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Reduction of both pollutant emissions and fossil fuel dependency is an objective of energy policies world-
wide. In many countries, governments promote the use of efficient vehicles like the hybrid electric vehi-
cle. Incorporation of electric drives in tractor and agricultural machinery presents advantages in terms of
increased energy efficiency and expanded functionalities. Higher efficiency means reduction in fuel con-
sumption and subsequent decrease in CO2 emission. New functionalities improve work quality and
increase operator comfort. Tractor electrification takes advantage of decoupling loads and drives from
the engine, which allows operating the latter at its highest efficiency point. Major advantages of machin-
ery electrification are torque and speed control, noise reduction, and a more flexible design. In this paper,
a review of the state-of-the-art of agricultural machinery high voltage electrification is presented.

� 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The automotive industry is devoting considerable research
efforts to reduce emissions and fossil fuels dependency without
sacrificing drivability [1,2]. Likewise, many researchers and manu-
facturers have worked on reducing the energy consumption of
agricultural machines without compromising their functionality
and performance [3].

The European Union first introduced mandatory CO2 standards
for new passenger cars in 2009 [4]. This regulation set a
2020-onwards target of 95 g CO2/km as average emissions for the
new car fleet. Emission of NOx and diesel particulate matter has
been regulated since the early 1990 s for passenger cars [5], and
since the mid-1990 s for off-road vehicles [6], with emission limits
becoming increasingly tighter [7].

To reduce NOx and particulate matter emissions of diesel engi-
nes, manufacturers have developed technologies like selective cat-
alytic reduction, diesel oxidation catalyst, cooled exhaust gas
recirculation, and exhaust particulate matter filter [8]. Reitz and
Duraisamy [9] stated that innovative in-cylinder combustion
strategies and exhaust emission after-treatment systems are
required to meet stringent emissions regulations. Du et al. [10]
reported on a compound combustion mode featuring lower NOx

http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2016.02.018&domain=pdf
http://dx.doi.org/10.1016/j.enconman.2016.02.018
mailto:guillermo.moreda@upm.es
http://dx.doi.org/10.1016/j.enconman.2016.02.018
http://www.sciencedirect.com/science/journal/01968904
http://www.elsevier.com/locate/enconman


Nomenclature

Abbreviations
AC alternating current
A/C air-conditioning
AEF Agricultural Industry Electronics Foundation
BEV battery electric vehicle
CNG compressed natural gas
CVT continuously variable transmission
DC direct current
EDV electric-drive vehicle
FCV fuel cell vehicle
HEV hybrid electric vehicle
HF hybridization factor
HHV hybrid hydraulic vehicle
ICE internal combustion engine
M/G motor/generator
PEV plug-in electric vehicle

PHEV plug-in hybrid electric vehicle
PTO power take-off
PVEV photovoltaic electric vehicle
RESS rechargeable energy storage system
SAE Society of Automotive Engineers
TTW tank-to-wheel

Symbols
M torque
P power
P/W power/weight (power-to-weight ratio)
r/min revolutions per minute
1� single-phase
3� three-phase
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and particulate matter emissions than the conventional diesel
engine, and higher efficiency than the typical spark-ignition
engine. Their system was based on cooperative control of exhaust
gas recirculation and combustion phasing of gasoline/diesel
blended fuels.

To reduce net CO2 emission, partial substitution of biodiesel and
pure plant oil fuel for fossil diesel-fuel is an appealing option
[11,12]. According to Flórez-Orrego et al. [13], the addition of
5–7% v/v of biodiesel to fossil diesel fuel is compulsory in the
Brazilian transportation sector since 2012.

Common-rail fuel injection has led to higher efficiency diesel
engines [14,15]. More recently, hybrid electric vehicles (HEVs)
have gained popularity because they have reduced the fuel con-
sumption and the exhaust gas emission of automobiles [16–18].
Ao et al. [19] proposed a weighted cost function of fuel economy
and NOx emissions for a HEV. Compared with the strategy of max-
imizing only fuel economy, the combined fuel economy-NOx opti-
mization strategy yielded a 15.2% reduction in NOx emission at the
cost of increasing fuel consumption by 5.5%. This result is in agree-
ment with Clark [8], who stated that NOx and particulate matter
emissions requirements are not fully aligned with efficiency
requirements. Yet analogously Janulevičius et al. [20] reported a
NOx distribution between effective ploughing and headlands
maneuvering of 69.4% and 30.6%, respectively; while the CO2 share
was of 84.6% and 15.4%, respectively.

Prior to 1955, automobiles used 6 V batteries [21]. Thereafter,
impelled by the ever-increasing demand of electric power, the
12 V battery charged by a 14 V alternator took over.1 This change
was motivated by practical reasons: transmitting high power at
low voltage entails high current and subsequent large conductor
cross-sectional area. This is expensive, adds weight to the vehicle
and occupies more space.

Apart from the conventional safety-extra-low-voltage 12 V
direct current (DC) system, HEVs include a higher voltage battery
(e.g. 201.6 V in Toyota Prius Hybrid 2010-3rd generation) for vehi-
cle propulsion. Hereinafter the term high voltage is used for any
wiring systemwhich contains one or more circuits operating above
60 V DC or alternating current (AC) root-mean-squared, as defined
by the Society of Automotive Engineers (SAE, [22]). The terms high
1 Some trucks use a 24 V DC electrical system, powered either by a 24 V off-the-
shelf battery or by two batteries of 12 V connected in series. On the other side, the
possibility of using a 36 V battery charged by a 42 V alternator on luxury automobiles
has been a recurrent topic during the last decades.
voltage battery and traction battery are regarded as synonymous.
Analogously, traction alternator means a high voltage generator
devoted to power propulsion motors.

Demirdöven and Deutch [23] forecasted a swifter pace of adop-
tion for HEV technology compared to fuel cell vehicle (FCV). Since
2004 their previsions have been confirmed, and today most auto-
mobile manufacturers offer at least one HEV model in their pro-
duct palette. Simpson [24], taking the conventional internal
combustion engine (ICE)-vehicle as the baseline, reported a fuel
economy of 45% for the plug-in hybrid electric vehicle (PHEV),
higher than HEV’s 30%. Worldwide, there is general agreement in
that the following natural step in vehicle electrification is the
PHEV.

