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Abstract

The focus of today’s automotive industry is to reduce emissions and fuel consumption of all vehicles.
Concentrating on the truck industry, the last 20 years have focused largely on cutting emissions of
particulate matter and nitrogen oxides. For the future, attention will be focused on fuel consumption
and emissions of carbon dioxide. Waste heat recovery appears to be a very promising concept for fuel
economy on long haul heavy duty Diesel trucks.

After a general introduction on the concept of waste heat recovery and the Rankine cycle, this thesis
work shows how to model and calibrate a cooling system circuit for a heavy duty Diesel engine equipped
with a waste heat recovery system. Then an overview of the current transmission systems that are
suitable to transfer energy from the waste heat recovery expander to the engine shaft is presented. For
all transmission architectures, input speed range, speed ratio range, transmission efficiency as well as
weight and size are detailed and compared to each other. Finally, these systems are modeled and
integrated to a complete vehicle Simulink simulation platform and simulations are run on two highway
driving cycles. Resulting average recovered powers and fuel consumptions are compared and the
analysis finally shows that a gear train transmission has the best performance for this kind of driving
cycle.
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Chapter 1: Introduction

1.1. General background
On-road transports account for the biggest part of inland freight transports and tend to increase as seen
in Figure 1. On the other hand, fuel prices are also increasing pushing further more truck manufacturers
to develop solutions to reduce the fuel consumption.

90.0

B0.0 4

70.0 4

60.0
o = E1J-15 Road
£ 5007 e EU-15 Rl
o
'_gn s EU-12 Road
(]
<+ 40.0 e EU-12 Rzl
®

= = EU-27 Road

300 = == EU-27 Rail

200

10.0 4

0.0 T T T T T T T T T T T T T 1

1995 199 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Figure 1: Percentage share of land freight transport between road and rail transport mode for EU12, EU15 and combined
EU27 [1]

Hybrid powertrains are a possible solution to reduce fuel consumption in applications where the Diesel
engine often operates in transient modes and at part load. Adding electric motors enables Diesel engines
to be downsized and run on better operating conditions, thus increasing engine efficiency and reducing
the fuel consumption. This is essentially the case for distribution, refuse trucks or buses. For long haul
trucks, those conditions do not happen as often as for distribution trucks. The cost of a hybrid system is
then too large compared to the expected gain in fuel consumption and these systems suffer from a lack
of autonomy when large amounts of power are needed. The strategy developed for long haul trucks to
improve the powertrain efficiency is thus waste heat recovery. Although waste heat recovery can be
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applied to any type of on-road vehicles, the most attractive applications are the long haul heavy duty
Diesel trucks because the engine load and speed are more stable over large period of operation and high
mileages is accumulated as seen in Figure 2. As stable operating conditions give the best fuel saving
performances, gains in fuel consumption will be sufficient to recover the added cost in a short period of
time.

In addition to the reduction in fuel consumption and increase in profits for customers, waste heat
recovery also reduces specific pollutant emissions and CO, emissions, which is likely to be the next
combustion product to be regulated.

Waste Heat Recovery vs. Hybrid

4 Waste Heat
- Recovery
g
=
]
7}
g
£
IS
@
=]
o
Hybrid

Frequent Seldom

Start/Stop Start/Stop
(Vocationnal trucks) (Long haul trucks)

Figure 2: Identified applications for hybrid and waste heat recovery systems. Strategy from the engine manufacturer
Cummins

1.1.1. Waste heat from heavy duty Diesel engines
Recent developments in Diesel engines have brought it to a good efficiency (40-42%) and low emission
levels regarding particles and NO, to comply with the more stringent regulations. However, part of the
energy brought from the fuel is still dissipated as heat through the cooling system and the exhaust pipes
and after treatment system. Waste heat can then be potentially recovered to improve engine efficiency
and fuel consumption.

A comprehensive energy flow diagram for a typical turbo charged heavy duty Diesel engine with a high
pressure EGR loop is presented in Figure 3 where m and Q are respectively mass flow and heat transfer
rates, P denotes the power, h is the specific enthalpy and Hy is the lower heating value of the fuel. The
subscript ¢ stands for coolant.

The energy balance of a typical turbo charged heavy duty Diesel engine with high pressure EGR can be
approximated as:

mfuel * HV + Myir * hair = Pbrake + Mexhaust * hexhaust + Qcoolant + QCAC + QEGR 11
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The last four terms of the right hand side of the equation represent waste heat.

Qcac

Cooled charge air

Charge air cooler (CAC)

I Compressor

EGR cooler
Cooled EGR

MexaPaxn

Mepargelcharge

Turbine I

_ Qoit _ turbo-ub ricatio
Qcoolant

Radiator/oil-cooler

R

Ploss _triction'Qail _ubrication

RSN

R’oss _ m.fsc"r Qcﬁss:paﬂon

P

bake

Figure 3: Energy flow diagram for a typical turbo charged heavy duty Diesel engine with high pressure EGR [2]
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Figure 4 shows the balance of energy coming from fuel combustion in engine cylinders for a VT-NA MD13
500 hp US10 engine at 1285 rpm and 50% load.

Engine energy balance

H Brake power
M Exhaust gases
i Coolant + oil

M Miscellaneous

Figure 4: Typical energy balance of a VT-NA MD13 500 hp US10 engine at 1285 rpm and 50% load

1.1.2. Organic Rankine cycle
The Rankine cycle is an idealized thermodynamic cycle of a heat engine converting heat into mechanical
power. One of the well-known examples of Rankine cycles is the steam engine developed during the
industrial revolution. Nowadays, Rankine cycles are used to generate about 90% of electricity in the
world.

