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ABSTRACT

Today, agriculture industry has a significant impact in global greenhouse gas
emissions. A large amount of pollutants come from diesel internal combustion
engines, widely used in agricultural machinery. Therefore, emission regula-
tions are becoming tighter worldwide. Since mechanization in agriculture is
fundamental to achieve a proper food production for a growing human pop-
ulation, changes are needed in common agriculture engineering to develop
new farming machinery that could outperform conventional ones in terms of
environmental impact, performance, productivity and safety. Electrification is
a feasible solution.

A comprehensive review about agricultural machinery electrification is re-
ported, with a particular focus on hybrid electric tractors and their implements.
The introduction of electric drives in farming tractors is discussed in detail
by looking at the main findings in literature and considering state-of-the-art
technology.

A methodology to evaluate the economic feasibility of farming tractor
electrification is developed. The method is based on an energetic model,
input data from field measurements and life cycle cost analysis. A study is
conducted on three tractor categories, which differs by power ratings and
operating cycles. A parallel hybrid electric architecture is considered, although
the approach can be extended to other powertrain configurations.

Besides investigations on a system level, also the design of specific com-
ponents is conducted. Numerical techniques and fast simulation approaches
are important for an effective design stage and to reduce R&D cost and time
to market. The potentialities of harmonic balance method are investigated in
simulating a basic electric generator front-end for a high-voltage automotive
system. The case study comprises a six-pole three-phase surface-mounted
permanent magnet generator connected to a six-pulse full-wave diode bridge
rectifier. Simulations are performed at fixed generator speed in two operating
cases: with a open-circuit DC bus and supplying a load resistance. Both main-
stream time stepping and harmonic balance approaches are deeply discussed
focusing on the model under study, along with relevant implementation de-
tails. Simulation results are commented in the end, together with an evaluation
of computational performance.

The complete list of publications related to this dissertation is reported at
the end.
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1 INTRODUCTION

Nowadays, agriculture is facing the transition to a new era. The welfare growth
of countries has always benefit from the improvement of farming techniques.
Yet, agriculture plays a key role now more than ever to feed a growing world
population. Moreover, the adaptation to unusual harsher ambient conditions
and extreme weather events needs to be addressed, as climate change is most
likely unavoidable by now, and it has already begun to affect crop production
significantly. Agriculture has longer been a human activity with an intimate
contact with nature. Nevertheless, the responsibility of earth care has become
of paramount importance today. A fundamental rethinking of the agricultural
world is needed for a sustainable development of human kind. Path-breaking
paradigms are gradually introducing changes in the conventional practices of
farmers and stakeholders of agriculture industry.

Technology has longer been an enabling factor for the improvement of
farming techniques. In particular, mechanization have dramatically increased
crop productivity in the last century. Despite many new high-tech alterna-
tives are emerging and old habits are being rediscovered, intensive field crop
with agricultural machinery is still the mainstream farming practice world-
wide. Nonetheless, today challenges are forcing changes also in conventional
technologies and methods.

Agriculture sector is among the main contributors to global greenhouse gas
emissions [1]. Although the larger part of this pollution is related to intensive
animal farming and ground working [2], a considerable amount comes also
from exhaust gas of diesel internal combustion engines (ICEs), which are
the most widespread power sources in agriculture and forestry industry [3],
both for moving self-propelled machinery and stationary standalone systems
[4]. As a consequence, in Western countries, several regulators tightened the
emissions limits of non-road mobile machinery (NRMM) [5, 6], to which
agricultural vehicles belong. In order to meet new European Stage V and
US Tier 4 standards [7], manufacturers are forced to equip the engines with
additional exhaust gas aftertreatment devices. These components, in addition
to an increased cost, make the diesel units bulkier, leading to a reduced power
density. Whereas this issue may not be a major concern for high-power row
crop vehicles, the design of narrow specialized tractors could become more
challenging, due to stricter size constraints on the vehicle chassis.

Therefore, manufacturers are encouraging research on alternatives to pow-
ertrain architectures currently adopted in agricultural machinery. Among
various proposals, one feasible solution is the electrification of conventional
drivetrains, following the trend established in the automotive industry to-
wards the development of hybrid electric and full-electric on-road vehicles

[8].
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In recent years, electrification of agricultural machinery has gained atten-
tion from both industry and academia. Manufacturers are striving to maintain
competitiveness while complying with emission regulations, which are be-
coming more and more tight. Thus, electrification is perceived as a promising
path to improve energy and operational efficiency at the same time [9]. Indeed,
the introduction of more electric drives in agricultural machinery has the po-
tentialities to significantly reduce fuel consumption and increase performance,
enabling new functionalities [10]. Nevertheless, it is still debated how to effec-
tively exploit the advantages of electric drives in agriculture mechanization,
in particular inside tractor drivetrains among other agricultural vehicles.

Tractor manufacturers are currently borrowing know-how and technolo-
gies from automotive companies, exploiting the experience in electrification of
commercial vehicles and construction machinery. However, farming tractors
have many peculiarities that distinguish them both from commercial on-road
vehicles, as haul trucks, and other NRMM, as construction loaders, and make
their electrification more challenging. Differently from road vehicles, traction
effort is only a limited part of tractors workload. Agriculture operations often
require the use of various external implements that may need to be supplied
by tractor engine: power can be provided through mechanical power take offs
(PTOs) or by means of hydraulic interfaces, in form of pressurized oil. Yet,
the differences with road vehicles are not limited to additional main loads.
Traction power demand is peculiar too: long periods at high torque and low
speed during field operations are combined with shorter transportation tasks
at lower torque and higher speed. Furthermore, traction effort of field opera-
tions has a wide variability because of unpaved soil conditions and implement
towing requirements.

In terms of powertrain architecture, agricultural tractors have some simi-
larities with other NRMM. However, the versatility of tractors distinguishes
them from all other working vehicles. Indeed, agricultural machinery cover a
wide power range, from a few tens of kW for small utility vehicles to more
than 400 kW in case of row crop tractors. Moreover, the conventional power-
train presents a relevant amount of different arrangements, especially because
of different ground drive transmissions.

Nevertheless, the main issue in tractor electrification is the lack of standard
duty cycles. The identification of representative power demand profiles is not
as easy as for road vehicles or other NRMM, because of the great variety of
agricultural tasks. Thus, the assessment of new solutions and the choice of
proper specifications are not straightforward.

Hybrid electric architectures seem the most promising solutions for an
effective introduction of electric drives in agricultural tractors on a mid-term
perspective [11]. Implements electrification is also perceived as a feasible path,
with a focus on improved field efficiency, performance and new functionalities
along with precision agriculture principles [12]. The availability of an electric



power take off (ePTO) and an increased automation are key enabling factor
for implements electrification.

Despite the growing interest in this topic, electrification of agricultural
machinery is still on a research stage. Feasibility evaluations and compar-
isons of hybrid electric drivetrains for agricultural tractors are based on few
specific cases, missing generality purposes. Moreover, methodologies for the
design of the main electrical components are also not well established. Most
of the time, variable speed electric drives require the coupling of an electric
machine and a power converter. Detailed simulations of drives steady-state
behavior are conventionally carried out with time stepping (TS) numerical
techniques. However, the computational time may be prohibitive, especially
for systems with a relatively slow dynamic, as time stepping approach needs
to go throughout all the initial transient. Thus, there is interest in faster numer-
ical methods to reduce product development time, in particular for parametric
sweep analyses and optimization processes. Harmonic Balance is a promising
approach to simulate non-linear systems at steady state.

The main goal of this research is the proposal and validation of methods
to design electric drives for agricultural machinery. This work aims at investi-
gating the potentialities of electric drives in agriculture applications, with a
particular focus on the development of hybrid electric farming tractors. This
research has been developed in the frame of project PRIN “Green SEED: Design
of more electric tractors for a more sustainable agriculture”, funded by the Italian
Ministry of University and Research.

Field measurements and raw input data used in this thesis were collected
at University of Bologna, thanks to the work of Prof. Michele Mattetti and his
research group. Collaborations with researchers from University of Bolzano
and University of Modena and Reggio Emilia were significant too. Moreover,
insights on advanced simulation techniques for electric machines coupled with
power converters have been investigated during a period abroad at Université
Libre de Bruxelles, under the co-supervision of Prof. Johan Gyselinck and
with the relevant participation of Prof. Ruth V. Sabariego of KU Leuven.

After a comprehensive review on tractor technology and powertrain elec-
trification, a method to evaluate the feasibility of hybrid electric tractors based
on life cycle cost is presented. Results are provided through simulations of
three case studies. Then, harmonic balance and time-stepping approaches are
compared in terms of results and computational performance in the simulation
of a benchmark application, which features a three-phase permanent magnet
generator connected to a full-bridge diode rectifier, the most simple configura-
tion for the input generation set of an electromechanical continuously variable
transmission in a hybrid electric drivetrain.

This dissertation is structured as follows: Chapter 2 reviews agricultural
tractor technology and powertrain electrification; Chapter 3 presents a feasi-
bility analysis of hybrid electric tractors based on life cycle cost; Chapter 4
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investigates harmonic balance numerical method applied to an electric gener-
ation set; in Chapter 5, the conclusions of this thesis are finally discussed.



2 TECHNOLOGY REVIEW

This chapter summarizes state-of-the-art technology in conventional power-
trains of agricultural tractors and reviews up-to-date literature on the introduc-
tion of more electric drives in off-road heavy-duty vehicles, with a particular
focus on agricultural machinery [13].

Feasible solutions for the electrification of auxiliaries, main drivetrains and
implements are presented, highlighting potential advantages and drawbacks.
Suitable energy management strategies are described for some of the electri-
fied concepts, and their potentialities in agriculture operations are discussed.
Low-level controls of electric drives and power converters are also mentioned,
showing how they contribute to an effective operation of the entire system.
Promising technologies are investigated for the main hardware components
of electrified powertrains, namely energy storage devices, electric machines
and power electronic converters, along with their most important features
and design specifications [14]. Innovative proposals and prototypes both from
academy and industry are considered.

2.1 Conventional powertrains

The conventional powertrain of an agricultural tractor is outlined in Fig. 2.1.
The only power source is a diesel turbocharged-intercooled (T1) internal com-
bustion engine (ICE), which gradually burns the diesel fuel stored in an
on-board tank (not shown). The chemical energy of fuel is firstly converted
into thermal energy by a controlled combustion inside the cylinders, and then
into mechanical rotation through pistons and crankshaft mechanism.

All the main loads are mechanically driven by the engine, as shown in
Fig. 2.1a. The pumps P0-P2 are connected to engine shaft through speed re-
ducer gearsets. The speed reduction ratios are usually equal to 1 or slightly
different, with pumps rotating at the same engine speed or a bit faster, respec-
tively. Pumps maintain rated pressure levels in on-board hydraulic circuits
and supply hydraulic actuators with the needed flow rate of pressurized
oil. A double clutch CO0 allows an independent engagement of ground drive
transmission and rear mechanical power take off (PTO): ground drive is en-
gaged when the left side of C0 is closed, whereas the rear PTO engagement
depends on the right side of C0. Thanks to this arrangement, the PTO can be
operated even when the tractor is still, and conversely the tractor can move
even with a still PTO. PTO transmission reduces input shaft speed (i.e. engine
speed) to meet output standardized rated speed values, namely 540, 750 and
1000 rpm. Agricultural machinery industry has long adopted these values as
reference to achieve an excellent trade-off between implements performance
and fuel economy. These values are not to be intended as fixed steady states

5
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for the PTO, whose rotation is still constrained to ICE shaft, but they offer a
standard for the reduction ratios of PTO transmission gearset. The ground
drive transmission adapts the mechanical characteristic of the engine to torque
and speed requirements of traction effort. Differently from PTO transmission,
standard output speed values are impossible to define in this case due to the
great variability of traction load. Transmission output shaft is connected to
the rear transaxle, that integrates both differential and final drive, as shown in
Fig. 2.1b. A single clutch C1 allows the mechanical engagement of the front
axle for a four wheel drive configuration at the need. This solution, known as
mechanical front wheel drive (MFWD), is currently the most implemented in
agricultural tractors, thanks to its versatility in switching between two rear
wheel drive (2WD) and four wheel drive (4WD) configurations. Moreover, the
4WD arrangement is possible even with smaller front wheels.

4-cylinders inline
TIICE

PTO"
transmission

hydraulic
loads

final drive

ground drive
transmission

(a) Lateral view section.

4-cylinders inline
TIICE

rear axle
differential
final drive

PTO
transmission§

ground drive
transmission

(b) Top view section.

Figure 2.1: Conventional powertrain of an agricultural tractor.
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2.1.1 Transmissions

Since agricultural tractors come in a great variety of layouts, the powertrain
in Fig. 2.1 has many conventional variants. In particular, the clutch C1 and
the MFWD connection are absent in 2WD architectures and in isodiametric
4WD tractors. Nowadays, the former configuration is implemented only in
low power and low-tech machinery, i.e. below 50 kW (70 hp), while the latter
is a well-known high-performance solution for specialized vehicles and high-
power row crop machinery. However, isodiametric configuration is not so
common, due to its mechanical complexity.

The ground drive transmission exhibits an even greater variability, due
to its key role in the whole drivetrain: indeed, both tractor performance and
fuel economy strongly depend on transmission features. Stepped geared
transmissions are the most widespread in the whole power range of agricul-
tural machinery, with both hydraulic-actuated automatic and power shifting
widely exploited above 150 kW (200 hp). Many different arrangements can be
adopted, the number of gears ranging from a minimum of 10 to a maximum

of 40, considering both forward and reverse.

planetary gear

&

P M

input ! @ j § output  input

output

> W

hydraulic branch

(a) Direct HST. (b) Example of power split HST.

Figure 2.2: Hydrostatic transmissions.

Continuously variable transmissions (CVTs) are used almost exclusively
in medium-to-high power high-tech tractors, i.e. above 150 kW, due to cost-
related reasons. Among them, hydrostatic transmissions (HSTs) are the state-
of-the-art architectures, both in direct and power split configurations [15].
HSTs are outlined in Fig. 2.2. In a direct HST (Fig. 2.2a), the input shaft drives
a variable-displacement pump (P), which supplies a variable-displacement
hydraulic actuator (M), that finally powers the output shaft. Since the oil flow
rate in the circuit can be controlled according to pressure drop, the output
shaft speed can be continuously regulated whatever the input shaft speed, in
the entire operating range of the transmission. In a power split HST (Fig. 2.2b),
the power path is divided between a mechanical and a hydraulic branch,
thanks to the use of a planetary gear. This configuration has the advantage
of requiring smaller pumps and motors, as they are sized only for a part of
the entire power, while maintaining the continuous speed regulation of a CVT
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solution. Different power split layouts can be arranged depending on how the
mechanical and hydraulic branches are connected to the planetary gear parts,
i.e. sun, planets carrier and ring, and on how many planetary gears are used.
Every ground drive CVT decouples wheel speed both from engine and PTO
speed.

The PTO transmission is far more standardized than ground drive trans-
mission, thanks to widely adopted reference speed values. Usually, it consists
of a two-speed stepped gearbox with manual shifting, that allows two speed
range, one with a 540 rpm reference (PTO 540), and the other with a 1000 rpm
reference (PTO 1000). In many high-power tractors, an additional gear shift
makes available a third speed range around the standard 750 rpm. This ar-
rangement is called PTO 750 or PTO ECO mode, as it is specifically designed to
improve fuel economy. Sometimes, a single-speed front PTO is also available,
provided that the engine has a proper front mechanical connection.

2.1.2 Diesel engine and auxiliaries

Diesel units of off-road vehicles are also quite standardized. Fig. 2.3 shows
a schematic outline of a heavy-duty diesel engine suitable for agriculture
applications (Fig. 2.3a), and the front and render view of the unit (Fig. 2.3b),
with highlighted auxiliary components.

Turbocharging is common practice in this type of engines, as it allows a
higher torque output: air is drawn and compressed by a charging compressor
(CC); since the compressed air is too hot for an efficient combustion, it is
cooled by a heat exchanger, called intercooler (IC); the compressor is driven
by a charge turbine (CT) that processes exhaust gas coming from the cylinders.
The fuel injection system comprises a fuel pump (FP) and a common rail
device for a calibrated fuel dosing.

Both forced air and liquid cooling are exploited to dissipate exhaust heat
and maintain the engine at working temperature. The cooling system includes
a coolant pump (CP), a radiator and a fan. Pumps and fan are mechanically
driven by engine shaft. A flywheel dampens crankshaft oscillation, producing
a smoother torque output. Moreover, it mechanically links the engine shaft
with the brake compressor (BC) and the compressor for heating, ventilation
and air conditioning (HVAC) of the cabin. Alternator (ALT) and starting group,
comprising a motor (START) and a solenoid electromechanical actuator (S),
complete engine auxiliaries.

Since the enforcement of tighter emission regulations, additional aftertreat-
ment devices have become unavoidable in diesel engines of off-road machin-
ery above 56 kW. These components are usually placed before the exhaust
gas outlet and they filter pollutants by various mechanical and chemical ac-
tions. Selective catalytic reducers, diesel particulate filters and fluid tanks are
commonly used for this purpose. Aftertreatment devices are not reported in
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Fig. 2.3, although they have a relevant impact on engine overall displacement
and weight.

fuel injection flywheel
ALT

HVAC

BC

o=

START |
S

intercooled
turbocharger

(a) Schematic outline.

turbocharger common rail

/ CC+CT \ fuel injection

ALT START ic ALT
© -/
BC ®/
—O @/cp

FP

(b) Example: front view and render (after [16]).

Figure 2.3: Heavy-duty diesel engine with auxiliaries.

