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ABSTRACT

Ibitayo, Ifeoluwa J. MSME, Purdue University, August 2019. Enhanced Class 8
Truck Platooning via Simultaneous Shifting and Model Predictive Control. Major
Professor: Gregory Shaver.

Class 8 trucks on average drive the most miles and consume the most fuel of
any major vehicle category annually. Indiana specifically is the fifth busiest state for
commercial freight traffic and moves $750 billion dollars of freight annually, and this
number is expected to grow by 60% by 2040. Reducing fuel consumption for class 8
trucks would have a significant benefit on business and the proportional decrease in
CO5 would be exceptionally beneficial for the environment.

Platooning is one of the most important strategies for increasing class 8 truck
fuel savings. Platooning alone can help trucks save upwards of 7% platoon average
fuel savings on flat ground. However, it can be difficult for a platooning controller
to maintain a desired truck separation during uncoordinated shifting events. Using
a high-fidelity simulation model, it is shown that simultaneous shifting—having the
follow truck shift whenever the lead truck shifts (unless shifting would cause its en-
gine to overspeed or underspeed)-decreases maximum truck separation by 24% on a
moderately challenging grade route and 40% on a heavy grade route.

Model Predictive Control (MPC) of the follow truck is considered as a means
to reduce the distance the follow truck falls behind during uncoordinated shifting
events. The result in simulation is a reduction in maximum truck separation of 1%
on a moderately challenging grade route and 19% on a heavy grade route. However,
simultaneous shifting largely alleviates the need for MPC for the sake of tracking for

the follow truck.
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A different MPC formulation is considered to dynamically change the desired set
point for truck separation for routes through a strategy called Route Optimized Gap
Growth (ROGG). The result in simulation is 1% greater fuel savings on a moderately
challenging grade route and 7% greater fuel savings on a route with heavy grade for

the follow truck.



1. INTRODUCTION
1.1 Motivation

Class 8 trucks on average drive the most miles of any major vehicle category
annually, 68,000 miles (110,000 km) as shown in Figure 1.1, and consume the most fuel
of any major vehicle category annually, 12,900 Gasoline Gallon Equivalents (50,000
liters) as shown in Figure 1.2, which is nearly $40,000 dollars spent on fuel alone per

truck each year.

Average Annual Vehicle Miles Traveled of Major Vehicle Categories

Class 8 Truck
Transit Bus
Refuse Truck
Para. Shuttle
Delivery Truck
School Bus

Police

Light Truck
Light-Duty Vehicle
Car

Motorcycle

o

5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000 50,000 55,000 60,000 65,000 70,00075,000

Annual Miles per Vehicle

Fig. 1.1. The average annual miles traveled for various vehicle categories. [1]



Average Annual Fuel Use of Major Vehicle Categories

Refuse Truck  |—
Para. Shuttle G
Taxi |
Delivery Truck
School Bus
Police G
Light Truck
Light-Duty Vehicle s

Car
Motorcycle |

0 1,000 2,000 3,000 4,000 5,000 6,000 7000 8000 9,000 10,000 11,000 12,000 13,000 14,000

GGEs per year

Fig. 1.2. The average annual fuel consumption for various vehicle categories. [1]

The operation of class 8 trucks is especially relevant for Indiana, which moves $750
billion dollars of freight annually. It is the fifth busiest state for commercial freight
traffic, and freight flow is expected to increase by 60% by 2040 as shown in Figure
1.3 [2], so reducing the fuel consumption of the trucks delivering this cargo will be
significantly beneficial for local business. Because CO, production is proportional to
fuel consumption, the correlated reduction in COy will have a significant benefit on

the environment as well.



State to State Truck Flows Using Indiana Corridors

— 2011

State to State Flows (Annual Tons)
B 0-1,000,000 -
1,000,001 - 5,000,000
g 5,000,001 - 10,000,000
More than 10,000,000
Truck Volume (Trucks per Day)

15000 7500 3750
———
g A
1 {

Fig. 1.3. Projected increase in freight flow through Indiana from 2011 to 2040 [2].

1.2 Literature Review

Platooning is the process by which two vehicles travel at very close distances (on
the order of tens of meters) for the purpose of reducing drag and is one of the primary
areas of research for reducing fuel consumption for semi trucks. Shifting, the process
of switching from one gear ratio to another, is an important feature of platooning
dynamics because a lack of coordination of shift timing between vehicles in a platoon
can cause significant, undesired gap growth; however, it is often neglected completely
[3-9], sidestepped by assuming that the vehicles are equipped with Continuously
Variable Transmissions (CVTs) [10-14], or modeled but not directly controlled [15].

Shifting dynamics are often neglected to simplify analysis and implementation of
platooning controllers [11,12]. However, neglecting shifting dynamics is not viable
because shifting is one of the greatest sources of gap growth when attempting to

maintain a desired gap.



Vehicles equipped with CVTs can change gear ratios without discrete shifting
events, so their shifting dynamics are far easier to model and control. They are
very common in Japanese import sedans and SUVs [16]. However, they are not a
plausible simplification for semi trucks because most semi trucks are equipped with
transmissions that shift discretely. Discrete shifting events lead to a momentary loss
of power as the transmission switches gears, which is the key component of shifting
events that leads to truck separation, but this phenomenon is neglected by CVTs.

Lastly, even if shift dynamics are modeled in a simulation framework, they are
often not directly controlled because commonly used strategies to command a de-
sired gear number (such as including it as an input in a mixed-integer programming
problem) can greatly increase computational cost [17].

A controller is necessary to control the follow vehicle in a platoon to maintain the
desired gap throughout a route. A number of instantaneous strategies have been im-
plemented for the sake of tracking and reduced fuel consumption, including optimized
Proportional-Integral (PI) controllers by Corona [17] and Alam [6] and an estimated
minimum principle controller and a kinetic energy conversion controller by Xu [5],
but they do not leverage look-ahead knowledge, which is invaluable for reducing fuel
consumption for semi trucks. The upcoming road grade and the lead truck’s behavior
over a route play a significant role in the achievable fuel savings and cannot be fully
accounted for with instantaneous strategies.

One of the most widely used control strategies for platooning vehicles that incor-
porates look-ahead knowledge is Model Predictive Control (MPC). MPC controllers
currently under development are mostly focused on passenger car applications where
vehicle mass and road grade do not play nearly as significant a role in fuel consump-
tion [3,8-10,12-15,17] as they do for class 8 trucks. Many of these controllers also
neglect platooning drag variation [4,9,12,14,17] and nearly all of them do not possess
high fidelity vehicle models to verify their predicted fuel savings except Santin [15].



1.3 Contributions

The purpose of the research included in this thesis is to utilize shifting strategies
and look-ahead knowledge to improve tracking and reduce fuel consumption for semi
trucks traveling in a platoon.

As was mentioned earlier, shifting is an important feature of platooning dynamics,
and it needs to be coordinated to prevent undesired gap growth. Shifting is included
in the simulation model used for analysis in this thesis. The impact of commanding
the follow truck to shift at the same as the lead truck (unless shifting will cause the
engine to overspeed or underspeed) rather than allowing the transmission controller
for the follow truck to shift whenever it desires to will be discussed in this thesis.

MPC was considered in this research for two purposes: Improved tracking and
reduced fuel consumption. It was first leveraged for the sake of improved tracking
to quantify the benefit of look-ahead knowledge when compared to a production-
intent platooning controller by comparing the performance of the production-intent
platooning controller to MPC over two representative trucking routes. Another MPC
formulation was used to reduce fuel consumption by using look-ahead road grade and
the expected lead truck’s acceleration over the entire route to determine the optimal

truck separation to maximize fuel savings for the follow truck.

