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ABSTRACT

Platooning has been proven to be a very effective way to reduce air drag on heavy duty
trucks and therefore decrease fuel consumption. While in a platoon, though, the reduced ram air
speed limits the cooling ability of the engine thermal system. To compensate for this, the fan
may have to turn on earlier and more often which results in an auxiliary load on the engine which
in turn cuts into the fuel consumption benefits of platooning.
In order to examine the effect that different platooning distances have on the cooling
system of a Volvo VNL300 day cab truck, Dynamic Programming (DP) is used to determine the
global optimal solution for the fan activation within a predetermined usage cycle. This thesis
examines the tradeoff between fuel consumption and temperature tracking for different platoon
distances.
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Chapter 1
Introduction

1.1 Literature Review
The ever-growing need for cleaner energy has led automotive companies to investigate
ways in which they can cut down on vehicle fuel consumption. One method for increasing
efficiency, and reducing fuel consumption, and emissions is platooning [1]. Platooning is the
usage of two or more vehicles with a small following gap between vehicles. As the distance
between vehicles decreases, the following vehicles will generally experience less air drag on the
front of the vehicle. Additionally, all vehicles, except for the trailing vehicle, will generally
experience an increase in pressure on the rear of the vehicle, which reduces drag on the lead
vehicle as well [2]. However, by reducing the velocity of the air contacting the front of the
vehicle, platooning could have adverse effects on the temperature of the engine. In order to study
the relationship between platooning and fuel consumption, researchers have employed a wide
array of investigation techniques.
Experimental data, in some cases, has shown that platooning can lead to up to 15% fuel
consumption savings for the trailing vehicles in a three vehicle platooning formation [3]. In an
experiment performed by the National Renewable Energy Laboratory (NREL), it was found that
a two vehicle platoon formation yielded a fuel saving that ranged from 3.7% to 6.4% for both
vehicles [4]. California’s Partners for Advanced Transportation Technology (PATH) used heavy
duty trucks and focused on the fuel savings benefit of the reduced aerodynamic drag on the
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vehicles. PATH found fuel consumption savings of 5% for the leading truck and fuel savings of
10% to 15% for the trailing trucks [3]. Both tests, which were done in the United States,
investigated a variety of trailing distances, which ranged from 30 ft. to 75 ft. [3, 4]. In order to
maintain the platooning formation, controllers and vehicle to vehicle communication were used
[4]. One inherent problem with some of these experimental tests is that they set the cooling
system to a specified, lower level to cut down on the variability in results. This allows for better
fuel savings, but does not give an accurate representation of fuel consumption on the road. A
modified HHDDT drive cycle is used by NREL with the objective of imposing the transmission
to remain in top gear for the entire duration of the test [4]. For this experiment, the fan speed was
set to a constant setting [4]. Other experiments, such as the one done by California’s PATH
program, did not consider the engine cooling system when evaluating fuel consumption savings
[5].
In addition to experimental data, computational fluid dynamics (CFD) has been used to
study the benefits of vehicle platooning. In a study done using PowerFLOW, a CFD software
based on a Lattice-Boltzman method, four trucks with different aerodynamic modifications such
as trailer skirts and trailer boat tails were examined. It was found that a standard heavy duty truck
with no aerodynamic modifications in platooning formation with a 9 meter gap was able to
achieve the same drag savings as a single, aerodynamically advanced trailer [2]. Another study
showed that platooning lowers the pressure on the front of the trailing vehicle so it will
experience less drag force. Additionally, the high pressure zone in front of the leading vehicle is
decreased. These effects increase if the leading vehicle is larger than the following vehicles [6].
In a CFD study done in Japan, it was found that the drag coefficient on the leading vehicle in a 3
truck platoon was decreased by close to 20%. The trailing trucks experienced a drag decrease of
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50%. This reduction in drag led to an estimated 14% improvement in fuel consumption [7].While
the CFD tests do not take into account the cooling of the engine, it was found that as the vehicles
move closer together, the flow impingements on the grille decrease which reduces the mass flow
rate of air through the vehicle grille [2].
In order to keep the engine temperature in a safe operating range, most applications rely
on Model Predictive Control (MPCs). The main goal of MPC is to use a model of the physical
plant to predict the system behavior subject to different control inputs, and use this prediction for
decision-making. The optimal sequence of control inputs is selected based on the minimization
of a performance metric, such as total fuel consumption and deviation of the coolant temperature
to a predefined set point [8]. This approach relies on the quality of the process model, which can
be implemented in a software such as MATLAB/Simulink. The objective of the MPC in most
platooning applications is to forecast a disturbance, such as an increase in coolant temperature,
before it occurs.
In many applications, this controller is used to regulate temperatures within the engine
through the use of actuators, such as a three way valve, a variable speed pump, or a variable
radiator fan. An application of MPC has been presented in [1] where a combination of
feedforward and feedback controls are implemented. Feedforward control gives values that are
approximately around the optimal solution, as predicted by the model. This allows the control to
provide fast, approximate actuator positions. MPC is then used as the feedback portion to deal
with disturbances in the system, such as large, quick changes in ambient temperature.
One limitation of the MPC for thermal management is that the system model is non-linear
[8]. Karnik et al. showed that to characterize this non-linear system, a set of localized, linear
controllers that rely on a slow varying variable should be constructed [1]. Constraints, such as
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limiting the temperature of the oil and metal and minimizing the pump and radiator fan speeds in
order to reduce auxiliary power consumption, are normally placed on the system so that the
controller gives a nominal control sequence that guarantees that the real path will fall within the
constraints [9].
Over the past couple years, platooning has proven to be a viable way to decrease fuel
consumption. Most of the research that has been done has solely focused on the benefits of
platooning when it comes to aerodynamic drag reduction and increased fuel savings. But few
studies have examined the tradeoff between platooning and the cooling capability of the engine.
As [2] briefly mentioned, platooning decreases the mass flow of air into the front of the trailing
vehicles. That study, though, did not go any further into depth on the effects of the lowered mass
flow rate. Other studies that included experimental data, either ignored the effect of the fan or set
the fan to a constant setting so that it would be a static load on the system. No experiments
examined the impact that the radiator fan has on the fuel consumption savings. If the fan could
be optimized to only run when necessary, fuel savings from platooning could increase. This
research aims at implementing an optimization algorithm for the radiator fan so that all vehicles
in the platoon can experience the maximum allowable reduction in fuel consumption.
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Chapter 2
Control-Oriented Model of the Cooling System
The engine cooling system layout of a Volvo VNL 300 day-cab truck is shown in Figure
1.The objective of the cooling loop is to reject heat from the engine and the Exhaust Gas
Recirculation (EGR) cooler through the radiator. A wax thermostat is included in the system to
control the coolant flow to the radiator. The percent opening of the thermostat depends on the
coolant temperature. The system also includes a belt-driven centrifugal pump that regulates the
coolant flow. The radiator fan assists in rejecting more heat from the radiator. The fan is
controlled using a discrete clutch that couples the fan with the engine. The full control-oriented
model of the engine cooling system is presented in [10], where the model validation against
experimental data is also shown.

