A Physics-Based Framework for Estimating
Real-Time Platoon Energy Savings

by

Evan Stegner

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
May 4th, 2024

Keywords: truck, platooning, heavy-duty, energy efficiency, vehicle autonomy

Copyright 2024 by Evan Stegner

Approved by

Mark A. Hoffman, Chair, Assistant Professor of Mechanical Engineering
David M. Bevly, McNair Distinguished Professor of Mechanical Engineering
Scott M. Martin, Assistant Professor of Mechanical Engineering
Roberto C. Molinari, Assistant Professor of Statistics
Brian R. McAuliffe, Senior Research Officer, National Research Council of Canada
Jeffrey LaMondia, University Reader, Professor of Civil Engineering



Abstract

Platooning is a strategy that aims to reduce aerodynamic drag and fuel consumption
by driving trucks closely behind each other. However, the advantages of platooning can
be compromised by braking loss, which refers to the extra braking needed to follow trucks
on hills and in traffic. Conducting experiments to determine the benefits of platooning is
time-consuming and resource-intensive, prompting the search for a method to estimate these
benefits.

This thesis introduces a framework that allows operators to predict energy savings
during platooning, even when braking is involved, providing immediate feedback to platoon
operators. The physics-based framework applies to various types of road vehicles. The
dissertation outlines practical approaches to implement the framework in real-time, such as
a new adaptive estimation of braking loss based on vehicle wheelspeed and a method to
query hyperlocal wind data, although the latter did not enhance correlation.

The validity of the framework is confirmed through robust regression analysis of more
than 8000 different pairwise comparisons from experimental platoon trials, with the esti-
mated energy change often closely matching the actual energy change and an R? value
exceeding 0.68 in the model. The proposed methods for estimating braking losses are rela-
tively resistant to errors in drag and rolling resistance, but errors in mass can skew the results
by a factor of two. Furthermore, a logistic regression classification approach is introduced
to use the framework for making go/no-go decisions, enabling users to specify their desired
confidence level. The classification approach demonstrated a 73.5% accuracy when applied
to unseen on-road platooning data.

The framework effectively distinguishes the energy impacts of platooning from other
vehicle energy consumption. It is grounded in physics, adaptable, capable of real-time oper-
ation without the need for a simultaneous reference, sensitive to various parameterizations
and signal inaccuracies, and can provide clear feedback to platoon operators on energy sav-

ings with a binary outcome. Ultimately, this research can help platoon operators optimize
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their energy efficiency by offering realistic fuel savings expectations and guiding decisions

about when to engage in platooning.
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Chapter 1

Introduction

\All models are wrong, but some are useful.”

- George Box

1.1 Background on Platooning

By 2020, the United States had almost 3 million registered Class 7 and 8 trucks respon-
sible for transporting more than half of the country's goods [1, 2]. These trucks covered an
astonishing 177 billion miles and consumed 28 billion gallons of diesel fuel in 2022 [1]. This
underscores the critical role of fuel e ciency in reducing operating expenses in the trucking
industry.

Platooning is one of many Connected and Autonomous Vehicle (CAV) technologies
that has attracted attention in recent years. Also known as Cooperative Adaptive Cruise
Control (CACC) 1, platooning leverages vehicle-to-vehicle (V2V) connectivity, allowing ve-
hicles to follow each other at reduced intervehicle distances (IVDs), thus signi cantly cutting
aerodynamic drag and fuel consumption. In essence, it represents a robotically controlled,
collaborative form of \tailgating". Follower vehicles in a platoon can react more quickly
and consistently than a typical human driver due to constant IVD feedback and low-latency
V2V communication. Platoons typically use the same hardware as Adaptive Cruise Control
(ACC) systems, with the addition of V2V communications and GPS. The platoons can be
pre-planned or formed opportunistically.

The motivation for platooning may be understood through three overlapping aims:

lthe term CACC sheds light on platooning's roots in commercial Adaptive Cruise Control (ACC) systems
[3], though [4] points out a slight di erence between CACC and platooning: platooning was conceived within
a \leader-follower" framework, while CACC may be more exible, with control information for ego vehicles
being received from vehicles other than the leader.



1. Monetary : The business case for platooning revolves around the actual energy savings
of platooning. Reports suggest that platooning has several viable avenues with a
payback period less than 1.5 years [5].

2. Environmental : Platooning represents another tool in the kit for the reduction of
greenhouse gases. A report estimates that platooning could result in a £@duction
of 38 million metric tons over the next ve years [6].

3. Infrastructural : Platooning has the potential to reduce driver workload and address
workforce shortages. In addition, platooning can be integrated into autonomous vehi-

cles, making it a complementary rather than a competing technology.

1.2 Research Gap

Despite the theoretical bene ts of platooning, its real-world adoption has been hindered
by studies reporting inconsistent energy savings. Theories abound about the unexpectedly
low benets of platooning in real-world scenarios, such as the disruptive e ects of other
vehicles and road irregularities. These theories remain largely untested and unquanti ed.