Waste heat recovery systems based on the Rankine cycle are usually composed of a pump, one or
several boilers, an expansion machine and a condenser. The ideal thermodynamic cycle that describe the
heat to power conversion is depicted in the T-s diagram in Figure 5. The pump pressurizes the fluid
(usually at liquid state) (transformation 1-2) before it evaporates at constant pressure level in a boiler in
contact with a hot source like exhaust gases or EGR gases (transformation 2-3). The fluid is then
superheated until a certain temperature in contact to the same or another hot source (transformation 3-
3’). Then the superheated vapor expands in an expander such as a turbine or a piston machine until it
reaches a lower pressure level (transformation 3’-4’). The expansion converts recovered heat into
mechanical work. Finally, the fluid is brought back to its initial state in the condenser in contact with a
cold source like coolant fluid or ambient air (transformation 4’-1). Typical layouts of devices used to
convert heat to power are shown in Figure 6.
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Since temperatures of waste heat rejected from heavy duty Diesel engines are of low and moderate
levels, maximum efficiency and power output are obtained using an organic fluid like methanol, ethanol,
refrigerant, etc. or fluid mixtures instead of water as working fluid. This is due to a lower temperature

difference between waste heat and the working fluid.
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Figure 5: Rankine cycle T-s diagram with superheat [3]
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Figure 6: Turbine (a) and reciprocating (b) organic Rankine cycle waste heat recovery systems [2]

1.1.3. Simulation platform

The simulation platform used to implement models and simulate is called GSP that stands for Global
Simulation Platform. It is a simulation tool based on Matlab-Simulink to evaluate fuel consumption and

performances of different vehicle concepts.

As shown in Figure 7, GSP is comprised of three main models that interact between each other:

= A road model that imposes external conditions like ambient temperature and pressure and road
characteristics like elevation, inclination, maximum allowed speed, stops, etc. to the driver and

vehicle model.

= A driver model that defines how the driver behaves depending on road characteristics like its

abilities to anticipate decelerations and stops, gearshift strategies, over speeding, etc.
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Figure 7: Global Simulation Platform — Model overview

= A complete vehicle model (see Figure 8) that contains the modeled physical components of the
vehicle. The basic principle for energy flow is that it is accumulated until the last component, in
which the differential equation for the system is solved. In the mechanical domain, this means
that torques and inertias are accumulated downstream and angular speed integrated and sent
upstream. The integration will be performed in the last component [4].
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Figure 8: Global Simulation Platform - Vehicle model

This simulation platform provides accurate and fast results when comparison in terms of vehicle
performances and fuel consumption are needed. The main drawback is that only mechanical (speed,
torque) or electrical (current, voltage) quantities are at stake and output, there is nothing concerning
thermodynamic quantities like pressures, temperatures, flows, etc.
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1.2. Problem statement
In the development process of a waste heat recovery system based on the organic Rankine cycle a
guestion that arises is how the recovered power will be transmitted to the driveline and further to the
wheels. In this project, the topic is to integrate the waste heat recovery system into the complete vehicle
model and then to add and compare transmission models to transfer recovered power.

1.3. Assumptions and delimitations

= This report only deals with long haul heavy duty Diesel trucks with its related driving conditions.

= The conventional vehicle model is built on Simulink and works well.

= The waste heat recovery model is built on Simulink but needs to be adapted to the simulation
platform in order to be integrated.

= The waste heat recovery model has already shown good results in stationary conditions on
specific operating points but has not been tested yet in real driving conditions.

=  The simulated model was equipped with a turbine as expander.

= The cooling model calibration will only be done for one engine (VT-NA MD13 500hp US10).
Modifications regarding fan parameters, radiator parameters and engine heat losses may be
different for other engines.

1.4. Outline
For reasons explained later, a cooling system model has to be created and calibrated. This is done in
chapter 2. Then an overview of transmissions types that are suitable for waste heat recovery applications
is done in chapter 3. Once the model is completed and ready, simulations are done in chapter 4 and
results are shown and compared. Finally, the conclusion of the thesis is drawn in chapter 5.
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Chapter 2: Cooling system model

2.1. Need for a cooling system model
One of the main requirements that the waste heat recovery system must fulfill is that it must not affect
engine performance. This involves not affecting cooling performance.

As seen in 1.1.2, the condenser rejects heat. The amount of heat can be as high as 85% to 90% of the
recovered heat (50kW to 100kW). Heat has to be dissipated in the ambient in some way. The most
convenient way is to place the condenser or an intermediate cooling circuit with a radiator in front of the
truck where fresh air is entering (i.e. close to the main radiator). Thus one understands that air
temperature around the main radiator will be affected, thus reducing heat exchange possibilities in the
main radiator and finally cooling performance. In normal driving conditions, i.e. at high vehicle speed and
part load, when a lot of fresh air is entering through the nose and with moderate heat rejection from the
engine to the coolant and at reasonable ambient temperature, the radiator is oversized and heat
rejection limit is very high. On the contrary, when the vehicle speed is low and the engine load is high in
up-hills for example or if the ambient temperature is very high, it is crucial to evaluate coolant
temperature to determine whether it is possible to reject extra heat coming from the condenser or not
in order not to affect engine performance.

One also has to note that extra fan engagement should be strictly avoided since its maximum power (as
shown in Figure 14) can exceed recovered power resulting in a negative power output.

The basic layout of a truck cooling system is depicted in Figure 9.
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Figure 9: Basic layout of a truck cooling system [5]
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2.2. Overview
The aim of the cooling system is to estimate, in a rather simple but accurate way, air, coolant and low
temperature coolant temperatures in different nodes of the system as well as fan power consumption.

Computation nodes are:

= Charge air cooler, outlet air

= Low temperature radiator, outlet air

= Low temperature radiator, outlet coolant
= Main radiator, outlet coolant

= Engine, outlet coolant

Three models for three different cooling package configurations have been created. Only one has been
used for simulations.

There is no contribution of the EGR cooler to the coolants and air temperatures in the model since EGR
gases are supposed to be cooled down thanks to the waste heat recovery system. In other words, EGR
cooling is already taken into account in the low temperature radiator block.

As shown in Figure 10, the cooling model is composed of five sub models that interact between each
other:

=  Engine thermal model

= Charge air cooler model

= Low temperature radiator
= Main radiator

= Air flow model
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Figure 10: Cooling system model
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2.3. Engine thermal model
The engine model takes engine speed, engine torque, engine efficiency, fuel flow, air, exhaust and EGR
temperatures and flows as input and outputs coolant temperature increase based on heat rejection from
engine to coolant and oil.

There is no distinction made between fuel energy going to the coolant and fuel energy going to the oil
since the oil cooler is cooled down by the coolant.