Figure 1. Layout of the Volvo VNL300 Engine Cooling System [10]
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2.1 Model Equations

Figure 2. Block Diagram of the Thermal System Model

The engine thermal model is described in [10] and is obtained by applying the
conservation of energy to describe the dynamics of the coolant temperature leaving the engine
block:
𝑑
1
𝑇𝐸𝑁𝐺,𝑜𝑢𝑡 = [𝜂 ∙ 𝑄̇𝐻𝑅 (𝑁𝐸𝑁𝐺 , 𝜏𝐸𝑁𝐺 ) + 𝜂 ∙ 𝑄̇𝐹𝑅 (𝑁𝐸𝑁𝐺 , 𝜏𝐸𝑁𝐺 ) − 𝑚̇𝑐,𝐸𝑁𝐺 ∙ 𝑐𝑝
𝑑𝑡
𝐶𝑒
∙ [𝑇𝐸𝑁𝐺,𝑜𝑢𝑡 − 𝑇𝐸𝑁𝐺,𝑖𝑛 ]]
where 𝑇𝐸𝑁𝐺,𝑜𝑢𝑡 is the temperature of the coolant leaving the engine block, 𝐶𝑒 is the heat capacity
of the engine block, 𝑄̇𝐻𝑅 is the rate of heat rejection of the engine, 𝑄̇𝐹𝑅 is the transfer rate of heat
by friction, 𝑚̇𝑐,𝐸𝑁𝐺 is the mass flow rate of the coolant through the engine block, 𝑐𝑝 is the
specific heat of the coolant, 𝑇𝐸𝑁𝐺,𝑖𝑛 is the temperature of the coolant entering the engine block,
𝑁𝐸𝑁𝐺 is the engine speed, 𝜏𝐸𝑁𝐺 is the engine torque, and 𝜂 is the fraction of heat that is
dissipated in the coolant as well as the contribution of the engine oil [10].
A static model for the temperature outlet of the EGR cooler is used because it is assumed
that its thermal mass is much smaller than the other thermal masses in the system, such as the
engine and radiator. The contribution of the EGR cooler is defined based on the conservation of
energy as:
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𝑇𝐸𝐺𝑅,𝑜𝑢𝑡