2.1.3 Engine starting and electric system

It is well known that ICEs do not start on their own. Heavy-duty diesel
engines for agricultural tractors take advantage of electric starting: the starter
group comprises a naturally air cooled DC motor (START) and a solenoid (S),
that electromechanically engages ICE shaft when subjected to a current flow.
Cold cranking current ranges between 300 and 2500 A, depending on ICE
displacement. The starter motor is designed to work intermittently in extreme
overload conditions, in order to minimize its size and weight. Reduction
gear starters further increase power density, when compared to direct drive
solutions.

The battery must be designed to sustain the required cranking current
just for tens of second without a complete discharge. Lead acid batteries are
the standard choice, as in the majority of automotive applications. Besides
the starting systems, the battery needs to supply all the low-voltage electric
loads, such as lights, cabin ventilation, electronic boards, automatic shifting
mechanisms. The battery is charged exclusively by the alternator (ALT), which
is driven by ICE shaft. The alternator is commonly a single-phase or three-
phase wound-field salient-pole synchronous generator. The machine is self
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ventilated and designed to keep a fixed output voltage continuously at a
variable speed.

AC-DC power conversion is performed by a diode rectifier: both half and
full bridge configurations can be exploited. The system can be rated at 12 or
24V, even though the actual voltage can vary of £10 % due to the switching on
and off of the alternator. It is worthwhile to notice that the voltage regulation
of the system entirely relies on the excitation control of the alternator, as no
other active power components are used in the system. The on-board electric
system of a conventional agricultural tractor is shown in Fig. 2.4.

ICE shaft Hil alternator lead acid

battery

: 12124V
diode 40-300 Al
rectifier - !

\

battery

charging 40 -90 A 1 ‘ ‘ 9-12-13.2V / 18.4-24-25.6 V

- 40-100 A
- —
ICE ‘ 300 - 2500 A
starting
starter
solenoid
starter
ICE shaft motor low-voltage

electric loads

Figure 2.4: Conventional on-board electric system of agricultural tractors.

2.1.4 Hydraulic system

Last but not least, hydraulic systems come in a great variety of layouts in
agricultural tractors. An example is shown in Fig. 2.5, where three separate
circuits are used to supply loads on implements, hydraulic motors (HM1-
HM?2) of front and rear hitch lifters and front loaders (when present), power
steering and transmission. Hydraulic actuators on implements can be supplied

in two ways:

¢ through a selective valve distributor placed on the back of the tractor, to
control the oil flow rate when there are no valves on the implement;

* in power beyond mode, bypassing the distributor, when dedicated flow
rate control devices are present on the implement.

Pressure values range from 140 to 200 bar while typical flow rates are in
between 40 and 160 L min~'. Axial-pistons swash plate variable-displacement
pumps with bent axis can be used instead of fixed-displacement gear units
to reduce hydraulic losses, together with pressure control and load sensing
systems.

10
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distributor

ICE sh_af»t

P1

60-160 L/min

ICE shaft 140-180 bar
40-60 L/min

P2

160-200 bar
10-20 L/min

ICEsh_aﬁ

PO

—
hydraulic loads
on implement

power beyond

HM1

=G hitch lifters

and loaders

HM2

> @ — rear actuator

power steering

D :l — front actuator

transmission
cooling and lubrication

Figure 2.5: Example of on-board hydraulic system in agricultural tractors.

2.2 Auxiliaries electrification

A first step in tractors electrification is the introduction of electrically-driven
engine auxiliaries, namely radiator fan, coolant pump, HVAC and brake com-
pressor. In conventional layouts, ICE auxiliaries require up to 35 % and 25 %
of engine power when the tractor is idling and operating on field, respec-
tively [17]. If auxiliaries are driven by electric motors, the alternator must be
resized to supply the increased electric load. Electrically-driven auxiliaries
can be switched on and off at the need, and their speed can be controlled
independently from ICE speed. This easier and less constrained control, if it
is well exploited, can compensates the losses arising from the double energy
conversion, i.e. from mechanical to electrical (alternator) and then back to me-
chanical (auxiliary electric drive), finally improving fuel economy. An average
5 % reduction in fuel consumption and a 4 % increase of engine net torque are
expected by adopting only an electrically-driven radiator fan [18].

Moreover, the decoupling of each auxiliary from shaft speed, in addition
to efficiency improvements, enables new functionalities. As instance, an in-
dependent fan can produce a higher air flow when ICE works at high load
and low speed, improving cooling, and a lower air flow when ICE operates
in low-load high-speed conditions, reducing fuel consumption [19]. Further-
more, fan rotation can be easily reversed to clean the radiator [20]. Some of
these functionalities can be achieved even with engine-driven cooling fans,
but in this case the use of variable pitch fans or variable speed transmissions is
needed, thus increasing machine overall dimensions, mechanical complexity
and maintenance requirements.

Temperature control and cooling performance can be further improved
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with an electrically-driven coolant pump, which can provide a flow rate for
some minutes after ICE shutdown, avoiding over-temperatures both in the
engine block and turbocharger [21, 22]. In addition, high reference working
temperatures are possible, with a consequent increase of ICE efficiency.

Farming tractors manufacturers early moved to electrify ICE auxiliaries.
Two tractors with electrically-driven auxiliaries were launched by John Deere
in 2007: the 7430 and 7530 E-Premium [23]. The standard 2.4 kW alternator
was replaced by a 20 kW machine integrated in engine flywheel. The new gen-
erator was able to supply several auxiliaries driven by electric motors, such as
brake compressor, radiator fan, coolant pump and HVAC compressor, allow-
ing maximum cabin cooling even with ICE at idle. In the 7530 E-Premium, as
a further upgrade, an on-board AC power socket was also included to supply
external portable working equipment, such as welding, drilling and cutting
tools, at a line-to-line rated voltage of 380 V (both one-phase and three-phase
supply available), and up to 5 kW power. This AC socket was the first example
of electric PTO (e-PTO) ever implemented in a tractor. According to a tests on
the 7530 conventional and electrified variants, a 4 % and 16 % fuel consump-
tion reduction was achieved, respectively in harrowing and road transport
tasks. Nevertheless, the electrified versions were discontinued, perhaps due
to an unsuccessful market demand.

2.3 Waste heat recovery

Waste heat recovery can potentially increase efficiency up to 55 % in high-
power heavy-duty diesel engines above 200 kW (270 hp), leading to significant
reduction in specific fuel consumption (SFC). In recent years, exhaust gas
energy recovery has been the topic of several studies, although few of them
have investigated applications in agricultural machinery [24]. Despite the
focus have been mainly on long-range trucks [25], power plants and marine
generation sets [26], the outcomes of these studies can be extended also to
off-road vehicles in general, and to agricultural machinery in particular.

Fig. 2.6 shows the three most promising systems that have been proposed
to harness energy from exhaust gas of heavy-duty diesel engines: a low pres-
sure turbine (LPT) after the turbocharger [27]; electric turbocompounding [28];
steam or organic Rankine cycle (ORC). The harvested power can be used to
drive an electric generator (G) or can be fed to the crankshaft through a gear
train, with the former case being relevant for auxiliaries and powertrain elec-
trification. LPT system shown in Fig. 2.6a provides the higher potentialities:
if properly sized, it can harness up to 10 % of net output power at medium-
to-high speed and high load, and up to 6 % at low speed and partial load,
leading to 5 - 8 % reduction of SFC. However, this system is sensitive to LPT
sizing, which must be properly performed to avoid undesired back-pressure.
Electric turbocompounding consists in a generator driven by the turbine of the

12



2.3. WASTE HEAT RECOVERY

air m air in
cylinders : cylinders .
[000000] m[QQQQQQ] .
gas out

exhaustt gas
LPT ou

exhaust gas
out

(a) Generator on low pressure tur-  (b) Generator on turbocharger.

bine.
air/exhaust gas] airin | r I ¢ I
----- working fluid cylinders /
[oooooo] o3
gas out —1

4
,
A

HEX exhaust gas
/A out

(c) Rankine cycle.

Figure 2.6: Waste heat recovery from engine exhaust gas.

turbocharger group, as outlined in Fig. 2.6b. Since no additional turbines or
heat exchangers are needed, electric turbocompounding is the most compact
layout for energy harvesting. Furthermore, the high speed of the turbocharger
leads to a more compact design of the generator. However, the performance
are lower than LPT both in terms of recovered power and SFC reduction, as
gas expansion in the turbine takes place in a single stage and the pressure
cannot be too high, in order to avoid excessive back-pressure. Moreover, gen-
erator design is not straightforward, because the turbocharger speed is far
beyond the common range for electric machines, i.e. up to 250 krpm. Steam
and organic Rankine cycles recover even lower amount of power, although
they allow a higher SFC reduction than LPT at high speed and high load,
the best performance obtained with organic fluids (ORC). Besides, system
weight and volume are considerably higher than both turbocompounding and
LPT, because many additional components are needed, namely a condenser
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(C), a pump (P), an exhaust gas heat exchanger (HEX) and an exhaust gas
recirculation cooler (EGR). Rankine cycle system is depicted in Fig. 2.6¢c. Air-
Brayton cycles have also been investigated. However, their performance do
not compete with none of the previous solutions, as the charging compressor
is shared with the engine, thus limiting the mass flow rate.

From the reviewed literature, it emerges that in all the proposed systems
the higher the speed and the engine load, the higher the percentage of recov-
ered power and the SFC reduction. In conclusion, in heavy-duty off-highway
vehicles with engine power above 150 kW (200 hp), once a DC bus is available,
it could be worthwhile to recover waste heat from the exhaust gases [29]. This
power range corresponds to row crop tractors and combines, which usually
do not perform as many low-power duties as specialized tractors (for example
precision operations in vineyards, as shoot tipping). Thus, a high amount of
exhaust energy is often available, and it could be beneficial to adopt some sort
of waste heat recovery.

Thermoelectric generators based on Seeback effect have also been proposed
for engines waste heat recovery. However, they are currently not attractive
for automotive applications due to relatively low efficiency and high cost.
Nevertheless, research on these devices is still pursued by companies and

universities.

2.4 Powertrain electrification

Table 2.1: Classification of tractors with electrified powertrains

Hybrid electric tractors (HETs) ‘ Full electric tractors

Series (direct e-CVTs) Battery electric tractors (BETs)
Parallel Fuel cell electric tractors (FCETs)
Power split (e-CVTs)

Powertrain electrification regards the introduction of electric drives in
the specific drivetrains of the main loads of a vehicle. Main loads refer to
machinery primary tasks. In the case of agricultural tractors, main loads do
not comprise only the traction effort, as it happens in on-road vehicles, but
they include also mechanical PTOs, hydraulic remotes on implements and
hydraulic actuators of hitch lifters and loaders. On the contrary, the driving
systems, such as steering and braking actuators, engine auxiliaries, cabin
cooling and air conditioning, and all the other systems that are functional to
driver comfort and vehicle driveability are not considered as main loads, even
though some of them may have a relevant power demand.

Tab. 2.1 reports the classification adopted hereafter for farming tractors
with electrified powertrains. Powertrain electrification can result in hybrid
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electric architectures or full electric drivetrains [30]. In the former the ICE is
still the main power source, whereas in the latter the whole vehicle is powered
by electric sources.

In both solutions, high-voltage systems are exploited to achieve competi-
tive performance in comparison with conventional powertrains. In automotive
electric power systems, the term high voltage indicates a DC bus rated voltage
higher than 60 V. Below this threshold, the systems are classified as low voltage.
In vehicles, standard low-voltage levels are 12, 24 and 48 V, because these val-
ues can be easily obtained with lead acid batteries. On the contrary, standard
high-voltage levels have not been defined yet, even for on-road vehicles, due
to the great flexibility of lithium-ion (Li-ion) modules in terms of electrical
specifications, and thanks to the versatility of power converters in regulating
voltage. It is worthwhile to mention that in most of the hybrid and full electric
vehicles a low-voltage system is still present, together with a high-voltage
part. Usually, the two voltage levels are insulated between each other and two
different batteries are used.

In addition to low-level controls of power converters and drives, electrified
powertrains need suitable high-level energy management strategies (EMSs),
that coordinate the working set points of the main drives and converters
to obtain an effective and efficient operation of the overall system. EMSs
are usually programmed in on-board CPUs that supervises power converter
microcontrollers through CAN-bus standard communication protocols. ICE
CPU is also networked together with the other controllers.

Powertrain electrification of road vehicles, passenger cars in particular, is
commonly quantified looking at the so-called degree of hybridization (DoH),
also known as hybridization factor (H) [31]. In non-road mobile machinery
(NRMM), the definition of this index is modified to account for the additional
main tasks of these vehicles [32]. DoH of NRMM is defined as follows:

1 P, P,
H=- e = ; 2.1)
2 PeT + ‘PICE PeL + 'PICE

where P, is the rated engine power, while P, is the maximum power of

ICE
electric motors in the traction drive and P, is the maximum power of e-PTO
and electrically-driven main loads. The definition is the arithmetic mean be-
tween the hybridization factor of traction drivetrain and the DoH of PTO and
hydraulic powertrains. From (2.1), it derives that conventional powertrains
have DoH equal to 0, while H is equal to 1 for full electric powertrains, and

hybrid electric architectures lay in between.

2.4.1 Hybrid electric powertrains

Hybrid electric tractors (HETs) are currently the most promising and feasible
solution toward more electric agricultural machinery, in particular for high-
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power row crop vehicles. HETs can be classified into three basic architectures,
also called power flow topologies: series, parallel and power split. In all these
configurations, a diesel engine remains the primary power source.

Series and power split topologies result in electromechanical continuously
variable transmissions (e-CVTs). The operating principles are similar to HSTs
presented in Section 2.1.1: hydraulic branches are substituted by high-voltage
electric systems with a common DC bus, while hydraulic pumps and actua-
tors are replaced by electric generators and motors, respectively. Additional
electric storage devices are not mandatory, although their use increase e-
CVTs performance significantly. Storage systems help in regulating DC bus
voltage through DC-DC bidirectional converters by supplying or absorbing
power during fast transients and peak demands. Both lead acid and lithium-
based battery technologies or supercapacitor banks are suitable for this power
buffering task. When storage devices are absent or they perform only power
buffering, the hybrid powertrain works in the so-called diesel electric mode. In
this modality, the storage device can be recharged only by ICE surplus power
or regenerative braking. However, storage devices can be sized to achieve also
a full electric driving mode during low-power operations, and plug-in designs
can be implemented to allow recharging from an external power supply. As a
consequence, more degrees of freedom are available in energy management
strategy, leading to further potential reductions of fuel consumption.

These solutions are almost mandatory in parallel topologies, where ICE
and electric drives power outputs are summed together. Indeed, in these
architectures diesel electric mode is not feasible, as there are no e-CVTs. Thus,
batteries have a key role in the operation of these powertrains and lithium-
based technologies are currently the best choices. Moreover, plug-in layouts
are of primary importance, since battery charging by ICE surplus power
should be limited due to efficiency reasons and regenerative braking has been
proved to be insufficient in agricultural field operations, due to very low speed

and viscous soil.

Series architectures

Fig. 2.7 shows two examples of series hybrid electric powertrains proposed
for row crop tractors. Minsk Tractor Works presented these concepts in 2009
with its 300 hp Belarus 3023 prototype [33].

Fig. 2.7a outlines the basic configuration, where the conventional ground
drive stepped transmission is replaced by a direct e-CVT. In this layout, only
traction is electrified, while all the other main loads are still driven by engine
shaft, as in conventional powertrain. The direct e-CVT features two three-
phase liquid-cooled double-cage induction machines: a 240kVA machine
working mainly as a generator (G) and a 180 kW traction motor (M). G supplies
a 800 V-rated DC bus through a full-bridge 6-pulse active rectifier (PC1),
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Figure 2.7: Examples of tractors with series hybrid electric powertrains.

which regulates DC bus voltage and power factor on generator AC side at the
same time. The traction inverter (PC2) converts high-voltage DC power into
AC regulated power, modulating both frequency and amplitude of voltage
waveforms according to traction needs. The e-CVT works in diesel electric
mode. A lead acid battery is connected to the high-voltage DC bus through a
bidirectional DC-DC power converter (PC3), which regulates battery current
during power buffering. PC3 has an isolated resonant topology to meet the
particular requirements of this application. The battery supplies also the two
low-voltage electrically-driven coolant pumps (CP1 and CP2), responsible of
electric machines and power converters cooling. Moreover, the same battery is
used for engine starting. Thus, PC3 must sustain also the cold cranking current.
Since double-cage induction machines cannot be directly started as generators,
G is used also as starting motor for ICE cranking, with PC1 operating as
inverter. It is worthwhile to notice that engine alternator still supplies the
conventional low-voltage system of the vehicle, whereas the starter motor is
no more needed.
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An upgraded configuration is shown in Fig. 2.7b. The high-voltage DC bus
now supplies also a 55 kW front PTO and a 20 kW engine fan, both electrically-
driven by liquid-cooled squirrel-cage induction motors. Moreover, the tractor
is equipped with a 180kVA power socket (e-PTO) at standard 50 Hz three-
phase or single-phase industrial low voltage (380 V line-to-line, 220 V line-to-
neutral). The output voltage is regulated by an inverter (PC4) with an isolated
topology.

In series architectures, engine speed is decoupled from electrified loads.
Furthermore, electrified loads are also decoupled from each other and from
conventional drivetrains. Thus, even without power buffering and neglecting
speed constraints given by non electrified drivetrains, the energy management
control can operate ICE along its optimal consumption line at given power,
i.e. those speed values that minimize specific fuel consumption at given
power output [34]. In practice, EMS sets the engine speed that minimizes fuel
consumption at the required load power, considering also speed dynamic
change. As a consequence, engine speed is usually kept constant most of the
time, to avoid fuel consumption arising from transient dynamics during speed
variations. The adoption of storage devices properly sized allows a further
improvement of fuel economy. Indeed, a finely-tuned power buffering can
maintain ICE always close to its optimum operating point [35]. When using
large-capacity lithium-based batteries, series architectures can go beyond
diesel electric mode. In these cases, the battery can supply all the electrified
loads and ICE can be switched off when long-lasting low power demands
occur.