Theories involving platoon disturbances and tra c irregularities have not been tested
largely due to their real-world unpredictability. The uncertain nature of practical road con-
ditions makes it di cult to accurately assess the bene ts of platooning using only traditional
energy consumption metrics. The industry standard is a dedicated test campaign (such as
SAE J1321 and J1526), involving at least three trucks, multiple replicates, hours of warm-
up, and gravimetric fuel weighing, among other things. These dedicated test campaigns
are required to obtain a high level of statistical con dence in fuel savings, but are very
time-consuming and resource-intensive.

This highlights an opportunity. Existing methods for platooning bene t determination
cannot operate in real time. If they could, it would remove some barriers to platooning
adoption. Two potential use cases of in-situ bene t estimation come to mind, the rst being

gami cation and the second being optimization.



The potential for gami cation in platooning is signi cant, particularly for opportunistic
platooning, where platoons form spontaneously Gami cation refers to the addition of game-
like elements in a non-game context to encourage participation in a feature. Gami cation is
often implemented in eco-driving strategies to encourage their #§8]. Platooning, as with
any other human-initiated feature, requires a compelling reason for its utilization. However,

platooning faces especially steep obstacles to user participation:

~ Competing Technology:  From an operator's standpoint, platooning is not appar-
ently better than Adaptive Cruise Control (ACC). In fact, in some ways, ACC is more
appealing: Platooning at small IVDs requires a surrender of control and visibility that
can be unappealing [9].

Required Dual Participation: In contrast to many eco-driving technologies, pla-
tooning requires the participation of multiple operators. To create various platoons
on the road, drivers would need to modify their driving habits by accelerating or de-
celerating to synchronize with nearby vehicles. It seems unlikely that a driver would
proactively seek to form a platoon with another driver if they did not perceive any
concrete advantages from doing so. Even if an individual operator desired platooning
bene ts, they would still have to nd another driver willing to be in the platoon. The

leader has even less incentive to join the platoon, as the bene ts are typically smaller.

The platoon payback period is strongly dependent on driver participation [5]. If both drivers
received useful feedback on the savings from platooning, it would increase their desire to
create a platoon and their acceptance of the technology. Therefore, the implementation of a
feedback system would add a tangible bene t to platooning and could signi cantly improve
platooning adoption.

In addition to gami cation, optimization represents another important use of accurate

in-situ platooning energy predictions. The importance of optimizing the energy usage of

2For a more thorough explanation of opportunistic platooning, see [7].
3Some examples include dashboard lights that illuminate with energy-e cient throttle input, or detailed
energy ow graphics displayed in some hybrid vehicles.
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Heavy Duty Vehicles (HDVs) has been well recognized. Typically, this energy optimization
is carried out at the nal metric level. By having a prediction of the energy advantages of pla-
tooning, a more detailed, sophisticated, and understandable platooning energy management
can be achieved. Accurate energy optimization is even more important for electric vehicles.
Electric HDVs are especially range- and time-constrained due to payload limitations and long
charging times. Thus, electric HDVs present an excellent target for optimization. With an
accurately characterized impact of platooning, such vehicles could leverage not only energy
savings but also signi cant time savings from reduced charging. The native connectivity and
software-de ned characteristics of many electric vehicles make them ideal for the integration
of platooning technology.

Current platoon energy consumption models are not structured for the kind of real-time
feedback that could gamify or optimize platooning in complex real-world situations. This
is because existing platoon energy consumption models are almost entirely focused on the
drag reduction aspect of platooning and have not incorporated the impact of braking losses.

The bene ts of platooning hinge not only on drag reduction, but also on braking losses,
which are more accurately termed \active deceleration (AD) losses" (to encompass all forms
of actuator-induced deceleration, including regenerative braking, engine retarders, and fric-
tion brakes) [10, 11]. In this dissertation, the term \braking losses" will be used interchange-
ably with the more precise technical term \AD losses"

In the literature review, it will be shown that braking losses have a signi cant impact on
platooning energy consumption, and crucially, that there is currently no way to account for
the impact of these braking losses on the actual energy savings of platooning. This means
that platooning operators have no way of knowing whether platooning is saving or losing

fuel.

4Nonetheless, in mathematical expressions, the subscript \AD" will consistently be employed to specify
that all types of active deceleration are encompassed in the braking power assessments.



1.3 Contribution

In light of the research gap, this dissertation will present a framework that enables
platoon operators to infer energy savings during platooning engagement even when there is
braking. This platooning energy inference seeks not to measure but to infer the bene ts of
platooning, a distinction that highlights the practical value of the research.

To ful Il its purpose, the following characteristics must be demonstrated by the frame-

work:

1. Energy Impact Isolation:  The framework must clearly distinguish the energy e ects
of platooning from other vehicle energy uses, ensuring the accuracy of the inference.

2. Adaptable: The framework must be easily adapted to future vehicle architectures,
otherwise it would quickly become obsolete.