𝑄̇𝐸𝐺𝑅 (𝑁𝐸𝑁𝐺 , 𝜏𝐸𝑁𝐺 )
= 𝑇𝐸𝑁𝐺,𝑖𝑛 +
𝑚̇𝑐,𝐸𝐺𝑅 ∙ 𝑐𝑝

where 𝑄̇𝐸𝐺𝑅 is the rate of hear transfer from the EGR cooler and 𝑚̇𝑐,𝐸𝐺𝑅 is the coolant mass flow
rate through the EGR cooler. The temperature at the thermostat inlet, after mixing is given as:
𝑇𝑚𝑖𝑥 =

𝑇𝐸𝑁𝐺,𝑜𝑢𝑡 ∙ 𝑚̇𝑐,𝐸𝑁𝐺 + 𝑇𝐸𝐺𝑅,𝑜𝑢𝑡 ∙ 𝑚̇𝑐,𝐸𝐺𝑅
𝑚̇𝑐,𝑇𝑂𝑇

where 𝑚̇𝑐,𝑇𝑂𝑇 is the total coolant mass flow rate.
The derivation of the radiator model is described in [11-13]. The model is simplified
from its original state by lumping the heat rejection into a single node and eliminates the fast
dynamics in the nodes. The finalized model of the radiator is given by:
𝑑
1
𝑇𝑅𝐴𝐷,𝑜𝑢𝑡 =
[𝑚̇
∙ 𝑐 ∙ [𝑇𝑚𝑖𝑥 − 𝑇𝑅𝐴𝐷,𝑜𝑢𝑡 ] − 𝐴𝑓 ∙ 𝐶𝑐𝑜𝑛𝑣 ∙ [𝑇𝑅𝐴𝐷,𝑜𝑢𝑡 − 𝑇𝑤 ]]
𝑑𝑡
𝐶𝑐 + 𝐶𝑤 + 𝐶𝑠 𝑐,𝑅𝐴𝐷 𝑝
where 𝑇𝑅𝐴𝐷,𝑜𝑢𝑡 is the temperature of the coolant leaving the radiator, 𝐶𝑐 is the heat capacity of
the coolant control volume within the radiator, 𝐶𝑤 is the heat capacity of the radiator walls, 𝐶𝑠 is
the heat capacity of the fins and the external surfaces of the radiator in contact with the ambient
air, 𝑚̇𝑐,𝑅𝐴𝐷 is the coolant mass flow rate through the radiator, 𝐴𝑓 is the frontal area of the
radiator, 𝐶𝑐𝑜𝑛𝑣 is the convection coefficient of the radiator walls, and 𝑇𝑤 is the temperature of the
radiator walls.
The convection coefficient is given by:
𝛽

𝐶𝑐𝑜𝑛𝑣 =

𝐶𝑓 𝑚̇𝑐,𝑅𝐴𝐷
𝐶3

where 𝛽 is the slope of the saturated air enthalpy versus temperature line, 𝐶3 is a heat transfer
coefficient and 𝐶𝑓 is a fluid property defined as:
𝐶𝑓 = 𝑘

𝑃𝑟1/3
𝜇𝛽
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where 𝑘 is the thermal conductivity of air, 𝑃𝑟 is the Prandtl Number, and 𝜇 is the dynamic
viscosity. The radiator wall temperature 𝑇𝑤 is then defined as:
2

2

(1.2 ∙ 𝑉𝑓 )3
(1.2 ∙ 𝑉𝑓 )3 1
𝐶
+
𝐶
∙
𝑇
+
[ 𝑐𝑜𝑛𝑣
]
𝑐𝑜𝑛𝑣
𝑅𝐴𝐷,𝑜𝑢𝑡
𝐶2
𝐶1
𝐶1
𝐶2 ∙ 𝑇𝑎𝑖𝑟
𝑇𝑤 =