An average 18 % reduction in fuel consumption was observed during
various plowing tests on the Belarus 3023 prototype in comparison with the
related conventional tractor. Up to 63 % fuel savings have been obtained in
simulations of a diesel electric backhoe loader for construction applications
during standard reference duty cycles [36]. The model featured a series ar-
chitecture with electrified hydraulic loads only: in particular, it considered
a conventional ground drive transmission; an electrically-driven pumps for
main hydraulic circuits, i.e. front and rear loaders and power steering, and a
supercapacitor bank for power buffering.

The main drawback of series architectures is an increased volume and
weight of the powertrain. Indeed, the generator must be sized to ICE full rated
power and the motors must provide the entire load power. Thus, a high power
density is a key requirement for electric drives in this application. Moreover,
components must exhibit outstanding efficiencies to compensate the losses
arising from double energy conversion, i.e. from mechanical to electric (gener-
ator) and then back to mechanical (motors). As a consequence, liquid cooling
becomes mandatory for both machines and power converters. A high-voltage
DC bus helps in reducing conduction Joule losses among all components, and
high-speed geared drives may be a better choice than direct drive solutions
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to reduce machines weight. On the other hand, higher voltage levels and
higher machine speeds make converters design more challenging and need
additional safety expediences. Converters integrated with machines can be
used to achieve higher compactness and generators are sometimes integrated
in engine flywheels, assembling more compact diesel generation sets. Despite
these solutions, reducing electric machines weight remains a challenge. An
heavier vehicle requires more traction power, therefore fuel consumption
reduction must be carefully estimated during design stage. Besides, in the
case of agricultural machinery a weight marginal increase causes a higher soil
compaction, leading to faster soil depletion, although it may not be a relevant
issue in some other heavy-duty vehicles.

Parallel architectures

Fig. 2.8 outlines the powertrain of a plug-in HET with parallel architecture. A
conventional specialized tractor for orchards and vineyards is converted to a
parallel hybrid electric configuration by downsizing the diesel engine from
an original 4-cylinder 77kW (100 hp) unit to a new 3-cylinder 55.4 kW unit,
the key expedient to comply with Stage V European regulation in an easier
way [37]. The additional room that is obtained through the cylinder removal
is exploited to insert a liquid-cooled surface-mounted permanent magnet
machine (M), so that the vehicle wheelbase does not need to be increased.
The electric machine is mechanically coupled to ICE shaft through a direct
drive flange connection and it works mainly as a motor, performing engine
starting and torque boosting. Machine design prioritizes overload capability
to reduce volume and weight: maximum peak power (40kW) and torque
(150 N'm) are almost 4 times the continuous ratings. Machine AC current is
regulated by an inverter linked to a 700 V-rated DC bus. Pumps (P0-P2) of
main hydraulic loads are electrically-driven, and their drives are also fed by
the common DC bus. A 25 kWh battery pack is sufficient to have autonomy
for a 8 h working day with the implemented EMS, considering a typical mix of
light and heavy vineyard operations. LiFePo technology is chosen because of
its high thermal stability and safety in case of perforation or crash. A resonant
DC-DC converter links battery pack to DC bus.

In parallel architectures, the EMS can exploit electric drives to perform a
load point shifting of engine output [38]. The working point can remain below,
or close to, the optimal consumption line at given speed, i.e. those torque
values that minimize SFC at imposed speed. Battery charging is necessary
to keep the engine close to the optimal trajectory when load demand is far
below the optimal value, with the electric machine operating as generator,
thus adding additional load torque to engine shaft. However, this battery
charging modality is very inefficient. By consequence, it should be limited
to situations wisely identified to achieve a better overall fuel economy, or
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definitely avoided. Therefore, electric drives usually perform torque boosting
most of the time, when load demand exceed the optimal value at imposed
speed. The additional clutch C2 allows disengagement between ICE and M
during long-lasting low-power operations. In this condition, ICE can be shut
down and a full electric driving mode can be achieved to significantly reduce
fuel consumption.

Parallel configurations are the most inexpensive hybrid architectures, and
in many cases the easiest to implement for the powertrain electrification of an
existing vehicle [39]. Indeed, only one electric machine is needed in a basic
layout, and the engine can be significantly downsized, thanks to the possibility
of torque boosting. Moreover, power density and efficiency of electric drives
are not so concerning as in series architectures.

On the other hand, battery recharging through ICE surplus power is very
inefficient, and it is usually limited. Therefore, the battery must have enough
capacity to guarantee a sufficient autonomy and it must have outstanding
discharge specifications. Thus, expensive lithium-based modules are a manda-
tory choice, as well as on-board chargers for plug-in designs. Nevertheless, the
major drawback is that the engine is still mechanically connected to the loads,
which are still coupled between each other. As a consequence, ICE cannot
work always close to its lowest SFC point and new functionalities are strongly
limited, due to speed inter-dependencies. Besides, mechanical transmissions
are still needed, so no gain in maintenance requirements can be obtained.
Reductions of transmission gears and loads decoupling may be improved by
adopting an electric drive mechanically connected to each main load shaft,
instead of a single machine on ICE shaft. Furthermore, the lack of an electric
machine working mainly as generator is a relevant disadvantage in agricul-
tural machinery, although it leads to cheaper and less complex layouts. Yet,
the implementation of e-PTO relies entirely on battery capabilities, making
the supply of electrified implements challenging and potentially unreliable.
The electric machine can work as generator for a more effective e-PTO imple-
mentation. However, when feeding electric implements, torque boosting is
unavailable and engine load point shifting is strongly limited.

Power split architectures

Power split e-CVTs can be arranged in different layouts, depending on how
the electric drives are connected to planetary gear parts, i.e. sun, planets
carrier and ring. The various configurations can be classified into three main
categories, namely input-coupled output-split, input-split output-coupled and
compound coupled [40].

Fig. 2.9 represents an example of power split hybrid electric powertrain
for a specialized 85 kW agricultural tractor [41]. Only traction is electrified,
whereas the other main loads and the auxiliaries have still conventional driv-
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Figure 2.8: Example of a tractor with parallel hybrid electric powertrain.

etrains. Ground drive transmission is substituted by a power split e-CVT of
the input-split output-coupled type. The layout features two liquid cooled
electric machines with the associated bidirectional power converters, i.e. active
rectifier and inverter: a 25 kVA surface-mounted permanent magnet machine
working mainly as generator (G) is connected to the sun (S) of the planetary
gear, while a 26 kW-rated induction motor (M) is linked to the ring (R). Engine
shaft drives the planets carrier (C). A 140 V-rated DC bus links both electric
drives and a bidirectional DC-DC bus interfacing a 15 kW LiFePo battery
pack. G is designed to work most of the time at continuous rating. Overload
operation is planned only during engine cranking. On the contrary, M has a
discrete overload capability, i.e. 65 kW of maximum power, to fulfill traction
peak demands. Clutch CO0 allows disengagement and shut down of ICE for
full electric driving mode. In this modality, both machine work as motors
and they are fed exclusively by battery: G drives hydraulic pumps (P0-P2),
auxiliaries and rear PTO (if engaged through clutch C2), while M is respon-
sible of traction load. G can be switched off when the sun of the planetary
gear is locked to vehicle frame by closing clutch C3, with C0 also closed.
This expedient allows a parallel configuration, with M that shifts engine load
point, or, alternatively, a conventional combustion-only mode if M is also
switched off. Diesel electric mode is arranged with CO closed and C3 open,
with battery pack performing power buffering in power split configuration.
An integrated compact solution have been proposed for the e-CVT, exploiting
a coaxial and concentric arrangement of the electric machines. In particular,
the inrunner permanent magnet machine (G) can be inserted inside the stator
of an outer-rotor induction motor (M).

Power split architectures overcome the drawbacks of series and parallel
layouts. The EMS can combine the features of series and parallel configura-
tions, leading to more degrees of freedom in the high-level control [42]. Loads
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are decoupled from engine speed and between each others and there is the
possibility of ICE downsizing. The presence of an electric machine working
mainly as generator makes e-PTO more reliable. Moreover, electric drives do
not need to be sized to the entire engine rating, thanks to the parallel power
flow on the mechanical branch.

The main disadvantages of power split architectures are an increase me-
chanical complexity and the need of at least two electric machines. Moreover,
in the EMS design a particular care must be taken to avoid circular power
flows in the electric branch, that cause useless double energy conversions.
In addition, power density and efficiency of electric drives are still crucial
requirements.

Despite the higher complexity of hardware and control, power split archi-
tectures offer significant potentialities. However, fuel savings and performance
have not been deeply investigated yet in agricultural machinery.

[Im battery pack
15 kWh

4-cylinders inline TI ICE
85 kW (114 hp)

planetary
gear

power split
e-CVT

Figure 2.9: Example of a tractor with power split hybrid electric powertrain.

2.4.2 Full electric powertrains

In a full-electric powertrain, the entire energy demand is provided by electric
sources. The two main configurations in automotive applications consist in
drivetrains completely powered by a rechargeable battery pack, commonly
of lithium-based technology, or in hydrogen-propelled powertrains, where
fuel cell stacks are usually electrically coupled with a high-power battery
module or a supercapacitor bank to increase the dynamic performance and
improve efficiency. These two concepts have been proposed also for agri-
cultural machinery, resulting in battery electric tractors (BETs) and fuel cell
electric tractors (FCETs).
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Battery electric tractors

Full electrification by on-board batteries is currently unfeasible for row crop
tractors and agricultural machinery beyond 120 kW (160 hp) because of the in-
sufficient energy and power density of state-of-the-art lithium-based batteries.
In general, BETs are unsuitable when a relevant part of the work comprises
heavy-duty operations, for instance plowing and other soil tillage. In these
situations, the total amount of energy required for a 8h working day may
vary between 600 and 900 kWh. This capacity would require a battery pack
with a weight of 4.0 - 5.3 x 10% kg and a volume of 2.0 - 2.7m?, considering
a specific energy of 0.15kW hkg ™! and an energy density of 0.30kWh L,
typical values for LiFePo cells. Both volume and weight lead to unfeasible
designs, even though engine, transmission and fuel tank are no more needed.
Indeed, the replaced parts together usually weight 1.5 - 3.0 x 10 kg and have
a volume of 0.8 - 1.3m? for high-power row crop tractors. In particular, the
additional weight is the main reason of BETs unsuitability beyond a certain
power. Performance would be insufficient as vehicle weight would increase
at least of 30 % with respect to conventional tractors, and battery would be
more than half of the overall vehicle weight. Moreover, soil compaction would
increase unacceptably.

Nevertheless, BETs deserve attention for small scale family farming [43],
low-power operations and specialized tasks. Manufacturers have also pro-
posed proofs of concept and prototypes of battery-powered utility tractors
below 120kW. It is interesting to mention that a conventional high-power
tractor may be substituted by a couple of unmanned low-power BETs with
battery capacities around 110 kWh by rescheduling and rethinking agricul-
tural tasks in a farm [44]. The total cost of operations may decrease of 15 %,
while the energy consumption and the greenhouse gas emissions may be
reduced of 58 % and 92 %, respectively, if compared to conventional diesel,
when energy consumption and emissions from battery manufacturing are
taken into account.

However, BETs highly rely on the availability of a fast charging infrastruc-
ture near the farmland, which is currently unavailable most of the time. The
exploitation of in-site renewable power plants can help in building charging
infrastructure in remote farmlands, thus spreading BETs use.

Fuel cell electric tractors

Fuel cells seem a more promising alternative for high-power heavy-duty
vehicles, thanks to the higher energy density of pressurized hydrogen with
respect to batteries and the faster refueling. Thus, FCETs may be feasible
solutions in the whole power range of agricultural applications. Fig. 2.10
outlines the powertrain of the prototype New Holland NH2™ fuel cell electric
tractor, presented by CNH in 2011 [45]. It is equipped with two 124 kW PEM
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(Proton Exchange Membrane) fuel cell stacks, fueled by a tank that can hold
8.2kg of hydrogen gas at a pressure of 350 bar. Fuel cell stacks supply two
100 kW liquid-cooled electric motors driven by independent inverters, one
for traction and one for PTO, hydraulic pumps and auxiliaries. Low-voltage
electric loads are supplied by a DC-DC converter with isolated buck topology.
A Li-ion battery pack with a capacity of 12kW h and a peak power of 50 kW
is connected to the 600 V DC link to improve system efficiency and dynamic
performance of the tractor, while preserving fuel cell stacks life. DC bus
voltage is regulated by boost DC-DC converters connected to the fuel cell
stacks and by battery bidirectional DC-DC converter.

FCETs have great potentialities: equivalent energy consumption can be
reduced by at least a third if compared to conventional diesel-fueled vehicles
[46], and emissions can also be highly limited, even considering hydrogen
production and transportation. However, the successful introduction of FCETs
strongly depends on an effective infrastructure for hydrogen production and
transportation, which is currently missing and it requires a long time of
development and deployment. Moreover, hydrogen fuel cells are currently
the most expensive electrochemical technology.

battery pack
50 KW - 12 kWh

fuel cell stacks
2 x 124 kW
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( 100 kW differential
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Figure 2.10: Example of powertrain of a fuel cell electric tractor.

2.4.3 Industrial prototypes

Tab. 2.2 summarizes the main advantages and disadvantages of each power-
train configuration for farming tractors electrification previously discussed.
Potentialities and performance are quantified as percentage with respect to
equivalent conventional powertrains. Only best values that can be obtained
in a relatively short-term perspective are reported, considering the power
range and tractor types more suitable for every architecture, i.e. row crop vehi-
cles above 150 kW for series HETs and FCETs; utility and specialized tractors
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Table 2.2: Summary of electrified powertrains for agricultural tractors.

Configuration HETs BETs FCETs

series parallel power split

e-CVTs Yes No Yes / /
e-PTO Yes  Limited Yes Limited Limited
Speed decoupling Yes Partial Yes Yes Yes
Load point shifting Yes Yes Yes / /
Power-to-weight ratio  +3 % +6 % +8% +9% +12%
Fuel economy +20%  +12% +30 % +100%  +100 %
Opverall emissions -12% -8% -21% -92% -61%
Initial cost +45%  +32% +56 % +100%  +134%

below 120kW for parallel and power split HETs and BETs.

Industry interest on agricultural machinery electrification has increased in
recent years. Despite the development of HETs and full-electric tractors is still
on a research stage, more electric drives are expected to be integrated inside
machinery available on market in the incoming years.

Tab. 2.3 reports and compares relevant prototypes of electrified tractors
presented by manufacturers until now [47, 48, 49, 50]. Concepts of HETs, BETs
and FCETs described so far are included, highlighting the rated maximum
continuous power of the whole vehicle, i.e. the continuous rating of the pri-
mary power source. Prototypes with electrified engine auxiliaries (e-aux.) are
also considered, and the rated power of auxiliary electric drives is indicated.
e-PTO and ground drive e-CVTs continuous capabilities are reported as well,
when available. It is worth remembering that e-PTO refers to an electric in-
terface between tractor and implements, while ground drive e-CVT means
the presence of a diesel generator set supplying one or more traction motors
in a series or power split configuration. PTO and hydraulic e-CVTs are not
explicitly indicated, as well as overload capabilities, that may be significantly
higher than continuous ratings.

Prototypes are characterized by the degree of hybridization (DoH) de-
fined in (2.1), where 0 % DoH means a conventional diesel-fueled powertrain,
potentially with electrified ICE auxiliaries, whereas a 100 % DoH refers to
full-electric powertrains, namely BETs or FCETs. HETs have a DoH between
these two limit values.

From Tab. 2.3 it can be seen that interest toward electrification in agriculture
arose at the beginning of this century, as proved by some early prototypes
unveiled between 2007 and 2011. Then, the topic lost interest for almost
ten years, maybe due to an insufficient market demand. Nevertheless, now
industry interest toward electrification is increasing again, as demonstrated
by many prototypes presented in recent years (2018-2022). Among them, in
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Table 2.3: Prototypes of electrified tractors.

Company Model Power e-aux. e-PTO e-CVT DoH
Year W)  &W)  &W)  &W) (%)
7430 E-Premium
John Deere 007 135 20 / / 0
7530 E-Premium
John Deere 2007 135 20 5 / 1.8
Minsk Tractor Belarus 3023 220 20 180 180 45
Work 2009
.. EWD120
Rigitrac 2011 91 / 80 90 48
CNH Industrial o 11O NFZ 200 / / /100
Fendt €100 Vario
AGCO 2018 75 / 75 / 100
Fendt X-Concept
AGCO 2019 150 / 130 / 23
CNH Industrial /" SOnZeP! 150 / 150 150 50
L SKE50 Electric
Rigitrac 2019 50 / / / 100
Landini Rex4 Electra
Argo Tractors 2020 82 / / 20 10
L SKE40 Electric
Rigitrac 2021 40 / / / 100
LXe-261
Kubota 2022 20 / / / 100
New Holland
CNH Industrial T4 Electric Power 55 / 5.8 / 100
2022

addition to the concepts reported in Tab. 2.3, a mention is deserved by Carraro
hybrid electric solutions [51], ZF e-CVTs, Soletrac BETs and the prototype HET
of AUGA Group. John Deere has also kept pursuing electrification after the

first E-Premium platforms, mainly focusing on hybrid layouts for row crop

tractors: a power split e-CVT for PTO with an additional electric interface

to implements is now an available option in some John Deere high-power

tractors. Furthermore, many startups and spin-offs are actively developing

technology for agriculture electrification and testing market potentialities.
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2.5 Implements electrification

Table 2.4: Prototypes of electrified implements.