3. Real-Time: The framework must function in real time without a concurrent baseline
reference.

4. Known Sensitivity: ~ The framework's sensitivity to errors and disturbances must be
characterized, particularly parameter errors such as mass and rolling resistance.

5. Feedback Mechanism: The framework must provide useful \go/no-go" feedback.

The \framework", as we shall call it, should be demonstrated by the end of this disser-
tation to meet all of the above criteria. It will be modular and physics-based, and it will
be veri ed using both simulated and experimental data. The objective is not to reevaluate
the bene ts of platooning from previous experimental studies, but to demonstrate that the

conclusions regarding energy consumption from the framework are valid.

1.4 Scope and Limitations

Thus, the meaning of the title of this dissertation, \A Physics-Based Framework for
Estimating Real-Time Platoon Energy Savings”, begins to become clear. The framework is

\physics-based", as ultimately the inferences that will be drawn by the model are rooted in
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vehicle energy demands in a Newtonian sense, as opposed to empiricism. It is a \framework"
because it is modular, allowing the submodels within to be exchanged appropriately. It is
\real-time" in that it can provide feedback during operation. The concept of \real-time" is

in contrast to \post-processing” more than it is to \a slight delay”, though for optimization
purposes we would like any delay to be as small as possible. For \platoon energy savings",
\energy" is taken to mean either energy consumed to move the vehicle (at the tires) or energy
consumed at the prime-mover level of the powertrain (be it fuel or battery). Meanwhile,
\platoon savings" refers to the isolated e ect of platooning versus not platooning, with all
other factors being equal.

The inferred platoon savings provided by this framework will not claim to demonstrate a
level of precision comparable to that of a regimented fuel test (SAE J1321). We need not go
that far; it is enough to demonstrate that the inferences are correlated with actual savings,
using simulation as a basis for sensitivity analysis and experimental results for veri cation.

This dissertation will not cover all the extensive research questions related to platooning.
For example, further issues related to platoon planning will not be discussed, despite the
role that the proposed framework would play in opportunistic platoon planning. Instead,
this study concentrates on a more specic issue: the use of energy during a \platooning
microtrip", which is de ned as a segment of a trip in which platooning is actively engaged.

In this dissertation, the focus is on heavy duty vehicles (HDVs) as opposed to light
duty vehicles (LDVs). Although light-duty vehicles (LDVs) can also save energy through

platooning, most of the research is focused on HDVs for a couple of reasons:

" Fuel Consumption: HDVs consume much more fuel per vehicle mile traveled and
travel many more miles per vehicle. The bene t of platooning two trucks is much more
substantial than the bene t of platooning two cars.

" Duty Cycle: Line-haul HDVs spend much more of their duty cycle on interstates and

highways, where platooning is most bene cial.



Although the majority of platooning research studies are centered on HDVs [12], the ndings
can be extrapolated to LDVs, albeit on a di erent scale. With this in mind and the stated
goal for adaptability, the framework proposed in this dissertation can easily accommodate
LDVs.

HDVs can vary in shape and size, particularly due to the interchangeability of trailers.
The data used in this study is limited to trucks hauling box trailers; therefore, the ndings
will be speci cally applicable to trucks with box trailers. However, the framework should
naturally accommodate other types of trailer by adjusting the aerodynamic drag reduction

models.

1.5 Chapter Outline

Having established the background, motivating factors, and objectives of the framework,

this dissertation is structured as follows:

Literature Review:  To provide a more thorough understanding of platooning energy
consumption, and factors a ecting it, the current research understanding of platooning
vehicles will be explored.

Methodology: The theory, development, practical implementation, and validation
process of the framework will be reviewed.

Results and Discussion: The sensitivity of the framework will be investigated
through simulation, and experimental data from various origins will be integrated to
verify the framework. The implications of the ndings will be discussed and a basic
classi er will be presented.

Conclusions: It will be assessed whether the framework satis es the requirements
that have been laid out in this Introduction and a summary and suggestions for future

research will be given.



Chapter 2

Literature Review

Figure 2.1. General overview of platooning energy consumption research.

Before a framework to infer platooning bene ts is derived, it is helpful to understand
fully what has been done to research platooning. Platooning has been explored as a way
to save energy, both in terms of individual vehicle bene ts and in terms of bene ts to the
broader transportation system. This dissertation is primarily concerned with determining

the bene ts of individual vehicles, so that will be the focus of this literature review.

2.1 Chapter Overview

Figure 2.1 illustrates the various research challenges and approaches in regard to pla-
tooning energy consumption, and also serves to demonstrate the structure of the chapter.

First, a quick overview of the methods and gures of merit for platooning research
will be given. The chapter will then begin by exploring the e ect of \Internal Factors" on
platooning energy consumption. Internal factors are de ned as characteristics that make up
the platoon, such as the type of trucks used, the setpoint of the intervehicle distance (IVD),

and so on.