2

2

(1.2 ∙ 𝑉𝑓 )3 (1.2 ∙ 𝑉𝑓 )3
𝐶𝑐𝑜𝑛𝑣
+
𝐶
∙
+ 𝐶 ∙𝐶
𝑐𝑜𝑛𝑣
𝐶2
𝐶1
1
2

where 𝐶𝑐𝑜𝑛𝑣 is the convection coefficient of the radiator wall, 𝑉𝑓 is the velocity of air across the
frontal area of the radiator, 𝑇𝑎𝑖𝑟 is the ambient air temperature, and 𝐶1 and 𝐶2 are heat transfer
coefficients.
A high fidelity, validated GT-Power model [14] of the coolant system has been used to
simulate the system over different driving cycles. From these simulations, the total coolant flow
rate as a function of pump speed and thermostat position has been determined. As shown in [10],
the pump speed is proportional to the engine as it is attached via a belt and the thermostat
position captures the effect of the back pressure on pump performance. The pump model can be
fitted using a polynomial expression as shown in [10]:
2
𝑚̇𝑐,𝑇𝑂𝑇 = 𝑝00 + 𝑝10 ∙ 𝑁𝑝𝑢𝑚𝑝 + 𝑝01 ∙ 𝑇ℎ𝑝𝑜𝑠 + 𝑝11 ∙ 𝑁𝑝𝑢𝑚𝑝 ∙ 𝑇ℎ𝑝𝑜𝑠 + 𝑝02 ∙ 𝑇ℎ𝑝𝑜𝑠

where 𝑇ℎ𝑝𝑜𝑠 is the position of the thermostat and 𝑁𝑝𝑢𝑚𝑝 is the coolant pump speed. To
approximate the system behavior and heat rejection capacity, a constant split is assumed between
the EGR cooler and the engine block. The mass flow is split 87% and 13% between the engine
and EGR cooler, respectively.
The thermostat in the Volvo VNL300 is a wax thermostat. At low temperatures, the wax
inside the thermostat stays solid, so no mass flow can pass through the thermostat. As the
temperature in the engine rises, the wax begins to melt, and coolant can flow through. The
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thermostat model was created using hysteresis where the position of the thermostat depends on a
weighted average of the opening and closing curves, shown here:
𝑇ℎ𝑝𝑜𝑠 = 0.75 ∙ 𝑓1 (𝑇𝑚𝑖𝑥 ) + 0.25 ∙ 𝑓2 (𝑇𝑚𝑖𝑥 )

2.2 Experimental Setup
The Volvo VNL300 truck was instrumented with various sensors to collect testing data
for model validation. In the cooling loop, K-type thermocouples were installed at the radiator
inlet, radiator outlet, EGR inlet, EGR outlet, and the thermostat bypass as seen in Figure 3. The
stainless steel K-type thermocouples have an accuracy of ±0.75%. To measure the coolant flow
rate, a Flow Technology electromagnetic flow meter with an accuracy of ±0.50% was installed at
the radiator outlet as shown in Figure 3. This location was chosen because of accessibility and
requirements for the installation of the flowmeter. To measure temperature and voltage, the
thermocouples and flowmeter were connected to an Omega Multifunction USB Data Acquisition
Module. This Omega DAQ sent data to LabVIEW to record coolant temperature, ambient air
temperature, volumetric flow rate, engine speed, and engine torque.
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Figure 3. Sensor Location within Cooling Loop [10]

2.3 Model Validation
To validate the control-oriented physics-based model of the engine cooling system of the
Volvo engine, data was collected using chassis dynamometer testing as well as on-road tests. The
initial chassis dynamometer tests were performed at the Larson Transportation Institute at Penn
State. For the dynamometer tests, two different cycles were used: the Heavy Duty Urban
Dynamometer Driving Schedule (HDUDDS) and the Heavy Heavy-Duty Diesel Truck Cruise
(HHDTC). The chassis dynamometer data were used for the model calibration and initial
validation. The final model validation was performed using on-road data collected for the Volvo
VNL300 truck using both an empty loaded trailer (22,600 kg) and a half loaded trailer (29,000
kg). The vehicle speed, engine speed, and engine torque inputs into the model are shown in
Figure 4.
The accuracy target for the thermal model of the engine is to predict temperature profiles
within ±5oC of the experimental data. The model validation results are shown in Figure 5 to
Figure 8 for a mixed urban driving cycle, City A with an empty trailer. The mixed urban driving
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cycle includes several stop-and-go events that cause the engine to undergo disturbances. The
validation shows that the control-oriented model can predict the dynamics of the temperature in
the system, within the ±5oC accuracy bound. Coolant flow rate at the radiator, after the
thermostat, is also validated by comparing it to the experimental data as shown in Figure 9.