The basic principle used in this component is that energy entering the engine is conserved:

Qcoolant + Qoil = quel - Pbrake - Qexhaust - Qmiscellaneous 2-1
Where

Porake = Nengine * quel 2-2

mcharge air

Qexhaust = Mexhaust * Cpexhaust< > * (Texhaust - Tair) 2-3

mfuel

Qmiscelianeous has been calibrated so that heat to coolant rejections fit with engine measurements at
steady state conditions for different engine loads (or torques) and around 1250 rpm which is the most
frequent engine speed at cruising conditions. The model uses the function of engine load displayed in
Figure 11.

Miscellaneous losses
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Engine Load

y = 0.406x3 - 0.530x% + 0.040x + 0.154

Fuel fraction lost

Figure 11: Miscellaneous losses measures and model for a VT-NA MD13 500hp US10 engine
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2.4. Fluid-air radiator model
All radiator models take air and fluid inlet temperatures and flows as inputs and output air and fluid
outlet temperatures.

Computation is based on the following thermodynamic equations, the fluid at stake being either charge
air for the charge air cooler or coolant for the low temperature radiator and the main radiator.

Q = Myia * Cp Fruia T ¥ |Tin fuia ~ Tingir 2-4
Q]
Toutair = Tinair mair * Cpair 2‘5
9]
Toutﬂuid = Tinfluid - 2-6

Meruia * Cpﬂuid

For the charge air cooler, a constant effectiveness of 95% is assumed whereas an effectiveness table (see
Figure 12) as function of air and fluid mass flows is used for the two radiators.

Radiator effectiveness

Air mass flow [kg/s]

Coolant mass flow (kg/s]

Figure 12: Radiator effectiveness
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2.5. Thermostat model
The thermostat aims to regulate coolant temperature, opening or closing a valve to respectively direct or
bypass the fluid to the main radiator depending on the coolant temperature. Its dynamic behavior is
modeled as a first order transfer function with a faster dynamic response while opening (7 = 20 s) and a
slower response while closing (7 = 100 s).

Thermostat opening and closing curves as function of coolant temperature are depicted in Figure 13.

) Opening and closing thermostat position
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Figure 13: Opening and closing thermostat position
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2.6. Air flow model
The air flow is computed from vehicle speed, fan speed and engine speed and outputs air flow and fan
power consumption. The total entering air flow is the sum of natural air flow and forced air flow.

Mgir = Mpatural T Mforced 2-7

2.6.1. Natural air flow model
The natural flow represents the amount of air that naturally enters the truck nose thanks to the vehicle
movement. Due to the nose geometry and aerodynamic behavior, the velocity of air entering the nose is
about one tenth of the upstream air velocity.

Muatural = 0.1 Uyenicle * Arad * Pair 2-8

Uyehicle IS the vehicle speed, A,,4 the radiator front area and p,;;- the air density.

2.6.2. Forced air flow model
The forced air flow represents the amount of air that is sucked up from the ambient to the nose via the
fan.

mforced = Cflow *MNran * Pair 2-9

Criow is @ constant that depends on fan characteristics, ns,, is the fan rotational speed and pg;;- the air

density.

The forced flow is generated by the fan that uses power from the engine to convert it into air motion.
The power consumption is given by:

Pran = Cran * Pair * Neng * T * nfom2 2-10

Cran is a fan characteristics dependent constant, pg;, the air density, n.,,4 the engine rotational speed, r

the fan speed ratio and ng,, the fan rotational speed.

The fan is coupled to the crank shaft via a viscous coupling. Thus the fan speed can be controlled to
match a demand. The real demand is complex and depends on many parameters from different
components. To keep the model rather simple, only the coolant temperature will be taken into account
to compute the fan speed demand. This model part is often referred as outer control loop. Fan speed
demand is first determined using a table, then there is also an integral gain tied to the temperature
difference between current and set temperatures (99°C) of 1.5 rpm/°C.s. Due to the engine coupling, the
fan speed is also limited according to the following equation:

Npgn < Nepg * T * (1 — slipfan) 2-11
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Slipfan = 5% 2-12

Finally, Figure 14 shows fan performance when it is fully engaged, i.e. when:

Nean = Neng * 7 * (1 — slipran) 2-13

Fan performance when fully engaged

= Fan maximum power (kW) e Fan maximum mass flow (kg/s)

70

. /
. /
. /

0 /

10 / =
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Power (kW) - Mass flow (kg/s)

Figure 14: Fan performance for a fully engaged fan
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2.7. Model validation

Once the cooling model has been built, validation tests were done and results are shown in Figure 15,
Figure 16 and Figure 17.

Tests were done in stationary conditions at constant engine speed (1285 rpm) and for different
operating points that correspond to different engine percent loads. Ambient temperature was set to

25°C.

Results are compared to engine test rig measures in stationary conditions.

Charge air cooler to ambient heat transfer

B GSP model HEngine map

Heat exchanged (kW)

B15 B30 B50 B60 B75 B100
Operating point

Figure 15: Charge air cooler to ambient heat transfer

Page 18



Development of waste heat recovery systems for mobile heavy duty applications
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Figure 17: Radiator coolant temperatures at 1285 rpm
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One the one hand, Figure 15 and Figure 16 show very good fittings between model predictions and
measures. It means that the charge air cooler and the engine model are well modeled and calibrated.

One the other hand, Figure 17 shows some discrepancies between predictions and measures especially
for low engine loads even if differences remain lower than 5°C. However, temperature differences
between inlet and outlet ports are equal when comparing simulation results to engine measures.
Discrepancies can have multiple causes either inherent to the model or to the measurement itself:

= lack of accuracy in the radiator effectiveness. For example, it is not external temperature
dependent.

= Lack of accuracy in the thermostat opening and closing curves.

= The temperature control in the engine test rig is different than the regular temperature control
since it is water-cooled; the radiator inlet temperature is kept at a target temperature of 88°C.
Thus those strategy differences result in different temperature levels.
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Chapter 3: Transmission
overview

3.1. System requirements
The complete waste heat recovery transmission system must comply with the following requirements:

= |nput speed can be as high as 150000 rpm with extreme values up to 200000 rpm in case a turbine is
used as expander.

® |nput power can be up to 15 kW.