Walkowicz et al. [25] reported results of 13-month comparative
field study between five conventional diesel tractors and five
parallel-HEV tractors of the Coca-Cola Refreshments delivery
trucks fleet. The five diesels and the five hybrids drove similar
cycles with similar kinetic intensity, average speed and stops per
mile. The HEV group yielded a 13.7% fuel economy improvement
over the diesel group. Barnitt [26] compared in-use performance
of hybrid-electric, compressed natural gas (CNG) and diesel buses
at New York City Transit. He concluded that second generation
hybrids exhibited 43% and 22% better fuel economy than the
CNG and diesel buses, respectively. Although on-road vehicles
are second to none as to electrification, a bunch of remarkable high
voltage applications can be found in the fields of mining, earth-
moving, construction, forestry, and agricultural machinery.

In 1974, Terex started marketing their Titan, a diesel-electric
mining haul dump truck [27]. The term diesel-electric is used for
those vehicles that have an electrified powertrain but lack high
voltage batteries. In 2014 BELAZ started marketing their 75710,
the largest dump truck manufactured to date, with a payload
capacity of 450 t. This truck has two traction alternators, each one
of 1704 kW, and four traction motors, each of 1200 kW. According
to Chadwick [28], diesel-electric mining dump trucks outperform
their mechanical-drive counterparts, especially on steep grades.

Earthmoving machinery manufacturers have developed some
diesel-electric or even hybrid-electric model. Johnson et al. [29]
compared emissions of Caterpillar D7E diesel-electric bulldozer
with its conventional counterpart. They obtained that CO2 emis-
sion of the diesel-electric bulldozer ranged from a 28% lesser to a
2% higher than the conventional, depending on push-distance
and push effort. However, NOx emissions of the diesel-electric
were 7–21% higher than the conventional bulldozer. The latter



Fig. 1. Areas of tractor and agricultural machinery high voltage electrification,
surrounded by key technologies involved.
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shortcoming is in accordance with the aforementioned misalign-
ment between NOx emissions and efficiency requirements [8,19].
Komatsu developed the HB205-1 and HB215LC-1 hybrid-electric
excavators, which are capable of recovering energy during the
excavator slewing motion and store this energy in ultracapacitors.
Filla [30] reported a fuel economy of 10% for Volvo L220F Hybrid
wheeled loader over its conventional counterpart.

In the last years, there is an increasing interest in tractor and
agricultural machinery electrification [31–40]. In 2002, the Agri-
cultural Industry Electronics Foundation (AEF) developed the
ISO11783 (ISObus) standard to promote compatible communica-
tions between tractor and implements of any manufacturer. Nowa-
days, the AEF is working on a standard for compatible electric
power interfacing between agricultural tractor and implements.
A number of tractor and agricultural machinery manufacturers
have developed some diesel-electric or even hybrid-electric proto-
type in the last years. To cite a few, we have the hydrogen fuel cell
tractor by New Holland, the John Deere 7430/7530 E-Premium and
6210RE electrified tractors, the diesel-electric Belarus 3023 tractor,
the X-Concept tractor by Fendt, the UX-eSpray electric sprayer and
the EDX electric seeder by Amazone, the AXIS-E drive electric fer-
tilizer spreader by RAUCH, the E-Rogator diesel-electric self-
propelled sprayer by AGCO, the TF 40.7 Hybrid telescopic handler
by Merlo, etc.

According to Buning [41], the areas of tractor electrification
using high voltage can be divided into four groups, namely, engine
auxiliaries or non-propulsion loads; traction drives; energy storage
for electric drives; and implement electrification (Fig. 1). Sections
in the present review follow that order, where tractor-engine-
based generation of electric energy for electrified implements has
been included in the engine auxiliaries section.
2. High voltage electrification of agricultural tractor

2.1. Hybrid vehicle rationale

A hybrid is defined by SAE as a vehicle with two or more energy
storage systems both of which must provide propulsion power –
either together or independently. Apart from HEVs, other types
of hybrids exist, like the hybrid hydraulic vehicle (HHV). SAE [22]
defines a HEV as a road vehicle that can draw propulsion energy
from both of the following sources of stored energy: (1) a conven-
tional fuel and (2) a rechargeable energy storage system (RESS)
that is recharged by an electric motor-generator system, an
external electric energy source, or both. In a strict sense, the
expression ‘conventional fuel’ in SAE definition would constraint
the term HEV to vehicles with spark-ignition or compression-
ignition engine as the primary energy source. However, United
Nations definition of HEV [42] speaks of consumable instead of
conventional fuel. On this basis, the primary energy source in a
HEV is not necessarily the engine hydrocarbon fuel – or biofuels,
but can also be the hydrogen fed to a fuel cell. While the ICE is a
generator of mechanical energy, the fuel cell is an electric genera-
tor. For the purpose of this review, United Nations definition of
HEV is preferred.

Nemry et al. [43] used the term electric-drive vehicle (EDV) for
any vehicle in which mechanical power is supplied to the drive
wheels by an electric motor that is powered either solely by a RESS
or in combination with an engine or a fuel cell. According to those
authors, the EDV would encompass five types of vehicle, namely,
battery electric vehicles (BEVs), HEVs, PHEVs, FCVs, and photo-
voltaic electric vehicles (PVEVs). However, three more types of
EDV can be considered (Fig. 2). Although intrinsically the fuel cell
can deliver power up to important transients, some of its auxil-
iaries like the air compressor and the hydrogen humidifier cannot
follow unlimited load transients [32]. Therefore, for the fuel cell to
be practical in a vehicle, it needs to be hybridized with an RESS
[44,45]. From the eight types of EDV included in Fig. 2, four of them
belong to the subset of the plug-in electric vehicles (PEVs).