1.4 Thesis Outline

This thesis focuses on multiple strategies to improve the follow truck’s ability to
track the lead truck in a platoon and reduce fuel consumption. This chapter provided
the motivation for this thesis and highlights the unique contributions this thesis makes
to literature. Chapter 2 provides background on the strategies used to improve fuel
consumption for semi trucks. Chapter 3 details the simulation framework and the
results obtained with simultaneous shifting. Chapter 4 describes a MPC controller
that was used for tracking and the results that were obtained with it. Chapter 5

describes a MPC controller that was used to calculate an optimal truck separation



for a given route and a MPC controller that was used to track the desired truck
separation. It also describes the results that were obtained with these controllers.
Chapter 6 is a summary of this manuscript and a brief discussion on the next steps
for this research. Chapter 7 enumerates the other contributions the author has made

to research that are not included in this manuscript.



2. BACKGROUND

2.1 Areas of Fuel Consumption Improvement for Class 8 Trucks

There are three main areas where strategies are being developed to improve fuel
consumption for class 8 trucks: engine-level strategies, vehicle-level strategies, and
connectivity-enabled strategies. Fngine-level strategies focus on reducing pumping
losses, increasing thermal efficiency, and/or improving mechanical efficiency. In diesel
engines, which many semi trucks are equipped with, pumping losses are the energy
that is lost intaking gases and exhausting them. It can be reduced through Vari-
able Valve Actuation (VVA)-which can be used to optimize the opening and closing
of valves—and Cylinder De-Activation (CDA)-which reduces the number of cylinders
that are pumping fluid [18]. Thermal efficiency can be increased by using higher com-
pression ratios—which result in more complete combustion—and waste heat recovery—
which is a strategy to recoup some of the energy lost to heat generation and harness
it for useful vehicle operation. Mechanical efficiency can be increased by using more
effective lubricants and bearings, reducing the amount of energy lost to friction.

Vehicle-level strategies to reduce fuel consumption focus on improving the drag
characteristics of semi trucks by reducing the gap between the tractor and trailer,
adding side skirts, and installing boat tails. The goal of all these strategies is to
reduce air resistance on the semi truck. When used in combination, they can reduce
fuel consumption by over 14% [19].

Lastly, there are connectivity-enabled strategies. Connectivity is the ability of the
vehicle to obtain knowledge about the surrounding environment—such as the upcoming
weather, road grade, and speed limits—and other vehicles—such as overall traffic flow
and the behavior of neighboring vehicles. There are three main applications for

connectivity: short-horizon predictive cruise control, long-horizon predictive cruise



control, and platooning. The horizon refers to how far ahead along a route a strategy
is applied: Short-horizon is on the order of a few minutes or a few kilometers. Long-
horizon is typically applied for an entire route, which can last dozens of minutes or
dozens of kilometers. Predictive cruise control optimizes control inputs for a vehicle to
minimize fuel consumption over a given horizon. For a short horizon, one of the most
common strategies for optimization is Model Predictive Control (MPC), which will
be discussed in greater detail in the next section. For long horizon, one of the most
common strategies is Dynamic Programming (DP). DP is an algorithmic strategy to
reduce a complex problem (such as optimizing fuel consumption over a route with
varying traffic and road grade conditions) into simpler, overlapping problems that
are solved recursively until an optimal solution is obtained [20]. It has been used by
Ozatay [21], Hellstrom [22], and many others [11,23,24] for long-horizon predictive
cruise control.

Platooning is the process by which two vehicles travel at relatively close inter-
vehicular distances for the purpose of reducing drag. The front truck reduces drag
for the rear truck by displacing the air it passes through, leaving a hole for the
follow truck to drive through. The follow truck reduces drag for the lead truck by
reducing air eddies behind it. Air becomes turbulent when it turns around a very
sharp corner, which is what occurs when air finishes traveling over the trailer of a semi
truck—as shown in Figure 2.1; however, having another truck following very closely
behind provides another flat surface for air to travel over when it finishes traveling
over the lead truck. The combination of these two phenomena is aerodynamically
beneficial for both trucks in the platoon. Platooning is connectivity-enabled because
communication is required between both vehicles to prevent accidents and maintain
the inter-vehicular distances required for fuel savings.

These connectivity-enabled strategies are non-exclusive. They can be effectively
combined, as shown in Figure 2.2 where a coarse, long-horizon, DP-calculated optimal
velocity profile is solved before a route is run and fed into an online short-horizon

MPC controller that can calculate fine control inputs while the route is being run.



Fig. 2.1. Platooning reduces air eddying behind the lead truck in a platoon and

displaces air in front of the follow truck [25].

v

*
uofﬂine

v

torx

Fig. 2.2. The coarsely discretized offline optimization computes an optimal control
sequence (U s;,.); this information is made available to the online MPC strategy,
which computes an optimal control sequence (u},po) over a finer grid. v denotes the

velocity trajectory of the vehicle. [24].

The combination of these connectivity-enabled strategies can sometimes allow

even greater fuel savings than they can obtain individually.
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Many of the engine-level technologies to reduce fuel consumption are fairly mature.
Many vehicle-level technologies, such as side skirts, have become industry standard.
Even predictive cruise control has seen commercial applications, such as Cummins’
ADEPT technology. However, commercial deployment of platooning for class 8 trucks
has been limited and has only begun to gain traction in the trucking industry in the

past few years.

2.2 Model Predictive Control

A picture summarizing Model Predictive Control (MPC) is shown in Figure 2.3.
First, a system model is developed to predict the future behavior of the plant model.
This system model is used to predict the behavior of the plant a certain number of
steps into the future. The desired control inputs for the plant are optimized based
on this prediction in order to achieve a control objective. The first control input is
then implemented, and the process is repeated at the next time instant to introduce

feedback into the system [26].

_ PAST FUTURE

- ‘ —— Reference Trajectory
- o~ Predicted Output

<
- Measured Qutput

Predicted Control Input
—— Past Control Input

< »
Sample Time

k k+1  k+2 k+p

Fig. 2.3. A prediction of the future behavior of the plant model is used to optimize
the desired control inputs to achieve a control objective. This process is repeated at

each time instance to introduce feedback into the system [26]. [27]

The classical MPC formulation, which is represented in discrete-time, is shown in

Equations 2.1-2.4. The system is propagated forward in time via Equation 2.1:
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x[k + 1] = Ax[k] + Bulk] (2.1)

where z is the state vector, A is the matrix that relates the evolution of states from
one time instance to another, u is the input vector, and B relates how the inputs
affect the states.

This prediction model is provided along with a cost function to minimize and
constraints that must be maintained in the solution to the problem as represented in

Equations 2.2-2.4:

N-1
min J = W,z [N]? + Z Wy [k]? + Weulk)? (2.2)
k=0
s.t. g(x,u) =0 (2.3)
h(x,u) <0 (2.4)
N-1
where W,x[N]? is a terminal cost, Y. Wyx[k]?+ W u[k]? is a running cost, g(z,u) =0
k=0

is an equality constraint, and h(z,u) < 0 is an inequality constraint.

MPC first began to see traction in commercial applications in the late 70s for use at
oil refineries. Chemical processes occur slowly enough to make its application feasible
at that time [28]. One of the primary limitations of MPC is its high computational
cost. It was not until the 80s that the computational power of computers increased
sufficiently to apply MPC to a wider variety of applications [28]. However, it was not
until the past ten years that truck platooning became an active area of research, so

MPC is only recently being applied to this field.
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3. PLATOONING VIA SIMULTANEOUS SHIFTING

3.1 Introduction

Most platooning simulation frameworks to date either model shifting dynamics
but do not attempt to optimize shift timing [15], assume the vehicles being stud-
ied are equipped with continuous variable transmissions (CVTs) [10-14], or ignore
shifting dynamics all together [3-9]. The simulation framework used to analyze strat-
egy performance in this thesis includes shifting dynamics for both a single truck
and a two-truck platoon. This chapter analyzes the impact of simultaneous shifting
on the performance of a production-intent platooning controller. The performance
parameters discussed in this chapter are truck separation, driver comfort, and fuel

consumption.

