Therefore, in traditional broadcast, throughput 
significantly degrades as the number of nodes increase.  On the other hand, efficient broadcast 
with aggregation does not increase the number of packets and hence throughput actually 
increases as the number of nodes increase. 

 
Figure 5-16.  Plot.  Throughput for broadcast with aggregation and traditional broadcast. 
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Delivery ratio is defined as the number of packets received at the destination divided by the 
number of packets transmitted.  As can be seen in Figure 5-17, traditional broadcast shows a very 
unstable rate as the number of nodes changes, whereas in the case of efficient broadcast with 
aggregation, the delivery ratio remains constant as the number of nodes increases. 

 
Figure 5-17.  Plot.  Delivery ratio for efficient broadcast with aggregation and traditional broadcast. 

5.7 Conclusions  
The main result of these studies on the feasibility of intra-vehicle wireless networks shows that it 
is feasible to build wireless networks that will satisfy the communication requirements of ESC 
systems for commercial tractor trailer combinations. 

5.7.1 Satisfying the Requirements for Intra-Vehicle Wireless Communication 
Experimental results with IEEE 802.11n wireless transmission show that a minimum of 20 Mbps 
throughput can be achieved even in the presence of wireless transmission problems, such as 
polarization mismatch and SMM.  Test results also show that packet loss rate is limited to no 
more than 10%.  Also, the total throughput requirement of ESC applications, for both the sensor 
and control data, is 158.4 kbps, even after taking into account a 10% packet loss rate.  This 
shows that IEEE 802.11n links can be used to satisfy the communication requirements of intra-
vehicle wireless networks for supporting ESC applications. 

With further improvements in the IEEE 802.11n MAC protocols, such as using more advanced 
rate adaptation protocols, multi-hop packet forwarding, and efficient broadcasting, the 
throughput performance and reliability of wireless links can be further improved to ensure that 
intra-vehicle wireless networks support ESC systems at a higher level of confidence. 
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5.7.2 Selection of Wireless Communication Protocols 

IEEE 802.11n is selected for implementing intra-vehicle wireless networks because of the 
various performance enhancing techniques used in this protocol, which provide the highest 
throughput (up to 300Mbps), such as MIMO, spatial multiplexing, MCS, STBC, and channel 
bonding.  Their performance in the outdoor vehicle networking environment has been 
investigated, showing that the performance in terms of throughput and packet loss rate is 
adequate for supporting ESC even in the presence of wireless transmission problems that were 
studied, such as polarization mismatch and spatial multiplexing malfunction.   

In comparison, the throughput of DSRC radios, such as Kapsch DSRC radios, is only about 
3 Mbps.  Because IEEE 802.11n provides significantly higher throughput than DSRC radio, it is 
appropriate to use it for implementing intra-vehicle wireless networks.  Despite this, since DSRC 
is designated for vehicle-to-vehicle and vehicle-to-infrastructure communication, there is a need 
for DSRC to be used for inter-vehicle communication.  However, it is feasible to maintain two 
vehicle wireless networks: IEEE 802.11n for intra-vehicle communication and DSRC for inter-
vehicle and vehicle-infrastructure communications. 

5.7.3 Future Work 

Although the present experimental studies and requirement analysis show that IEEE 802.11n can 
satisfy the requirements for wireless ESC systems, the actual implementation of wireless 
networking for ESC in tractor-trailer environments needs further investigation.  The wireless 
system will be designed for ESC, and actual performance results will be measured and analyzed.  
The actual performance results can be compared to this design analysis and the outcome could be 
used to enhance the design and implementation in order to improve performance further. 

Failure detection, recovery from failure, fault-tolerant mechanisms, and fail safe operations are 
all important aspects of any deployed safety system.  For example, the various ESC units must 
fail to a safe condition in the event that the networks fail so that the vehicle is no worse than 
current vehicles, which do not communicate.  These questions need to be investigated more 
thoroughly.  The report has touched on this only superficially.  More investigation is needed on 
how to detect failure, what recovery mechanisms are needed (e.g., whether and how to shut 
down the system), and what fault-tolerant methods can be used (e.g., whether redundant 
communication links or controllers will prevent failures).
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Chapter 6 – Conclusions and Recommendations 
This project comprised three separate but complementary tasks to improve the stability of heavy 
duty combination motor vehicles.  An algorithm to apply existing principles of ESC to an entire 
vehicle was developed and demonstrated in simulations.  A hardware bench test system for 
observing the practical behavior of physical components has been assembled and demonstrated.  
Finally, a robust method of wireless communication between the tractor and multiple semitrailers 
was demonstrated on a tractor in combination with three semitrailers. 

All three of these efforts can be taken forward and integrated to lead to the next generation of 
ESC for heavy duty trucks.   

6.1 Stability Control Algorithm 
An algorithm for improving the stability of a tractor semitrailer combination vehicle has been 
developed and demonstrated in simulations.  The algorithm accounts for both roll and yaw 
instabilities, and it acts in a way that can manage a developing instability in one mode without 
diminishing the stability of other modes.  Time-domain simulations have shown its effectiveness 
in transient and steady-state maneuvers.  The algorithm works on a range of surface frictions, 
though some maneuvers on extremely slippery surfaces are only minimally improved.   

Though the stability algorithm was implemented in a simulation, its inputs were limited to 
quantities that can be measured in an actual vehicle.  This established the bandwidth needed to 
implement the measurement and control system, providing guidance to the subsequent tasks. 

The algorithm uses a tiered approach—it calculates the stability margin for the tractor and 
trailers and for roll and yaw in sequence.  The simulations have shown this approach to be 
effective, but a more robust approach is possible.  If a single, integrated set of the equations of 
motion for the entire vehicle were developed, then the stability could be expressed in state space.  
That is, the stability threshold could be expressed in a compact mathematical formula rather than 
as a sequence of tests.  This would allow the control interventions to be optimized, automatically 
balancing any conflicting needs.   

6.2 Hardware Bench Test System Demonstration 
The hardware bench test system for a complete tractor-semitrailer brake system and control unit 
was built and exercised.  The system has the flexibility to implement different architectures 
within the controller.  The sensing and decision-making processors can be a single, centralized 
unit, or they can be a pair on the tractor and semitrailer.   

Functional and performance test protocols for the equipment have been written, and the next step 
is to execute those tests.  The equipment is available to serve its purpose in future research, 
experimenting with the performance of different sensors and actuators, control algorithms, and 
electronics architectures. 
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6.3 Wireless Intra-Vehicle Communication 
Wi-Fi has been demonstrated on a three-semitrailer combination unit in motion.  A throughput 
rate in excess of what is necessary for the control algorithms presented in Chapter 3 has been 
experimentally confirmed.  The throughput rate is limited only by the wireless equipment itself 
when the vehicle is stationary.  Nearly 100 Mbps was achieved.  Vibration of the vehicle in 
motion limited the reliable throughput rate to 40 Mbps.  

Work should continue to reduce the cost and improve the reliability of intra-vehicle 
communication.  Dedicated hardware could be made to cost less money when manufactured in 
quantities and to use less power.  Research in algorithms and protocols has proven the reliability 
needed for a system that supports safety functions. 
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