In practice, there is an easy way of determining whether a vehi-
cle is a hybrid or not. For example, Technical University of Madrid
hosts a straddle over-the-row four-wheel-drive hydraulic tractor.
In this tractor, engine mechanical power is converted to hydraulic
power through several engine-driven pumps; then the oil is
pumped to four hydraulic motors, one per wheel. Since this tractor
lacks a hydraulic energy accumulator it is not hybrid-hydraulic, but
diesel-hydraulic. Being a diesel-hydraulic, tractor propulsion
requires that the engine is spinning, unlike a hybrid. Interestingly,
Caterpillar intentionally did not include the label hybrid in the
bodywork of the diesel-electric bulldozer aforementioned, because
that bulldozer does not include energy reservoir other than the
diesel fuel [46].

Albeit HEVs are the mainstream in literature and the prevalent
object of research projects funding, HHVs have encountered a
number of successful applications, like refusal trucks and excava-
tors [47,48]. The main improvement made in hydrostatics during
the last years has been the use of proportional solenoid valves
and electronic controls. Electric motors on their behalf have made
remarkable progress through the increase in their power/weight (P/
W). However, in many cases electric motors are still far from
hydraulic motors as to P/W. As shown in Table 1, orbital or geroler
hydraulic motors have a P/W almost eightfold better than the near-
est electric motor, viz. the synchronous permanent magnet,
although the latter greatly outperforms the orbital hydraulic motor
as to efficiency (92% vs. 71%). On the other hand, Table 1 also shows
that there is no much difference in either efficiency or P/W
between radial piston hydraulic motor and synchronous perma-
nent magnet motor. Fluid motors present the advantage that the
own working fluid acts as a coolant. This is not the case for electric
motors, which need a dedicated coolant, be it air, water, or oil. Ryd-
berg [48] stated that the only aspect in which electric motor out-
performs hydraulic motor is in the integration with control
electronics, which is more straightforward for the electric motor.

The HEV engineering philosophy is a holistic one, or ‘1 + 1 > 2’
[49]: Smart integration of engine, mechanic and electric power-
trains can lead to increased energy efficiency, i.e. reduction of fuel
consumption and subsequent decrease in CO2 emissions. The inte-
gration level of electric drives and power electronics into the
mechanical powertrain indicate the degree of hybridization [31].
The hybridization factor (HF) for a vehicle is defined [50] as:



Fig. 2. Types of electric-drive vehicles, and the subset of plug-in electric vehicles.

Table 1
Efficiency and power-to-weight ratio for electric and hydraulic motors of comparable
mechanical power. Compiled by the authors from technical catalogues of the
companies listed at table footnote.

Type of motor Efficiency
(%)

Output power,
P (kW)

Weight,
W (kg)

P/W
(kW/kg)

Synchronous,
permanent
magneta

92.0 12.0 49.0 0.24

Induction, cage rotorb 90.2 11.0 97.0 0.11
Reluctance,

synchronousc
93.3 11.0 69.0 0.16

Hydraulic, orbital or
gerolerd

71.0 11.0 5.9 1.86

Hydraulic, radial
pistone

89.0 12.0 40.0 0.30

a Emerson (Dyneo�).
b,c ABB.
d Danfoss.
e Rexroth.
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HF ¼ Pelectric=ðPelectric þ PICEÞ ð1Þ
2 In fact, most automobiles replaced mechanical with electric fan many years ago.
But the conventional automotive electric fan has only on-off functionality.
where Pelectric is the electric drive power, and PICE is the engine
power.

According to the value of HF, HEVs are classified as microhy-
brids (0 < HF < 0.1), mild hybrids (0.1 < HF < 0.25), full hybrid
(0.25 < HF < 0.5), and PHEVs (0.5 < HF < 0.7). The value HF = 0 is
for a conventional engine vehicle, whereas HF = 1 is the case of a
‘pure’ electric vehicle like the BEV.

Somà et al. [51] proposed a specific hybridization factor for
working vehicles like telescopic handlers, which not only demand
power for vehicle propulsion but also for acting bucket hydraulic
cylinders. The pump of the bucket hydraulic circuit can be powered
directly by the ICE or by an electric motor. Focusing on the second
case, they proposed a loading hybridization factor, HF2, following
Eq. (1). They also calculated the propulsion hybridization factor,
which they called HF1. Assuming a duty cycle with equal distribu-
tion of time devoted to propulsion and loading work, they calcu-
lated the vehicle overall hybridization factor as the arithmetic
mean of HF1 and HF2.
2.2. Engine auxiliaries and energy generation for electrified
implements

A first milestone in tractor hybridization is to drive diesel
engine ancillaries electrically. The aim is to decouple traditional
mechanical-driven non-propulsion loads, like the radiator cooling
fan, water pump, or air-conditioning (A/C) compressor, from the
engine. By decoupling these loads, parasitic losses are reduced
and overall efficiency increases. Furthermore new functionalities
arise, like the electric fan, which can be easily reversed to clean
dust and debris from the radiator. It could seem that converting
a mechanical load to electric is inefficient, because of the addi-
tional losses associated to generation of electricity and subsequent
final conversion to mechanical energy. Nevertheless, those losses
are compensated for by the fact that being electric, the loads can
be switched on and off, or even better, speed up and down, on
demand.2 Mitchell et al. [52] compared a state-of-the-art cooling
system including adjustable-speed electric fan and water pump,
with conventional – i.e. less electrified – cooling systems. They con-
cluded that the state-of-the-art cooling system outperformed the
others with regards to warm-up time, temperature tracking, and
energy consumption.



3 Although in-wheel motors – generally designed as outer-rotor, inner stator – have
many advantages, they also have a shortcoming, especially for on-road vehicles:
Introducing the motor into the wheel hub increases wheel weight, which is inversely
proportional to its ability to follow road profile [62]. Fortunately, this effect is
partially compensated for by the fact that friction brake are lighter in HEVs, because a
high share of the braking torque is exerted by the motor, via regenerative braking.
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John Deere 7430/7530 E-Premium tractors feature a three-phase
(3�) 480 V-20 kW induction generator mounted directly to the
132 kW engine flywheel. Generator production is partially con-
sumed by two 3� 480 V engine auxiliaries [53,54]; these
adjustable-speed non-propulsion loads are the radiator fan and
the A/C compressor. Moreover, the 7430/7530 E-Premium includes
two power interfaces at the tractor rear side, one of them 230 V
AC single-phase (1�) and the other 3� 400 V AC. These power
interfaces could be used to power some electrical equipment with
the tractor at standstill. For example, one could utilize the 3�
interface to power an arc-welding machine. Although it would be
more efficient to power the welding machine from the
machinery-building mains, eventual supply from the tractor may
be useful. For example, tractor operator might need to weld a bro-
ken part of a plough or other implement in the field. By connecting
the welding machine to the tractor power interface, the need for a
portable gen-set is circumvented.