Once a good understanding of internal factors has been established, the focus will shift
to how disturbances a ect platoon energy consumption. Disturbances discussed include
hilly terrain, platoon interruptions, and the e ects of wind and weather. The impact of
disturbances on platoon energy consumption is tightly coupled with the platoon VD control
strategy, so that will also be discussed.

After that, the chapter will introduce existing models for platooning fuel savings, which
are primarily aerodynamically based. This literature review will show that the impact of
disturbances on platooning energy savings is not su ciently addressed in the literature.
Speci cally, no platoon energy consumption model includes the absolute impact of controller-
induced dynamics, and the understanding of how platoon intrusions a ect the platoon savings

is limited.

2.2 Platooning Energy Consumption Research Methods

Broadly speaking, prior investigations of platooning energy savings adopt one of three

approaches:

1. Aerodynamic-focused:  The aerodynamics of platooning are directly invesigated,
through Computational Fluid Dynamics (CFD), wind tunnels, and in-situ measure-
ments.

2. Energy-focused: Test track and eld tests are conducted to ascertain the resultant
energy bene ts of platooning, typically fuel.

3. Simulations: Simulated platoons are subjected to disturbances and their responses
analyzed, commonly with the goal of improving the robustness of the platoon to dy-

namic disturbances.

Each method has its proper place. CFD studies allow very ne insights into the nature
of aerodynamic ow in and around platooning vehicles, but it can be di cult to accurately

model these features, and simulations can be very resource intensive. Wind tunnel testing



requires a dedicated experimental setup but has been used very successfully to investigate
the aerodynamics of various types of platoons. Field and test track studies provide insight
into the practical platooning bene t, but are subject to many uncontrollable variables. Ad-
ditionally, they require many man-hours and replicates and thus may be seen as the most
expensive of the methods for platoon testing. The recommended methodology for fuel test-
ing on the test track is a modi ed SAE J1321 test [13], which was originally intended for
testing modi cation of a single vehicle. Finally, simulations are dependent on accurate vehi-
cle modeling (and therefore the other methods) to properly represent the platooning energy
consumption but can provide insight about disturbances much more naturally than the other
methods. The representation of aerodynamic drag reduction in simulations is itself depen-
dent on data from CFD, wind tunnels, and eld measurements. All of these methods have
been employed to determine how vehicle platoons consume energy. Let us rst look at what

has been gleaned about the e ect of internal factors on platooning energy consumption.
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2.3 Internal Factors of Platooning

Internal factors of platooning refer to the characteristics inherent to a platoon. For
example, truck type is considered an internal factor, whereas external factors such as wind
strength and direction are not included. The distribution of studies per internal factor is
shown in Figure 2.2, adapted from [14]. The graph illustrates that a signi cant portion
of platooning research has focused on analyzing how the separation distance a ects energy
savings in platooning. Therefore, we will start with IVD rst, then proceed to the other

internal factors.

Figure 2.2: The number of papers referencing di erent internal factors in [14].
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Figure 2.3: The mechanism of aerodynamic drag reduction for platooning trucks.

2.3.1 The E ect of Intervehicle Distance (IVD) on Platoons

The rst internal factor that will be investigated is IVD. IVD is just one of several
ways to describe the vehicle-to-vehicle distance of the platoon; so, some de nitions are in
order. The IVD of platoons may also be referred to in the literature as longitudinal spacing,
headway, separation distance, or time gap. IVD may be classi ed spatially or temporally. In
the case of constant speed platooning, time gaps and spatial gaps are equivalent, although
once vehicles begin to change speed, additional de nitions are required [15]. Henceforth,
IVD is taken to mean the actual spatial distance between vehicles, unless further distinction
becomes necessary.

As Figure 2.3 shows, the mechanism of drag reduction is quite di erent for leading and
trailing vehicles. For lead vehicles, the stagnation area on the front of the trailing vehicle
increases the base pressure on the back of the leader's trailer, e ectively pushing it [16].
As a result, drag savings increase monotonically as the IVD closesThe increased base
pressure e ect occurs in a limited range compared to the wake shielding experienced by
trailing trucks. Generally speaking, the e ects of increased base pressure for lead vehicles
are mostly absent for headways larger than one vehicle length (75 feet / 22.9 m) [9, 17].

Aerodynamic advantages for following vehicles can be experienced over distances signif-
icantly greater than the length of a single vehicle and may extend beyond 320 feet (100m)
[9]. However, the reduction mechanism is more complicated than the increased base pres-
sure e ect. For trailing trucks in zero-yaw, aligned conditions, the following aerodynamic

mechanisms occur in order of decreasing importance [16]:

IThere is a limit to the trend, as the truck gets exceedingly close (0.5 meters), a very strong vortex can
form and increase the drag of the lead truck [16]
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Reduced overall oncoming wind velocity, termed \wake shielding" (reduces drag)
Decreased accelerations around the frontal edges (increases drag)
Flow impingement on the front radii at close follow distances (increases drag)

Reduced roof air de ector e ciency (increases drag)

Overall, wake shielding dominates the other e ects of IVD on following vehicle drag reduc-

tion, and generally, as the separation distance decreases, the energy savings of trailing trucks

increase. However, some interesting and counterintuitive aerodynamic behavior occurs for

trailing vehicles (and middle vehicles) once the separation distance is less than one vehicle

length. Namely, the following vehicle experiences reduced aerodynamic bene ts. For HDVSs,

this reduction in bene t typically occurs below about 40 meters. This reduction occurs in

both wind tunnel drag measurements and fuel savings measurements for trailing vehicles

[18].