= |f the expander is a piston machine with high friction losses, the transmission must allow uncoupling
the expander and the output shaft to avoid dissipating energy through friction.

= |n case of large speed ratios, high amplitude speed variations must be damped in order not to
destroy the expander because of output speed variations that are multiplied through the large speed
ratio. This is no longer a problem when variable speed ratios are possible due to speed adjustments.
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3.2. Comparison methodology
The goal of the comparison is to find the best suitable configuration for a given expander type and
expander output shaft speed. The best configuration will be a trade off between several transmission
characteristics.

3.2.1. Inputspeed range
Input speed range is an important factor to consider since it will determine whether a possible
transmission configuration can be used as a stand-alone system or must be coupled with another speed
reduction system. Thus increasing the system complexity and reducing the overall efficiency.

3.2.2. Speed ratio range

Speed ratio also called reduction ratio is defined as the ratio between input and output speeds
Win

(Tspeea = ). This ratio gives the ability of the transmission to reduce speeds between input and

Wout
output shafts and determines if extra reduction is needed.

3.2.3. Transmission efficiency
Efficiency is likely to be the most important point to consider. It is defined as the ratio between output

Pout _ Tout*@Wout

and input power (n = Po r——

). This quantify how much power from the input shaft is

transferred to the output shaft and how energy is lost in friction or heat.

3.2.4. Weight and size
Weight and size are two parameters that have to be taken into account for packaging purpose. The
smaller and lighter components are, the easier it will be to be integrated in a truck.

3.2.5. Price
Price obviously has to be taken into account in the final decision process to ensure a reasonable overall
price for the waste heat recovery system. However prices will not be compared in this comparison study.
Price can be first assumed to be proportional to the system complexity.
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3.3. Global transmission types

Three different transmission types can be defined depending on the kind of energy that is transmitted
through components.

3.3.1. Mechanical transmissions
A purely mechanical transmission only involves mechanical component such as gears, pulleys and belt or
more refined mechanical components. Energy remains mechanical all along the transmission process.

The following mechanical components are compared:

= Simple gear train
= Planetary gear train
= Friction type CVT

3.3.2. Electrical transmissions
A purely electrical transmission involves energy conversion from mechanical energy to electrical energy
and then back to mechanical energy. This process involves using generators and motors as well as
electronic converters. Storage components such as batteries or super-capacitor can be added to the
system to add the possibility to store energy for further use as boost power for instance.

The following electrical components are compared:

=  Electrical CVT
= Battery storage
= Super-capacitor storage

3.3.3. Electro-mechanical transmissions
A third transmission type can be defined. This type is a combination of a purely mechanical and a purely
electrical transmission. Input power will be split into two branches. The first is a purely mechanical

branch whereas the second is a purely electrical branch. Split powers are finally merged together on the
output shaft.
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3.4. Mechanical transmissions

3.4.1. Simple gear trains

3.4.1.1. Main characteristics
Table 1 shows simple gear trains main characteristics.

Table 1: Simple gear train characteristics

Input speed range Very high

Up to 7 per stage

Speed ratio range . . . . .
P & For n stages in series configuration, speed ratio up to 7"

From 98% to 99% per stage

For a single stage train, the lower ratio, the higher efficiency

For n stages in series configuration with n % efficiency, transmission
efficiency up to n™ %

Transmission efficiency

Weight About 1kg

Size About a dozen centimeters as gear diameter

The number of stage n required is chosen according to the following formula:
"t < Tspeed <"
i : single stage ratio 3-1
Tspeed - desired ratio

Thus, the maximum efficiency is obtained when n is minimized, and after that, when i is minimized.

A 2 stages gear train in series configuration is depicted in Figure 18.
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Figure 18: 2-stages gear train

3.4.1.2. Advantages
The main advantage of this component is its very high efficiency, even with two or three stages,
compared to more complex components. There is no need for any other system since input speed can be
very high and high reduction ratios can be performed if several stages are used in series configuration.
The system is also rather simple and compact.

3.4.1.3. Drawbacks
The main drawback is the fixed gear ratio. Expander will thus not always operate at its maximum
efficiency. This alternative is a permanent fixed ratio coupling that thus requires being uncoupled thanks
to a clutch or viscous coupling to comply with uncoupling and damping requirements.

3.4.2. Planetary gear trains

3.4.2.1. Main characteristics
Table 2 shows simple gear trains main characteristics.
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Table 2: Planetary gear train characteristics

Input speed range Very high
. Up to 10 per stage

Speed ratio range F(?r n stagpes in sgries configuration, speed ratio up to 10™
About 98% per stage

Transmission efficiency For n stages in series configuration with n % efficiency, transmission
efficiency up to n™ %

Weight About 1kg

Size About a dozen centimeters as diameter, depth is a few centimeters
per stage

The number of stage n required is chosen according to the following formula:
"1 < Tgpeeq < 0T
i : single stage ratio 3-2
Tspeed - desired ratio

Thus, the maximum efficiency is obtained when n is minimized, and after that, when i is minimized.

Figure 19 shows a single stage planetary gear train.

Planet carrier , ‘ e— R Sun gear

Figure 19: Planetary gear train [6]
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3.4.2.2.  Advantages
Advantages of this system are almost the same as for the simple gear train except that higher ratios can
be reached with the same number of stage. This makes the system even more efficient.

3.4.2.3. Drawbacks
This system also operates with a fixed gear ratio as for the simple gear train. Moreover the system and
especially multiple stages planetary gear train is more complex. This system also suffers from the lack of
uncoupling and damping abilities.

3.4.3. Friction type CVT

3.4.3.1. Main characteristics
There are different kinds of friction type CVT based on different designs, some examples are shown in
Figure 20 and Figure 21. Motion and power are always transferred thanks to friction between moving
parts. The most known technologies are:

" Belt or chain CVT: it basically consists of two pulleys, one driving and one driven pulley, and a
belt or chain linking them all together. Most of the time, each pulley is composed of a fixed and
moveable pulley sheaves that are located on opposite sides of the pulleys. Combined pulley

Wout __ Rin

sheaves displacements vary pulley radii and thus the speed ratio defined as 7speeq = T
in out

Friction between pulleys and belt and hydraulic forces, often referred as clamping forces, that move
pulley sheaves and push the belt against the pulleys are the main causes of power loss.