3.2 Simulation Framework and Implementation of Simultaneous Shifting

Westbound I-74 (shown in Figure 3.1) and northbound I-69 are two representative
trucking corridors in Indiana and were used for analysis in this thesis. The road
grade data for I-74 and 1-69 was obtained by integrating the velocity output from
a VectorNav VN-200 Inertial Measurement Unit (IMU), which is shown in Figure
3.2. A 150-point moving average filter was used to remove noise due to suspension
travel and truck dynamics from the road grade data [29]. The process of obtainment

and validation of the grade data used in this paper is described in greater detail by

Taylor [29].
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Fig. 3.1. 1-74 is a representative trucking route in Indiana. Dash cam picture of I-74

(a). I-74 on Indiana state map (b). Zoom-in of I-74 on Indiana state map (c).

Fig. 3.2. A VectorNav VN-200, a type of IMU, was used to obtain grade data for the

simulated routes.

Traffic speed data from the Indiana Department of Transportation (INDOT) was
used to generate the reference speed of the lead truck in the platoon for each route.
Traffic speed data for westbound I-74 at 5PM on a typical Friday is shown in Figure
3.3. The color of a bar specifies the average traffic speed at the given mile marker,
and the height of the bar specifies the percentage of an hour spent at that speed.

The traffic speed data was converted to an average speed at each mile marker.

The average speed at each mile marker was then time-aligned with the grade data
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Fig. 3.3. Traffic speed data for westbound 1-74 at 5 PM on a typical Friday was
obtained from INDOT. The color of a bar specifies the average traffic speed, and the
height of the bar specifies the percentage of an hour spent at that speed [2].

calculated for each route. The time-aligned speed and grade data fully describe I-74
and [-69 from a simulation standpoint. The simulated representations of routes I-74
and [-69 are shown in Figures 3.4 and 3.5.

A flow diagram of the platooning simulation framework is shown in Figure 3.6.
The modeled lead truck and follow truck (shown in red) were developed by Cummins
and are models of Peterbilt 579 class 8 trucks weighing 29,484 kg with Cummins
X15 efficiency series engines and Eaton Endurant 12-speed transmissions. The lead
truck is controlled by a driver model which commands a desired torque based on
the difference between the truck’s current velocity and the reference velocity. The
follow truck is commanded by either a production-intent platooning controller or a
Model Predictive Control (MPC) controller. The details of how the production-intent

controller works are confidential, but it takes inputs from both the lead and the follow
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Fig. 3.4. Traffic speed data for westbound I-74 at 5 PM on a typical Friday was
obtained from INDOT (a) and time aligned with grade data for the route (b). The
reference speed and grade as a function of time describe the route from a simulation

standpoint.

truck to generate a desired engine torque and brake acceleration for the follow truck.
The details of how the MPC controller works will be discussed in the next chapter.

The forces captured in the simulation framework are shown in Figure 3.7. Forces
resulting from engine torque, grade, aerodynamic drag, rolling resistance, and braking
are included.

The aerodynamic drag coefficient varies as a function of truck separation for both
the lead and the follow truck in correspondence with the experimental data obtained
by Salari [30] shown in Figure 3.8. Experimental data obtained by Roeth and Switkes
demonstrated that fuel consumption can be reduced by over 7% for a platoon on flat
ground because of the reduction in drag for both vehicles [31], so it is essential that
the variation of drag as a function of truck separation is captured in the simulation

framework.
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Fig. 3.5. Traffic speed data for northbound I-69 at 5 PM on a typical Friday was
obtained from INDOT (a) and time aligned with grade data for the route (b). The
reference speed and grade as a function of time describe the route from a simulation

standpoint.

The transmission can automatically choose the optimal gear for the truck to be in
to conserve fuel, but the gear number can also be commanded manually. The latter
feature was utilized to allow the follow truck to shift whenever the lead truck shifted,
unless shifting would cause its engine to overspeed or underspeed. This strategy will

be called simultaneous shifting throughout the rest of this thesis.
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Fig. 3.6. The lead truck is controlled by a driver model, and the follow truck is

controlled by either a production-intent platooning controller or a MPC controller.

Fig. 3.7. A free-body diagram of forces acting on a class 8 truck.
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Fig. 3.8. The normalized drag coefficients for the lead truck and follow truck as a

function of truck separation.

3.3 Westbound I-74 in Indiana (Moderate Grade)

A comparison of the production-intent controller’s tracking performance before
and after implementation of simultaneous shifting is shown in Figure 3.9 and Table
3.1 for westbound I-74, which is a moderately challenging grade route. The desired
set point was 16.7 meters. The maximum truck separation reached roughly 24 meters
on two occasions without simultaneous shifting. With simultaneous shifting, the
production-intent controller was able to maintain the truck separation to within two
meters of the desired set point.

An explanation for the improved tracking obtained by using simultaneous shifting
can be determined by considering Figure 3.10. When the platoon not using simultane-
ous shifting climbed the sustained uphill (Figure 3.10a), the lead truck downshifted
(Figure 3.10b) and maxed out torque (Figure 3.10c), which caused an increase in

relative velocity between the lead truck and the follow truck (Figure 3.10d). This
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Fig. 3.9. A comparison of the tracking performance of a production-intent controller

with and without simultaneous shifting over [-74.

Table 3.1. Tracking metrics comparison with and without simultaneous shifting on

[-74.

Strategy over I-74 |Average Truck Separation (m)

Production-Intent 16.8

+Simultaneous Shifting|16.7

Strategy over I-74 |Maximum Truck Separation (m)

Production-Intent 24.1

+Simultaneous Shifting|18.2

increase in relative velocity was further increased by the follow truck downshifting,

which caused it to slow down even more. This increase in relative velocity between
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the two-trucks led to an increase in truck separation (Figure 3.10e). However, when
the follow truck used simultaneous shifting, it downshifted at the same time as the
lead truck; therefore, it was able to maintain the same speed as the lead truck when

the lead truck maxed out torque.
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Fig. 3.10. Elevation in meters (a), gear number (b), engine torque in Newton-meters
(c), relative velocity in meters per second (d), and truck separation in meters (e) is

shown over I-74 between 95 and 145 seconds.

As shown in Figure 3.11, an increase in truck separation caused a significant
increase in relative velocity (which is negative when the follow truck is traveling

faster than the lead truck) because the follow truck must increase speed to catch



21

up to the lead truck. Simultaneous shifting improves driver comfort by enabling the

production-intent controller to track better, so negative relative velocity remained

closer to zero throughout the route.
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Fig. 3.11. A comparison of truck separation and negative relative velocity with and

without simultaneous shifting over 1-74.

3.4 Northbound I-69 in Indiana (Heavy Grade)

A comparison of a production-intent controller’s tracking performance before and

after simultaneous shifting was implemented is shown in Table 3.2 and Figure 3.12

for northbound 1-69, which is a more challenging grade route. The desired set point

was 16.7 meters. The maximum truck separation exceeded 20 meters several times

and even reached double the desired set point on one occasion without simultaneous

shifting. With simultaneous shifting, the production-intent controller was able to

maintain the truck separation to within four meters of the desired set point.
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Fig. 3.12. A comparison of the tracking performance of a production-intent controller

with and without simultaneous shifting over [-69.