Company  Year Implement Electrified elements

Trailed fertilizer spreader Disk motors

Amazone 2007 Pneumatic transport fans

Precision air seeder L .
Singling drives

Trailed sprayer P1stc?rT spray pump
Auxiliary pumps
John Deere 2008 Trailed sprayer Centrifugal spray pump
Reuch 2008  Fertilizer spreader Disk motors
PTO-driven generator
IAV and
an 2019 Mower Conditioner roller
Krone
Cross conveyor belt
Joskin and 2019 Slurry tanker Traction motor
John Deere

Market acceptability of HETs and full electric tractors can be highly sup-
ported by a sufficient availability of electric implements, that can be totally
or partially supplied by e-PTO. Powertrains and implements electrification
should proceed in parallel for a successful market penetration. Indeed, im-
plements electrification was early investigated through join projects between
agricultural machinery companies [52], and currently tractor industry is en-
couraging implement manufacturers in the development of electrified prod-
ucts. Relevant prototypes of partially-electric implements presented until now
are reported in Tab. 2.4.

Implements electrification has several advantages. Both fuel economy and
field efficiency can be significantly increased by performance improvement
and new functionalities, especially when precision and automation agriculture
principles are exploited. In particular, implements electrification can lead to
fuel savings thanks to a more efficient power transfer, while allowing faster
and more accurate controls [53]. As an example, chemicals and seeds dosing
can be enhanced with trailed atomizers, air seeders and fertilizer spreader
where hydraulic actuators are substituted by electric drives [54]. These sys-
tems show an up to 30 % efficiency increase during field tests when compared
with their hydraulic counterparts [55]. Electric drives outperform conven-
tional hydraulic circuits especially at partial loads. In addition, maintenance
requirements are lower. Further improvements in traction and steering can be
obtained by electrification of mechanically-driven implements. As instance,
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trailed tankers with electric motors integrated in the driving axles can be
towed by smaller tractors, enabling a tighter steering clearance [56]. Moreover,
operators safety is highly enhanced when avoiding the use of mechanical
PTO, and maintenance is less concerning also in these cases.

Despite the higher efficiency, fuel savings remain limited between 2 and
14 %, due to the higher weight of electric drives, which often requires more
traction effort [57]. Therefore, the main focus of implements electrification
should be on increased functionalities along with automation and precision
agriculture principles, because the potential fuel savings do not, themselves,
justify the higher cost of electric drives. Nevertheless, PTO and implements
electrification is gaining interest and an international standard (ISO/CD 23316)
is now under development to define a high voltage electric interface between
tractors and implements.

2.6 Main components for tractors electric drivetrains

The design and manufacturing of the main components for electric drivetrains
of heavy-duty off-highway vehicles is still an open issue. In particular, the
identification of proper design specifications, requirements and constraints is
challenging, and an optimal choice of hardware devices and system settings
is not straightforward. In this section, feasible proposals about the design
and specifications of main components for agricultural machinery electrifi-
cation will be covered. Device features and requirements will be presented,
highlighting advantages and drawbacks.

2.6.1 Energy storage systems

The choice of energy storage system and primary power source is the first step
in the design of a hybrid or full electric powertrain. Different devices suitable
for automotive applications can be compared in terms of power and energy
density, as depicted in Fig. 2.11.

Lead acid batteries are commonly used in low-voltage systems up to 48V,
while lithium-based cells are the state-of-the-art technology for high voltage
levels. Lithium-ion is expected to become the dominating battery technology
for automotive applications in the next years, thanks to its energy and power
density, that are higher than any other battery type both in terms of mass
and volume. However, its storage capability is far from any liquid or gaseous
fuel. As instance, lithium cells have a specific energy per unit of mass 100
times lower than diesel fuel, and an energy density per unit of volume 50
times lower. Therefore, the complete replacement of diesel engines as primary
power source in heavy-duty off-road vehicles is not expected.

Common capacitors have the highest specific power, but their specific
energy is insufficient for power tasks in automotive applications, as it can
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Figure 2.11: Ragone charts.

be seen from Fig. 2.11a. Supercapacitors exhibit a sufficient specific energy
and their specific power is higher than lithium cells, even though their power
capability is still lower than any common capacitor [58]. Therefore, superca-
pacitors are the most suitable choice to fulfill fast-changing duty cycles, peak
power demands and to recover braking kinetic energy more effectively. On
the contrary, Li-ion batteries work as energy storage devices at first instance.
In particular, Fig. 2.11b shows that supercapacitors are a more appropriate
choice than batteries when power specifications have priority over energy
requirements, due to the higher power density per unit of volume. Systems
that combines batteries and supercapacitors can be implemented in order to
exploit the advantages of both technologies at the same time [59, 60]. Hybrid
battery-supercapacitors systems could be beneficial to sustain fast discharges
during agricultural field operations. For the same reason, power-oriented
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Li-ion modules should be preferred than energy-oriented ones, especially in
HETs, where torque boosting and power buffering are needed.

Battery charging is the most important technology bottleneck, together
with energy density. BETs and HETs with rechargeable batteries are unattrac-
tive for end users without an effective charging infrastructure. High-voltage
wired DC charging is currently the most feasible solution for agricultural
machinery [61], as it allows a complete recharge of large capacity batteries
in an acceptable working time [62, 63]. High-voltage levels can be available
close to farmlands taking advantage of in-site renewable power plants, such
as photovoltaic or bio-gas installations [64]. Moreover, the DC-DC charger can
be installed in the farm, thus removing a component from the vehicles. Bat-
tery exchange could be more competitive than wired charging in agricultural
applications [65], provided that a standard is defined and widely adopted for
this solution. Wireless systems could be promising in a long-term perspective
[66].

Hydrogen fuel cells seem more suitable than batteries for electrification of
off-road heavy vehicles [67], despite only few studies have investigated this
technology in agricultural applications. Hydrogen specific energy is higher
with diesel fuel and engine power-to-weight ratio is comparable with fuel
cells, as shown in Fig. 2.11a. Moreover, refueling is faster and easier than
battery charging.

Among present technology, PEM and SO (solid oxide) fuel cells are the
most promising technologies for mobile high-power applications [68]. How-
ever, they have poor dynamic performances due to the slowness of their
chemical reactions. Therefore, auxiliary batteries or supercapacitor banks are
mandatory to fulfill power peaks and fast transients typical of automotive
applications, causing an increase in the overall system cost.

Furthermore, hydrogen storage is complicated and expensive: high-pressure
tanks and cooling systems are needed to obtain a sufficient energy density per
unit of volume. Besides, the best value, given by liquid hydrogen storage, is
still lower than a diesel fuel tank. Then, safety issues are major concerns due
to extreme flammability of hydrogen, although some studies have already
proven that both pressurized gas hydrogen and liquid hydrogen storage have
an explosion risk comparable to gasoline fueled vehicles, thanks to hydrogen
volatility in the former case [69], and when proper tanks are used in the lat-
ter solution [70]. A further safer option is metal hydride storage [71], which
allows an energy density comparable with pressurized hydrogen with no
risk either of inflammability nor explosions. On the other hand, the weight
increases significantly, thus reducing gravimetric energy density.

Nevertheless, a successful introduction of hydrogen propulsion in off-road
applications is strictly related to the development of a reliable and widespread
infrastructure for hydrogen production, transportation and refueling, which
is currently missing and it requires a long deployment time.
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2.6.2 Electric machines

The design of electric machines (EMs) seems particularly challenging for HETs
rather than for full electric tractors, due to the coexistence of high-power
electric components and a diesel unit in a limited space, even though some
issues are shared by both configurations.

The development of an effective HET can be performed through a conver-
sion of existing conventional platforms. Yet, at these conditions, there are strict
size constrains for EMs, which must fit in the volume cleared by ICE displace-
ment reduction, or by the removal of mechanical components. Therefore, EMs
for agricultural tractors must exhibit a high power density. Since speed values
in agricultural machinery are relatively low, power density can be often trans-
lated with torque density. This requirement is quite important also to make
electric drives more competitive with their hydraulic counterparts, widely
used in tractors. Indeed, state-of-the-art EMs have a lower torque density than
hydraulic actuators, although they allow an easier and more accurate control.
Thus, sometimes the higher efficiency of electric drives may not be exploited
due to an increased weight of the machinery, which may lead to an insufficient
overall efficiency to justify the higher initial costs.

Electric loading, i.e. the current density in the armature winding, should
be maximized to achieve a high torque density. As a consequence, a higher
thermal load must be dissipated to avoid over-temperatures in slot insu-
lation. Therefore, liquid cooling is often mandatory, instead of air-cooled
self-ventilated machines. The use of hair-pins for armature winding can be
beneficial to further improve torque density and heat dissipation [72].

An effective cooling is of paramount importance also to achieve lower
operating temperatures, thus reducing Joule losses [73]. Efficiency may not
seem a critical aspect in EMs. However, the highest efficiency region is usually
placed at high speed, whereas farming tractors often works at low speed
during field operations [74].

The major challenge in EMs design is the identification of proper specifica-
tions. In particular, the choice of torque requirements is not straightforward.
The maximum power demand may not be a cost-effective option, or it may
lead easily out of size constraints. Since in many agricultural working condi-
tions EMs are subjected to a highly-varying torque demand, it can be a proper
choice to set a lower rated torque, while peaks can be covered in overload
operation [75]. Following this criteria, the EM must have a proper overload
capability, in order to fulfill peak torque demands for enough time, without
incurring in electromagnetic or thermal damages, namely demagnetization of
permanent magnets and degradation of insulation inside slots.

The choice of electric machine type is not straightforward too. Over-
load characteristics and speed ranges are represented in Fig. 2.12 for four
different types of EMs suitable for automotive applications [76], namely
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asynchronous induction machines (IM), wound-rotor synchronous machines
(WRM), surface-mounted permanent magnets (SPM), interior permanent
magnets (IPM), both in terms of torque (Fig. 2.12a) and power (Fig. 2.12b).
Quantities are reported in per units, where base values are rated speed, torque
and power. Reference continuous curves are depicted in black dashed lines.

Generally, permanent magnet synchronous motors, both SPM and IPM,
have the highest torque density. SPMs are a suitable solution for low-to-
medium speed applications when a high torque is needed in the whole speed
range. The machine is mainly controlled in maximum-torque-per-ampere
mode (MTPA). On the other hand, IPMs are preferred when a constant power
is required in a wide speed range, thanks to their flux-weakening capabili-
ties [77]. The use of rare-earth magnets seems to be mandatory to fulfill the
power density requirement of agricultural applications. Thus, both SPMs and
IPMs are more expensive than WRMs and IMs. Yet, automotive industry is
now greatly interested in the complete replacement or significant reduction
of rare-earth magnets, especially of high-grade ones [78], due to unreliable
supply chains, price instability and geopolitical reasons [79]. Furthermore,
high temperature class magnets must be used to achieve the needed overload
capabilities, and a particular care must be given not to demagnetize them.
On the contrary, WRMs and IMs do not suffer from demagnetization prob-
lems, and the thermal issues are limited only to slot insulation. Thus, they can
exhibit better overload capabilities. However, their torque density is lower.

The choice of machine type is strongly related to powertrain architecture,
especially on how the EM is mechanically connected to the load. When di-
rect drive low-speed solutions are adopted, i.e. EM is installed on engine
crankshaft, as instance in a parallel configuration or the generator in a series
architecture, then high speed is not required (speed values below 3000 rpm).
Therefore, SPMs are proper choices. On the other hand, when EM is mechani-
cally coupled through speed reducers or gear trains, as instance in power split
configurations, then a wide speed range at constant power is needed, thus
IPMs or IMs are better choices.

When some strict size constraints occur, it may be possible that a very
low aspect ratio is needed, i.e. diameter greater than length. In these cases,
axial flux machines should be considered as well [80, 81], and they could be
preferred to their radial flux counterparts in some situations [82, 83]. Other
special machines could be suitable for this challenging application too, with
several advantages if compared to conventional types. For instance, double-
rotor radial flux machines can make integrated power split e-CVTs [84], while
double-stator machines can be used as wheel motors or double generators
[85]. As another significant example, hybrid excitation permanent magnet
machines, both radial flux [86] and axial flux types [87, 88], have great poten-
tials for heavy-duty off-highway vehicles, thanks to their increased torque
capability and wide speed range.
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Figure 2.12: Example of overload ratings of different electric machines.

2.6.3 Power electronics converters

The choice of power electronics converters (PE) for electric drivetrains of
tractors is mainly driven by the same demanding requirements already de-
scribed for EMs, although some considerations should be drawn as there are
peculiarities which applies specifically to this drive component.

As happens for EMs, there is a need to minimize volume and weight of the
electric power unit too, which again results in challenging requests in term of
power density and efficiency. However, differently from EMs, where working
cycle can be used to properly design the machine and avoid oversizing, in-
verters are usually sized considering the maximum current supplying at full
load to the electric machine, being their thermal responsiveness much greater
than the EM one (i.e. they heat up more quickly).

Liquid cooling is preferred to convection or forced air cooling also for PE.
Moreover, in hybrid solutions where the level of integration is high, there is
a tendency in using the same coolant for the engine and the electric drive.
As the optimal coolant temperature for ICE is around 90 °C, this results in
demanding requirements for the EM and very challenging design constraints
for PE [89].

At the moment, the most used switching power device for automotive
systems, in the range of power and voltage relevant for agricultural applica-
tions, is the Silicon IGBT, which, however, is known for rapidly decreasing
its performance when operating at high temperature [90]. Requirements of
demanding temperature environment are usually fulfilled by selecting de-
vices with superior current rating, or by oversizing the converter heatsink.
Nevertheless, the recent advent into the market of the so-called wide-bandgap
devices (WBG), Silicon Carbide (SiC) and Gallium Nitride (GaN), can pave the
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way for lighter and more efficient power converters. WBG-based converters
are characterized by lower switching losses and higher switching frequen-
cies. Furthermore, they can operate efficiently at higher temperatures than
their silicon counterpart. In addition, their are suitable in case of partial load
operation, with working cycles subjected to frequent current variations.

As farming tractors often work at high torque and low speed, conduction
losses are expected to be the prominent source of power losses for PE. There-
fore, converter architectures that minimize the number of switching devices
in series are preferred. Thus, voltage source inverters are advantaged com-
pared to other options. In particular, modular interleaved parallel solutions
are beneficial [91].

Nevertheless, as the requirements are becoming more and more demand-
ing, it is expected that power electronics and electric machines will be no
longer designed separately, but a cooperative design process will be preferred
[92], which involves a high level of integration. In case of high efficiency re-
quired in the low speed high torque region, multi-phase segmented integrated
architectures represent a promising solution [93].
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TRACTORS

This chapter presents a method to evaluate the economic feasibility of trac-
tor powertrain electrification based on life cycle cost analysis. For a parallel
hybrid electric architecture, the best combustion engine downsizing is evalu-
ated among some discrete values. The methodology is applied to three case
studies with different power levels and operating cycles: a 76 kW orchard
tractor, a 175 kW row crop tractor with medium duty use, and a 210 kW row
crop tractor with heavy duty use. Fuel and electrical energy consumption are
estimated through simulation. A range of prices for main powertrain com-
ponents, diesel fuel and electrical energy is taken into account from tractor
manufacturer and end-user point of view, in order to cover price uncertainty
and analyze its effects. The results show that operating cost savings decrease
when more power-intensive operations are performed. The operating cost
savings, respectively for orchard, row crop medium duty, and row crop heavy
duty, are approximately 8 %, 3%, and 0.5 %, which result in 6 %, 1%, and
0.1 % life cycle cost savings. Thus, parallel hybrd electric powertrains should
probably be avoided in high-power tractors, whereas they could be beneficial
for specialized orchard and vineyard vehicles.

3.1 Conventional and hybrid electric powertrains

under analysis

The conventional tractor powertrain taken as reference for this study is out-
lined in Fig. 3.1. Conventional state-of-the-art drivetrains for agricultural
tractors are deeply covered in the previous chapter. A diesel internal combus-
tion engine (ICE) is the only power source. Its mechanical power is used for
traction, power take-off (PTO), hydraulic pumps for implement and three-
point linkage operation, as well as for a variety of systems that are not strictly
fundamental for the performed tasks, e.g. engine auxiliaries or cabin air con-
ditioning. Power is transmitted to the wheels through a stepped mechanical
transmission, or through a continuously variable transmission (CVT, splitting
the power between a fixed mechanical path and a variable path, usually hy-
drostatic), whereas PTO and hydraulic pumps are commonly powered using
live shafts, bypassing the ground drive transmission, so that they can be driven
while the wheels are not moving.

Various configurations are possible for powertrain electrification of agri-
cultural tractors. An exhaustive discussion is reported in the previous chapter.
In this work, a plug-in parallel hybrid architecture is adopted, due to its easier
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and cheaper implementation compared to other layouts. The configuration
chosen as reference for the hybrid electric tractor is outlined in Fig. 3.2. A
Li-ion battery pack is selected due to its high energy density. More advanced
hybrid storage systems that combine batteries and supercapacitors are also
suitable for this application [94], and their use could be beneficial, as they
exploit the advantages of both technologies. However, these hybrid storage
systems are not considered in this study, as they would heavily increase the
complexity of such a general analysis.

original ICE hydraulic load

NN\

ground drive
transmission

on-board
charger

=

charging plug
Be I—ES P

downsized ICE hydraulic load

PTO load

transmission

Figure 3.2: Outline of reference parallel hybrid electric powertrain.

3.2 Case studies and operating cycles

Farming vehicles cover a wide power range: they come from a few tens of kW
for small family farming vehicles, to more than 400 kW for high-power row
crop tractors, throughout medium-size specialized vehicles for orchards and
vineyards and utility tractors. Moreover, tractors perform a great variety of
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Table 3.1: Yearly time contribution and average power of each operation.