High
Gear

Low
Gear

Drive Pulley

Drive Pulley

Driven Pulley

Figure 20: Belt CVT [7]
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®  Toroidal CVT: this concept consists of two half or full toroidal discs with two power rollers in
between. The contact between discs and power rollers is kept by mean of a loading force
generated by a loading cam or a hydraulic piston. This consumes part of the energy transferred.

- : : . R;
The tilting rotation angle of the power rollers defines the speed ratio 7seeq = a;";: = ﬁ.
* Faster * Equal *Slower

Rotation Rotation  Rotation Rotation  Rotation Rotation

Slower Equal Faster

© 2008 Howshamwons © 2008 Howshamwoss

©2008 Howshamwors

Figure 21: Half toroidal CVT [7]

Main CVT charateristics are presented in Table 3.

Table 3: Friction type CVT characteristics

Input speed range Up to 12000 rpm

Speed ratio range Upto6

= Chain/belt CVT: Up to 85-90%

Transmission efficiency = Toroidal CVT: Up to 85-90%

About 1 kg (rough estimation, proportional to bigger CVT currently

Weight used)

= Chain/belt CVT: Approximately 15 x 10 cm (rough estimation,
Size proportional to bigger CVT currently used)
= Toroidal CVT: No data found

3.4.3.2.  Advantages
The most important advantage of this technical solution is the possibility to vary the speed ratio so that
the expander always operates at its maximum efficiency. Rubber belt CVTs are quite soft and can damp
speed variations to the expander shaft.

3.4.3.3. Drawbacks
Downsides of this component are numerous. Speed and speed ratio ranges are limited, thus requiring
the addition of an extra reducer for the CVT system to operate within normal working conditions. This
system cannot be uncoupled and thus require adding an extra coupling device.
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3.5. Electrical transmission
3.5.1. Direct electrical transmission - Electrical CVT

3.5.1.1. Main characteristics
It is possible to build a fully electric system that offer the possibility to vary the speed ratio. This complex
system uses several components to successively convert mechanical power to alternative current thanks
to a synchronous AC generator then adapt current frequency to optimize the speed ratio thanks to a
combination of electronic converters and finally convert alternative current back to mechanical energy
thanks to a synchronous AC motor.

A frequency adapter is usually composed of inverter type converters that first convert alternative current
to continuous current, output current is then smoothed with a capacitive filter, and finally continuous
current is converted back to alternative current with controlled frequency.

The typical efficiency of electronic converters is around 95% and the typical efficiency of synchronous AC
motors or generators is comprised between 91% and 98%.

New generations of permanent magnet high speed generators and motors have shown increases in input
speeds resulting in values up to 100000 rpm according to some manufacturers such as e+a’ or Calnetix?,
this enabling direct coupling between turbo machineries and generators.

The maximum speed ratio depends both on the current frequency ratio between the generator and the
motor and on numbers of pole pairs of the electric machines. In synchronous machines the rotational

speed ( is linked to the current frequency w with the following formula: Q = %where p is the number of

pole pairs. Thus, choosing one pair of poles for the generator and 3 or 4 pairs for the motor increases
the speed ratio range.

Main electric CVT characteristics are shown in Table 4.

Table 4: Electric CVT characteristics

Input speed range Up to 200000

Speed ratio range Very high

Transmission efficiency n ~ 95 %* = 81%

Weight About 1 kg per motor/generator

Size About 10 x 10 cm per motor/generator

Figure 22 and Figure 23 shows some details about the system layout.

! http://www.highspeedgenerator.com
2 .
http://www.calnetix.com
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Figure 22: Three phases variable frequency inverter [8]
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Figure 23: Electrical transmission principle

3.5.1.2.  Advantages
Main advantages of this coupling solution are high upper limit in input speed as well as the possibility to
control the speed ratio to adapt to expander best operating conditions. This system also shows very
good modularity performance since there is no mechanical transmission between expander output shaft
and engine or wheel shaft. Thus the waste heat recovery system and the engine are completely
independent and can be set anywhere in the truck. Besides it offers the possibility to uncouple input and
output shafts when needed provided resistors are mounted to dissipate produced energy.

3.5.1.3. Drawbacks
As drawbacks, the system is quite complex and suffers from a rather low efficiency compared to other
alternatives already explained.
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3.5.2. Micro-hybrid system with battery storage

3.5.2.1.

Main characteristics

The previous system can be further improved adding a battery between the rectifier and the inverter as

seen in Figure 24. It enables to store the recovered energy for later use when extra power is needed such

as during hill climbing or acceleration to avoid the engine to run in transient conditions.

Table 5 shows compared performances of typical battery types used in automotive applications. It clearly

appears that Lithium-ion and Lithium-ion Polymer batteries are the more suitable for waste heat

recovery applications. Main choosing criteria are first charge/discharge efficiency in order not to waste

recovered energy and then specific energy and power to ensure a lightweight solution.

Table 5: Battery types comparison

Battery Specific energy Specific power Charge/discharge duf'Zlc)li‘:ity
L 3
type (Wh/kg) (W/kg) efficiency (cycles)
Lead-Acid 30-40 180 50-92% 500-800
NiMH 30-80 250-1000 66% 1500
Molten- 100 150 No data found 1000
Salt
Li-ion 90-160 1800 97-99% 1200
Li-Po 130-200 2800 97-99% 1000

For the battery dimensioning, a maximum power recovery capacity of 10 kW is assumed for the battery.

Assuming a maximum recovery time span of 10 minutes (15 km at 90 km/h), with an average power of 8

kW, leads to an energy capacity of 1.4 kWh. This time span seems to be a good trade off between weight

saving and storage capacity. Most of the energy will be recovered when driving on flat roads at full speed

and extra power will be mainly needed when hill climbing or accelerating, it can then be assumed an

increase in power demand lies every 15 km on highways.

Table 6 shows micro-hybrid system main characteristics.