Table 3.2. Tracking metrics comparison with and without simultaneous shifting on

1-69.

Strategy over I-69 |Average Truck Separation (m)

Production-Intent 17.7

+Simultaneous Shifting|16.8

Strategy over I-69 |Maximum Truck Separation (m)

Production-Intent 34.3

+Simultaneous Shifting|20.5

When the platoon climbed the sustained uphill (Figure 3.13a), the lead truck
downshifted twice (Figure 3.13b) and maxed out torque (Figure 3.13c), which caused
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Fig. 3.13. Elevation in meters (a), gear number (b), engine torque in Newton-meters
(c), relative velocity in meters per second (d), and truck separation in meters (e) is

shown over I-69 between 1620 and 1740 seconds.

an increase in relative velocity between the lead truck and the follow truck (Figure
3.13d). This increase in relative velocity was further increased by the follow truck
downshifting, which caused it to slow down even more. This increase in relative
velocity between the two-trucks led to an increase in truck separation (Figure 3.13e).
However, when the follow truck used simultaneous shifting, it downshifted at the
same time as the lead truck; therefore, it was able to maintain the same speed as the

lead truck when the lead truck maxes out torque.
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As shown in Figure 3.14, the increase in truck separation caused an increase in rel-
ative velocity (which is negative when the follow truck is traveling faster than the lead
truck). Simultaneous shifting improves driver comfort by enabling the production-
intent controller to track better, so even on this heavy grade route, negative relative

velocity remained close to zero throughout the route.
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Fig. 3.14. A comparison of truck separation and negative relative velocity with and

without simultaneous shifting over 1-69.

3.5 Fuel Consumption Comparison

The fuel consumption of the platoon with and without simultaneous shifting was
virtually unchanged on both I-74 and 1-69, as shown in Tables 3.3 and 3.4. The single
truck baseline is the fuel consumed by a single truck traveling over the route and is
used as the value by which the various strategies used for platooning are normalized.

Using simultaneous shifting did not significantly affect the fuel consumption of the

platoon because the drag coefficient remained nearly unchanged even at the larger
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truck separations experienced momentarily over I-74 and 1-69, as was shown in Figure

3.8.

Table 3.3. Fuel consumption comparison with and without simultaneous shifting on

I-74.

Strategy over I-74 Lead Truck Fuel Consumption

Single truck Baseline |[1.0
Production-Intent 0.99

+Simultaneous Shifting|0.99

Strategy over 1-74 Follow Truck Fuel Consumption

Single truck Baseline |1.0
Production-Intent 0.89

+Simultaneous Shifting|0.89
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Table 3.4. Fuel consumption comparison with and without simultaneous shifting on

I-69.

Strategy over I-69 |Lead Truck Fuel Consumption

Single Truck Baseline |[1.0
Production-Intent 0.99

+Simultaneous Shifting|0.99

Strategy over I-69 |Follow Truck Fuel Consumption

Single Truck Baseline |[1.0
Production-Intent 0.93

+Simultaneous Shifting|0.93

However, simultaneous shifting is valuable because it improves driver comfort and
increases the amount of time that platooning can be implemented, especially on routes

with challenging grade.

3.6 Summary

Simultaneous shifting significantly improves tracking and driver comfort over a
variety of routes. For a set point of 16.7 meters on 1-74, simultaneous shifting reduced
the maximum truck separation from 24.1 meters to 18.2 meters. For a set point of 16.7
meters on 1-69 (which is a more challenging grade route), the improvement was even
more drastic. Simultaneous shifting reduced the maximum truck separation from 34.3
meters to 20.5 meters. Fuel consumption when simultaneous shifting is implemented
is unchanged, so its primary fuel savings benefit comes from being able to implement
platooning on routes with more challenging grade by significantly improving driver

comfort.
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4. MPC APPLIED TO TRACKING IN A PLATOON

4.1 Introduction

This chapter considers how much short-horizon look-ahead knowledge of the up-
coming grade and the lead truck’s acceleration over the route could improve tracking
performance. The trucking routes that were used for analysis for this chapter and

the next are shown in Figures 4.1 and 4.2.
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Fig. 4.1. Constant velocity data for westbound I-74 (a) time aligned with grade data

for the route (b).
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Fig. 4.2. Constant velocity data for northbound I-69 (a) time aligned with grade data
for the route (b).

4.2 Tracking MPC Framework and Algorithm Design

A linear model of a class 8 truck following another truck was developed for a
Model Predictive Control (MPC) controller. The free body diagram of a class 8 truck
shown in Figure 5.1 will be used as a reference for all of the forces on a semi truck.

The motive force on the truck was represented by:

Fmotive = Pe/v (41)

where P, is engine power and V is velocity. Power was used because it is independent
of gear number allowing the nonlinearities associated with gear shifting to be neglected

within the controller. A similar equation was used to represent the brake force:

Fbrake = Pbrake/v (42)

where Py,.qre is brake power and V' is velocity.
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Fig. 4.3. A free-body diagram of forces acting on a class 8 truck.

The force of gravity was represented by:

Fyravity = mgt (4.3)

where m is the mass of the truck, g is the gravity constant, and 6 is grade. Small
angle approximation was used to approximate sin(6) as 6.

The force of rolling resistance was represented by:

Froll = mgf (44)

where m is the mass of the truck, ¢ is the gravity constant, and f is friction coefficient.
Small angle approximation was used to approximate cos(f) as 1. The force of drag,
which was mentioned earlier as varying with both velocity and truck separation, was

represented by:

Firag = 1/2pACp o(poVV + pdV?) (4.5)

where p is the density of air, Cp ¢ is the nominal drag coefficient, V' is the current

velocity of the follow truck, V is the average velocity of the follow truck over the
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corridor, d is the distance between the lead truck and the follow truck, pg is the y-
intercept of the linearization of drag as a function of distance for the follow truck,
p1 is the slope of the linearization of drag as a function of distance for the follow
truck. This equation was obtained by linearizing the nonlinear drag variation as a
function of truck separation shown in Figure 3.8. Then, a first-order Taylor expansion
was applied to the force of drag to obtain its variation as a linear function of both
velocity and truck separation.

Along with these forces, three coupling terms were considered: The difference
between the trucks’ current separation and the distance set point (which is 16.7 meters
for platooning), the difference in velocity between the lead truck and the follow truck,
and the distance between the lead truck and the follow truck. The difference between
the current truck separation and the distance set point will be referred to as Ad in
this thesis. The difference between the lead truck’s velocity and the follow truck’s
will be referred to as AV. And, the distance between the lead truck and the follow
truck will be referred to as d.

The prediction model for the system is shown below:
zlk + 1] = Az[k] + Bulk] + Baalk] + Bg0|k] (4.6)

where x is the state vector, A relates the evolution of states from one time instance
to the next, u is the input vector, B relates how the inputs affect the states, a is the
lead vehicle’s acceleration, B, relates how the lead vehicle’s acceleration affects the
states, 6 is road grade, and By relates how the road grade affects the states. The
acceleration of the lead truck and road grade were treated as disturbances so that

they could change dynamically over the MPC horizon.
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The state vector is shown below:

where Ad is the distance between the platoon’s current truck separation and the
desired truck separation of 16.7 meters. AV is the relative velocity between the lead
truck and the follow truck. V' is the velocity of the follow truck. P, is the engine
power of the follow truck. P, is the brake power of the follow truck. f is the friction
coefficient. d is the distance between the lead truck and the follow truck.