3.2. CASE STUDIES AND OPERATING CYCLES

Average power

Yearly time fraction

Operation

(kW) (pu) (%)
76 kW specialized tractor
Weeder 35.6 0.47 14.3
Atomizer 42.1 0.55 14.3
Grape harvester 20.7 0.27 14.3
Plant lifting plow 11.0 0.14 28.6
Tying machine 5.3 0.07 28.5
175 kW medium-duty row crop tractor
Heavy plowing 96.6 0.55 33.4
Medium plowing 82.8 0.47 35.6
Rotary harrow 114.7 0.66 17.8
Field transport and idling ~ 30.1 0.17 13.2
210kW heavy-duty row crop tractor
Subsoiler 150.8 0.72 10.3
Cultivator 97.4 0.46 12.3
Heavy plowing 85.7 0.41 18.7
Tiller 145.5 0.69 17.8
Rotary harrow 122.7 0.58 20.3
Road transport 63.6 0.30 10.3
Idling 12.7 0.06 10.3

different operations. Since there is still a lack of standard duty cycles that fully
represent the daily average operation of each tractor category and agricultural
task, this work is based on actual field measurements [95, 96]. Three different
case studies are considered, distinguished by power size and application:

* 76 kW specialized tractor for orchards and vineyards;
* 175kW row crop tractor, medium duty;

* 210kW row crop tractor, heavy duty.

The simulations about the specialized and heavy-duty row crop tractors
are carried out using working cycles directly from in-field measurements,
whereas scaled duty cycles are derived from measured data to represent a
medium-duty use of a row crop tractor.

Yearly time contributions and average power are reported in Tab. 3.1 for
each case study and task. Average power is also expressed in per unit of the
original ICE rating. In the analysis presented hereafter, working hours per
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Figure 3.3: Load distribution in the three case studies.

year are considered equal to 1000 h and 850 h for the specialized vehicle and
the two row crop tractors, respectively [97].

Fig. 3.3 shows load distribution as a function of power for each of the afore-
mentioned categories, where power values are in per unit of the associated
rated power of the original non-hybrid tractor. In particular, Fig 3.3a shows
the fraction of operating time at each power level, while Fig. 3.3b reports the
cumulative distribution function (CDF), which indicates the operating time
fraction that can be performed with a power level smaller than or equal to
the related abscissa power value. From the CDF curves, it can be seen that the
specialized tractor for orchards and vineyards works approximately 75-80 %
of the time at less than 40 % of its rated power. On the other hand, the same
fraction of time on the medium-duty row crop tractor requires ~60 % of the
rated power, whereas for the heavy-duty row crop this value exceeds 70 %
of the rating. This preliminary observation, together with a literature review,
suggests that the specialized tractor category will be more promising for pow-
ertrain electrification, compared to the two heavier categories, at least with
the hybrid configuration considered in this study.
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3.3 System modeling

A quasi-static backward-facing model is adopted to simulate both hybrid
and conventional tractor. The simulation model is used to determine fuel
and electrical energy consumption, as well as the specifications of the main
components of the hybrid electric powertrain, namely battery pack, electric
machine (EM) and drive power converter (PE), i.e. EM inverter. Input load data
are obtained from field tests on conventional non-hybrid tractors, which makes
them intrinsically reliable and allows model validation by fuel consumption
comparisons between measured data and simulations of the conventional
powertrain. Measurements are taken at ICE shaft, and engine control unit
(ECU) data are acquired. Thus, loads are assumed to be applied directly at ICE
shaft, without modeling driver behavior, vehicle dynamic and transmissions:
all the transmission ratios and losses are already included in the load values.

The model is built in Simulink, and MATLAB is used for results post-
processing, as well as for all iterative processes described hereafter (Sec-
tion 3.4). However, any numerical tool that handles dynamic systems can be
adopted. Simulations are performed using the automatically-selected variable-
step solver of Simulink, with maximum step size equal to the sampling interval
of field tests input data.

The scheme of the model is outlined in Fig. 3.4. The function of each block
is exhaustively explained in the following.
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Figure 3.4: Scheme of the hybrid tractor model for LCC evaluation.
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3.3.1 Energy management strategy

A rule-based energy management strategy (EMS) is chosen. The implemented
rules are derived from [98]. However, contrary to previous works in literature,
a speed-independent EM torque is used for battery charging, instead of setting
it to achieve the maximum ICE efficiency for the given speed. Charging with
the maximum efficiency torque at medium to high engine speed would lead
to a higher battery current, easily exceeding battery limitations, unless a
high-capacity storage is adopted.

When the load torque 7,44 remains below a certain lower threshold 77,,, .,
ICE operates at that lower limit, whereas EM acts as a generator to match
the load torque. If the load is greater than 77, , ICE supplies the entire load
torque up to a certain upper limit curve (7g,,,, (2)). Above this higher speed-
dependent curve, EM covers the difference between load and ICE torque
(electric boosting). The upper threshold 7z;im (€2) can correspond to the actual
engine torque limit or ICE can be limited to a lower curve in order to use the
energy stored in the battery to cover part of the load, in particular when a task
rarely requires electric boosting.

Both torque thresholds are different for each operating cycle, and they are
chosen in order to minimize the required battery capacity and, when desired,
to maximize electric energy usage if a certain cycle is not particularly power
intensive, while complying with battery C-rate limitations. Thresholds tuning
is explained in Section 3.4.

In general, the optimal design for a rule-based EMS requires experience
and knowledge of the whole load cycle. Thus, it might have some limitations
when implemented in a real vehicle. However, the chosen strategy is deemed
acceptable for this analysis thanks to its simplicity. EMS functionalities are
summarized by (3.1), and a graphical explanation is provided in Fig. 3.5.

TLiim s if Tioa < Tryimm
Tice = { Tioad, it 71,5, < Tioad < Ty, ()
Tt (), if Tivad > Ty, ()
@3.1)
Tioad — TLyi,, s if Tioad < Tryi,
Tem = 4 0, if Trpir < Tioad < THy,, ()

,ﬁoad - TH”m (Q)7 if ,ﬁoad > THlim (Q)

3.3.2 ICE and electric drive modeling

The energy management algorithm determines the amount of torque 7icg
provided by ICE, while engine speed is assumed equal to field measurements.
Downsized engines are considered in the hybrid electric tractor model to
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Figure 3.5: Rule-based EMS in a demo operating cycle. Constant upper thresh-
old torque limit is shown for sake of simplicity.

exploit the potentialities of the chosen parallel architecture. For the two row
crop tractors, various levels of ICE downsizing are included in the analysis.
The torque limit curve of a the original base engine is scaled with a downsizing
coefficient R to obtain a fine variation of ICE power ratings. At the same
time, the operating cycles were kept constant to introduce a certain safety
margin in terms of both performance and price. This setting choice favors the
conventional non-hybrid variants, although load torque should decrease with
ICE downsizing, as some of the parasitic losses (e.g. cooling fan) are included
in the load torque input data.

On the specialized tractor, instead, a single 55 kW ICE is considered for
the hybrid variant, as the new emissions regulations are less restrictive below
56 kW. Despite this approach may be controversial for emission reduction
purposes, such expedient has been already adopted in several similar works
[96, 98, 39]. Therefore, in the case of the specialized tractor, instead of varying
ICE power rating, EM exploitation is changed while keeping the same battery
size, as the objective is to minimize it. Three operating modes are considered:

e hybrid 1 mode uses EM only in cycles where ICE needs boosting; this
operating mode is used to determine the battery capacity following the
iterative procedure described hereafter (Section 3.4);

® hybrid 2 mode maximizes EM exploitation; electric assistance in medium
duty cycles, e.g. atomizer and harvester; full electric mode (ICE off)
during long-lasting periods in low-power duty cycles, e.g. plant lifting
plow and tying machine, until the battery reaches a 20 % state of charge
(SOC), which is a value consistent a 60 % discharge limitation from an
80 % initial SoC;
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* hybrid mix is intermediate case between hybrid 1 and hybrid 2 modes;
full electric operation is limited in order to reduce the initial tractor cost
compared to hybrid 1. As instance, operation with plant lifting plow is
always performed with ICE on, as a higher power EM would be needed
for full electric operation.

Fuel consumption estimation is based on engine torque and speed, using
a specific fuel consumption (SFC) map, if available, or a polynomial approx-
imating function, which is tuned to give a good match with consumption
measurements of engine ECU during field tests. The estimation relative error
averaged on all operations is lower than 4 % in each case study, which can be
considered a sufficient approximation for the purpose of this work.

For the 55 kW downsized ICE of the specialized hybrid electric tractor,
an actual SFC map is used. On the contrary, SFC maps of row crop tractors
downsized engines are obtained by scaling some polynomial approximating
functions with the downsizing coefficient R, in the same way adopted for
engine torque ratings. This approach is not completely accurate and some
adjustment should be considered [99]. However, the combined magnitude
of these adjustments usually does not exceed 5 %. Moreover, the correction
factors assume the highest values in the knock-constrained region, i.e. high
load and low speed, which is not an issue for compression ignition engines.
As will be seen later, ICE downsizing is not extreme on the two row crop
tractors: an R lower than 0.8 is not worthwhile. As a consequence, the SFC
estimation error is further limited even when no adjustments are considered.
The simulation results obtained with this scaling approach are deemed accu-
rate enough for this analysis, although no measured fuel consumption data
are available for the hybrid tractor.

Electric machine (EM) torque 7ry is determined as the difference between
load and ICE torque, times the speed reduction ratio between engine and EM
shafts, while EM speed is equal to ICE speed divided by the speed ratio. For
simplicity, in this analysis the speed ratio is set equal to 1, i.e. a direct drive
solution is chosen. A constant 0.85 efficiency (ngnm) is assumed to account for
the combined losses of EM and its drive inverter [100].

3.3.3 Battery model

Battery model is based on the steady-state model proposed in [101]. Cell
current is given by:

Uoc - \/Ugc - 4Rcellpcell

3.2
2Rcell ’ ( )

Icell =

where:

* Rccy and U, are electric equivalent resistance and open-circuit voltage
of a single cell, respectively; both are functions of the state of charge;
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® P is the power supplied to a single cell, which is simply computed by
dividing battery power by number of cells N..;;, assuming a perfectly
balanced battery management action; battery power P, is obtained
from EM mechanical power Py using electric drive efficiency ngw;

Battery current and power are assumed positive when the battery is charged.
State of charge at time instant ¢ is computed as:

t
SoC(t) = SoCi_o + / MdT, (3.3)

o Cap.y
with Cap,,;; being cell capacity (A h).

Although not completely accurate [102], total battery energy content (Wh)
is estimated as:

Epatt = S0Ci—; Uy - Capce” “Neewr (3.4)

end

where U, is rated cell voltage and SoC;—;_,, is state of charge at the end of

end
the duty cycle. Cell capacity, and consequently battery size E},tt, are chosen
through the iterative procedure that will be described later (Section 3.4).

SoC is constrained between an initial maximum value SoC;—, equal to
80 % and a minimum lower limit of 20 %, leading to a 60 % maximum depth of
discharge (DoD). It is worthwhile to remark that battery can finish a 8 h duty
cycle with the minimum allowed SoC value, i.e. completely discharged, as
battery recharging is considered available from external sources at the end of
each working day, thanks to the plug-in configuration chosen in this analysis.

In addition, C-rate constraints have also key importance in the model.
Limitations assumed for this study are reported in Tab. 3.2.

Table 3.2: C-rate constraints.

‘ Continuous Transient peaks (< 105s)

Charge 1C 3C
Discharge 3C 6C

3.3.4 Post processing stage

In the post processing stage, overall consumption, CO, emissions and relevant
specifications of the main electric components, namely EM, PE and battery,
are retrieved.

Fuel consumption is computed integrating fuel rate over the entire duty

tend
FC = / Hiop(T)SFOT) ICE(TESSFC(T)dT, (3.5)
0

cycle:
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where Picg is engine power and § = 0.82 kg L ! is diesel fuel density at tractor
operating temperature. In a similar way, electric energy usage is estimated as
the time integral of battery power:

tend
B / Phare (1)dr (3.6)
0

Emissions are derived from fuel and electric energy consumption. Battery
manufacturing is also considered, being among the main causes of the vast
majority of emissions difference between hybrid electric and conventional
tractors.

CO; equivalent emissions are assumed to be proportional to fuel consump-
tion (under the complete combustion hypothesis), electric energy consumption
and battery capacity. Coefficients of proportionality used in this study are:

* 3.92 kgco, /kggel for diesel fuel consumption;
* 0.33 kgco,/kWhepergy for electric energy consumption;
* 100 kgco,/kWhyattery for battery manufacturing.

These factors comprise emissions from the whole process, including ex-
traction of raw materials, transportation, production, delivery to costumers,
and, for diesel fuel, also the emissions originating from its combustion. The
direct measurement of the emission factors is not possible. The adopted value
are based on estimations reported in literature. The value for fuel-related emis-
sions is derived from [103], considering the energy based allocation method
and lower heating value of diesel equal to 43.1 MJ/kg. As regard electric
energy emissions, the assumed value is derived from [104], considering the
average between European mix emission factors for low voltage supply of
2016 and 2030. It is reasonable to take the average value because the assumed
tractor life extends to a few years beyond 2030. Finally, in [105] a 61-106
kgco,/kWhyaery is reported for battery production. A value close to the up-
per limit is chosen, because the required battery capacity in this analysis is
relatively low if compared to road battery electric vehicles, which often adopt
batteries larger than 50 kWh.

Electric machine design rated torque specification is determined consider-
ing the thermal equivalent torque, as a design solution based on peak torque
would lead to an oversized machine. A low-pass filter is used, adopting as
time constant a supposed thermal time constant 74,,, of the EM. Thermal equiv-
alent torque 7y, is computed by low-pass filtering the instantaneous EM
torque Tem(%):

Tin., = ¢ Lot T2 (37)

Reasonable time constants for water cooled EMs are considered, ranging from
200s for the specialized tractor, to 500s for the most downsized row crop
medium-duty tractor. Rated power for the EM is determined in the same way.
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On the contrary, peak power is taken as design requirement for the inverter,
because the thermal time constant of power electronics is usually far lower
than EMs. Battery current and power ratings are retrieved from (3.2), while
battery capacity is sized according the iterative process presented hereafter.

3.4 Battery sizing and energy management tuning

First attempt capacity and 7,
THumz ’ECEMm

Y
» Simulate [«

Compliance with Increase Ebatta e
C-rate limits ? and restore first attempt
TL,.,, value

< Epatt

Ebattreq attempt

Increase
72/“ m

End
Save results

Figure 3.6: Battery capacity sizing iterative process.

In this section, battery sizing and energy management tuning is presented.
In particular, detailed explanations are provided on how some model param-
eters are chosen, namely cell and battery capacity Cap,.;;, Ebatt, and EMS
lower and upper torque thresholds Ty,..., Ta,,,, (2).

The required battery capacity Eyay4,., for each load cycle is determined
by multiplying the difference between the energy levels at the beginning
and at the end of the cycle by the number of cycle repetitions necessary to
achieve at least the minimum required daily operating time (i.e. 8h), and
adding the possible differences between maximum and initial energy levels,
and between final and minimum energy levels. The obtained value is finally
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Final capacity, Tu,,,,= TicE,,.,
First attempt 7, .

A 4

» Simulate

Increase
TL

Lim

End
Save results

Figure 3.7: EMS tuning: lower torque threshold 7z,,,,.

Final capacity, 7Lii,. =0
THim=kHTiCE,,,, kH=1

Y

» Simulate

Decrease ky

No

Restore previous
iteration kg

Y

End
Save results

Figure 3.8: EMS tuning: upper torque threshold 74, .
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divided by a certain depth of discharge (DoD) that is deemed acceptable. In
this analysis, a conservative 60 % DoD is chosen in order to ensure a long
battery life and to cope with the strong reliability requirements of agricultural
industry [106]. Required battery capacity computation is summarized by the
following equation:

ten 1
Evatt,eq = (EZ — Ef) .ceﬂ( 4d> + (Emaz — EZ) + (Ef — Emin) Db
(3.8)
where:

* E; and Ey are the battery energy levels respectively at the beginning
and at the end of the operating cycle;

® Erae and E,,;, are the maximum and minimum battery energy levels

throughout the operating cycle, respectively;

® lmin and tcyele are the minimum required daily operating time and the
single cycle duration, respectively.

The obtained capacity value depends on the energy management tuning,
in particular on torque thresholds. The objective is to keep the battery capacity
as low as possible for each downsized engine. Therefore, low attempt values
for 7z,,,, and battery capacity Fyatt,,..,,. are used at first, while maintaining
the upper limit 7g,,,, equal to the actual ICE torque limit curve Ticg,,,,. Then,

based on simulation results, 7z,,,, and Epagt are adjusted according to

the iterative process shown in Fig. 3.6. A higher 7, = threshold results in a
more ICE-powered battery charging. The procedure is repeated until both
battery capacity and C-rate requirements are fulfilled.

Once 71,,,, and capacity are determined for each load cycle, the final bat-

tery capacity Fhats,,, is simply the maximum among values required by each

cycle. Having set Eyatt,.,, the final value of EMS lower torque threshold 7z,
can be determined. The process shown in Fig. 3.6 sets 7z,,,, in order to mini-
mize the battery capacity for each load cycle. However, except for the cycle
that requires the maximum capacity, this approach leads to an unnecessary
high lower torque threshold, which causes an increased fuel consumption.
The process shown in Fig. 3.7 is used to determine the minimum possible
T, value, maintaining the battery capacity required by a given cycle below
or equal to the actual battery capacity Epatt,.,. The lowest admissible value
for EMS threshold 77, is zero.