Figure 4. City A with an Empty Trailer Vehicle Speed, Engine Speed, and Engine Torque [10]
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Figure 5. City A with an Empty Trailer Radiator Inlet Coolant Temperature [10]

Figure 6. City A with an Empty Trailer Radiator Outlet Coolant Temperature [10]
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Figure 7. City A with an Empty Trailer EGR Inlet Coolant Temperature [10]

Figure 8. City A with an Empty Trailer EGR Outlet Coolant Temperature [10]
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Figure 9. City A with an Empty Trailer Radiator Mass Flow Rate [10]

2.4 Platooning Distance Calculation and Ram Air
A study was conducted correlating platoon distance with drag reduction for a Volvo
VNL300 truck [15]. These values for drag reduction were used in the model to understand the
effect of platooning on frontal air speed. Values of the drag coefficient, 𝐶𝑑 , for both the leading
truck and trailing truck were collected at 22.5 m/s as shown in Figure 10. In both cases, the value
for 𝐶𝑑 was normalized based on the drag coefficient of an isolated truck not in a platoon.
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Figure 10. Drag Ratios for a 2-truck platoon at 22.5 m/s [15]

The data was collected for different platooning distances up to one vehicle length between
trucks. The relative frontal air speed can be computed as shown:
2
𝑉𝑟𝑒𝑙 = √𝐶𝑑 (𝑑) ∙ 𝑉𝑎𝑐𝑡

where 𝑉𝑟𝑒𝑙 is the relative speed of the air entering the radiator, 𝑑 is the tail-to-nose spacing in
vehicle lengths, and 𝑉𝑎𝑐𝑡 is the real speed of the vehicle. A block diagram of this platooning
implementation can be seen in Figure 11.

Figure 11. Model Modification to Account for Platoon Distance
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The mass flow of air passing through the radiator is dependent on the relative frontal air
speed and the radiator fan speed as shown in Figure 12.

Figure 12. Radiator Face Mass Flow Rate [10]
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Chapter 3
Optimal Control Problem
The control-oriented model of the thermal system has two states which are the radiator
temperature, 𝑇𝑅𝐴𝐷,𝑜𝑢𝑡 , and the engine block temperature, 𝑇𝐸𝑁𝐺,𝑜𝑢𝑡 . To account for the thermostat,
another state must be added which is the mixed temperature before the thermostat, 𝑇𝑚𝑖𝑥 . The
external inputs to the system are the platooning distance, the vehicle speed, the engine torque,
and the engine speed. The radiator fan clutch engagement is the only control input. The model
presented in the previous chapter and published in [10] can be written as:
𝑥̇ = 𝑓(𝑥, 𝑢, 𝑤, 𝑡)
𝑦 = 𝑔(𝑥, 𝑡)
States:
𝑥 = [𝑇𝐸𝑁𝐺,𝑜𝑢𝑡

𝑇𝑅𝐴𝐷,𝑜𝑢𝑡

𝑇𝑚𝑖𝑥 ]

Control:
𝑢 = 𝑢𝑐𝑙𝑢𝑡𝑐ℎ = {0,1}

External inputs:
𝑤 = [𝑑𝑝𝑙𝑎𝑡𝑜𝑜𝑛

𝑉𝑣𝑒ℎ

𝜏𝐸𝑁𝐺

𝑁𝐸𝑁𝐺 ]𝑇

Outputs:
𝑦 = 𝑇𝑚𝑖𝑥

where 𝑢𝑐𝑙𝑢𝑡𝑐ℎ is the stauts of the clutch, 𝑑𝑝𝑙𝑎𝑡𝑜𝑜𝑛 is the platooning distance, 𝑉𝑣𝑒ℎ is the vehicle
velocity, 𝜏𝐸𝑁𝐺 is the engine torque, and 𝑁𝐸𝑁𝐺 is the engine speed.
The objective of the optimal control problem is to minimize the instantaneous flow rate
of fuel associated with the usage of the fan while keeping the temperatures within the acceptable
bounds. The optimization problem is formulated as follows:
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𝑡𝑓

2

min 𝐽 = ∫ [𝛼 · 𝑚̇𝑓𝑢𝑒𝑙 (𝑘) + 𝛽 · (𝑇𝑚𝑖𝑥 (𝑘) − 𝑇𝑅𝑒𝑓 ) + 𝛾 · 𝑢(𝑘)] ∙ d𝑡
0

Subject to:
𝑢𝑘 ∈ {0,1} ∀ 𝑘 𝜖[0, 𝑁 − 1]
𝑇𝑚𝑖𝑛 ≤ 𝑥𝑘 ≤ 𝑇𝑚𝑎𝑥 ∀ 𝑘 𝜖[0, 𝑁 − 1]
𝑥𝑘+1 = 𝑥𝑘 + Δ𝑡 ∙ 𝑓(𝑥𝑘 , 𝑢𝑘 , 𝑤𝑘 ) ∀ 𝑘 ∈ [0, 𝑁 − 1]