The state matrix, A, is shown below:

S i A e
e Tl = e
aclo . B % 0 0 0 (4.8)
0 0 0 0 _Tib !
00 0 0 0 ! ’
0 1 0 0 0 0 oo

where p is air density, A is the frontal area of the semi truck, Cp, is the nominal
drag coefficient, V is the average velocity of the follow truck over the route, py is the
y-intercept of the linearization of drag as a function of distance for the follow truck,
m, is the inertial mass of the semi truck, n; is the drivetrain efficiency, g is the gravity
constant, p; is the slope of the linearization of drag as a function of distance for the

follow truck, 7. is the engine time constant, and 7, is the brake time constant.
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The input matrix, B, is shown below:

o O O
o o o O

N

3

0 O

where 7, is the engine time constant, and 7, is the brake time constant.

The acceleration input matrix, B, is shown below:

(4.10)

™
o
I
o © © o o = o

The grade input matrix, By, is shown below:

0

m

med

m
med

By=| 0 (4.11)

0
0
0

where m is the mass of the truck, ¢ is the gravity constant, and m,. is the inertial

mass.
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The objective and constraints for the MPC problem are shown below:

min J = Nz_l Ad[k)? (4.12)
k=0
§.t. Poin < Po < Paan (4.13)
Pemin < Po < Pejnas (4.14)
0 < Byrake < By max (4.15)

where Ad is the distance between the current truck separation and the desired truck
separation—i.e. tracking error, P, is engine power, P. ,,;, is maximum retarder (i.e.
negative engine) power, P 4, Is maximum positive engine power, Pe is the rate of
change of engine power, Pe,min is the fastest engine power can decrease, and Pe,max is
the fastest engine power can increase, Py, 4k is brake power, and P 4, 1S maximum
brake power. In short, the objective is to minimize tracking error while maintaining
realistic constraints on the engine and brakes.

The controller was applied with a 15-second look-ahead horizon in closed loop

with the vehicle models and driver model described in chapter 3.

4.3 Westbound I-74 in Indiana (Moderate Grade)

A comparison of the truck separation, torque, and gear number of the platoon
with the follow truck controlled by a production-intent controller and the platoon
with the follow truck controlled by MPC is shown in Figure 4.4, and a comparison of
the tracking metrics obtained with the follow truck controlled by a production-intent

controller and the follow truck controlled by MPC are shown in Table 4.1.
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Fig. 4.4. A comparison of truck separation in meters (a), torque in Newton-meters

(b), and gear number (c) between a production-intent controller and MPC over 1-74.

Table 4.1. Tracking metrics comparison between a production-intent controller and

MPC on I-74.

Strategy over I-74|Average Truck Separation (m)

Production-Intent 16.7

MPC 16.7

Strategy over I-74Maximum Truck Separation (m)

Production-Intent 17.0

MPC 16.8
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The follow truck controlled by a production-intent controller was able to effec-
tively track the lead truck when attempting to maintain a constant velocity over the
moderate grade route. This route functioned as an effective baseline to demonstrate
that look-ahead knowledge would not adversely affect performance on a route with

moderately challenging grade variation.

4.4 Northbound I-69 in Indiana (Heavy Grade)

A production-intent controller and MPC were each used as the controller for the
follow truck while platooning over 1-69, which is a more challenging grade route. A
comparison of the truck separation, torque, and gear number of the platoon with
the follow truck controlled by a production-intent controller and the platoon with
the follow truck controlled by MPC is shown in Figure 4.5, and a comparison of
the tracking metrics obtained with the follow truck controlled by a production-intent

controller and the follow truck controlled by MPC over 1-69 are shown in Table 4.2.

Table 4.2. Tracking metrics comparison between a production-intent controller and

MPC on 1-69.

Strategy over I-69 Average Truck Separation (m)

Production-Intent 194

MPC 18.5

Strategy over I-69Maximum Truck Separation (m)

Production-Intent 35.8

MPC 29.0

On this more challenging grade route, the production-intent controller struggled

to maintain the desired truck separation of 16.7 meters at numerous instances in time.
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Fig. 4.5. A comparison of truck separation in meters (a), torque in Newton-meters

(b), and gear number (c) between a production-intent controller and MPC over 1-69.

MPC was able to reduce to some extent the distance the follow truck fell behind in
many of these instances. An explanation for the reason why MPC performs better
than the production-intent controller is shown in Figure 4.6.

When the platoon climbed the sustained uphill (Figure 4.6a), the lead truck down-
shifted (Figure 4.6b) and maxed out torque (Figure 4.6¢), which caused an increase
in relative velocity between the lead truck and the follow truck as shown in Figure
4.6d. This increase in relative velocity was further increased by the follow truck
downshifting, which caused it to slow down even more. This increase in relative
velocity between the two-trucks led to an increase in truck separation as shown in
Figure 4.6e. The follow truck controlled by a production-intent controller decreased
torque to match the lead truck when it downshifted to avoid encroaching, but this
loss of momentum caused it to fall behind when it downshifted a few seconds later.

The follow truck controlled by MPC knew that the lead truck would max out torque
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Fig. 4.6. Elevation in meters (a), gear number (b), engine torque in Newton-meters
(c), relative velocity in meters per second (d), and truck separation in meters (e) is

shown over I-69 between 200 and 280 seconds.

immediately after it shifted, so it kept its own torque at nearly maximum while the
lead truck was downshifting. This slight increase in relative velocity for the follow
truck controlled by MPC allowed it to fall behind less than the follow truck controlled
by a production-intent controller.

Simultaneous shifting was applied to the follow truck controlled by a production-
intent controller and the follow truck controlled by MPC to analyze the trade-off
between simultaneous shifting and look-ahead knowledge. A comparison of the truck

separation, torque, and gear number of the platoon with the follow truck controlled
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by a production-intent controller and the platoon with the follow truck controlled by
MPC with and without simultaneous shifting is shown in Figure 4.7 and a comparison

of the tracking metrics is shown in Table 4.3.
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Fig. 4.7. A comparison of truck separation in meters (a), torque in Newton-meters
(b), and gear number (c) between a production-intent controller and MPC with and

without simultaneous shifting over 1-69.

The significant improvement in tracking shown in Figure 4.7 and Table 4.3 by
applying simultaneous shifting even without look-ahead knowledge demonstrates that
sufficient tracking to platoon on routes with heavy grade can be largely realized by

effective shifting strategies alone.



Table 4.3. Tracking metrics comparison between a production-intent controller

MPC with and without simultaneous shifting on 1-69.

Strategy over I-69

Average Truck Separation (m)

Production-Intent
Production-Intent + Simultaneous Shifting
MPC

MPC + Simultaneous Shifting

19.4

16.8

18.5

16.8

Strategy over 1-69

Maximum Truck Separation (m)

Production-Intent
Production-Intent + Simultaneous Shifting
MPC

MPC + Simultaneous Shifting

35.8

18.5

29.0

18.0

4.5 Fuel Consumption Comparison
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and

A comparison of the fuel consumption between the platoon where the follow truck

is controlled by a production-intent controller and the platoon where the follow truck

is controlled by MPC on I-74 and the platoon where the follow truck is controlled by

a production-intent controller and the platoon where the follow truck is controlled by

MPC with and without simultaneous shifting on 1-69 is shown in Table 4.4.

Neither MPC nor simultaneous shifting significantly affected the fuel consumption

of the platoon because the drag coefficients of both trucks remained nearly unchanged

even at the larger truck separations experienced momentarily over I-74 and I-69 when

the follow truck is being controlled by a production-intent controller, as was shown

in Figure 3.8.
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Table 4.4. Fuel consumption comparison between a production-intent controller and
MPC on I-74 and a production-intent controller and MPC with and without simul-

taneous shifting on I-69.