Finally, the EMS upper torque threshold curve 7g,,,, (2) can be adjusted,

act*®

maintaining Eyays,,, and 7y,,,, determined previously. Tg,,,, (£2) is obtained
by multiplying the actual ICE torque limit curve by a coefficient k < 1. This
factor can be lower than 1 only for the operating cycles that have 7,,,, =0,
otherwise a higher battery capacity or a higher 7., would be needed. The
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coefficient ky is determined by gradually reducing it from 1, as shown in
Fig. 3.8. Since row crop tractors operating cycles are very power-demanding
compared to orchards and vineyards ones, lowering the amount of torque,
and therefore power, that can be delivered by ICE results in a rapid increase of
required battery capacity, however without significant operating cost savings.
Thus, kg is kept equal to 1 on the row crop tractors, i.e. Ty, () = Ticg,,, ().
This expedient contributes also in ensuring a long battery life by reducing its
number of cycles.

3.5 Life cycle cost analysis

This work aims to provide a method to evaluate the economic feasibility of
farming tractor electrification, and to determine the best engine downsizing,
with a wide variety of variables. A life cycle cost (LCC) analysis is conducted
to evaluate the economic convenience of a parallel hybrid electric tractor
variant. LCC is the total present value of all the costs that occur during the
life cycle of a product. In this study, only user costs are considered, whereas
maintenance and disposal costs are ignored, as they are assumed to be equal
for both hybrid electric and conventional powertrains, i.e. battery replacement
is neglected. As discussed later, the best downsizing coefficient R results fairly
close to 1 in both row crop tractors case studies, and also the fixed downscaling
to 55 kW adopted in the specialized tractor do not lead to an excessive change
of engine size. This outcome justifies the choice of constant maintenance costs.
The LCC is computed as follows:
"o,

LCC=Cp+ Y —— (3.9)
2 ird)

where:
¢ (), is the initial investment cost (i.e. purchase);

¢ () are all the relevant operating costs that occur during the analyzed
period in the year ¢, fuel and electric energy consumption in this study;

¢ ¢ indicates the year when each operating cost C; occurs. In general C,,
could be treated exactly as all the future costs, but a separate term is
introduced for clarity.

* nis the period under study, in this case the service life; a general global
engine life requirement lies between 6,000 and 12,000 hours, with high-
power engines exhibiting longer rated lifetimes. In this work, a 10.000 h
life is assumed, and years of life are computed dividing life in hours by
the annual operating time;
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¢ dis the discount rate used to compute the present value of future costs.
Literature reports discount rates ranging from 3.69 % [107] to 13.87 %
[108], for German agriculture sector. An 8 % discount rate is chosen in
this analysis.

The first term is indicated also as capital expenditure (Capex), while the second
term given by the summation represents the overall operating costs (Opex)
during the product life.

3.5.1 Powertrain components and energy pricing

In order to perform a LCC analysis, consumer prices of the various elements,
as well as energy costs (fuel and electricity), need to be determined. All the
components shared by both hybrid electric and conventional powertrains are
ignored, and all prices are intended on consumer side. For all the considered
powertrain main elements, a price range is taken into account, as prices cannot
be exactly determined and could change most probably in the near future.
Moreover, this choice allows the identification of those main components
that have the highest impact on initial costs and overall LCC. It is important
to consider a price range also for energy costs, in order to include possible
country-related variations and future fluctuations.

3.5.2 Powertrain components costs

As regard capital expenditure, the following specific consumer-side costs are
considered.

e ICE

According to [15], for a high-technology 150 kW tractor, the engine rep-
resents about 19 % of the tractor cost. A survey of the market prices
of 86 tractors with rated power ranging from 75 kW to over 200kW is
conducted. Assuming the 19 % fraction valid throughout all the power
range, and performing a linear regression, the incremental price results
approximately 290 €/kW. Since the percentage taken as reference is
intended as a production cost, the obtained specific cost is rounded to
300 €/kW. This value is used as upper limit of ICE price range. Then,
the price range is extended down to 50 €/kW. The latter limit is a very
low value, and it is probably far from a real market price, however it is
included to widen the payback time evaluation.

* Battery
A price survey conducted in 2020 [109] reports a 137 $/kWh volume-
weighted average battery pack production price, so a 50 to 250 €/kWh
price range is chosen to cover price reductions expected in the near
future and the higher specific cost of power-oriented battery packs. Sim-
ulations show that the number of battery cycles does not reach excessive
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values, considering the adopted DoD. Mid-life battery pack replacement,
thus, seems not necessary and battery cost can be be accounted only
once in LCC computation.

EM

In 2017, the US DRIVE research center [110] stated that the production
cost of a 100 kW peak-power EM lies in between 600 and 800 $, which
means 6-8 $/kW peak). An older study [111] reported an approximate
material cost range of 250-600 $ for a 50 kW interior permanent magnet
motor for automotive applications, depending on NdFeB price; and
approximately 150 $ for a 550 kW copper-rotor induction motor. For both
motors, a 2.5 consumer price to material cost ratio was considered in the
study. This results in 7.5-30 $/kW peak power. Considering the lower
production volumes of farming tractors compared to passenger vehicles,
and the lower power of electric machines in a hybrid arrangement, as
will be reported later in this work, a 15-60 €/kW price range is used.

PE (inverter and battery DC/DC regulator)

In 2017, the US DRIVE research center reported a 1000 $ production cost
of a 100 kW peak-power electric drive for automotive applications, i.e.
10 $/kW. Another work [112] presented a price range of approximately
800-8500 $ for a 60 kW inverter (i.e. 13-142 $/kW), where the higher val-
ues refer to an oversized system intended to improve reliability. In this
study, a 15-60 €/kW range is chosen, taking into account the production
volume and power aspects presented above regarding EM pricing.

Other additional devices and subsystems needed for powertrain electrifi-

cation, e.g. additional clutches and cooling systems, as well as development

costs, are ignored. Anyway, this approach is partially balanced by the fact

that load cycles are unchanged despite ICE downsizing, resulting in slightly

higher operating costs.

Energy costs

As regard operating costs, the following specific consumer-side energy prices

are considered.
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o Agricultural diesel fuel

In [113], prices around 0.9 €/L are used for agricultural diesel fuel. The
range considered in this work is 0.7-1.3 €/L.

Electric energy

Electric energy price is based on data published by the Italian authority
ARERA [114] for low-voltage non-household consumers. Depending on
the time band, electricity price, without VAT, ranges from approximately
0.155 to 0.18 €/kWh (September 2021). A price equal to 0.16 €/kWh is
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chosen, as it is assumed that charging would happen mainly at night.
The analysis is extended down to 0.1€/kWh and up to 0.28€/kWh.

Standard specific prices

For each tractor category, a “standard” combination of components and energy
specific prices is selected in a preliminary analysis. The selection is based on
prices deemed most realistic at the time of writing. The following are assumed
equal for the three tractor categories, unless explicitly indicated.

e ICE: 200 €/kW.
* Battery: 150 €/kWh.

e EM: 40 and 30 €/kW continuous rated power, for specialized and row
crop tractors, respectively. A higher value is assumed for the specialized
tractor due to the considerably lower EM rating, as will be shown later.

e PE: 30 €/kW peak power.
e Fuel: 09€/L

¢ Electric energy: 0.16 €/kWh.

3.6 Results

Despite at the beginning this study was intended to cover a wide variation
of ICE downsizing degree, preliminary simulations showed that a further
reduction of ICE rated power requires a high battery capacity, exceeding
40 kWh, that in turn leads to high initial costs and could possibly not comply
with packaging requirements [115]. On the contrary, R values very close to
1 are not investigated since all the hybrid electric powertrain components
would be needed anyway, increasing tractor complexity and cost without
resulting in significant operating costs savings. For the row crop medium
tractor, a 0.8-0.92 R range is analyzed taking three discrete values, while on
the heavy duty tractor the analysis is limited to two values: 0.88 and 0.92.
For the specialized tractor, a battery capacity comparable to the ones of the
two larger tractors is obtained: this outcome is deemed acceptable, as ICE
downsizing below 56 kW results in less restrictive emission regulations, so
that some exhaust gas treatment devices can be removed, thus clearing more
space onboard and limiting costs.

Tab. 3.3 reports relative variations on operational expenditure (Opex) for
each hybrid tractor, compared to the conventional counterpart, with the afore-
mentioned “standard” fuel and electric energy prices (Section 3.5.2). Negative
values represent savings. The operational economy gain is far greater for the
specialized tractor than for row crop tractors, in particular when compared
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to the heavier vehicle. This outcome is related to the operating cycles: opera-
tions become progressively more power-intensive moving from specialized
to row crop heavy tractor, as presented in Section 3.2. Indeed, savings are
higher when performing low-power tasks, as the original ICE operates in a
low-efficiency region. Reducing engine size results in a better exploitation,
moving the operating point to a higher efficiency region. Engine downsizing
alone is responsible for approximately 15 % savings in low-power orchard
and vineyard tasks (e.g. plant lifting plow and tying machine), as proven by
results in hybrid 1 mode, where full electric driving is completely avoided.

It is interesting to notice that in some load cycles, the operating costs of
the hybrid variants are higher than their conventional counterparts (positive
relative variations). This outcome is caused by the significant battery charging
that is needed in some operations to ensure SoC constraints at the end of the
minimum required daily working time. In these situations, ICE load point
shifting to higher efficiency regions could not compensate for losses arising
from double energy conversions.

The fractions of useful work that come from electric energy are reported in
Tab. 3.4. From a comparison with Tab. 3.3, it is relevant to notice that no clear
correlation exists between cost savings and fractions of useful work covered
by electric energy. Indeed, if ICE is operated in a high-efficiency region (e.g.
engine efficiency around 0.4), there is no huge difference between diesel and
electric energy cost per unit of useful work. As a consequence, except for
low-power cycles, where the original ICE works in low-efficiency regions, the
vast majority of the savings comes from ICE load point shifting.

As regard initial investment cost, ICE and battery are the components
with the highest influence on the purchase price of a hybrid tractor, as they
represent the two major fractions of the capital expenditure (Capex) in Fig. 3.9.
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Figure 3.9: Capex of hybrid electric specialized, row crop medium and heavy
tractors. Percentage variations with regard to conventional counterparts are
shown above bars.
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Table 3.3: Operating costs relative variation per cycle.

Operation Opex d(i)fference
(%)
Specialized tractor

Hyb. 1 Hyb.2  Hyb. mix
Weeder -3.31 -3.31 -3.31
Atomizer —0.96 —2.17 —2.17
Grape harvester —7.72 —8.43 —8.43
Plant lifting plow —14.85 —17.99 —14.85
Tying machine —16.06 —24.09 —24.09
Average —6.88 —8.77 —8.14
Row crop medium-duty use

R=08 R=08 R=092
Heavy plowing —1.56 —-1.95 —1.74
Medium plowing -5.33 —4.32 —-3.30
Rotary harrow —4.67 —3.98 -3.17
Field transport and idling =~ —1.42 0.35 2.57
Average —3.60 -3.14 —2.41

Row crop heavy-duty use

R=088 R=0.92
Subsoiler 1.46 0.54
Cultivator —-0.11 —-0.16
Heavy plowing —-0.99 -0.71
Tiller —0.68 —0.48
Rotary harrow —1.83 —1.25
Road transport -1.73 —1.14
Idling —3.00 —1.92
Average —0.67 —0.54

Fig. 3.10 shows LCC composition and highlights the best engine downsiz-
ing or hybrid mode for the “standard” price combination. In the specialized
tractor case, the best mode results hybrid mix, as the slightly higher operating
costs savings achieved with hybrid 2 are not enough to compensate for its
higher purchase cost. Nevertheless, all the three hybrid modes achieve a lower
LCC than the non-hybrid tractor. In row crop medium-duty case, the LCC
benefit is always quite low for all the three R values. R = 0.86 is the best
downsizing degree for this tractor category, although LCC is very close to the
one obtained with R = 0.8. In row crop heavy-duty case, the best R value is
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Table 3.4: Fractions of useful work performed using electric energy.

Work fraction

Operation (%)
Specialized tractor
Hyb. 1 Hyb.2  Hyb. mix
Weeder 4.09 4.09 4.09
Atomizer 0.05 2.77 2.77
Grape harvester 0 6.10 6.10
Plant lifting plow 0 12.16 0
Tying machine 0 25.56 25.56
Row crop medium-duty use
R=08 R=08 R=0.92
Heavy plowing 2.03 1.35 0.71
Medium plowing 0 0 0
Rotary harrow 0.19 0.04 0.01
Field transport and idling 6.62 3.97 0.84
Row crop heavy-duty use
R=088 R=0.92
Subsoiler 1.34 0.55
Cultivator 0 0
Heavy plowing 0.2 0.06
Tiller 1.43 0.60
Rotary harrow 0 0
Road transport 1.89 1.17
Idling 0 0

0.92. However, the benefit compared to the conventional non-hybrid variant
is negligible. Initial cost increases significantly with a more downsized ICE
(R = 0.88), whereas annual savings do not raise appreciably, resulting in an
overall LCC increase.

The effects of ICE and battery costs on LCC as a function of ICE downsizing
(R) are shown in Figs. 3.11, 3.12, for the two row crop tractors. The best
downsizing coefficients are highlighted in the graphs. When ICE cost variation
is considered (Figs. 3.11a, 3.12a), battery price is fixed to 150 € /kWh; on the
contrary, ICE price is set to 200 € /kW, when battery cost variation is analyzed
(Figs. 3.11b, 3.12b). EM and PE prices are kept equal to the “standard” values
previously introduced (Section 3.5.2). As expected, the higher the ICE cost,
the more convenient the ICE downsizing. This trend is clearly distinguishable
on the medium-duty row crop tractor (Fig. 3.11a), whereas it is not so visible
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Figure 3.10: LCC of hybrid electric specialized, row crop medium and heavy
tractors. Percentage variations with regard to conventional counterparts are
shown above bars.

on the heavier tractor, as the less downsized hybrid variant remains always
more convenient than the more downsized one (Fig. 3.12a). Only when a very
high ICE cost is combined with a very low battery cost, the more downsized
variant becomes more convenient. The opposite behavior is found when ICE
cost is fixed and battery cost changes (Figs. 3.11b, 3.12b).

0.5 1r
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g el
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(a) Changing ICE price. (b) Changing battery price.

Figure 3.11: Medium-duty row crop tractor: LCC variation with engine down-
sizing factor.

In this work, payback time (PBT) refers to the minimum time after which
a hybrid electric tractor becomes more convenient than its non-hybrid coun-
terpart. It is computed varying the reference period n in (3.9). Figs. 3.13, 3.14
show PBT variation with ICE and battery price. For sake of clarity, only three
battery prices are shown in the pictures: 100, 150, and 200 €/kWh. Results
already take into account the best ICE downsizing or hybrid mode, respec-
tively for row crop and specialized tractors. PBT trend is consistent with LCC
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Figure 3.12: Heavy-duty row crop tractor: LCC variation with engine down-

sizing factor.

behavior: a lower ICE cost combined with a higher battery price leads to
a higher penalty on purchase cost for hybrid variants, which is mostly not
recoverable during tractor service life. This phenomenon affects especially the
row crop heavy-duty vehicle, as shown in Fig. 3.14b. Since the annual savings
are very low in this case, either the hybrid variant is already cheaper from
the beginning, or the price penalty will not be recovered during service life,
except for few improbable price combinations. Small dents in Fig. 3.14a are
due to the changing optimal R value varying ICE cost.

Service life |

Batt. cost
[€/kWh]

Pay-back time [years]

50 1 60 1 éO 200 250 300
ICE cost [€/kW]

Figure 3.13: Payback time of specialized hybrid electric tractor as a function of
ICE and battery price.

Figs. 3.15, 3.15 report LCC behavior varying diesel fuel and electric energy
prices. Specific costs of powertrain main components are set to the “standard”
values.

In the case of specialized tractor for orchards and vineyards, a lower diesel
price and higher electric energy price favor hybrid modes that make less use
of full electric driving (e.g. hybrid 1), as expected, and vice versa. Nonetheless,
hybrid 1 never becomes the most convenient mode, unless electric energy price
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Figure 3.14: Payback time of row crop hybrid electric tractors as a function of
ICE and battery price.

is implausibly high. Moreover, it emerges that the hybrid variant always show
a considerably smaller LCC than the non-hybrid conventional counterpart.

Despite the same LCC trends can be identified on both row crop tractors,
the advantage of hybrid variants is lower or does not even exist. A major
aspect that appears from this analysis is that on the heavy duty row crop
tractor the variant with the more downsized engine has a higher LCC than the
conventional tractor, even combining the highest diesel price with the lowest
electric energy price.
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Figure 3.15: LCC behavior with varying diesel fuel price and fixed electric
energy price (0.16 €/kWh).

Fig. 3.17 shows CO, emissions in the three case studies. Emission reduc-
tions are consistent with operating cost savings (Tab. 3.3), except for the more
downsized heavy duty row crop tractor. In this case, the increase of emis-
sions from battery production and electric energy use, compared to R = 0.92
variant, overcomes the CO, reduction given by the lower fuel consumption.
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Figure 3.16: LCC behavior with varying electric energy price and fixed diesel
fuel price (0.9 €/L).
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Figure 3.17: Total CO, emissions of hybrid electric specialized, row crop
medium and heavy tractors. Percentage variations with regard to conventional
counterparts are shown above bars.

3.6.1 Main specifications and savings summary

Tab. 3.5 summarizes main electric system specifications and savings, computed
with the “standard” price combination for each optimal arrangement of every
case study. As expected, the specifications required for the specialized tractor
in terms of EM torque and PE power are the least demanding, because of the
less intensive load cycles, although engine downsizing is relatively high. On
the contrary, battery size is comparable with row crop tractors, most probably
due the different operations, i.e. limited possibility for ICE-powered battery
charging. When comparing the two row crop tractors, it emerges that the
medium-duty vehicle requires higher ratings, except for peak torque. Despite
this outcome could initially appear counterintuitive, it is consistent with the
lower R value, namely a more downsized ICE.