A

A

The reduction in bene t was initially hypothesized to be due to several phenomena:

Aerodynamics: An unfavorable aerodynamic regime occurs for followers in the 30’
to 50' range, also known as ow eld resonances [19]. Flow impingement, decreased
accelerations, and increased drag of the truck-trailer gap appear to be the culprit, at
least for cabover-style trucks [20].

Driver lateral behavior: At very close following distances, drivers of manually-
steered vehicles may become uncomfortable with the lack of visibility, and move out
of alignment with the lead vehicle. Lateral o set e ects will be discussed in further
detail later in this chapter.

A reduction in available cooling air: Very close following distances may not allow
su cient air ow to the radiator, forcing the engine fan to come on. In [21], it was

postulated that platooning may reduce engine cooling air ow to the point that an
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engine fan must turn on. The engine fan is quite a large power draw for heavy-duty

trucks (15-30 kW per [22]), and could compromise the energy bene t of platooning.

Recent literature has mostly settled on the causality of trailing truck energy benet
reduction. The true nature of the bene t reduction is rooted in aerodynamic drag, although

lateral o set and thermal considerations may further reduce the bene t in practice.

Generalization to platoons of more than two vehicles

The aerodynamic savings for two-vehicle platoons easily extend to longer platoons. It
turns out that the lead vehicle of a three-vehicle platoon is not a ected by the presence of
the third vehicle and the third vehicle is relatively una ected by the position of the lead
vehicle [25, 17].

Vehicles in the middle of the platoon experience a superposition of leading and trailing
vehicle aerodynamic e ects. A mid-platoon vehicle has both wake-shielding from the vehi-
cle(s) preceding and increased base pressure from the vehicle behind it. This superposition
of leader and follower bene ts can be seen in many of the prior art dealing with 3+ truck

platoons, but it is exempli ed in the fuel savings results for three-truck platoons.

2Indeed, in a 2015 CFD study [23] it was found that at a 5-meter gap, cooling air ow is more than
halved for follower trucks, and the engine fan was likely to experience more uptime. In [24] the reduced
power demands while platooning were incorporated into a CFD simulation of the reduced cooling air ow of
a platoon follower.
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To demonstrate the superposition of lead and trailing truck bene ts on middle trucks,
Figure 2.4 shows the fuel savings of three-truck platoons of [26]. In Figure 2.4, the original
middle truck fuel savings have been overlaid with the author's superposition of the lead and
trailing truck bene ts following the form  Fpiggle = Fread + 0:7 Frraiing , Which can be

interpreted as 100% of the lead truck fuel savings and 70% of the trailing truck fuel savings.

Figure 2.4: Three-truck platoon fuel savings from [26] with author's insertion of superim-
posed lead and trail truck bene ts.

Beyond a three-vehicle platoon, each subsequent following truck has an increased wake
de cit [27, 28], up to a limit. The author's work characterized the fuel savings of a four-
truck platoon experimentally, nding that the savings were similar in nature to those of a
three-truck platoon [29].

This concludes the discussion of the impact of IVD on the energy consumption of pla-

tooning. It was seen that IVD has a very strong in uence on the magnitude of energy savings
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of a platoon, and that this e ect is fundamentally di erent for leaders and followers. Next,

the impact of lateral misalignment on platoon energy savings will be explored.

2.3.2 The E ect of Lateral Misalignment on Platooning

Just as platoons are sensitive to the size of the space from truck to truck, they are also
sensitive to the alignment of trucks, or conversely the lateral misalignment or o set. It is
more di cult to generalize how a lateral misalignment a ects the platoon's aerodynamic
performance. Within this subsection, the impact of lateral misalignment will be investigated
from a zero-mean wind yaw condition.

As with IVD, the aerodynamic behavior for lateral misalignment is quite di erent for
leading and trailing vehicles. The leading vehicles are insensitive to lateral misalignment
until very small IVDs. Lateral o set a ects trailing trucks in a much more complex manner
and will be revisited in the external factors section on wind and turbulence [30].

Small in-lane lateral adjustments from everyday driving are unlikely to impact platoon-
ing energy savings measurably [31]. In wind tunnel research, lane o sets of up to 1.3 meters
had marginal impacts on the drag reduction of a platoon [32, 17].

Track-based fuel testing of lateral misalignment was conducted in 2019 on the PMG
test track®. The vehicles were driven in three conditions: aligned (no o set), half-o set
(0.65-meter o set), and full o set (1.3-meter o set).