Strategy over I-74 Lead Truck Fuel Consumption
Single truck Baseline 1.0

Production-Intent 0.99

MPC 0.99

Strategy over I-74 Follow Truck Fuel Consumption
Single truck Baseline 1.0

Production-Intent 0.88

MPC 0.88

Strategy over 1I-69 Lead Truck Fuel Consumption
Single Truck Baseline 1.0

Production-Intent 0.99

Production-Intent + Simultaneous Shifting|0.99

MPC 0.99

MPC + Simultaneous Shifting 0.99

Strategy over I-69 Follow Truck Fuel Consumption
Single Truck Baseline 1.0

Production-Intent 0.95

Production-Intent + Simultaneous Shifting|0.93
MPC 0.95

MPC + Simultaneous Shifting 0.92
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4.6 Summary

The follow truck’s ability to successfully track the lead truck at the desired set
point can be improved by leveraging look-ahead knowledge via model predictive con-
trol. However, simultaneous shifting strategies largely alleviated the need for look-

ahead knowledge for the scenarios simulated for this thesis.
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5. ROUTE OPTIMIZED GAP GROWTH TO MINIMIZE
FUEL CONSUMPTION

5.1 Introduction

The previously described production-intent platooning controller minimizes fuel
consumption for the platoon by having the follow truck attempt to maintain a fixed
gap to reduce drag for both trucks. However, when the lead truck is being driven sub-
optimally or when the grade is challenging enough, there are times when intentionally
allowing the gap to increase can lead to increased fuel savings, as will be shown by
this chapter. Implementation of such a strategy requires look-ahead knowledge of the

lead truck’s behavior and the upcoming grade over the route.

5.2 Route Optimized Gap Growth Framework and Algorithm Design

A linear model of a class 8 truck following another truck was developed for a
Model Predictive Control (MPC) controller. The free body diagram of a class 8 truck
shown in Figure 5.1 will be used as a reference for all of the forces on a semi truck.

The motive force on the truck was represented by:

Fmotive = Pe/v (51)

where P, is engine power and V is velocity. Power was used because it is independent
of gear number allowing the nonlinearities associated with gear shifting to be neglected

within the controller. A similar equation was used to represent the brake force:

Fbrake = Pbrake/v (52)

where Py,..k. is brake power and V' is velocity.
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Fig. 5.1. A free-body diagram of forces acting on a class 8 truck.

The force of gravity was represented by:

Fgravity = m.ge (53)

where m is the mass of the truck, g is the gravity constant, and 6 is grade. Small
angle approximation was used to approximate sin(6) as 6.

The force of rolling resistance was represented by:

Froll = mgf (54)

where m is the mass of the truck, ¢ is the gravity constant, and f is friction coefficient.
Small angle approximation was used to approximate cos(f) as 1. The force of drag,
which was mentioned earlier as varying with both velocity and truck separation, was

represented by:

Firag = 1/2pACp o(poVV + prdV?) (5.5)

where p is the density of air, Cp ¢ is the nominal drag coefficient, V' is the current

velocity of the follow truck, V is the average velocity of the follow truck over the
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corridor, d is the distance between the lead truck and the follow truck, pg is the y-
intercept of the linearization of drag as a function of distance for the follow truck,
p1 is the slope of the linearization of drag as a function of distance for the follow
truck. This equation was obtained by linearizing the nonlinear drag variation as a
function of truck separation shown in Figure 3.8. Then, a first-order Taylor expansion
was applied to the force of drag to obtain its variation as a linear function of both
velocity and truck separation.

Along with these forces, three coupling terms were considered: The difference
between the trucks’ current separation and the distance set point (which is 16.7 meters
for platooning), the difference in velocity between the lead truck and the follow truck,
and the distance between the lead truck and the follow truck. The difference between
the current truck separation and the distance set point will be referred to as Ad in
this thesis. The difference between the lead truck’s velocity and the follow truck’s
will be referred to as AV. And, the distance between the lead truck and the follow
truck will be referred to as d.

The prediction model for the system is shown below:
zlk + 1] = Az[k] + Bulk] + Baalk] + Bg0|k] (5.6)

where x is the state vector, A relates the evolution of states from one time instance
to the next, u is the input vector, B relates how the inputs affect the states, a is the
lead vehicle’s acceleration, B, relates how the lead vehicle’s acceleration affects the
states, 6 is road grade, and By relates how the road grade affects the states. The
acceleration of the lead truck and road grade were treated as disturbances so that

they could change dynamically over the MPC horizon.
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The state vector is shown below:

where Ad is the distance between the platoon’s current truck separation and the
desired truck separation of 16.7 meters. AV is the relative velocity between the lead
truck and the follow truck. V' is the velocity of the follow truck. P, is the engine
power of the follow truck. P, is the brake power of the follow truck. f is the friction
coefficient. d is the distance between the lead truck and the follow truck.

The state matrix, A, is shown below:

S i A e
e Tl = e
aclo s . B % 0 0 0 (5.8)
0 0 0 0 _Tib !
00 0 0 0 ! ’
0 1 0 0 0 0 oo

where p is air density, A is the frontal area of the semi truck, Cp, is the nominal
drag coefficient, V is the average velocity of the follow truck over the route, py is the
y-intercept of the linearization of drag as a function of distance for the follow truck,
m, is the inertial mass of the semi truck, n; is the drivetrain efficiency, g is the gravity
constant, p; is the slope of the linearization of drag as a function of distance for the

follow truck, 7. is the engine time constant, and 7, is the brake time constant.



46

The input matrix, B, is shown below:

o O O
o o o O

(5.9)

N

3

0 O

where 7, is the engine time constant, and 7, is the brake time constant.

The acceleration input matrix, B, is shown below:

(5.10)

™
o
I
o © © o o = o

The grade input matrix, By, is shown below:

0

m

med

m
med

0
0
0

where m is the mass of the truck, ¢ is the gravity constant, and m,. is the inertial

mass.
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The objective and constraints for the MPC, called Route Optimized Gap Growth
(ROGG), are shown below:

N-1
min J =Y Pu[k]” (5.12)
k=0

s.t. Pe,min S Pe S Pe,max

—~ S — —~~
¢ oroo v ot
— — —
ot =~ w
N~— N— N— S—

Pe,min S Pe S Pe,mam
0 S Pbrake < Pb,max

dset S d S dmax

ot
—_
=2}

where P. is engine power, P. ,;, is maximum retarder (i.e. negative engine) power,
P, ez 1s maximum positive engine power, P, is the rate of change of engine power,
Pe,mm is the fastest engine power can decrease, and Pe,m(w is the fastest engine
power can increase, Py,qke i brake power, P 4, 1S maximum brake power, d is the
current truck separation, d,. is the set point distance for platooning, and d,,. is the
maximum allowed platooning distance. In short, the objective is to minimize power
while maintaining realistic constraints on the engine, brakes, and truck separation.
The controller was applied to the entire route in open loop to generate an optimal

truck separation, dg.s, for the follow truck to platoon at.

5.3 Tracking MPC Framework and Algorithm Design

The tracking controller used in closed loop to follow the optimal truck separation

trajectory had the same prediction model formulation, but it had a different objective
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and constraints. The objective and constraints for the tracking MPC controller are

shown below:
min J =Y (d[k] — dges[k])? (5.17)

s.t. Pe,min < Pe < Pe,mar

0 S Pbrake S Pb,max

.CY‘C)'(

N =

o ©
_ = =

(
Pe,mingpegpe,max ( .

(

(

where d is the distance between the lead truck and the follow truck, dg., is the
desired truck separation calculated by the ROGG controller, P, is engine power,
P, 1nin 1s maximum retarder power, P, ,,4, 1S maximum positive engine power, Pe is
the rate of change of engine power, Pemm is the fastest engine power can decrease,
and Pe,max is the fastest engine power can increase Pp,qe, is brake power, and P, ;45
is maximum brake power. In short, the objective is to minimize tracking error while
maintaining realistic constraints on the engine and brakes.