where 𝑚̇𝑓𝑢𝑒𝑙 (𝑘) is calculated using the engine torque and the torque required to operate the fan
at time 𝑘. The temperature tracking error is quadratic and is used to penalize deviation of the
coolant temperature at the thermostat from the reference temperature. Dynamic Programming
(DP) was used to solve the optimization problem because of its ability to handle constraints
while still being able to guarantee the optimality of the solution [16]. Developed by Richard
Bellman, DP has been used in the design of optimal controllers for various applications outside
of automotive implementations [17-22]. One advantage of DP is that it allows for a flexible
definition of the performance metrics or cost function. The general idea behind DP can be seen
in Figure 13.

Figure 13. Illustration of the Optimality Principle [16]

Bellman’s principle of optimality states that if a control sequence is optimal going from
one point to another and it passes through the point 𝑥𝑖 , then the path through 𝑥𝑖 is the optimal
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path. The cost to go function then ignores all suboptimal paths that do not go through 𝑥𝑖 . This
simplifies the optimization algorithm because the algorithm no longer searches the whole state
space for the optimal solution. If a trajectory is not optimal between two points, for instance 𝑥𝑖
and 𝑥𝑁 , then it will never be optimal for the complete solution. This allows for it to be
disregarded, and thus simplifies the algorithm. The main limitation of the dynamic programming
algorithm is that the strategy must be implemented backwards, hence under the assumption that
all external disturbances are known a-priori [16]. Because of this requirement, the DP algorithm
returns an optimal policy, open-loop, rather than an optimal control, or closed loop. For the
thermal system optimization, the engine speed, engine torque, vehicle speed, and platoon
distance are considered as known disturbances.

20

Chapter 4
Results

4.1 Implementation of the Optimization Problem
The DP was solved using different settings of weights in the cost function described in
Chapter 3. In order to determine a time step for the DP, a large value was originally used. Then,
upon further iterations the time step was shortened to one second. For this analysis, the Composite
Highway driving cycle is used. The inputs into the model, specifically vehicle speed, engine speed,
and engine torque can be seen in Figure 14.

Figure 14. Vehicle speed, engine speed, and engine torque for Composite Highway [10]
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In order to examine the tradeoff between fuel consumption, temperature tracking, and
clutch engagement of the engine fan, a Pareto front was created. The Pareto front was created by
choosing values between 0 and 1 for 𝛼, 𝛽, and 𝛾. These values were incremented in steps of 0.1.
In order to find the optimal tradeoff between temperature tracking error and fuel consumption the
values of 𝛼 and 𝛽 must be equal to one. Before introducing platooning into the DP, a Pareto front
was created for the no platooning case in [10]. The resulting Pareto front is shown in Figure 15.
The results of the no platooning case have been discussed in [10].

Figure 15. Composite Highway Pareto [10]

The optimal weights were determined such that the DP had the same temperature
tracking error as the current Volvo production controller, while still minimizing fuel
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consumption and clutch actuation as much as possible. The optimal weights for 𝛼, 𝛽, and 𝛾 are
summarized in Table 1.
Table 1. Optimal Pareto Weights

Weight

Value

𝛼

0.8273

𝛽

0.1727

𝛾

1.5

4.2 Addition of Platooning
The effect of air speed reduction that occurs during platooning is implemented in the DP
code using Figure 10 and Figure 12 as lookup tables. Another change to the code is that engine
torque required must be modified for each platoon distance. This is done offline using the vehicle
longitudinal dynamics presented in [20]. In this study, the platooning distance was measured in
vehicle lengths. The platooning distance was varied between 0.25 and 1 vehicle lengths. The
finalized Pareto front for all five platooning cases and the case of no platooning is shown in
Figure 16.
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Figure 16. Pareto front with various platoon distance [10]