Pessina and Facchinetti [55] compared the fuel consumption of
7530 E-Premium and its conventional counterpart in two working
scenarios: field harrowing and on-road towing of a trailer. The
E-Premium yielded a fuel economy of 4% over the conventional
tractor in the harrowing work, while in the trailer road transport
work the difference was of 16%. John Deere sequel in relation to
high voltage electrification was their 6210-RE [36], whose topology
is of the type depicted in Fig. 3a. The rated voltage of the 6210-RE
DC-link is 700 V, and this tractor equips two implement inverters,
each of which is able to provide DC or AC power up to 20 kVA and a
current up to 26.5 A [56].

In the last years, turbocompounding technology has received
considerable attention [57], as a way of increasing vehicle overall
efficiency. Turbocompounding consists of harnessing the energy
of engine exhaust gases, so that, after leaving the turbine of the
turbocharger, they make spin a second turbine which is connected
to an electric generator (Fig. 4). Interestingly, another way to har-
ness the energy of exhaust gases is through a thermoelectric gen-
erator, based on the Seebeck effect. This presents the advantage
over other waste heat recovery systems like the turbocharger, elec-
tric turbocompounding, or Rankine cycle, of including no moving
parts [58].

2.3. Traction drives

Both HEV and PHEV driveline topology can be of any of three
types: Parallel, series (Figs. 5 and 6), and series-parallel. The paths
of mechanical and electrical power are parallel and tandem to each
other in the parallel and series architecture, respectively. The so-
called complex, split-parallel, and power-split (Fig. 7) configurations
are variations of the series-parallel topology.

In the parallel architecture, mechanical and electrical powers
can drive the transmission together or separately [59]. In this
topology, there is one electric machine, which acts both as motor
and generator (M/G). One disadvantage of parallel architecture is
that when the M/G is powering the wheels, it cannot charge the
battery. For agricultural tractors, which not only need to propel
themselves but also have to transfer power to implements, a ded-
icated generator is of paramount importance. Therefore, the paral-
lel architecture will not be further discussed here.

A first drawback attributed to the series architecture is that the
engine, the generator and the motor are sized to handle the full
power of the vehicle. Therefore, the total weight, cost and size of
the powertrain can be excessive. A second shortcoming is that
the engine power has to flow through both the generator and
motor (Figs. 5 and 6). Total efficiency is therefore affected, due to
the several energy conversions. However, series topology has some
important advantages. First, since there is no mechanical link
between the engine and the wheels, the engine-generator set can
be located anywhere. Second, the realization of a continuously
variable transmission (CVT) is possible [60,61]. Third, conventional
mechanical elements like gearbox or transmission shafts are not
necessary; therefore, electric in-wheel motors can be implemented
easily3 (Fig. 6). When all four wheels are driven individually, greater
tolerance is afforded with regard to different tire radii as well as
reduced tire wear. Furthermore, active traction control for each
wheel helps protect the soil and increase traction. For example, the
Rigitrac EWD120 is a diesel-electric tractor featuring four 33 kW
motors, one in each wheel, plus an 85 kW generator [63]. Husson
et al. [64] patented a design of this type, with the particularity that
the PTO could be, partially, driven electrically. Belarus 3023 [65] fea-
tures a series topology, with one motor combined with mechanical
transmission at the final part of the driveline, similar to the design
shown in Fig. 5. Individual all-wheel-drive allows for torque vector-
ing [66].

Florentsev et al. [65] and Puhovoy [67] reported results of com-
parative test between Belarus 3023 diesel-electric prototype trac-
tor and its conventional under-load shift stepped gearbox
drivetrain counterpart. Both tractors mounted tires of the same
size and tilled a same depth of soil with the same plough. Specific
fuel consumption was 10.8 kg/ha for the diesel-electric prototype
and 13.2 kg/ha for the conventional tractor. The difference was
therefore 2.4 kg/ha, which divided by 13.2 kg/ha yields an 18% fuel
economy for the diesel-electric. Furthermore, the prototype
optionally featured a front PTO driven by an adjustable-speed drive
electric motor, which provides progressive start functionality.

Farkas [68] developed a testing method for hydrostatic-
mechanical power-split CVT simulation. He concluded that experi-
ence gathered from the modeling of power-split CVT could be
adapted to hybrid-electric powertrains. Comprehensive reviews
on power-split CVTs applied to agricultural tractors can be found
in Renius and Resch [69], Farkas and Kerényi [70], or Linares
et al. [71]. Most literature and commercial developments on
power-split CVT applied to tractor deal with the hydraulic pump-
motor pair instead of the electric generator-motor pair. Moreover,
aforementioned literature does not contemplate energy storage i.e.
powertrain hybridization.

Power-split (Fig. 7) combines the advantages of series and par-
allel topologies. The main principle behind power-split architec-
ture is the decoupling of the power supplied by the engine from
the power demanded by the vehicle driver. At lower speeds, the
system operates as a series powertrain, while at high speeds,
where the latter is less efficient, the engine takes over. In the
hydrostatic-mechanical CVTs reviewed e.g. by Linares et al. [71],
no hybridization is contemplated: To operate, the engine must be
turned on, and at high speeds the mechanical branch – rather than
the engine as in a hybridization context – takes over. Rossi [72]
designed an electronic-CVT (e-CVT) based on coaxial and concen-
tric arrangement of the two electric machines, viz. the generator
and the motor. This e-CVT was proposed as a solution for full
hybrid transmission of specialized agricultural tractors in Rossi
et al. [39]. Barucki [73] built a test-bench to compare series and
input-coupled power-split electric powertrain configurations. Effi-
ciency of the power-split configuration was up to 8% higher than
that of the series-hybrid.