The tracking controller was applied with a 15-second look-ahead horizon in closed
loop with the vehicle models and driver model described in chapter 3.

A summary of the implementation of ROGG with the tracking controller is shown

in Figure 5.2.

Desired
Truck
Separation

Desired
Engine and Performance
Brake Power Vehicle Metrics

Models

Actual Truck
Separation

Fig. 5.2. Diagram of Route Optimized Gap Growth implementation
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ROGG calculates the desired truck separation for a given route and provides
that information to the tracking controller. The tracking controller then calculates
the desired engine and brake power to follow the lead truck at the desired truck
separation. The vehicle models feed back into the tracking controller the actual truck
separation that resulted from implementing the desired control inputs and generate

important performance metrics such as fuel consumption.

5.4 Westbound I-74 in Indiana (Moderate Grade)

The first route used for analysis was the moderately challenging grade route of

[-74 with a constant velocity set point of 29 m/s shown in Figure 5.3.

30 I-74
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Fig. 5.3. Constant velocity data for westbound I-74 (a) time aligned with grade data
for the route (b).

A comparison of the desired truck separation calculated by ROGG over 1-74 and
the actual truck separation the tracking MPC controller was able to achieve is shown

in Figure 5.4.
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Fig. 5.4. Comparison of desired truck separation and actual truck separation over

[-74.

Figure 5.4 shows that the tracking MPC controller was able to effectively track
the desired trajectory over I-74. Figure 5.5 compares the truck separation and torque
of the platoon with the follow truck controlled by a production-intent controller and
the platoon with the follow truck controlled by ROGG with a maximum allowed truck
separation of 40 meters. Table 5.1 compares the fuel consumption between the two
strategies.

ROGG allowed the follow truck to save an extra percent of fuel when compared
to a production-intent controller, and the lead truck consumed approximately the
same amount of fuel, so the platoon was able to save an extra half-percent of fuel.
As shown in 5.5b, ROGG saves fuel by reducing how aggressively the follow truck’s
torque changes and reducing the amount of time the follow truck spends at maximum
torque. However, the follow truck commanded by a production-intent controller did

not saturate frequently over this moderately challenging grade route, and its torque
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Fig. 5.5. Comparison of truck separation (a) and torque (b) for a production-intent

controller and ROGG up to 40 meters over 1-74.

Table 5.1. Fuel consumption comparison between a production-intent controller and

ROGG up to 40 meters on 1-74.

Strategy over I-74 |Lead Truck Fuel Consumption

Single Truck Baseline|1.0
Production-Intent 0.99

ROGG: 40 m 0.99

Strategy over I-74 |Follow Truck Fuel Consumption

Single Truck Baseline|1.0
Production-Intent 0.88

ROGG: 40 m 0.87

commands were not very aggressive, so there was little room for improvement using

ROGG.
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The maximum truck separation allowed for ROGG was reduced from 40 meters,
to 30 meters, and then to 25 meters to see how much reducing the maximum allowed
truck separation would decrease the obtained fuel savings. A comparison of fuel con-
sumption is shown in Table 5.2, and a comparison of the truck separation and torque
of the platoon with the follow truck controlled by a production-intent controller and
the platoon with the follow truck controlled by ROGG at various allowed maximum

truck separations is shown in Figure 5.6.

Table 5.2. Fuel consumption comparison between a production-intent controller and

ROGG up to 40 meters, 30 meters, and 25 meters on I-74.

Strategy over I-74 |Lead Truck Fuel Consumption

Single Truck Baseline|1.0

Production-Intent 0.99

ROGG: 40 m 0.99
ROGG: 30 m 0.99
ROGG: 25 m 0.99

Strategy over I-74 |Follow Truck Fuel Consumption

Single Truck Baseline|1.0

Production-Intent 0.88
ROGG: 40 m 0.87
ROGG: 30 m 0.87

ROGG: 25 m 0.87
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Fig. 5.6. Comparison of truck separation (a) and torque (b) for a production-intent

controller and ROGG up to 40 meters, 30 meters, and 25 meters over [-74.

The fuel consumption remains approximately the same even as the maximum
allowed truck separation decreased, as can be seen in Figure 5.7, because the grade
over [-74 was not varying aggressively enough.

The standard deviation of 5 km of grade (2.5 kilometers to the left and 2.5 kilome-
ters to the right of the given position on the corridor) was taken as a metric for how
aggressive grade variation was over a route. The grade and the standard deviation of

5 km of grade over I-74 is shown in Figure 5.8.
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Fig. 5.7. Comparison of fuel savings for the follow truck as a function of maximum
allowed truck separation for ROGG and a production-intent controller with a set

point of 16.7 meters.
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Fig. 5.8. Grade (a) and standard deviation of 5 km of grade (b) over I-74.
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The more aggressive the grade variation, the more the extra truck separation
allowed by ROGG at larger distances can be leveraged to use smoother torque com-
mands and saturate less frequently. Analysis of ROGG over various routes revealed
that there is only a significant fuel savings benefit to ROGG when compared to a
production-intent controller when the standard deviation of 5 km of grade surpasses
approximately 1.5%, and this benefit increases as the maximum allowed truck sepa-
ration increases. Over 1-74, a standard deviation of 5 km of grade of 1.5% was never

reached.

5.5 Northbound I-69 in Indiana (Heavy Grade)

A more challenging grade route, I-69 with a constant velocity set point of 27.5

m/s is shown in Figure 5.9 and is considered next.
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Fig. 5.9. Constant velocity data for northbound I-69 (a) time aligned with grade data
for the route (b).
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As shown in Figure 5.10, The tracking MPC controller had more of a challenge
tracking the desired truck separation on I-69 compared to I-74 because the route
had greater grade variation, but the controller still successfully tracked the desired

trajectory for most of the route.
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Fig. 5.10. Comparison of desired truck separation and actual truck separation over

1-69.

Figure 5.11 compares the truck separation and torque of the platoon with the
follow truck controlled by a production-intent controller and the platoon with the
follow truck controlled by ROGG with a maximum allowed truck separation of 40

meters. Table 5.3 compares the fuel consumption between the two strategies.
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Fig. 5.11. Comparison of truck separation (a) and torque (b) for a production-intent

controller and ROGG up to 40 meters over I-69.

Table 5.3. Fuel consumption comparison between a production-intent controller and

ROGG up to 40 meters on I-69.

Strategy over I-69 |Lead Truck Fuel Consumption

Single Truck Baseline|1.0
Production-Intent 0.99

ROGG: 40 m 0.99

Strategy over I-74 |Follow Truck Fuel Consumption

Single Truck Baseline|1.0

Production-Intent 0.95

ROGG: 40 m 0.88
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Over this more challenging route, ROGG allowed the follow truck to save a signif-
icant amount of fuel by reducing how aggressively the follow truck’s torque changed
and by decreasing the amount of time the follow truck spent at maximum torque. The
lead truck consumed slightly more fuel because of the increase in drag it experienced
when the follow truck was platooning at a further distance than the set point, but the
platoon-average fuel consumption was reduced by an additional 3% when compared
to a production-intent controller.

The maximum truck separation allowed for ROGG was reduced to 30 meters then
to 25 meters, to see how much reducing the maximum allowed truck separation would
decrease the obtained fuel savings. A comparison of the truck separation and torque
of the platoon with the follow truck controlled by a production-intent controller and
the platoon with the follow truck controlled by ROGG up to 40 m, 30 m, and 25
m is shown in Figure 5.12, and a comparison of the fuel consumption of the various

strategies is shown in Table 5.4.