The o set was manually maintained using the centimeter-level accurate GPS position
solution displayed to the driver of the following truck, resulting in o set errors 0:2 m.
Data from these trials was investigated from a fuel savings perspective, and later from an
aerodynamic perspective [31, 33]. From these results, the maximum lateral misalignment
was found to measurably decrease absolute fuel savings by up to 3-4%.

The cooling air supply is much more sensitive to lateral misalignment than drag savings

are, making intentional lateral misalignment an easy way to alleviate platooning thermal

3This is the same campaign which will be used in the results to form Dataset 2, although these o set
tests were not available for analysis.
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concerns at short spacings [34]. Intentional lateral misalignment has also been suggested to
minimize rutting of the roadway by platooning vehicles and prolong the life of the pavement
[35, 36], although it has been suggested that this is not something to be concerned about for
gaps larger than 0.2 s [37].

In general, the consensus on lateral misalignment is that small o sets minimally reduce
the benet of platooning. Additionally, wake shielding e ects display complex behavior
versus lateral misalignment and are more sensitive to lateral o set than base pressure e ects.
Having discussed the in uence of lateral o set and IVD, we now shift our focus to how the

shapes of vehicle bodies a ect the energy consumption of platooning.

2.3.3 The E ect of Vehicle Body Shapes on Platooning

Platoons in the real world, especially those that form opportunistically, are likely to
be heterogeneous, with varied body and trailer styles. Many researchers have explored how
various aerodynamic devices and body shapes impact the platooning benet. HDVs are a
combination of truck and trailer, however, each of which takes many forms. Although trucks
and trailers have a combined in uence on aerodynamics, their in uence will be explored

individually as far as possible.

Tractor Body Styles

In North American studies, the majority of studies have investigated engine-forward
tractors with sleepers. In contrast, European and Asian platooning research has used cab-
over-engine tractors. To the author's knowledge, little work has been done to harmonize the
results from North American tractors with those from European/Asian tractors. Cab-over
trucks show greater potential energy savings due to their shorter length, which places the
leading and trailing trailers closer together for the same spacing [38]. When tractor body

shapes are mismatched, it has been suggested that the higher savings are found with the
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more aerodynamic vehicle in front, for both two-truck platoons [39] and four-truck platoons

[40].

Trailer Styles

The impact of trailer style on a platoon has been relatively well studied. Truck trailers
take many forms, however, from box trailers (dry vans) to atbeds to tankers. The box trailer
(or dry van) is the most common type of truck trailer, so naturally it has received the most
research attention. Box trailers may have several di erent types of aerodynamic treatment,
including side skirts and boat tails. Of the two, the di erential platooning bene ts are greater
with boat tails than skirts [41]. It appears that the combination of boat tails and trailer
skirts preserves platooning energy savings [14], although some results are normalized to a
vehicle without aerodynamic devices, which mixes the device bene ts with the platooning
bene ts. The presence of skirts alone on trailers reduces the potential bene ts of platooning
[32].

The overall impact of boat tails and skirts has been summarized in Table 2.1. As is
typically the case, leader vehicle energy savings are less sensitive to trailer aerodynamic

treatments than follower savings are [32].

Table 2.1: The e ect of trailers on platooning bene ts relative to no treatment box trailer,
based in part upon the interpretation of [32, 42].

Aerodynamic trailer treatment | E ect on potential platooning bene ts
Plain box (no skirts or tails) baseline

Skirts reduces bene ts

Boat tails maintains/increases bene ts
Skirt + boat tails complex e ect, further study needed
Lead atbed reduce lead/increase follow bene ts
Follow atbed similar bene ts

The in uence of atbed trailers on platooning fuel savings has also been investigated.
Placing a atbed trailer on the trailing truck has a minimal impact on the platoon fuel

savings relative to the platoon bene t with box trailers, but a atbed in the lead reduces
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the bene ts of the lead truck and potentially increases the bene ts of the follower. Having
brie y explored the impact of various body styles and trailers on platoon savings, we turn

to the vehicle powertrain.

2.3.4 The E ect of Vehicle Powertrain on Platooning

Another internal factor in platooning is the architecture of the vehicle's powertrain.
For our purposes, the vehicle powertrain can be thought of as a black box that produces
mechanical power from one or more energy sources. The most common energy sources for
vehicle powertrains are fuel and electrical energy stored in batteries.

The energy input of a vehicle powertrain is not exactly linear with its power output.
One consequence of this fact is that aerodynamic drag reduction is not precisely linear with
fuel savings. However, it is still common to assume a linear change in fuel consumption with
reduction in aerodynamic drag [43], and the clear correlation between wind tunnel savings
and savings on test track attests to the validity of the assumption.

With respect to platooning, vehicle powertrains have the same duty to produce me-
chanical energy, but power demands are reduced by the aerodynamic drag reduction of
platooning. There are some important cases when the powertrains non-linearly impact the

platoon bene ts:

" When a vehicle must actively decelerate due to controller-induced dynamics, some
powertrains can reclaim a portion of this energy through regenerative braking, whereas
friction/engine braking discards that energy entirely.