Table 6: Micro hybrid system characteristics

Input speed

range See Direct electrical transmission — Electrical CVT

Speed ratio range

See Direct electrical transmission — Electrical CVT

Transmission efficiency

n ~ 95%?2 * 98% * 95%2 = 80%

Extra weight due to the battery:

Weight = Lli-ion: 8.5 kg
= Li-Po: 6.5 kg
Size 2 dm’ for a Li-ion battery

33 Charge/discharge efficiency takes into account both charge and discharge efficiency.
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According to the assumptions made, the most restrictive criterion for battery weight is the energy
storage capacity.

Expander
Generator
n =95%

Rectifier Inverter - Motor :> Output
n= 959 n = 95% n= 95% shaft

1 1

Mechanical energy flow

Electrical energy flow

Battery
n =98%

Figure 24: Electrical transmission with battery storage principle

3.5.2.2.  Advantages
This system combines advantages of the fully electrical direct transmission and the possibility to store
recovered energy for later use when extra power is needed for instance.

3.5.2.3. Drawbacks
The main drawbacks of this alternative are its complexity and heaviness.
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3.5.3. Micro-hybrid system with super-capacitor storage

3.5.3.1. Main characteristics
An alternative to the previous system could be to replace the battery with super-capacitors that have
much higher power capacities but reduced energy capacity, as seen in Table 7. The Ragone chart in
Figure 25 shows specific power and energy of various batteries and capacitors types.

Table 7: Storage types comparison

. . . Cycle
Specific energy Specific power Charge/discharge L
Storage type S durability
(Wh/kg) (W/kg) efficiency (cycles)
Super- 0.1-9 3000-10000 95% 105 to 10°
capacitor
Li-ion 10-15 3000-14000 90% 10* to 105
capacitor
Li-ion 90-160 1800 97-99% 1200
Battery
Li-Po Battery 130-200 2800 97-99% 1000
10 000 -
i Supercapacitor
[*)) Double-layer capacitor
= Electrolytic capacitor
= O Li-lon battery
; 1000 - C O\ Ni-Mh battery
| © Ni-Cd battery
A
% \ '\ Pb battery
c
) \ )
T
= 100"
Q
s
O
o
10 T T T T >
0.1 1 10 100 1000

Energy density (Wh/kg)

Figure 25: Ragone chart showing power density vs. energy density of various capacitors and batteries [9]

With the assumptions previously made for power recovery capacity and energy autonomy, since the
specific energy was already the weakest point, there is no possible improvement replacing the battery
with super-capacitors since they have lower specific energies and besides lower efficiencies.
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Figure 26 shows how much battery or capacitor weight is needed for given autonomies for different
kinds of storage systems.

Storage weight comparison

e NiMH

Li-ion
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Figure 26: Required storage system weight comparison

3.5.3.2.  Advantages
The main advantage is a higher specific power. It also allows more charge/discharge cycles.

3.5.3.3. Drawbacks

The main drawback is a much lower specific energy compared to a Lithium battery. The charge/discharge
efficiency is lower as well.
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3.6. Electro-mechanical transmission
3.6.1. Power split input configuration

3.6.1.1. Main characteristics
The basic principle of the power split transmission is to split input power such as expander power into
two parts. The first part is transmitted through a mechanical path such as gear trains and the second part
is transmitted through an electrical path such as the one described in 3.5.1. The aim of such a system is
to combine both advantages from the mechanical branch (i.e. a very high efficiency) and from the
electrical branch (i.e. the variable gear ratio).

Many power split transmission types exist. The input power split configuration, as described in Figure 27,
is commonly used in hybrid vehicles. It is the simplest power split configuration. Some more complex
configurations also exist, such as compound power split or two modes power split, and are composed of
multiple planetary gears and even clutches and brakes for the most complex ones. Those configurations
will not be described here since they are much more complex and bigger and require more development
and control.

Expander

Mechanical energy flow

Planetary gear Electrical energy flow
17 = 98%
@P‘g’lec =exP; JLPnLech = (1 - E) * Py

Generator Gear train

n=95% n=96%

Rectifier
Output P . =pn=xP

n = 95% shaft out — 1%

Inverter “ Motor
n =95% n =95%

Figure 27: Input Power split configuration principle
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A typical configuration for waste heat recovery applications would be to connect the expander shaft to
the planet carrier, the mechanical branch to the ring gear and the electric branch to the sun gear as
illustrated in Figure 28 and Figure 29 where C stands for planet carrier, S for sun gear and R for ring gear.

If the power transferred through the transmission is Py, = Ppecn + Perec » the power ratio is defined as

P . . . . .
&= %. The ratio value is not constrained and can be higher than one or lower than zero, it means that
in

power can recirculate through the system and energy flow is not always in the same direction. Power
recirculation has to be taken into account when dimensioning components since circulating power can
excess input power.

MG2 MG1

|€]
Output Q

—t ORC

No power circulation 1

Figure 28: Power flow without power circulation [10]

mechanical
power
circulation MG2 | Electrical MG1
power
|5| circulation
Output > |1|
E
e
1 1+|¢g]|
—t ORC
power circulation i |

Figure 29: Power flow with power circulation [10]
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The power ratio directly impacts the overall efficiency of the system which is:
n = (lel * Nerec + (1 = |€]) * Nmecn) * Nplanetary 3-3

For the configuration shown in Figure 27 and according to the Willis equation, shaft speeds are linked as
shown below:

S 4 R
= —x * ()
“P"R4+s "M TR4s R
1 3-4
Weng = 7 * WR
lgear
Similarly, torques can be computed as:
R+S
Texp = - T * Tina
3-5
Teng = E * igear *Im1 — igear * T
These equations combined with the speed ratio defined as SR = % lead to the power ratio:
eng
R
-1 3-6

*TR¥s e "SR

Where R and S are respectively the radii of the ring and sun gears, subscripts exp, ml, R and eng
respectively stand for expander, motor/generator 1, ring gear and engine and igear is the fixed gear ratio
of the mechanical path.

The power ratio is thus a function of the speed ratio and gear ratios of planetary gears and reduction
gears. So are generator and motor rotational speeds. For extensive explanations and demonstrations on
power split devices and calculations, see [10].

Practically, the engine speed is imposed, so is the ring gear speed due to the fixed gear ratio in the
mechanical branch. The speed ratio is thus controlled thanks to the electric branch and its frequency
converter. As two speeds are now either imposed or controlled, the third planetary shaft (i.e. expander
shaft) speed is also controlled and set to match the maximum efficiency expander operating point.