Ca. 1960, Allis-Chalmers developed a fuel cell tractor [74]. In
2009, New Holland presented their NH2TM fuel cell electric tractor
[75]. In 2011, they presented the second version of the hydrogen



Fig. 3. Basic system architecture with inverters (motor adjustable speed drives) on the tractor (a), which requires AC 3� high voltage interface at the tractor rear side; and
with inverters on the implement (b), which requires DC high voltage interface at the tractor rear side. For the sake of simplicity, only one adjustable speed drive has been
represented in either case.
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electric tractor. Compared to the first version, the rated power sup-
plied by the fuel cell was increased from 50 kW to 100 kW [76].
The second version NH2TM tractor equips two electric motors:
one for traction and one to power the PTO and hydraulic circuit
pump. Each electric motor features a rated power of 100 kW, with
nominal efficiency of 96%. The tank can hold 8.2 kg of H2 at a pres-
sure of 350 bar. This tractor also equips a 300 V–12 kW h Li-ion
battery (12,000W h/300 V = 40 A h) with a peak power output of
50 kW. Gallmeier and Auernhammer [77] compared overall effi-
ciency i.e. tank-to wheel (TTW) efficiency of different drivelines
based on different primary energy sources. When the primary
energy converter is a fuel cell, TTW efficiency can reach 50%, which
is rather higher than 32%, the maximum TTW efficiency corre-
sponding to a diesel engine. Tritschler et al. [32] investigated the



Fig. 4. Scheme of turbocompounding system. The electric loads/drives connected to the DC power bus can be either DC motors or AC motors powered by inverters (adjustable
speed drives).

Fig. 5. Series continuously variable transmission with one traction motor, for hybrid-electric and plug-in hybrid electric tractors. PCU stands for power control unit.
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potential of a fuel cell hybrid drive train for agricultural tractors.
They addressed optimization of energy flux in order to increase
the efficiency and to reduce the stress on the fuel cell.

Table 2 includes a comparison among four of the diesel-electric
and hybrid-electric agricultural tractors abovementioned.
4 Which in turn is an expression of the Law of Conservation of Energy.
2.4. Energy storage

Both from economic and environmental point of view, the only
energy that a ground vehicle should waste is that required for over-
coming frictions. Energy consumed in accelerating and climbing
slopes should be recovered at decelerating and descending slopes.
Friction occurs against air and ground; the latter is called rolling
resistance. Compared toon-roadvehicles, apart fromthe internal roll-
ing resistance due to tire deformation, agricultural tractors are sub-
jected to an external rolling resistance due to soil deformation [78].

On urban cycle, full hybrid-electric powertrains based on
power-split CVT have demonstrated their ability to reach 40% and
higher fuel economy compared to conventional driveline based on
engine and gearbox [39]. HEVs recover energy by means of regener-
ative braking, a consequence of Faraday–Lenz law.4 Regenerative
braking relies upon rotary electric machines being reversible. When
the electric machine consumes electricity, it operates as a motor,
thereby generating positive torque. Conversely, when it produces



Fig. 6. Series continuosly variable transmission with four traction motors, one per wheel, for hybrid-electric and plug-in hybrid electric tractors.

Fig. 7. Input-coupled power-split continuously variable transmission, for hybrid-electric and plug-in hybrid electric tractors.

Table 2
Diesel-electric and hybrid electric tractors.

Tractor Primary power
source

High voltage
battery

Powertrain architecture Degree of hybridization Reference

Belarus 3023 Diesel engine No Series CVT with one traction motor [65,67]
John Deere 7430/7530

E-Premium
Diesel engine No Conventional Micro hybrid (480 V AC engine

auxiliaries)a
[36]

Rigitrac EWD 120-Diesel
Electric

Diesel engine No Series CVT with four traction motors, one
per wheel

[63]

New Holland NH2TM Hydrogen fuel cell Yes (300 V, Li-ion) CVT with one traction motor Fuel cell hybrid electric vehicle [76]

a Namely, the radiator fan and the A/C compressor (while the water pump is driven by a 12 V DC motor).
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negative – braking – torque is because it is generating electricity. The
electric machine operating as a generator charges battery by regener-
ative braking or absorbing engine power when engine output is
greater than that required to drive the wheels [79].

Hoy et al. [80] discussed the possibility of adding GPS informa-
tion to the powertrain management system.With respect to hybrid
tractor energy storage, this would allow to draw energy from the
batteries before start climbing a slope, taking into account that
when descending the slope regenerative braking would recharge
the batteries.

Apart from fuels (hydrocarbons, biofuels, hydrogen), there are
several ways to store energy on-board a HEV, namely electrochem-
ical batteries, ultracapacitors or supercapacitors, and flywheel
(Fig. 8). The Ragone chart plots power density against energy den-
sity for different energy buffers. In this chart, supercapacitors and
batteries plot in different regions; while supercapacitors feature
high power density and low energy density, the opposite is true
for batteries.

Within electrochemical batteries, Pb-acid, Ni-metal hydride
(Ni-MH), and Li-ion must be mentioned as proven technologies.
Mousazadeh et al. [81] compared these technologies with regard
to their specific energy, efficiency, self-discharge, charge-
discharge cycles, and cost. From their work it follows that Li-ion
is the best battery to date, surpassing the remainder technologies
in all parameters – except as to charge speedwhere the Pb-acid bat-
tery proved superior. In the last years, graphene and its applications



Fig. 8. Energy storage technologies for electric-drive vehicles. MH stands for metal hydride.
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has become a hot topic of research. One important application of
graphene is in improving batteries performance. Kucinskis et al.
[82] highlighted that graphene improves electron conductivity of
Li-ion battery cathode materials. Kim et al. [83] proposed the all-
graphene battery, made with graphene in both the anode and the
cathode, as a promising advanced energy storage system.