When radiator air ow is reduced by platooning, sometimes the fan duty cycle must
be increased to meet cooling demands. HDV engine fans consume a large amount of
power, up to 40 horsepower [22].

" When powertrain output is saturated, platooning may lead to a di erent operating

condition. If platooning enables or forces the selection of a di erent transmission gear,

the e ciency of both engine/transmission will change. One hypothetical case where
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this may occur is on an uphill segment, where platooning reduces the total road load

just enough to allow a lower gear to be run.

If the vehicles in the platoon have heterogeneous powertrains, then the highest-consuming
powertrains will unsurprisingly have a greater impact on the platoon team bene ts. In Fig-
ure 2.5 of [29], the second and third trucks were much less fuel e cient than the rst and

fourth trucks. Ultimately, fuel savings were dominated by the second and third trucks.

(a) Absolute fuel consumption. (b) Absolute and relative fuel savings.

Figure 2.5: Fuel savings results from a four-truck heterogeneous platoon [29].

In summary, in many cases, the impact of non-linear vehicle powertrains may be ne-
glected, but thermal considerations, saturation, and speed variations may cause the required
power output to be nonlinear with aerodynamic savings. Next, the impact of platoon speed

on energy savings will be covered.

2.3.5 The E ect of Vehicle Speed on Platooning

As speed increases, the aerodynamic drag of the vehicles increases quadratically and
other road loads increase more slowly. As Figure 2.6 shows, vehicle parameters determine
when aerodynamic drag increases in comparison to other road loads [44].

A 64 mph (28.6 m/s) platoon saved 42% more fuel than a 55 mph (24.5 m/s) platoon

in one simulation [45]. Thus, as speed increases and drag becomes more dominant, potential
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Figure 2.6: Aerodynamic drag versus rolling resistance from [44].

platooning bene ts do as well. The expectation that platoon savings will increase with
increased speed has not been experimentally con rmed in the literature [21], and it has even
been suggested that the percent savings do not measurably change as a function of speed

[46].

2.3.6 The E ect of Vehicle Mass on Platooning

Increases in vehicle mass have the opposite e ect as increases in speed: increased mass
will decrease the potential for fuel savings. This is rooted in the fact that the mass of
the vehicle is proportional to rolling resistance. If additional speed \concentrates" platoon
energy savings, the additional mass \dilutes" the energy savings [47].

However, this is far from the whole story. Mass increases dilute savings for constant-
speed platoons, but when speed variations and especially grade are introduced to the pla-
toon, vehicle mass has a much more complex e ect on the energy savings of the platoon.
The relationships governing the e ect of vehicle mass on energy savings will be explored in

more detall in the Disturbances section (Sectio®? which we will turn attention to shortly.
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However, before that can be done, the various platooning gap control strategies must be

overviewed.

2.4 Platoon Gap Control Strategies

Ontologically, gap control is an internal factor of platooning, but the e ect of the gap
control is only related to disturbances. The e ect of the platoon control strategy on energy
savings is embedded in the platoon disturbances. In fact, in the case of constant speed,
level ground platooning, or even over gentle terrain, it does not matter what type of platoon
control is being used for energy bene ts [48]. All signi cant di erences in the energy e ciency
of gap control strategies come from the handling of disturbances.

The simplest type of platoon gap control is classical linear control. This type of platoon
control linearly controls the IVD of the platoon, most often using a proportional integral
derivative (PID) control. Linear gap control seeks to accurately track a reference longitudinal
spacing. Many methods have been proposed to guarantee that a platoonN\bfvehicles will
not have increasing acceleration demands for each subsequent vehicle, a concept which has
been formalized as \string-stability” [49]. Classical linear control is powerful and exible for
its simplicity, capable of handling a wide array of disturbances. However, classical control
is not without limitations. In particular, classical control cannot anticipate situations that
are energy-suboptimal. For this, researchers have turned to look-ahead control, also known
as Model Predictive Control (MPC).

Look-ahead control for platooning naturally arose out of eco-driving methods for single
vehicles. Eco-driving, also known as predictive cruise control, uses a preview of the upcoming
roadway to optimize the dynamics of the vehicle. Eco-driving is all-encompassing of both
roadway and tra c information. One main approach to eco-driving is to optimize the speed
pro le, as in [50].

Look-ahead control for platooning includes the additional goal of following a close dis-

tance to gain platoon benets. There are numerous approaches to this. Some approaches
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coordinate the speed pro les for the entire platoon (a \platoon-layer" coordinator) [51, 15],
while others coordinate each vehicle's pro le separately [48, 52]. To the author's knowledge,
the vast majority of IVD gap control is accomplished through either some form of lookahead
control or classical control. The exact details of how these di erent control strategies impact

fuel consumption will be the focus of the next sections.