Typical efficiencies of electrical path and mechanical path of respectively 81% and 96%, in combination
with planetary gear train efficiency of 98%, lead to an overall efficiency as depicted in Figure 30.
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Power split efficiency
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Figure 30: Typical input power split configuration efficiency

It then appears that the power ratio has to be minimized to achieve a higher overall efficiency, meaning
that most of the power is transferred through the mechanical path.

The following results and curves depicted in Figure 31 and Figure 32 have been obtained for a ring gear
radius of 10 cm and a sun gear diameter of 1.5 cm. These figures show power ratio and power split
device efficiency as function of the speed ratio and rotational speed, torque and power for each power
split device shaft.
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Figure 31: Power ratio and transmission efficiency
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Figure 32: Rotational speeds, torques and powers of the different power split device shafts
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Main power split system characteristics are shown in Table 8.

Table 8: Power split system characteristics

Input speed range

Up to 200000 rpm

Speed ratio range

Up to the ones achieved with fully mechanical
transmissions

or electrical

Transmission efficiency

83% to 94% depending on the speed ratio

Weight

Several kilograms

Size

No data found

3.6.1.2.  Advantages

Thanks to its special features, this transmission has a continuously variable speed ratio and an overall
efficiency higher than conventional CVT thanks to the high efficiency of the mechanical branch. This
system offers the possibility to damp speed variations due to the variable speed ratio.

3.6.1.3. Drawbacks

As a drawback, this system is more complex and heavier than simpler transmissions. Depending on the
dimensioning of the electric machines (i.e. the maximum power that can flow through the electric path),
the system may not be able to uncouple input and output shafts since uncoupling involves that all the
power should flow through the electric path and be dissipated in a resistor or stored in a battery.

Page 40




Development of waste heat recovery systems for mobile heavy duty applications

3.7. Transmission overview summary
Table 9 shows a comparison matrix of all the systems previously described regarding all the criteria.
Colors show how well a system meet a criterion (the greener, the better).

Table 9: System comparison matrix
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Chapter 4: Simulations

4.1. Simulated driving cycle and road conditions
The systems described and compared in Chapter 3: have been modeled and integrated to the complete
vehicle model as explained in Appendix A: Transmission models descriptions. These completed drivelines
will be compared to each other on two defined driving cycles regarding cycle average recovered power
and fuel consumption.

The following transmission systems have been simulated and compared to the conventional system
without energy recovery:

= Two planetary gear trains mounted in series configuration.

= Afriction type CVT coupled together with a simple 2-stage gear train.

= An electric CVT.

= A micro-hybrid system: two electric motors and a short life battery.

= A power split system of input type coupled with both a simple 2-stage gear train one one side
and an electric CVT on the other side.

4.1.1. Truck configuration
The truck configuration used during simulations is shown in Table 10.

Table 10: Truck configuration

Mass 40 tons
Engine VT-NA MD13 500hp US10
Chassis Long haul FH 4x2
Radiator Confidential
Fan Confidential
Cooling package configuration Confidential
Transmission AMT directdrive
Waste heat recovery expander Turbine
Battery (f(.)r mlcro-hybrld Li-ion 1.4 kWh
configuration)
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4.1.2. Sx 393 - Boras-Landvetter-Boras
The first driving cycle simulated is called Sx 393 — Boras-Landvetter-Boras. Its main characteristics are
listed in Table 11 and more details regarding altitude, set speed and engine speed and torque
distribution during the cycle are available in Figure 33 and Figure 34.

Table 11: Driving cycle Sx393 characteristics

Length 86.9 km

Maximum speed 85 km/h
Minimum altitude 20m

Maximum altitude 152.35m
Ambient temperature 18 °C

Sx 393 - Boras-Landvetter-Boras
160

o\ i X N

120 / \ / \
100 \ I/ \,\ /\/ \\
\

a0 \ Vi v
0 AU I AR A
0 ! N | /
N \ \/ U

0 10 20 30 40 50 60 70 80 90
Position [km]

Altitude [m]

Sx 393 - Boras-Landvetter-Boras

86

85.5

[o0)
a1

84.5

Set speed [km/h]

®
.;;

83'50 10 20 30 40 50 60 70 80 90

Position [km]

Figure 33: Sx 393 driving cycle altitude and set speed
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Figure 34: Engine torque and speed, Sx 393 driving cycle characteristics

4.1.3. Sx 145 - Germany predominantly flat

The second driving cycle simulated is called Sx 145 — Germany predominantly flat. Its main
characteristics are listed in Table 12 and more details regarding altitude, set speed and engine speed
and torque distribution during the cycle are available in Figure 35 and Figure 36.

Table 12: Driving cycle Sx145 characteristics

Length 546 km
Maximum speed 88 km/h
Minimum altitude 519 m
Maximum altitude 993.37 m
Ambient temperature 18 °C
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Sx 145 - Germany predominantly flat
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Figure 35: Sx 145 driving cycle altitude and set speed
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Figure 36: Engine torque and speed, Sx 145 driving cycle characteristics

Some general comments about the simulated driving cycles that arise:

2000

=  Both driving cycles are mostly highway driving at maximum permitted speed.

= Engine speed is most of the time around 1200 rpm.

3000

= There are two peaks of engine torque, the biggest is engine brake torque, and the second is the

maximum torque. During the rest of the cycle, engine torque is more or less uniformly spread on

the whole engine torque range.
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4.2. Simulation results
This section presents some results from simulations with different transmission systems and for both
driving cycles. For each simulated driving cycle, average transmission losses and output powers are
compared (see Figure 37 and Figure 38). Then fuel consumption and its relative reduction compared to
the reference system (without waste heat recovery) are shown (see Figure 39 to Figure 42).

Cycle average power

B Output power (kW) B Transmission losses (kW)

4.000

3.500

3.000
1.000
0.500
0.000 T T T

Gear trains Friction CVT Electric CVT Micro-hybrid Power split

Power (kW)
- N N
(O] o (93]
o o o
o o o

Figure 37: Sx 393 - Average power
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Figure 38: Sx 145 - Average power

Figure 37 and Figure 38 show that the micro-hybrid system enables to extract higher power in average
on the cycle but it also has the largest transmission losses. Finally the highest output power4 is obtained
when gear trains are used as transmission system. Output power is then comprised between 3.1 and 3.5

kW.