Hydrogenhas been identified as an energy vector that can help to
reduce greenhouse gas emissions when used for electrical propul-
sion [17]. For successful commercialization of hydrogen-powered
vehicles, hydrogen storage is a critical enabling technology [84].
There are several candidate technologies to store H2 on-board a
vehicle. According to Durbin and Malardier-Jugroot [85] they can
be classified into mechanical storage (compression, cryogenic cool-
ing and cryo-compression), chemical hydrides, and adsorption
materials. Noteworthy, hydrogen fueled to the fuel cell must be of
very high purity, otherwise the fuel cell can be ‘poisoned’.

The most straightforward way of obtaining H2 for on-board fuel
cell is by direct refueling. However, until enough H2 refueling sta-
tions are available, a provisional trade-off exists, viz. the installation
of on-board reformers. A reformer generates H2 from a conventional
hydrocarbon fuel, namely diesel-fuel or gasoline. Nevertheless,
reformation cannot be considered a sustainable technology, because
a vehicle equipped with a reformer produces CO2 emissions, unlike
a FCV directly refueling H2, which only emits water vapor. Accord-
ing to Thounthong et al. [86], the gas produced from a reformer con-
tains about 70–75% H2, 20–25% CO2, and 10–100 ppm CO.

The fuel cell provides more electricity per mass of fuel than
any other non-nuclear method of power generation [87]. Although
fuel cell systems still suffer certain drawbacks as their limited life-
time, high cost and the hydrogen storage and distribution infras-
tructure, they are able, compared to a diesel-engine vehicle with a
conventional transmission to reduce fuel consumption by almost
one-third [32].

3. High voltage electrification of implements and self-propelled
harvesters

Incorporation of low voltage electric drives in agricultural
implements has increased in the last years. For example, planter
manufacturer Kinze offers electric drive option in their 4900 series.
The major functionality of this electric drive is that allows main-
taining consistent seed spacing from the inside row of the planter
to the outside when planting on curves. Furthermore, noise associ-
ated to mechanical elements like hexagonal shafts, chains, sprock-
ets, gears or clutches is eliminated.

Electrification of agricultural machinery can save energy
through more efficient power transfer and through accurate con-
trol of seed and chemicals application [80]. For example, in the
UX eSpray trailed sprayer by Amazone, the decoupling of imple-
ment drives from the tractor engine allows for their precise indi-
vidual control. As a result, the spray liquid circuit can be
separated from the fresh water circuit to a large extent [88]. Karner
et al. [89] conducted a survey among Austrian manufacturers of
agricultural machinery, to inquire about their interest in electric-
driven machinery. About one-third of them could develop a proto-
type within the following five years, another one-third would
remain expectant to competitor’s activities, and the remainder
one-third did not show interest on the subject. From the one-
third manufacturers that would develop a prototype, 47% of them
were interested in electric drives due to efficiency reasons, while
the remainder 53% was interested due to increased functionality
reasons.

There are several manners to provide a portable high voltage
grid whereto connect a high voltage agricultural implement. One
is equipping the tractor with a high voltage engine-driven genera-
tor and electric power interfaces at the tractor rear side. Another is
to equip the implement with its own high voltage generator, pow-
ering it from the tractor PTO. A third one would be to mount a por-
table generator on the three-point front hitch of the tractor.
Nonetheless the latter option is inconvenient, as it makes the front
hitch unavailable for an eventual front implement. Furthermore, in
the third case a long power cable would have to be installed from
the front- hitch-mounted generator to the rear hitch-mounted
implement.

Götz et al. [90] and Rahe et al. [91] reported on field tests of
electrified tractor and implement. The framework was a research
project which main objectives were to supply electric energy for
engine auxiliaries and for an electrified implement, by means of
a 50 kW permanent magnet synchronous generator powered by
the tractor 164 kW engine. The engine auxiliary was the radiator
fan, powered by a 400 V–15 kW motor. The implement was an
Amazone single-grain EDX eSeed pneumatic-planter equipped with
two 3� 400 V–11 kW motors. The implement motors drove two
fans, one for the fertilizer application system and the other for
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the seed. Due to reduction of fan speed at headlands, energy con-
sumption was 30% lower than in the conventional machine i.e.
when the fans are powered by hydraulic motors.

Rauch [92] compared the efficiency of four fertilizer spreading
disc drive systems, namely mechanical, hydraulic connected to trac-
tor remote control valves, the hydraulic so-called ‘power-beyond’,
and electric. The latter consisted of two 3� 480 V–13 kW motors,
spinning at 5000 r/min. He concluded that electric drive equaled
efficiency of mechanical drive at maximum disc torque, whereas it
surpassed efficiency of mechanical and the two types of hydraulic
drive at any lower value of disc torque. Another advantage of elec-
tric drive is that the spreading discs could be shut down more
quickly, thanks to the electrical braking of disc electric motors.

Küpfer and Leu [93] addressed the shortcoming of film tearing
in the wrapping unit of a round baler. They stated that film viscos-
ity changes with ambient temperature, and that suitable torque
should be exerted during bale wrapping to avoid film tearing. They
argued that electric drive can be more finely controlled than
hydraulic drive. For example, if torque changes the baler could
be halted within 450 ms, avoiding film tears. Biziorek [94]
patented a round baler with electrically driven roller, and with
the motor inside the roller. Motor speed was adjustable and direc-
tion of rotation could be reversed. The different rotation directions
of the roller and thus of the bale during baling and wrapping would
avoid the risk of unwinding the twine or other wrapping material
during bale unloading, since the latter would roll out off the
machine in the same direction as it rotates during wrapping.
Another advantage is that the roller and the bale could be smoothly
accelerated in a start phase after ejection of the previous bale.

Productivity improvement in combine harvesters relies upon
increase of maximum feed rate at given grain quality parameters
and improving functionality in order to decrease specific power
requirements. Feed rate increase based upon an increase of the
threshing unit width is limited by road traffic legal restrictions.
Favache [95] designed a drive with the motor inside the threshing
roller. With this design, the throughput of the machine was maxi-
mized for a given width, since the lateral space required for con-
ventional mechanical transmission is saved.