Initial cost of the specialized tractor is lower for the electrified version. This
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result could be explained by the fact that the costs of additional devices needed
for powertrain electrification, as well as development costs, are ignored. These
aspects have a higher relative weight on a small tractor. Thus, this result is
most probably too optimistic.

As regard LCC, savings with the specialized tractor are significant, even
though not as relevant as in road vehicles. On the opposite, LCC reduction
is considerably lower on the row crop medium tractor, and negligible on the
heavy-duty one. This outcome is strictly related to the decrease of operational
savings moving to tractors that perform more power-intensive tasks.

Table 3.5: Main electric specifications and summary of cost variations.

Specialized Row crop Row crop
tractor medium heavy
hybrid mix R =10.86 R =10.86
EM torque (Nm)
Overload peak 147 382 471
Continuous rating 63 157 118
EM power (kW)
Overload peak 22 66 51
Continuous rating 9 26 14
Battery capacity (kWh) 21 24 14
Capex
Conventional (€) 15442 35018 42022
Hybrid electric (€) 15233 36433 42658
Relative variation (%) —-14 4.0 14
Opex
Conventional (€/year) 4980 16 258 16771
Hybrid electric (€/year) 4574 15747 16681
Relative variation (%) —8.2 -3.1 —-0.5
PBT (years) 0 3.3 9.6
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4 INVESTIGATION ON HARMONIC BALANCE METHOD

In this chapter,the harmonic balance technique is applied to a 2D non linear
finite-element magnetic model with motion, coupled to a non linear circuit.
The case study comprises a six-pole three-phase surface-mounted permanent
magnet generator connected to a six-pulse full-wave diode bridge rectifier.
Simulations are performed at fixed generator speed in two operating cases:
with an open-circuit DC bus and supplying a load resistance. An exhaustive
description of the case study is provided to allow an easy repeatability of this
work.

Both time stepping and harmonic balance approaches are deeply discussed
focusing on the model under study, along with relevant implementation de-
tails. Harmonic balance results are compared with benchmark time stepping
outcomes in terms of voltage and current waveforms, progressively expand-
ing the harmonic spectrum included in the simulations. The computational
performance of the two approaches are compared in the end.

This work was carried out during my period abroad at Université Libre
de Bruxelles, under the co-supervision of Prof. Johan Gyselinck and with the
relevant contribution of Prof. Ruth V. Sabariego.

4.1 Introduction

Computing hardware have progressed impressively fast in the last two decades,
and this trend is expected to keep growing in a short term perspective. Today

computers far outperform their older counterparts of twenty years ago: CPUs

can perform the same tasks ten times faster and memory storage devices have

improved their capacity exponentially. Thanks to the increasing computa-
tional resources available for science and engineering, research on software

and computational methods is more relevant than ever. The increasing com-
puting power available in laboratories opens new possibilities every day, and

a lot of scientists and engineers are trying to give answers on the best ways

to exploit these new powerful resources. Indeed, today hardware allows the

implementation of many simulation approaches whose requirements were

prohibitive just less than ten years ago. Furthermore, code optimization and

faster numerical techniques are still of key importance in improving R&D and

design methodologies, thus reducing products time to market, especially in

high-tech sectors and advanced applications.

Fast simulation techniques are of great interest, in particular when dealing
with parametric sweep analyses and design optimization processes. Despite
its higher memory requirement, the harmonic balance (HB) method can po-
tentially decrease the computational cost of steady-state analyses of non linear
systems with regard to the mainstream time stepping approach (TS), as it
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completely avoids initial transients [116]. Nonetheless, the application of this
method to real-world engineering applications have not been widely inves-
tigated yet, and computational cost gains are not to be taken for granted. In
particular, finite element HB simulation of rotating machinery coupled with
non linear circuits has received little attention.

Steady-state simulations of non linear systems are mostly carried out in
the time domain [117]. The straightforward implementation of TS schemes
together with efficient algebraic sparse solvers makes this method the state-
of-the-art general-purpose approach for the resolution of multi-physics non
linear systems of partial differential equations (PDEs) [118, 119]. Since TS
makes use of sparse matrices with a relatively small size, its memory require-
ments are affordable with common hardware. However, many time steps
may be required to step first through the initial transient and then through a
fundamental period at quasi steady state, especially in systems with a slow dy-
namic. Moreover, time step size may need to be particularly small to simulate
zero-crossing events with a sufficient accuracy when dealing with non linear
lumped elements, for instance power electronics components. Thus, the com-
putational cost may increase significantly. Variable time step algorithms are
usually implemented in these cases to improve performance without loosing
accuracy [120, 121].

On the contrary, frequency-domain approaches are not as widely adopted
as TS methods. Single-frequency simulations using complex phasors repre-
sentation are well-known [122]. Nevertheless, their applicability is limited
to linear systems, where harmonic frequencies do not have any influence on
one another [123]. This condition is never fulfilled when the system under
analysis exhibits some sort of non linearity [124]. As an example, in non linear
cases a source term acting only on the fundamental (first) frequency can affect
all the rest of the harmonic spectrum. Harmonic balance is a more general
frequency-domain approach that can handle these problems [125]. Memory
requirements are always higher than TS, as HB relies on the solution of a
single but larger algebraic system [126]: the higher the number of harmonics,
the larger the system. Moreover, peculiar non linearities may require a high
number of harmonic frequencies to reach a satisfying simulation accuracy
[127], further increasing memory requirements [128]. On the other hand, HB
provides directly a steady-state solution. Therefore, its application can poten-
tially decrease the computational time [129], in particular for systems with
slow dynamics, i.e. a relatively long initial transient.

The HB technique, firstly proposed only for circuit models [130, 131], has
already been applied to 2D non linear finite-element (FE) analyses of rotating
electric machines [132, 133] and stationary electromagnetic devices [134, 135].
However, to the best of the authors” knowledge, HB has never been tried on
a system that couples a 2D non linear FE model with motion to a non linear
circuit. The case study of this work comprises a synchronous generator with
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iron saturation connected to a diode rectifier. A three-phase system is chosen
to increase complexity. It is worth to mention that the chosen case study is
a real-world engineering application. Open circuit and load conditions are
simulated using both HB and TS approaches. Results and computational
performance are compared and discussed.

This chapter is structured as follows: Section 4.2 describes the case study,
how it is modeled and the PDEs general formulation; in Section 4.3 discrete al-
gebraic equations (DAEs) of TS and HB methods are mathematically derived,
showing also how non linearities and movement are handled; in Section 4.4
accuracy and performance of HB simulations are compared to benchmark TS
results and the outcomes are discussed and commented; Section 4.5 summa-
rizes the conclusions of this investigation.

4.2 Case study and modeling

The case study under analysis features a six-pole three-phase surface-
mounted permanent magnet (SPM) generator connected to a six-pulse full-
wave diode bridge rectifier. This electric generation arrangement is used
in many areas: in automotive applications, it is common practice for low-
voltage conventional electric systems, high-voltage electrification of engine
auxiliaries and hybrid electric drivetrains; in power systems, it is the most
simple front-end configuration for low-power wind turbines. In particular,
the system under analysis is suitable for the electrical supply of auxiliaries
of high-power diesel engines, with the generator connected to engine shaft
through a speed reducer gearset. Relevant machine geometric and electric
parameters are summarized in Table 4.1, together with continuous ratings.
The phase resistance is estimated analytically, while the phase inductance is
computed by means of magnetostatic FE analysis.

Figure 4.1 outlines the 2D FE machine model. Only a sixth of a planar
section orthogonal to the machine axis is modeled: machine periodicity is ex-
ploited by implementing anti-periodic boundary conditions (BCs), as shown
in Figure 4.1a. On the remaining boundary curves, the magnetic vector poten-
tial is set to 0 with classical Dirichlet BCs (a, = 0). Rotor movement inside
stator is handled with the well-established moving band technique. Windings
inside slots are modeled as stranded conductors, i.e. current density is uniform
on each slot cross section area, skin and proximity effects are neglected. A full-
pitch distributed configuration is adopted to increase the harmonic content of
the airgap magnetomotive force, leading to a heavier computational load for
the HB approach. Linear magnetic regions comprise air and the permanent
magnet, which is simulated with a recoil line model identified by coercivity
and remaneance. Non linear iron of electrical steel fills the rest of the domain.
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Table 4.1: SPM generator parameters and continuous ratings.

Parameter Symbol Value Unit
Continuous ratings
Power P 12.5 kVA
Line to line voltage 1% 400 V (rms)
Current 1 18 A (rms)
Frequency fs 300 Hz
Speed Ng 6000 rpm
Braking torque T 20 Nm
Geometrical parameters
Number of pole pairs P 3
Phases m 3
Airgap thickness g 1.0 mm
Axial stack length Lo 100 mm
Stator
Slots Q 36
Airgap diameter D, 103 mm
Outer core diameter D, 170 mm
Tooth width Wy 5.0 mm
Slot height hs 17.3 mm
Rotor
PM thickness tm 3.1 mm
PM angle A 40 deg
Material properties
PM coercivity H, 818 kA/m
PM relative permeability Hrpm 1.07
Electric parameters
Phase resistance R 0.15 Q
Synchronous inductance L, 1.5 mH
No-load flux linkage Ao 0.19 Vs

The model is meshed using Gmsh [136]. The mesh comprises by 1677

nodes and 3473 triangular conforming elements. Stator and rotor boundary

curves toward airgap moving band region are discretized with 82 nodes each.

The meshed model is shown in Figure 4.1b. A zoom close to the airgap is also

reported, with the moving band region not meshed initially.

The complete case study is outlined in Fig. 4.2: the 2D non linear FE model
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Figure 4.1: 2D finite-element model of the SPM generator.

of the generator is coupled with a non linear circuit comprising a six-pulse
full-wave diode bridge rectifier and a possible load resistance R, modeled
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(a) Open-circuit operation.

AC 3-ph .

DC .

(b) Load operation.

Figure 4.2: Case study outline.

with lumped circuit elements. Since the simulation comprises only two di-
mensions, the contribution of end winding L., to synchronous inductance
should be considered. However, in this work end winding contribution is
taken into account only for phase resistance, whereas 3D inductive effects
are not considered, being their contribution negligible. Nonetheless, the com-
parison between TS and HB approaches remains valid, as the model used
for all the simulations is the same. Analyses are carried out in two different
operating conditions: at open circuit (Fig. 4.2a) and supplying a 16 Q2 DC load
resistance Ry, (Fig. 4.2b). In both conditions the generator is rotating at a fixed
speed of 6000 rpm, which corresponds to the rated value of the machine, thus
leading to a 300 Hz fundamental frequency. It is worthwhile to notice that the
machine phase resistances R, are modeled with lumped elements too, while
electromotive force generation and inductive effects are accounted by the
finite-element model. No lumped inductances or capacitances are included in
the coupled circuit.
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Figure 4.3: Modeling of non linearities.

4.2.1 Non linearities

Two non linearities are present in the complete model of the case study under
analysis: iron magnetic saturation in FE machine model and diodes non linear
voltage-current (VI) characteristic in coupled lumped elements circuit. Models
of non linearities are depicted in Fig. 4.3.

67



4. INVESTIGATION ON HARMONIC BALANCE METHOD

Non linear magnetic behavior of electrical steel is simulated with a conven-
tional single-quadrant BH curve. The characteristic used in the simulations is
reported in Fig. 4.3a, together with the associated relative permeability curve.

B = p,(H)uoH .

B and H are the magnitudes of flux density and magnetic field vectors, re-
spectively, while p1g = 4 - 10-" Hm™! is the air permeability and p, is iron
permability. Hereafter, iron non linearity is treated in terms of magnetic reluc-
tivity, as a more suitable approach in frame of the adopted formulation:

H = Z/T(B)V()B s

where the relative reluctivity is the defined as:
1

Vp = —,

,LLT‘
and 1y is air reluctivity. The iron is considered isotropic, even though the
treatment explained hereafter can be extended to generic anisotropic electrical
steel.

Diodes are modeled as non linear lumped resistances to approximate an
ideal VI characteristic, as depicted in Fig. 4.3b. When the current though
the diode ¢,, is positive, the element is conducting and its resistance Rp is
quite low (ideally a short circuit), leading to a small voltage drop v,,. On the
contrary, when the current is negative diode resistance is quite high (ideally
an open circuit), thus voltage across the diode is high.

Vp = RD(iD)iD :

0.1Q i, >0
Rp = 4 .
10°Q i, <0

4.2.2 2D AV formulation

A 2D quasi-static formulation in the magnetic vector potential is adopted
for the given model. The formulation is derived from magneto quasi-static
Maxwell equations in differential local form and materials constitutive laws,
coupled with lumped circuit elements characteristics and Kirchhoff laws.
Boundary and interface conditions are also fundamental in the whole FE
domain (£2). However, for the sake of brevity they are not reported. The curl of
the magnetic field & is given by current density j, in stranded coil regions (£2;),
considering also the coercive force field h. in permanent magnet subdomain

(Qpm)-
(v x B)Q - (v x BC)Q - (_33)9 : 1)

pm s

Since machine winding are modeled as stranded conductors, the current
density vector can be expressed as:

js = ksigs 3 (42)
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where i is the current vector flowing through the winding and ks, is a coeffi-
cient defined as the ratio between the number of equivalent series turns and
the cross section surface area of the winding coil, including slot fill factor:

N,
ks, = kfill?? .

In stranded conductors, the curl of the electric field € is given by the time
variation of the magnetic flux density vector:

(@), = (), =

s

Magnetic constitutive laws are generally non linear due to the presence of
iron saturation in non linear regions (2 ), even though many subdomains
have a linear relation, as in air regions (€2), machine slots (€2;) and permanent

(E)QNL - (Vr(za)yoa)m . (4.4)

In the case study under analysis, iron reluctivity depends only on the magni-

magnet (Qpm).

tude of the flux density B = ||b||, being the material isotropic and neglecting
any magnetic hysteresis phenomena.

Kirchhoff voltage law prescribes a null electric potential difference sum
along every loop of the coupled circuit domain §2.. Considering also diodes
characteristic, load resistance and generator electromotive force (emf), Kirch-
hoff voltage law can be expressed as:

((emf)ﬂs — R(i)i — RSiS)Q —0, (4.5)

c

where i, is the scalar current flowing through generator winding and the
resistance term R is generally current-dependent due to the presence of diodes
non linearity.

Magnetic vector potential a and electric scalar potential v need to be
defined to derive a suitable formulation for FE discretization. Flux density
field is the curl of magnetic vector potential, while electric field is the gradient
of electric scalar potential:

(=l

=Vxa

iy (4.6)

2
Since the FE model is planar (2D), magnetic field and flux density have only
z and y in-plane components. As a consequence, magnetic vector potential,
electric field and winding current have only z out-of-the-plane component.
Therefore, they can be treated as scalar quantities.
The substitution of (4.2) and (4.4) in (4.1) and the introduction of magnetic
vector potential lead to:

V x v(B)V X @ = —kg,is . 4.7)

i
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Accounting for (4.3) and introducing the magnetic vector and electric scalar
potentials, (4.5) becomes:

ke, 2 / adS, — R(i)i — Ryis =0, (4.8)
ot Jo.

where the first term on the left hand side represents generator emf, which is
expressed using the coefficient k, derived from stranded coil model as the
product between number of series turns and stack axial length divided by
cross section surface of winding coil:

N, ts L stk

kg, = etk
v SS

Considering the planar dimensionality of the problem and fundamental
identities of differential calculus, the general system of PDEs is finally derived
from (4.7) and (4.8) as:

V- (u(az)?az) =V X he — ks, is.

. 49
k. / daz g R(i)i = Ryis (*9)
v QS at z

Known terms are placed on the right hand sides. However, the only source
term of the model is permanent magnet coercivity h., whereas winding current
i, is coupled with the circuit domain. The unknowns are the z component
of the magnetic vector potential in the FE domain and the current through
each lumped element of the circuit domain, including generator winding.
Since current values on circuit branches are the unknowns in this formulation,
current loop method is adopted to solve circuit coupling, in both TS and HB
resolution approaches.

4.3 Methodology

In this section, the time stepping and harmonic balance discrete algebraic
equations (DAEs) are derived from the general PDEs in (4.9). The two resolu-
tion approaches are described, presenting also the handling of non linearities
and movement. Both simulation methods are implemented in GetDP [137].

4.3.1 Time stepping approach

Time stepping general DAEs are derived by weakening (4.9) with piece-wise
linear basis functions, adopting a Galerkin approach. DAEs obtained with this
procedure can be expressed as follows:

S(A,t)A = H, — K, I,

JA . (4.10)

K., "o — R(DI = R,
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Degrees of freedom vectors A and I contain n,, magnetic vector potential nodal
approximations and n. current values, respectively, where n,, is the number
of mesh nodes and n.. are the branches of coupled circuit. The coupling with
the external circuit is represented in weak discrete form by matrix K,, and
vector Kj,, that remind to the associated coefficients k5, and ks, in continuous
PDEs of (4.9). Permanent magnet coercivity is contained in H, vector.

The stiffness matrix S(A) can be expressed as the sum of three blocks:
a linear part $%", a non linear term due to iron saturation S™ and a time-
dependent contribution given by the moving band region S™®:

S(A,t) = 8" L 8™ (A) + 8™ (6(1)) . (4.11)

The coefficients of the linear block S'" are given by the magnetic reluctivity

of linear materials, such as air, permanent magnet and winding conductors,

while differential reluctivity tensor 77 is used for coefficients of S™:
7 — u(B) +2- 55 (4.12)
dB?

Thanks to this approach, the non linear block of the stiffness matrix can be
correctly treated by a Newton-Raphson scheme during the resolution. Moving
band gives a linear contribution that is recomputed for each rotor position.