* Net power after the transmission system
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Figure 39: Sx 393 - Fuel consumption
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Figure 40: Sx 145 - Fuel consumption
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As a consequence of different levels of output power, Figure 39 and Figure 40 show that the lower fuel
consumption is got with a gear trains transmission. Up to 1L of fuel is then saved.

Fuel consumption reduction
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Fr Mi rid
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-1.97%
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-2.28%

-2.50%

Figure 41: Sx 393 - Fuel consumption reduction
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Figure 42: Sx 145 - Fuel consumption reduction

Fuel consumption reduction in percent is visible in Figure 41 and Figure 42. More than 2.25% of fuel is
saved thanks to the gear trains transmission.

What can be highlighted from the results is that the average total recovered power from the turbine is
higher when the speed ratio between expander and engine shafts is variable (see Figure 43). This
phenomenon is due to the turbine operating in its most efficient conditions. The best configuration, in
terms of average expander power, is when a battery is mounted since energy is more often recovered.
On configurations without any storage device, the expander is bypassed when there is no need for
additional power while braking for example. This is no longer valid if a storage device is mounted since
energy can be stored when not needed. This results in a higher average expander power in the micro-
hybrid configuration.

In spite of higher average expander powers on variable ratio configurations, average output powers are
lower because of lower transmission efficiencies. Finally, the best choice, for these driving cycles, is to
use planetary gear trains as they show the best results both concerning average output power and fuel
consumption thanks to a very high efficiency compared to other solutions. Moreover, they are simple,
quite compact and low cost.
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Figure 43: Sx 145 - Rankine cycle efficiency

Figure 44 shows that most of the solutions reduce the average engine efficiency. The engine and the
gearbox are designed and controlled to operate at highest efficiency in normal driving conditions. On the
one hand, the decrease in torque demand from the engine diverts the engine from its best operating
point and leads to a lower efficiency. On the other hand, adding a battery increases the engine efficiency
as one degree of freedom is added to the system and it is now possible to combine power sources to
have them operating in their most efficient conditions.
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Figure 44: Sx 393 - Engine efficiency
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Chapter 5: Conclusion

To conclude, the GSP model have been extended with the addition of a cooling system model offering
three different cooling package architectures and a waste heat recovery model. Further work around the
cooling system model should focus mainly on dynamic behavior and extensions to other engines.

Different types of transmission have been studied, compared and modeled with special attention to
different characteristics: input power range, input speed range and speed ratio range for the application
suitability, efficiency for the system performance and complexity, weight and size for future truck
integration capacities. Cost evaluation might also help selecting the best solution even if it can be first
assumed that cost is proportional to complexity and size.

Finally, simulations run on Sx 393 and Sx 145 driving cycles have shown that two planetary gear trains
mounted in series configuration give the best results with and average gain in fuel consumption of
2.25%. It has to be noticed that these results were obtained on highway driving conditions with engine
speeds about 1200 rpm most of the time (i.e. where the expander operates at maximum efficiency).
Even if these cycles reflect the usual driving cycles for the kind of application considered in this report,
further tests with harder road conditions should be carried out.
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Appendices

Appendix A: Transmission models descriptions

L. Gear trains
The model works for both simple gear trains and planetary gear trains.

It takes, as input parameters, the number of stages, stage speed ratio (identical for all stages) and stage
efficiency. Then torques and speeds are computed from input values.

Simulations were made with a fixed speed ratio of 100 and an overall efficiency of 0.96.

II. Friction CVT
The model takes the desired expander speed (usually where the expander efficiency is the highest) as
input parameter and computes the requested speed ratio. This speed ratio cannot exceed 1:3 and 3:1
due to physical limitations and a rate limit is also applied.

Torques and speeds are computed based on the speed ratio and the efficiency given as input parameter.

Transmission efficiency was set to 0.875 for simulations.

II1. Electric CVT
The model is composed of two electric motors/generators that were already modeled in GSP. These two
models were slightly modified in terms of power demand. The generator electric demand is the
expander output power and the motor mechanic power demand is the generator output power.

A frequency converter is inserted between the two electric motors to vary the current frequency so that
the expander operates at its highest efficiency point.

For simulations, each component efficiency was set to 0.95 and electric motors maximum speeds,
torques and powers was defined to match the overall system requirements with some margins.

IV.  Micro-hybrid system
The model layout is the same as for the electric CVT except that a battery (already modeled in the GSP
library) is inserted between the generator and the frequency converter. Electric power demand from the
generator is the expander output power.
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An energy management strategy was established to control the power demand from the electric motor
as well as to prevent the battery to self-deteriorate keeping the state of charge level between its
nominal boundaries. The strategy is shown in Figure 45. Three choices are possible:

= The battery can be loaded: in that case, there is no energy going out of the battery meaning that
the motor outputs nothing.

= Energy can be transferred: it means that there is as much energy flowing in and out of the
battery. The power demand from the electric motor is thus the expander output power.

= The battery can be emptied: in that case, the power demand from the motor is its maximum
power.

The parameter My eshoig Was set to 10 kg/s?.

SOC-LS065m SOC > S0C;:
l SOC € [SOCin; SOComax]

Fuel flow

Fuel flow variation

mfuel = Mipreshold

mthreshold]

Meyel < ~Mtpreshold
Mryer € [—1NenfBllo1as

Load battery Transfer energy Empty battery

Figure 45: Micro-hybrid system energy management strategy
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V. Power split system
The power split model computes the speed ratio between expander and output shafts and then derives
the power ratio. Then torques and speeds for both branches are computed given a set of planetary gear
geometric parameters. Then the model feeds a gear train model block and a CVT-like model that
represents the electric branch.

The planetary gear efficiency was 98%, the gear train efficiency was 96% and the electric branch
efficiency was 81%. The fixed speed ratio of mechanical branch was set to 100. The ring gear radius of
the planetary gear was 0.1m and the sun gear radius was 0.015m.
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