1-69

4]
o

I I I I
‘—Productinn-lnlent; ——ROGG: 40 m; *—ROGG: 30 m; =—ROGG: 25 m; - --Conslramls‘

B~
o

Truck Separation [m]
w
o

4000 !
(b)

E2000y . K CAN W V4R A s IR NS
z |1‘_r,n e 1B A NOANTRT B A T I!‘; ‘ Tl ! . J
© o e ‘ AW e U EE e ks AT t KL |
3 | 4 1. v : 4 1
E’ i W i s,
2 -2000 ’

4000 | 1 1 | 1

0 200 400 600 800 1000 1200 1400 1600 1800

Time [sec]

Fig. 5.12. Comparison of truck separation (a) and torque (b) for a production-intent

controller and ROGG up to 40 meters, 30 meters, and 25 meters over [-69.
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Table 5.4. Fuel consumption comparison between a production-intent controller and

ROGG up to 40 meters, 30 meters, and 25 meters on I-69.

Strategy over I-69 |Lead Truck Fuel Consumption

Single Truck Baseline|1.0

Production-Intent 0.99

ROGG: 40 m 0.99
ROGG: 30 m 0.99
ROGG: 25 m 0.99

Strategy over 1-69 |Follow Truck Fuel Consumption

Single Truck Baseline|1.0

Production-Intent 0.95

ROGG: 40 m 0.88
ROGG: 30 m 0.88
ROGG: 25 m 0.89

As was stated in the previous section, the more aggressive the grade variation, the
more a larger maximum distance is beneficial to ROGG. The grade and the standard
deviation of 5 km of grade over 1-69 is shown in Figure 5.13.

About a third of the way through I-69, the standard deviation of 5 km of grade
surpassed 1.5% and remained above that value for most of the rest of the route, so
ROGG showed a significant benefit over this route by allowing the follow truck to
use smoother torque commands and saturate less frequently. The increasing benefit

of ROGG as a function of truck separation is shown in Figure 5.14.
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Fig. 5.14. Comparison of fuel savings for the follow truck as a function of maximum

allowed truck separation for ROGG and a production-intent controller with a set

point of 16.7 meters.
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5.6 Summary

Changing the desired truck separation based on look-ahead knowledge slightly
increased fuel savings on moderately challenging grade routes. This slight increase
in fuel savings was not sensitive to the maximum allowed truck separation. How-
ever, on heavy grade routes, ROGG significantly increased fuel savings by decreasing
the amount of time the follow truck spent saturating torque and by decreasing how
aggressively the follow truck varied torque, and a larger allowed maximum truck sep-
aration played a significant role in how much fuel savings could be obtained with

ROGG.
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6. SUMMARY AND FUTURE WORK

This thesis analyzed strategies to improve the tracking and fuel savings of platoon-
ing over routes with moderate grade and heavy grade. The first strategy that was
analyzed was simultaneous shifting, having the follow truck shift at the same time as
the lead truck unless shifting will cause its engine to overspeed or underspeed. Si-
multaneous shifting showed tremendous value in improving tracking over challenging
grade routes, and, consequently, improving driver comfort. It did not affect fuel con-
sumption directly, but will enable safe platooning over more routes with challenging
grade. Therfore, the fuel savings of platooning can be realized on a greater number
of routes.

The second strategy that was analyzed was leveraging look-ahead knowledge to im-
prove tracking on moderate and heavy grade routes through model predictive control.
A production-intent platooning controller was capable of maintaining the desired set
point without look-ahead knowledge on a route with moderately challenging grade;
however, look-ahead knowledge did improve tracking on a route with heavy grade.The
value of look-ahead knowledge from a tracking perspective was largely alleviated by
simultaneous shifting.

Lastly, look-ahead knowledge was utilized to improve fuel consumption for the
follow truck by intentionally allowing the truck separation to increase at optimal
instances during the route based on the upcoming grade and the lead truck’s accel-
eration via a Model Predictive Control (MPC) strategy called Route Optimized Gap
Growth (ROGG). ROGG demonstrated slight fuel savings on a moderately challeng-
ing grade route and significant fuel savings on a route with heavy grade. On the
route with heavy grade, these fuel savings increased as the maximum allowed truck

separation increased.
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The next step for model predictive control is to extend its application from just
the follow truck in the platoon to simultaneous control of both trucks in a platoon.
Strategies optimized to reduce fuel consumption for a single truck have been developed
for the research project, and strategies optimized to reduce fuel consumption for the
follow truck in a platoon, such as ROGG, have been developed as well, but a strategy
that minimizes fuel consumption for both trucks simultaneously should enable the
highest fuel savings.

The results shown in this paper were only shown for a high-fidelity simulation.
As a part of the research project, the strategies detailed in this paper will be verified
on an engine test bed and on instrumented semi trucks. The torque and speed
profiles generated by the simulation framework will be tested on an engine test bed
to verify that the fuel savings obtained in simulation are realistic and the torque and
speed commands are implementable. Then, the strategies tested in simulation will
be executed on instrumented semi trucks on the trucking corridors mentioned in this
thesis to verify that the fuel savings predicted in simulation can be realized in the

real world.
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7. OTHER CONTRIBUTIONS

The simulation and algorithm development described in this thesis is only a portion
of a larger project to realize significant fuel savings on semi trucks. The torque and
speed profiles generated by the algorithms run on the simulation framework described
in this thesis will be tested on an engine test bed, shown in Figure 7.1, to verify the

fuel savings predicted in simulation.

Fig. 7.1. Cummins X15 engine test bed in Herrick Laboratories at Purdue University.

Lastly, the algorithms implemented in simulation will be tested on class 8 trucks,
such as the ones shown in Figure 7.2, to verify that the fuel savings predicted in
simulation can be obtained in real-world scenarios.

Along these lines, the author contributed in several ways to the NEXTCAR project
that were not included in this thesis by:

1. Developing a wiring diagram for the front panel of the engine test bed mentioned
in the introduction of this thesis. The front panel includes the key switch, oil gauge,

engine bypass, emergency stop, and various other important components. Once the
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Fig. 7.2. Class 8 trucks representative of the trucks that will be used to verify the
algorithms developed for the NEXTCAR, project.

wiring diagram was completed, the front panel was constructed and is currently being
used for engine testing.

2. Constructing an aftertreatment system for the engine test bed. A Computer-
Aided Design (CAD) model was created of the engine test cell. Then, the aftertreat-
ment was designed to meet several requirements on length and functionality. Once
designed, the aftertreatment system was machined and constructed and is currently
being used for engine testing.

3. Designing and constructing the thermocouple system that is currently being
used for engine testing.

4. Enabling real-time Transmission Control Protocol (TCP) communication be-
tween a real-time target machine and a computer that controlled the test cell’s dy-
namometer. Real-time communication was established to enable Hardware-In-the-
Loop (HIL) testing of algorithm strategies.

5. Incorporating Dynamic Programming (DP) speed profiles calculated to opti-
mize fuel savings for a single truck into the simulation framework and verifying the
fuel savings for a single truck and for a platoon over various routes. Detailed anal-

ysis on where the fuel savings were coming from when compared to a single truck



66

traversing the same corridor while attempting to maintain a constant velocity was
also obtained.

6. Implementing a Model Predictive Control (MPC) strategy to reduce fuel con-
sumption on a short horizon in closed loop to analyze the trade-off between short hori-
zon prediction with feedback compared with the long horizon results demonstrated
by ROGG in this thesis.

7. Developing a MPC strategy to generate a velocity profile that will optimize fuel
consumption for a single truck over an entire route without increasing trip time then
extending the optimization to generate a velocity profile for the lead truck and the

truck separation for the follow truck in a platoon that will optimize fuel consumption.
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