2.5 Platooning Disturbances

In this section, we explore the impact of di erent disturbances on the energy of platoon-
ing, or at least the existing knowledge on the subject. These disturbances encompass hilly
landscapes, interruptions in trac ow, and aerodynamic forces caused by other vehicles
and terrestrial winds. The discussion will proceed in the mentioned order, starting with
an overview of platoon control methods due to their relevance to speed and gap regulation
within the platoon. Subsequently, we will delve into the latest research on platooning in hilly
terrains. The section will then investigate the impact of tra c interruptions on platooning
dynamics. Lastly, we will analyze how environmental conditions, such as air composition,
mixed tra ¢ scenarios, and wind-induced yaw e ects, in uence the aerodynamics of pla-

tooning.
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2.5.1 The E ect of Hilly Terrain on a Platooning

Figure 2.7: PID versus look-ahead control fuel savings on two sides of a hilly highway.
Original graphic using the data in [48].

Hilly terrain is a very important factor to consider for platooning. As Figure 2.7 shows,
the impact of hills is complex and depends on both the physical topography of the hills
as well as the IVD gap control strategy. Several on-road trials of platooning systems have
resulted in unexpectedly low fuel savings as a result of grade [53, 54, 55, 56]. Platooning
bene ts are more sensitive to road grade than isolated vehicle fuel consumption is, and a
thorough understanding of this sensitivity is required to make any claims on a platoon's
e ciency on real roadways.

Provided that hills are not steep, the most energy-e cient driving strategy is constant

speed*[58]. A steep hill is one that either ascends so quickly that it exceeds vehicle power

4There are some strategies such as pulse-and-glide [57], which can achieve better e ciency for some duty
cycles.
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limitations, or the gradient descends rapidly enough to require braking. Steepness is vehicle
dependent, and will not usually be symmetric for uphills and downhills. This asymmetry is
because steep downhills are determined by rolling resistance, mass, and aerodynamic drag,
but steep uphills also depend on the powertrain.

Hills impact vehicle energy e ciency through the following mechanisms:

~ Braking Inducement:  Hills can force a vehicle against some constraint, such as a
speed limit, or for platoons, a desired gap. When hills result in the application of
negative powertrain torque (active deceleration), energy is wasted [10].

Energy Source/Sink:  Hills lead to a change in total energy, either taking vehicle
energy to go uphill or returning energy on downhills, but this in itself can either dilute
or strengthen platooning bene ts$.

Powertrain Map Shifts: Hills also cause varied power demands, changing the pow-
ertrain operating regime. Hill-induced downshifts, for example, usually change vehicle

energy e ciency.

As a result of these e ects, fuel-e cient driving over hills has the primary objective of
minimizing active deceleration, with the secondary aim of minimizing suboptimal powertrain
operation. This applies to all vehicles, including platoons.

For both single vehicles and platoons, eco-driving over hilly terrain is typically ac-
complished using look-ahead control [60]. There are some examples of eco-driving cruise
controllers that do not use a look-ahead [61]. Many commercial cruise controllers simply
allow for deviation in the set speed (referred to as exible cruise control), but hilly terrain
is enough of a challenge for HDV fuel consumption that all major truck manufacturers o er

some form of look-ahead cruise contfol

5As a consequence, it is important to avoid comparing results with di erent net elevation changes [59].

SAll major heavy duty truck manufacturers o er predictive cruise control (PCC) that uses upcoming
grade to adjust velocity accordingly [62]. A step under PCC is exible cruise control (FCC). FCC allows
for over/undershoot of a set speed on hills, also called droop. In one experiment, the FCC reduced fuel
consumption compared to standard CC, although even greater savings were achieved by a prospective PCC
[63].
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Real roads are rarely composed of constant uphill or downhill sections. Often, crests
and valleys occur as in Figure 2.8, putting the leader and follower under opposite-sign grade

forces.

Figure 2.8: Platoons traversing grade are faced with disturbances that are at odds with strict
longitudinal spacing.

When speed limits are in e ect, the fuel-optimal strategy for traversing hill crests is to
preemptively decelerate before the top of the crest is reached, thus reducing the amount of
braking required on the steep downhill tract [50].

The impact of simultaneous shifting and look-ahead control of trucks has been explored
in [64, 65, 63]. Simultaneous shifting was determined to produce tighter gap control and
driver comfort, but look-ahead control was ultimately required to maintain platooning aero-
dynamic bene ts over challenging grade.

Regarding mass variations, placing a heavier vehicle in the back increases the likelihood
of hill steepness and may induce situations where the platooning bene t is compromised on
downhills [60], as well as situations where the heavy follower gets \left behind" on uphill
sections. In contrast, a heavy leader could constrain the follower to its limits for uphill
steepness.

Fuel-e cient platooning over grade is a challenging research topic, and there are still
many open research questions regarding e cient platooning over hills. What is known is that
hills can seriously compromise platoon energy bene ts and that e ective controller design is
key. Attention now shifts from hills to platoon interruptions caused by other vehicles and

roadway obstructions.
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