Combine harvesters require a large amount of main and ancil-
lary drives. The number of transmission elements, which can be
a measure of the machine complexity, can be reduced by 60% by
using electrical drives [96]. According to Bernhard and Schlotter
[97], if combine harvester drives were electrified the weight and
cost of the machine will rise. Weight increase is undesirable in
agricultural machines because it increases soil compaction. On
the positive side drives could be controlled separately and fuel
consumption could be reduced.

Scheidler et al. [98] argued on the benefits of driving electrically
the combine harvester unloading auger. For example, it might be
possible upon engagement of the motor to rock the shaft back
and forth slightly to initiate movement of the grain. Further, cur-
rent feedback from inverter to motor could be used as an indicator
of grain unloading rate to increase auger speed as the tank empties.
Bernhard and Schreiber [99] argued that considering P/W average
value for electric motors, the mass of the components of the elec-
tric drive train is six times higher than the mass of the hydraulic
components. But compared to the total mass of the combine har-
vester, this additional mass only represents a 3%.

Bernhard and Kutzbach [100] installed an electronic-controlled
hydrostatic series CVT wheel-drive train and an electric series CVT
wheel-drive train in the same combine harvester. The objective
was to do comparative performance field tests between the two
CVTs possible. The hydrostatic powertrain was comprised of a vari-
able displacement pump and a variable displacement hydraulic
motor. With regard to the electric powertrain, the generator was
a permanent magnet synchronous machine, and the motor was
an induction machine. Aumer et al. [101] estimated overall com-
bine harvester efficiency of 72–82% for electrical propulsion and
40–68% for hydrostatic propulsion, respectively. Scheidler and Pine
[38] patented a mild-hybrid electric powertrain to propel a com-
bine harvester. Whenever engine speed would drop, the M/G
would support the engine, drawing electric energy from a battery
pack.

Gallmeier [102] developed a hybrid-electric driveline for pow-
ering the header and intake of a self-propelled forage harvester.
He compared fuel consumption of the hydraulic baseline harvester
with the hybrid-electric prototype. He obtained that energy effi-
ciency of the electric driveline was 23.3% better than hydraulic
powertrain during the typical load cycle.

AGCO developed a diesel-electric self-propelled sprayer [103].
This prototype featured four electric in-wheel motors, each one
of 84 kW. The water-cooled electric generator produced 200 kW
at 1500 r/min, or 240 kW at 1900 r/min. The 650 V DC output from
the generator was converted to 3� supply for the in-wheel motors.
The prototype included a high power resistor to drop system volt-
age to zero in 4 s after engine switching-off. In 2010, AGCO com-
pared the performance of this prototype with its conventional
counterpart at a research farm in USA. Both sprayers worked at
19 km/h and 29 km/h on level fields and on slopes of up to 10%.
Each machine sprayed 36 ha four times. Fuel consumption was
measured via CANbus and by refuelling at the end of each test.
In early summer 2010 the diesel-electric sprayer consumed 20–
30% less fuel than the conventional sprayer, whereas in autumn
it consumed about 25–30% less. In spite of aforementioned bene-
fits, the diesel-electric prototype had a shortcoming: it weighed
approximately 800 kg more than its conventional counterpart.

Breu [104] compared the cost of the inverters on the tractor
(Fig. 3a) and inverters on the implement (Fig. 3b) topologies, for
an electric-driven implement featuring two 10 kW motors. Assum-
ing an inverter unit cost of 300–600 € for the two inverters, ascrib-
able to the inverters on the implement configuration, and being 0 €
the cost ascribable for this entry to the inverters on the tractor
topology, he nonetheless estimated a slightly lower overall cost
for the inverters on the implement architecture. Thus, the overall
cost was of 850 € for the latter case, whereas for the inverters on
the tractor topology the cost was of 900 €. The reason is that the lat-
ter configuration carries higher costs in the cable harness and
interfaces entries.
4. Potential applications and future trends

High voltage electrification of ground vehicles like agricultural
machinery is in the focus of current research and development
[105]. Ponomarev et al. [106] stated that to be competitive, manu-
factures should offer energy efficient hybrid vehicles to customers.
Compared to automobiles, introduction of electric drives in trac-
tors would allow expanded functionalities, since agricultural
machines have a large variety of functional drives [35]. Fig. 9, par-
tially based on Pohlandt and Geimer [107], sums-up some pros and
cons of electric and hydraulic powertrains.

The duty cycle of a vehicle is highly correlated with its ability to
recover energy [108]. Urban driving adapts very well to energy
recovery, due to frequent acceleration and stops. Construction
machines with repetitive movements, like excavators, are able to
recover kinetic energy too. For agricultural tractor and machinery,
two tasks have been identified to date [109] wherein energy recov-
ery is possible: Transportation and front loading [110,111]. Fur-
thermore, self-propelled tree-trunk-shakers have a duty cycle
somehow similar to telescopic handlers. Therefore it seems reason-
able to think that self-propelled trunk-shakers have potential to be
hybridized.



Fig. 9. Merit points of both hydraulic and electric powertrains.
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The energy efficiency of a vehicle powertrain depends, amongst
other features, on the size of its components. For example, the
rated efficiency of a four-pole 0.37 kW induction motor fed with
400 V AC–50 Hz is 72%, whereas for a 37 kW motor of the same
type and similarly fed the rated efficiency is 92.5%. Likewise, recip-
rocating engine efficiency increases with increasing cylinder dis-
placement. Hence, it is sound to study the optimal dimensions of
the components that minimize fuel consumption for a given duty
cycle [112]. For instance, Ebbesen et al. [113] addressed the opti-
mization problem of sizing the electric motor, engine and battery,
such that fuel consumption is minimized while performance and
cost specifications are met.