The matrix R includes the linear load resistance and non linear diodes.
A particular treatment is not needed in this case, as in TS approach diodes
non linearity is not handled by Newton-Raphson scheme, because diode
resistances depend only on the sign of the current.

DAEs in (4.10) can be condensed in a unique system as follows:

M(X ()X (1) + N% —F(t), (4.13)

where matrix M has a diagonal structure given by stiffness and resistance
matrices, matrix N contains circuit coupling terms, vector X comprises all
Dofs and vector F' the input sources.

A Theta method with fixed time step is implemented to solve the system.
Time step is chosen equal to the following fraction of the fundamental period:

T 1

At=— =
360  360f, ’

thus resulting approximately in 0.01 ms over 3.3 ms of fundamental period.
Three fundamental periods are simulated and the last one is taken as steady-
state result.

4.3.2 Harmonic balance approach

The harmonic balance system is obtained by weakening (4.9) with harmonic
basis functions, e.g. in a Galerkin approach. Harmonic basis functions are
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defined as:

H(t) = [ho(t)ahl(t)v T 7hﬂh, (t)] =
= [1,0,cos(2m f1t), sin(2m f1t), - - -, cos(2m fr 1), sin(2m f 8)] ,  (4.14)

where n; is the number of non-zero frequencies, while ny, is the number of
harmonic basis function, which is given by:

ny = Q(nf + 1)

Zero-frequency basis functions are needed to handle permanent magnet
source term and electric quantities on diodes and DC side.
HB system can be expressed as [138]:

MHXH _ pH (4.15)

where the three matrix terms are expanded as follows:

M 0 0 0
0
ME=| t oy | 2N 0 20N |
0
0 o M| | o |
(4.16)
] o
", 0
AHl 7Ks,‘Ifl
M R,IH
x| |, FH- el (4.17)
AH K, IH,
L IH”f ] i RSIfnf

As it appears from previous expressions, damping time-dependent terms
are no more present, as HB computes directly a steady-state solution. Matrix
MH is made by the sum of two terms: a diagonal block matrix which is the
repetition of TS matrix M, and a second term which include TS matrix N
exploiting the orthonormality of harmonic basis functions. Thus, harmonic
stiffness matrix and resistances are comprised in the first term of M¥. Both
iron and diode non linearities are treated with a Newton-Raphson scheme,
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taking advantage of differential reluctivity and differential resistance, respec-

tively:
ohr, 2 (T oh
R 2 h () =dt 418
=7 momoga @18)
Ov, 2 T ov
- /O et () 5t (4.19)

with time integration performed numerically on a fundamental period with a
given integration step. Since moving band is a linear region, its contribution
is pre-assembled: .
SHme — % / S™e(0(t))hyhydt (4.20)
0

Vectors X# and FH contain Dofs and known terms respectively, with
the PM coercivity only on the zero-frequency component. The number of
harmonic Dofs is n,, X n;, and corresponds to matrix and vectors size. It is
worth noticing that matrix dimension is nj, x nj higher than TS approach.

HB analyses are performed increasing progressively the harmonic spec-
trum considered in the simulation. The nomenclature HBn,, indicates a HB
analysis up to the ny,, harmonic order in the figures and tables hereafter. It is
important to state that the whole model domain is split, with a different set of
frequencies considered for generator FE rotor and generator stator connected
to circuit. In particular, only DC component (zero frequency) and harmonic
orders multiple of six are considered in rotor subdomains, as predicted by
theory of synchronous machines, while the full spectrum is included in stator
and coupled circuit regions due to diodes non linear behavior. Normally, even
harmonic orders can be neglected in synchronous machines stators. However,
in the case study under analysis, stator is connected to a non linear circuit,
whose non linearity requires the full spectrum. The two domains with a differ-
ent set of harmonics are coupled at the nodes of moving band contour lines. A
significant reduction of the computational cost can be achieved by neglecting
frequencies that do not have any influence on certain subdomains.

4.4 Numerical results

The TS and HB simulations of the considered case study are carried out
in two operating conditions: supplying a resistance on DC side and at open
circuit. HB analyses are extended up to 36 harmonic frequencies (plus the 0 Hz
DC component).

The accuracy of HB simulations is assessed using TS steady-state results
as benchmark. Figure 4.4 shows phase current on generator side during load
operation. Waveforms are reported in both the time domain on a fundamen-
tal period (Figure 4.4a) and the harmonic spectrum (Figure 4.4b). For phase
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(b) Frequency-domain harmonic spectra.

Figure 4.4: Load AC phase current.

current, there is a good agreement between HB results and TS outcomes just
when frequencies up to 12th harmonic order are included in HB simulation,
as shown in Figure 4.4a. Indeed, the HB12 results have relative errors on
global RMS value and total harmonic distorsion (THD) of 0.45 % and 5.89 %,
respectively. Moreover, results are well in agreement with theory of balanced
symmetric three-phase systems, because AC quantities do not exhibit even
harmonic orders nor odd frequencies multiple of three, as it appears in Fig-
ure 4.4b.

The diodes behavior in rectifier load operation is depicted in Figure ??,
where current through a diode and voltage across the same diode are reported.
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(b) Current frequency-domain harmonic spectra.

Figure 4.5: Load current though a diode.

Oscillations around theoretical quasi-square waveform can be observed in
both the TS and HB results due to diode modeling. Current oscillations (see
Figure 4.5a) are present both during conduction (diode ON) and when diode
is reversed biased (diode OFF). During OFF state, relatively small current
oscillations lead to significant voltage fluctuations (see Figure 4.6a), because
of a quite high diode OFF resistance. Nevertheless, a good approximation of
TS waveforms is achieved also in this case, even though harmonic frequencies
included in HB simulation need to go up to the 36th order. Furthermore, it
is important to notice that diode waveforms comprise the whole harmonic
spectrum, considering current (Figure 4.5b) and voltage (Figure 4.6b) together,
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(b) Voltage frequency-domain harmonic spectra.

Figure 4.6: Load voltage across a diode.
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(b) Frequency-domain harmonic spectra.

Figure 4.7: Load DC output current.

which is the reason why no harmonic can be neglected in the stator and
coupled circuit.

Load current on DC output is shown in Figure 4.7. Note that TS results
are not accurate in evaluating current commutation effects on DC quantities,
mainly because of the fixed time step adopted in the TS approach. However,
mean values are accurate and TS outcomes are still taken as reference. Also
in this case, HB approximates TS waveform with a satisfying accuracy only
when a relatively high number of frequencies are included in the simulation,
as shown in Figure 4.7a. Relative errors on mean value (i.e. DC component)
and THD are 0.03 % and 2.16 %, respectively. Moreover, Figure 4.7b proves
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(b) Frequency-domain harmonic spectra.

Figure 4.8: Open-circuit DC output voltage.

again that simulation outcomes are in agreement with theory, as DC load
current has only a DC 0-frequency component (not shown in spectrum) and
harmonic orders multiple of 6, which produce a ripple period six times lower
than the fundamental one, as predicted by the analytical model of a six-pulse

diode rectifier.

Similar comments can be made about Figure 4.8, where open-circuit DC
voltage is shown both in time domain (Figure 4.8a) and frequency spectrum
(Figure 4.8b). The accuracy of HB simulations is evaluated as relative errors
on global average values, i.e. mean, RMS and THD, with respect to bench-
mark TS results. Outcomes are reported in Table 4.2 for AC phase and DC
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Table 4.2: HB accuracy benchmarked with TS results.

Relative errors (%)

HB sim. Load Load Open-circuit
phase current DC current DC voltage

RMS THD Mean THD Mean THD
HB6 0.39 6.28 1.20 178.24 1.20 106.81
HB12 0.45 5.89 0.78 18.12 0.78 34.49
HB18 0.41 0.81 0.32 11.35 0.30 14.75
HB24 0.13 0.22 0.17 8.28 0.17 7.63
HB30 0.06 0.17 0.09 4.18 0.08 3.41
HB36 0.02 0.14 0.03 2.16 0.03 1.99

Table 4.3: TS and HB computational performance.
Si Iterations  CPUtime  Cumulative time  Required RAM

im.
(min) (min) (GB)

TS ~5 4 41 41 0.2
HB6 11 2 2 2.5
HB12' 8 6 8 8.6
HB18' 8 11 19 185
HB241 8 21 40 32.2
HB30' 7 30 70 46.1
HB36' 11 58 128 48.1

TPreconditioning starting from previous HB solution.
Per time step.

output current in load condition, and open-circuit DC voltage. It can be clearly
seen that accuracy improves when expanding harmonic spectrum, as relative
errors diminish with the increasing harmonic presence from HB6 to HB36.
Furthermore, it can be noted that precision on mean and RMS values is always
below 2 %, whereas relative errors on THD are generally higher and many
frequencies are needed to reach a satisfying accuracy, in particular for DC
output quantities. Therefore, if the focus is on mean and RMS values, few
harmonics may be enough to get sufficient precision, whereas when accuracy
is required on the entire waveform, many frequencies must be included in HB
simulation, especially for DC quantities.

Finally, the computational performance is compared between the TS and
HB approaches in terms of simulation time and memory requirements. Results
are reported in Table 4.3 and Figure 4.9 when simulating load operation.
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Figure 4.9: Graphical comparison between TS and HB computational perfor-
mance on the case study under analysis.

Similar performance are observed in the open circuit condition.

As expected, HB always requires more RAM than TS, even with few fre-
quencies included in the simulation, as the size of the matrices involved in the
computation is higher. The requirement of 48.1 GB for HB36 may seem im-
pressive. Nonetheless, today it can be handled even by common workstations:
the simulations reported in this work have been performed with a desktop
computer featuring a 3.6 GHz CPU and a 64 GB RAM. Matrices size causes
also a slower convergence of Newton-Raphson algorithm. Indeed, the number
of iterations required by HB simulations is always higher than a single TS
analysis.

Nonetheless, the comparison of computational time is the most relevant
for the purpose of this work. A significant reduction of the CPU time is
achieved until HB30, considering each HB simulation alone. Hereto, HB30
takes about 11 min less than TS to run. However, HB simulations of the case
study under analysis need a proper preconditioning to reach convergence.
In this particular case study, the most effective preconditioning technique is
to use previous solution as preconditioner for the next one, considering the
harmonic orders of DC output quantities. In other words, the solution of HB6
is taken as preconditioner by HB12, and so on until HB36. As a consequence,
the actual computational time of each HB simulation must include also the
CPU time taken by all previous runs, i.e. the cumulative time, because all the
previous HB simulations must be performed before the current one to achieve
convergence. Therefore, an actual computational gain is obtained only up
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to HB24, which requires just one minute less than TS. However, accuracy of
HB24 is sufficient only in terms of mean and RMS values, whereas THD of
DC quantities is still far from TS results. Further investigations on the most
suitable preconditioning technique are needed.

The performance analysis in Table 4.2 and Figure 4.9 does not favor the
HB approach. However, it is fair to point out that the application at hand
exhibits relatively fast dynamics, i.e. a short transient, and it is therefore
not the best test case to highlight the advantages of HB approach. Indeed,
the electromagnetic time constant of the system, considering synchronous
inductance and all resistances is about ten times lower than a fundamental
period. As a consequence, TS needs to simulate only two periods to reach
steady state. In addition, the choice of a fixed time step scheme further reduce
TS CPU time, despite the less accurate approximation of DC quantities near
diodes commutations. Moreover, the HB implementation adopted in this work
is far from optimal with regard to the TS approach. A smarter implementation
could make the difference, especially when combined with a more suitable
diode model for HB handling, and an adapted solver and preconditioning.
Further efforts are needed in this direction.

4.5 Comments

This work assesses the capabilities of harmonic balance approach in simulating
a real-world engineering application, with respect to mainstream time step-
ping method. The case study comprises a 12.5 kVA SPM generator connected
to a full-bridge diode rectifier. A three-phase system is chosen to increase
problem complexity. The system is simulated both at load and open circuit.

The application of HB to a problem that includes movement and non
linearities both in FE model and coupled circuit is extensively discussed,
starting from continuous PDEs until final DAEs. Implementation details are
also presented.

The accuracy of HB simulations is evaluated in comparison with TS re-
sults, progressively expanding the number of frequencies considered in the
computation. HB can handle non linear problems with movement and circuit
coupling with a satisfying precision, both in terms of mean and THD values.

However, TS outperforms HB in the given case study. Indeed, computa-
tional performance of HB are heavily affected by non linearities in lumped
parameters, i.e. power electronics components like diodes. Moreover, effec-
tiveness of HB strongly depends on an efficient implementation. Finally, the
chosen application definitively favors TS, because of the relatively fast dy-
namic responsiveness. Systems with longer initial transients may benefit more
effectively of HB approach.

Although, study of HB preconditioning techniques and solvers is still
needed.
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Electrification of off-road working vehicles is a hot research topic in industry
and academia. Among others, agricultural machinery have some peculiarities
that make the introduction of more electric drives in their drivetrains par-
ticularly challenging, if not unfeasible. Furthermore, methodologies for the
design of the main electric components of these high-voltage electromechan-
ical systems are not well assessed yet. About this point, fast computational
procedures may have a significant impact in reducing development costs and
product time to market.

The main contribution of this thesis consists in the development of a
method to evaluate the technical and economic feasibility of hybrid electric
tractors based on life cycle cost analysis. A comprehensive technology review
is also reported, focusing on proposals for the introduction of more electric
drives in agricultural tractor powertrains. Trends and perspectives are ex-
tensively discussed, highlighting the most promising and feasible solutions
in terms of fuel consumption reductions, field efficiency and performance.
Finally, potentialities of harmonic balance numerical method are investigated
on an application related to the main topic of this thesis.

5.1 Key findings of the thesis

A life cycle cost analysis is applied to evaluate electrification feasibility of
three tractors with different power size and operating cycles. A parallel hybrid
electric configuration is taken as reference, and costs are compared to conven-
tional counterparts. A wide variety of feasible prices for the main powertrain
components is considered on the three different case studies. Engine down-
sizing or electric drive exploitation is varied too, depending on the tractor
category. It emerges that significant savings can be obtained from powertrain
electrification of specialized tractors for orchard and vineyards, as they often
perform low-power tasks, even though operating cost reductions are lower
than for road vehicles, e.g. passenger cars and trucks. On row crop tractors,
which perform more power-intensive operations, operating cost savings are
insufficient to gain relevant reductions of life cycle cost, leading to payback
time that may be not competitive, when adopting realistic price combinations
for powertrain components. Therefore, parallel hybrid electric layouts are
not suitable for this category of tractors, and electrification should probably
regard only auxiliaries and implements, exploiting series and power split
architectures.

The developed method allows the evaluate of a safety margin for which a
hybrid tractor remains profitable, i.e. how much of a price variation is possible,
for a certain cost source, without resulting inconvenient compared to the
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non-hybrid conventional counterpart. Although a limited number of engine
downsizing values received an extensive analysis, the proposed methodology
is valid for future more exhaustive economical feasibility studies, focusing
also on other powertrain structures, especially when uncertainty occurs on
components and energy costs.

The capabilities of harmonic balance (HB) approach are assessed in simu-
lating a real-world engineering application, with respect to mainstream time
stepping (TS) method. The case study comprises a three-phase SPM generator
connected to a full-bridge diode rectifier. The application of HB to a prob-
lem that includes movement and non linearities both in finite-element model
and coupled circuit is extensively discussed, reporting also implementation
details.

Accuracy of HB simulations is evaluated in comparison with TS results,
progressively expanding the number of frequencies considered in the com-
putation. HB can handle non linear problems with movement and circuit
coupling with a satisfying precision, both in terms of mean and THD values.
However, TS outperforms HB in the given case study. Indeed, computational
performance of HB are heavily affected by non linearities in lumped parame-
ters, i.e. power electronics components like diodes. Moreover, effectiveness of
HB strongly depends on an efficient implementation. Finally, the chosen ap-
plication definitively favors TS, because of the relatively fast dynamic respon-
siveness. Systems with longer initial transients may benefit more effectively
of HB approach.

5.2 Future developments

This dissertation aims to provide solid fundamentals for engineers dealing
with electrification of agricultural tractors. Despite the topics and results
discussed throughout this thesis, many insights deserve a deeper analysis,
and some new paths may be foreseen.

Feasibility studies on the profitability of hybrid electric tractors could be
extended to other case studies and layouts. Energetic models could be greatly
improved with the availability of a larger and more structured database of field
measurements: system modeling of agricultural machinery would particularly
benefit of such data. Energy management strategies and high-level control
schemes are other aspects that have received little attention.

The development of electromechanical power take offs together with the
introduction of electric drives on implements is emerging as a key milestone
in the electrification of agricultural machinery, thanks to the potentialities of
these systems in improving field efficiency and enabling new functionalities,
especially when precision agriculture principle and a high level of automation
are implemented. Electric interfaces between tractor and implements are still
not standardized. Therefore, this topic is widely open to novel proposals.

84



5.2. FUTURE DEVELOPMENTS

Electrification of agricultural implements, in particular, deserves a deeper and
more structured investigation. Moreover, low-level control algorithms deserve
proper investigations, as high-voltage systems may feature many intercon-
nections between different electric drives, posing instability and reliability
issues. Furthermore, electromechanical ground drive transmissions remains
interesting for research and development.

Design aspects of specific components should be further explored. The
thermal behavior of electric machines and power converters is of paramount
importance in systems with a high level of integration and significant overload
requirements. In addition, environmental conditions of agriculture operations
may be very challenging for electric components. Thus, performance in a
harsh environment should be carefully assessed.

Finally, promising solutions and analytical results should be corroborated
by experimental testing on whole tractors, entire powertrains, or single subsys-
tems and components. In applied engineering research, working on practical
development of relevant case studies gives more value to final outcomes, as
every concept and result is proven on reality. In addition, practical experience
eases the discovery of issues and problems that may arise in the application
under study, thus opening unexplored paths toward knowledge and progress.
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