As the distance between trucks decreases, the fuel consumption decreases as well. This
result was expected because the truck will have reduced drag on it, so it will not have to expend
as much fuel during the drive cycle. But, as a consequence of the reduced ram air, the
temperature deviation of the engine increases with a smaller platoon distance. As expected, there
is a large decrease in fuel consumption from the isolated case to the 1 vehicle length platoon
case, but as the platoon distance decreases further the benefit of fuel consumption savings
diminishes. One thing to note is that because the radiator and radiator fan are oversized, the
system can always achieve the same average engine temperature, regardless of platoon distance.
The same optimal weights (𝛼, 𝛽, and 𝛾) obtained from the isolated case are used here as well.
The results from the DP show that if these same optimal weights are used, the trade-off between
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temperature tracking and fuel consumption is similar regardless of platoon distance. This is
promising because the insensitivity of the controller to platoon distance is promising when
considering implementing this strategy for in-vehicle use.
Even though fuel consumption decreases as platoon distance shortens, it is also necessary
to look at the heat rejection of the engine. As mentioned earlier, platooning results in a decrease
of ram air which is remedied by actuating the fan. But, the reduced air drag from platooning also
reduces the engine load for the same vehicle speed. Because of this, the heat rejection
requirements are not the same for each platoon distance. To compare the heat rejection for the
different platooning distances, the total heat rejected by the engine and EGR for the drive cycle
is calculated as follows:
𝑇

𝑄𝐸𝑛𝑔𝑖𝑛𝑒 = ∫(𝑄̇𝐻𝑅 + 𝑄̇𝐹𝑅 + 𝑄̇𝐸𝐺𝑅 ) 𝑑𝑡
0

The heat generation for each platoon distance normalized with respect to the total fuel energy is
shown in Figure 17. As the platoon distance shortens, the heat generation normalized with
respect to fuel energy increases because of the fuel savings associated with reduced aerodynamic
drag. The deviation of the load between the isolated case and the tightest platoon, 0.25 vehicle
lengths, is only about 6% which further proves that the optimal weights associated with the
Pareto front are insensitive to platoon distance.
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Figure 17. Engine heat rejection vs fuel energy [10]

4.3 Extension of the Optimization Problem to Multiple Actuators
To demonstrate the ability of the DP to account for multiple actuators, the control
problem was extended to evaluate the effect of a controllable thermostat and a controllable water
pump. The controllable thermostat would be an active, electric thermostat not the wax thermostat
that is currently installed in the truck. Karnik et al. showed that a controllable thermostat was
implementable using a three-way valve. The opening and closing of the valves is coupled such
that the closing of one valve corresponded with the opening of the other valve [9]. Volvo also
has a controllable thermostat on the market, so extending the optimization problem to the
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thermostat is applicable. The optimization problem, including the controllable thermostat, can be
shown as:
𝑡𝑓

min 𝐽 = ∫ [𝛼 ∙
𝑢(𝑡)

0

𝑚̇𝑓𝑢𝑒𝑙 (𝑢(𝑡))
5
1
1
+𝛽∙
(𝑥3 (𝑡) − 𝑇𝑟𝑒𝑓 )2 + 𝛾 ∙
𝑢1 (𝑡) + 𝜆 ∙
𝑢 (𝑡)] 𝑑𝑡
1000
1𝑒5
500
50000 2

Subject to:
𝑢1,𝑘 ∈ {0,1} ∀ 𝑘 𝜖[0, 𝑁 − 1]
𝑇𝑚𝑖𝑛 ≤ 𝑥𝑘 ≤ 𝑇𝑚𝑎𝑥 ∀ 𝑘 𝜖[0, 𝑁 − 1]
𝑢2,𝑘 ∈ {0,100} ∀ 𝑘 𝜖[0, 𝑁 − 1]
𝑥𝑘+1 = 𝑥𝑘 + Δ𝑡 ∙ 𝑓(𝑥𝑘 , 𝑢𝑘 , 𝑤𝑘 ) ∀ 𝑘 ∈ [0, 𝑁 − 1]
where the new added state, 𝑢2 , is the opening percentage of the thermostat. To gauge the
sensitivity of the system to the actuation of the controllable thermostat, a pareto curve was
created by altering the 𝛼, 𝛽, and 𝜆 values. The value of 𝛾 was held constant so that the
percentage opening of the thermostat was the only aspect that was controlling the temperature of
the engine. As can be seen from Figure 18, the fuel consumption of the engine is insensitive to
the controllable thermostat. This is because the engine cooling system is oversized for the Volvo
VNL300 day cab, hence it would be possible to meet the cooling requirements by only operating
the thermostat and not the fan.
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Figure 18. Pareto curve showing the results of a controllable thermostat

Another test was run using the optimal pareto values of 𝛼, 𝛽, and 𝛾 and just varying 𝜆 to
see if using the optimal solution of the previous pareto would combat the oversized engine
cooling system. The results from this analysis can be seen in Figure 19. As with the previous test,
the fuel consumption does not change with the actuation of the thermostat. One thing to note is
that the temperature tracking error decreases when using the optimal pareto weights which is
expected.
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Figure 19. Pareto curve utilizing optimal weights and varying λ