Motors, power control electronics, energy storage devices and
energy management are key technologies for successful design of
HEVs (Fig. 1). Although the permanent magnet synchronous
motor5 is considered the benchmark, other types of motors are being
explored for their use in HEVs. Nowadays there is some concern on
the supply and cost of rare-earth permanent magnet, and research is
being conducted on electric motors with zero or with little of that
material [16,50,114]. For instance, Tesla electric vehicles use induc-
tion motor, while electric Land Rover Defender 110 uses switched
reluctance motor. According to Ehsani et al. [115] one shortcoming
of the latter motor type is its acoustic noise. Fig. 10 shows the elec-
tric motors that presumably will prevail in the forthcoming years,6

whereas Table 1 includes their efficiency and power-to-weight ratio.
Compared to hydraulics, electric drives provide better controllability
and dynamic response, less maintenance and easier implementation
of safety measures like quick stop [90]. Hydraulic power, like electric
5 The propulsion motor equipped by the paradigmatic Toyota Prius HEV.
6 The brushed DC motor is not considered because of its high maintenance

requirements.
power, can be distributed quite easily on the implement, but hydrau-
lics suffers from poor efficiency in part-load operating conditions
[116].

According to Bernhard [117], for agricultural tractors, which
need not to be accelerated very fast or have to change driving
speed permanently, the use of traction batteries is not reasonable
since their weight has to be transported all the time, while they
can be used to recover braking energy quite seldom. One exception
would be transportation with a loaded trailer on a hilly road. In this
case, to maximize energy recovery, the use of engine braking is
unadvisable [118] because it competes with regenerative braking.
On the other hand, some kinetic energy could be recovered from
implements PTO drivelines and from hydrostatic cylinders work
load [89].

PHEVs are even more suitable topologies than HEVs for reduc-
ing fuel consumption in that, unlike HEVs, they may be charged
from external electric power sources [119]. This offers the opportu-
nity to use different high conversion efficiency technologies and/or
renewable energy sources [120]. Generally, the simplest way to
manage the energy distribution between the battery and the
engine for a PHEV is to first use electricity to drive the vehicle, until
the battery state-of-charge drops to a preset low-threshold, typi-
cally 30% [121]. To make recharging of automobiles easier, PHEVs
are usually equipped with an on-board charger [122]. Charging
vehicle batteries from the utility grid is straightforward, as the user
only needs to connect a cable to the mains.

Several works in literature deal with optimization of HEV archi-
tecture and energy management [39,123,124]. In power-split CVT,
planetary gear set kinematics ultimately affects to fuel economy,
by determining the energy flow that reaches the planetary gear
from each energy source (engine, generator, motor-battery).
Because charging a battery from the machinery-building mains is
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more efficient than charging via tractor engine, it seems logical to
hybridize the tractor with high voltage battery and propulsion
motor. In this manner, the engine could be downsized, while the
traction battery would be charged in the machinery-building dur-
ing night. The following morning, the energy required for field
operation would be drawn both from the engine and the battery.
Fuel consumption costs would decrease, but the cost of high volt-
age equipment also play a role, what ultimately leads to machinery
cost analysis.

Agricultural tractor needs to span a wide range of torque and
speed. High torque is demanded in low speed heavy tasks like
ploughing, while high speed is required for road transportation.
To generate the required torque for a high drag force without using
additional gears, electric propulsion motors would have to be of
excessive diameter [125].7 Montonen et al. [126] presented a
space-saving concept based on the integration of a permanent-mag
net-synchronous-motor and a two-step planetery gearbox. In this
design, the planetary ring, sun and planets gears were inside the
electrical machine rotor.

One of the main drawbacks of electric drives, namely their poor
P/W compared to hydraulic drives, could be circumvented by
adopting a controlled-traffic farming strategy. If a heavy electrified
tractor-implement moves on tramlines, soil compaction would not
be an issue. According to Karner et al. [35], the diesel-fuel will
remain as the primary energy source for tractors and self-
propelled agricultural machinery, thanks to its high energy density.
On the other hand, the foregoing authors forecasted that the broad
introduction of electric driven agricultural machinery could hap-
pen in the next five to 10 years.

Revision 2 of UNECE Regulation No. 100 [127] details safety
requirements for the electric powertrain of road vehicles. While
in a conventional diesel vehicle with a 12 V DC electrical system
the main electrical hazard is arcing between the battery poles, in
a high voltage system a new hazard arises, namely electrical shock.

The X-Concept prototype tractor by Fendt [128] includes safety
measures analogous to those of the paradigmatic HEV Toyota Prius.
In the latter, when the vehicle is shut-off, two 12 V-controlled
relays – one for the positive and the other for the negative high
7 For example, the torque of induction motor varies quadratically with motor
diameter and linearly with motor length.
voltage cable – prevent current from leaving the high voltage bat-
tery pack. Unlike the negative cable in conventional automobile
electrical system, both positive and negative high voltage cables
are insulated from the vehicle metal chassis. Moreover, a ground
fault monitor continuously monitors for high voltage leakage to
the metal chassis while the vehicle is in operation [129].
5. Conclusions

In this paper, the main concepts and technologies related to
high voltage electrification of tractor and agricultural machinery
have been reviewed. The following conclusions can be drawn:

� Both hydraulic and electric powertrains allow for more flexible
design than mechanical driveline. Hybridization, i.e. incorpora-
tion of an on-board high voltage battery, adds an extra degree of
freedom, since propulsive power in a hybrid vehicle can be
drawn either from the fuel or from the battery.

� A number of works in the literature report higher efficiency of
electric powertrains over hydraulics in agricultural machinery.

� Tractor and agricultural machinery have the opportunity of fol-
lowing the path opened by automobiles and construction
machinery with regard to energy recovery and vehicle
hybridization. Detailed analyses are required to identify poten-
tial operations where energy recovery is possible within agri-
cultural machinery.

� A plug-in hybrid electric tractor with power-split or series CVT
operating in a controlled traffic farming strategy seems promis-
ing. Tractor high voltage batteries could be charged from
machinery-building mains at night. The following morning,
energy required for the field task would be drawn both
from fuel and battery. Analyses of the cost of owning and oper-
ating agricultural machinery should be conducted to com-
pare various conventional vs. electrified tractor-implement
combinations.

� Although it is difficult to foresee the pace of introduction of high
voltage drives in agricultural machinery, ‘something is moving’.
In the past, introduction of hydraulic power transmission from
tractor to implements did not supersede PTO. Similarly, incor-
poration of high voltage powertrains will co-exist with PTO
and hydraulics.
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