The water pump, along with the radiator, is also responsible for cooling the engine. In the
Volvo VNL300 engine, the speed of the water pump is a percentage of the engine speed.
Because the water pump is belt driven, the pulley ratio of the engine must be known. Unlike the
controllable thermostat, Volvo does not have a controllable water pump on the market. The
optimization problem, including the controllable water pump can be shown as:
𝑡𝑓

min 𝐽 = ∫ [𝛼 ∙
𝑢(𝑡)

0

𝑚̇𝑓𝑢𝑒𝑙 (𝑢(𝑡))
5
1
1
+𝛽∙
(𝑥 (𝑡) − 𝑇𝑟𝑒𝑓 )2 + 𝛾 ∙
𝑢 (𝑡) + 𝜆 ∙
𝑢 (𝑡)] 𝑑𝑡
1000
1𝑒5 3
500 1
100 2

Subject to:
𝑢1,𝑘 ∈ {0,1} ∀ 𝑘 𝜖[0, 𝑁 − 1]
𝑇𝑚𝑖𝑛 ≤ 𝑥𝑘 ≤ 𝑇𝑚𝑎𝑥 ∀ 𝑘 𝜖[0, 𝑁 − 1]
𝑢2,𝑘 ∈ {0,1} ∀ 𝑘 𝜖[0, 𝑁 − 1]
𝑥𝑘+1 = 𝑥𝑘 + Δ𝑡 ∙ 𝑓(𝑥𝑘 , 𝑢𝑘 , 𝑤𝑘 ) ∀ 𝑘 ∈ [0, 𝑁 − 1]
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where the new state, 𝑢2 , is the speed of the water pump. In this analysis, the speed of the water
pump was varied from the off position, 0, to full speed, 1, in steps of 0.25. Once again, to see
how the controllable water pump affected the system, a pareto curve was created using the
optimal weights found before for 𝛼, 𝛽, and 𝛾 and varying 𝜆 from 0 to 1. The result of this
analysis can be seen below in Figure 20.

Figure 20. Pareto curve for the controllable water pump

As was seen previously with the controllable thermostat, the engine fuel consumption is
invariant with respect to the controllable water pump. Once again, this is because the cooling
system is oversized. The temperature tracking error, though, has a much smaller range when the
controllable water pump is used compared to when the controllable thermostat is used. The smaller
temperature tracking error does not warrant the usage of a controllable water pump, though,
because it does not decrease the fuel consumption of the engine. On the other hand, the inclusion
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of additional control inputs would enable for a downsizing of the radiator. Because the size of the
frontal area of the truck is governed by the size of the radiator, if the radiator could be downsized,
the aerodynamic performance of the truck could be improved.
Overall, it has been shown that using DP can be used to account for new and advanced
actuators that are added to the system. However, this particular system is not ideal for these studies
because the configuration is oversized compared to the heat rejection requirements. One benefit of
using DP is that it can be used during the design stage to select proper actuators. As shown in this
analysis, the controllable thermostat and water pump do not show any fuel consumption
improvement so it would not be worthwhile to spend money implementing these actuators. It can
also be used to compare different actuators with regards to fuel consumption savings so that the
correct controllable actuator is selected. For example, if, by using DP, the controllable thermostat
was shown to produce a greater increase in fuel consumption savings than that of the controllable
water pump, the system could be designed around just having the controllable thermostat.
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Chapter 5
Conclusions and Future Work
In this thesis, a control-oriented model of an engine thermal system was validated and
examined for various platooning distances. In order to evaluate the response of the model,
Dynamic Programming was used to determine the optimal clutch engagement of the engine
radiator fan in order to decrease the fuel consumption of a Volvo VNL300 truck. It was shown
that as platooning distance decreased, the fuel consumption of the truck decreased as well. The
optimal set of weights was shown to decrease fuel consumption without penalizing the
temperature tracking error of the engine. It was also shown that the same set of weights could be
used for different platooning distances without sacrificing performance which is promising for
eventual in-vehicle implementation.
One main limitation of this study is the use of drag reduction to evaluate the ram air
speed. This approximation is acceptable, but it implies that the pressure field is uniform across
the front of the vehicle. Also, the effect of platooning might not be accurate because the focus is
just on the radiator itself, not on the entire truck. The solution to this would be to use CFD
analysis to map the pressure fields around the front of the truck to more accurately characterize
the frontal air speed. This would require extensive simulations in order to generate maps that are
specifically for each truck and platoon configuration.
Current work is focusing on considering the platoon distance as a controllable input
rather than an external input. In order to do this, though, the vehicle dynamics must be added to
the discretized model, hence making the computation time slower.
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