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In recent years, the implementation of Tier 5 emission regulations for tractors has compelled manufacturers to conduct new
research. Additionally, the process of hybridization has impacted the agricultural vehicle industry. This study focuses on the design
and implementation of an energy management strategy (EMS) for a diesel–electric hybrid electric agricultural vehicle, based on
real-time optimization. Tractor drive systems, including both conventional and hybrid options, were introduced. Simulations were
performed to compare fuel consumption and CO2 emissions between the two types of tractors. The data shows that hybrid vehicles
produce 8.93% less CO2 than conventional vehicles. Furthermore, the fuel consumption of the tractor decreased from 1,880.2 to
1,712.5 g/km under hybrid operating conditions.

1. Introduction

The modern agricultural industry has evolved to prioritize
electricity, environmental sustainability, and innovation in
line with advancements in the quality of life [1, 2]. Hybrid
tractors, which combine a combustion engine and an electric
motor, are designed to decrease fuel consumption and emis-
sions while maximizing fuel efficiency [3, 4]. These tractors
have become a primary area of research in the agricultural
industry due to their ability to optimize fuel efficiency and
reduce emissions. This benefits the environment and helps
farmers and agricultural businesses save on operating costs.
Additionally, hybrid tractors that promote sustainable agri-
cultural practices play an important role in preserving natu-
ral resources [5].

Compared to internal combustion engines alone, the
hybrid power system in robotic tractors for precision agricul-
ture reduces exhaust emissions by almost 50% [3]. Mocera
and Martini [6] proposed a hybrid tractor architecture and
investigated the performance numerically. The hybrid electric

continuously variable transmission (HeCVT) agricultural trac-
tor demonstrates strong peak power and consistent fuel effi-
ciency when compared to conventional diesel tractors in
typical daily work scenarios. To achieve better performance,
many researchers have studied on energy management strat-
egies specifically for dual-motor drive systems in tractors.
Energy management strategies (EMS) in hybrid tractors aim
to optimize the use of the internal combustion engine (ICE)
and electric motor (EM) to maximize fuel efficiency.

EMS can be divided into three categories, namely rule-
based, optimization-based, and learning-based [7]. Rule-based
strategies use predefined rules or logic to make decisions
[8, 9]. The current energy management strategies are dom-
inated by rule-based approaches due to their simplicity, reliabil-
ity, ease of implementation, and interpretability [10, 11, 12].
Optimization-based strategies are divided into two algo-
rithms: global optimization and real-time optimization [13].
These strategies provide increased adaptability, flexibility, and
efficiency, especially in complex and dynamic environments.
Real-time optimization aims to minimize energy consumption
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during energy management by using the engine’s optimal
working curve, which includes fuel consumption, power, and
efficiency, to find the best working point for controlling the
variables of hybrid/electric vehicles. This ensures that both
the engine and electric motor operate at their optimal state.
The real-time optimization strategy does not require knowl-
edge of future driving information and is not limited by spe-
cific driving cycle conditions [14].

Zhu et al. designed a parallel-hybrid tractor system that
employs a hydro-mechanical continuously variable transmis-
sion (HMCVT). The system’s power distribution is achieved
through the use of a fuzzy adaptive equivalent fuel consump-
tion minimization strategy (FA-ECMS) [15]. This strategy
dynamically adjusts the equivalence factor in real-time, allow-
ing for a more reasonable power distribution. Zhu [16] pre-
sented a design for a parallel hydraulic hybrid heavy terminal
tractor. The authors proposed a dynamic rule-based control
strategy that improves fuel economy by 38.1%–61.6% com-
pared to conventional designs. Xie et al. [17] developed an
ANN to regulate the equivalent factor improving the manage-
ment effectiveness of the ECMS. Jia et al. [18] discussed the
use of numerical methods for optimal control of hybrid
electric agricultural tractors. The focus was on reducing
fuel consumption during typical working cycles through
optimization-based energy management strategies. Overall,
the literature indicates that hybrid technology has the poten-
tial to significantly improve tractor fuel economy, with both
economic and environmental advantages. On the other hand,
there are different application areas and studies in the litera-
ture regarding energy management strategies related to hybrid
vehicles. Han et al. [19] in their study, they examined the effect
of battery charging and discharging efficiencies in electric
hybrid vehicles in cold weather. As a result of their research,
they concluded that the efficiency increased significantly with

the battery heating system in cold weather. Han et al. [20] in
another study, they developed a speed prediction model for
hybrid electric vehicles by taking battery aging into account
with a predictive control-based model.

In order to achieve sustainable agriculture, it is essential
to minimize energy consumption and the harmful effects on
the environment. Energy efficiency and fuel economy in
tractors are of great importance for farmers and sustainable
agriculture. In this context, although there are many publi-
cations about vehicles in the literature, studies on hybrid
operation in tractors are quite limited. For this reason, the
strategy was studied based on equivalent fuel consumption
with both P2 hybrid conversion and ECMS. In addition, a
more realistic and commercially usable system was studied
by studying P2 class hybrid conversion and ECMS on the
tractor. Also, a brief review of the literature can be seen in
Table 1. In this study, the tractor performance regarding fuel
economy and emissions for different operation cycles were
compared by simulations. The study investigated the improve-
ment in fuel consumption and CO2 emissions by downsizing
the engine using a 3-cylinder ICE in P2 hybrid operatingmode
and developing a control strategy for parallel hybrid configu-
ration. Hybrid working areas and internal combustion engine
working points were relocated to more suitable areas. The aim
of the study is to develop an ECMS, based on vehicle speed
and demanded torque value depended on field properties. The
designed ECMS was evaluated using actual driving speed
profiles on hard and soft soil conditions.

2. Materials and Method

This study consists of two parts: an experimental studies and
modelling studies. The following section provides a detailed
explanation of the experimental study and the GT-SUITE
model for both hybrid and conventional vehicles.

TABLE 1: A brief review of the literature.

Reference Vehicle and study Research focus Solution approach

Mocera andMartini [6]
Numerical study using downsized

engine
Using eCVT in hybrid tractor

Numerical control methods using
different control strategies

Zhu et al. [15] Numerical study with ECMS
Hydro-mechanical continuously
variable transmission (HMCVT)

A fuzzy adaptive equivalent fuel
consumption minimization strategy
(FA-ECMS)

Zhu [16] Experimental and numerical study
Design a parallel hydraulic hybrid
system for a heavy terminal tractor

Dynamic rule-based control strategy

Xie et al. [17]
Numerical study for ANN supported

ECMS
Developing ANN for ECMS

Developing ANN to regulate the
equivalent factor improving the
management effectiveness of the
equivalent consumption minimum
strategy (ECMS)

Jia et al. [18] Numerical study
Developing numerical methods for
optimal control of hybrid electric
agricultural tractors

Optimization-based energy
management strategies for HEATs to
minimize the fuel consumption

This study Experimental and numerical study

Downsizing the engine using a
3-cylinder ICE in P2 hybrid
operating mode and developing a
control strategy for parallel hybrid
configuration

Equivalent fuel consumption with
both P2 hybrid conversion and
ECMS
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2.1. Experimental Study

2.1.1. Field Tests. The study focused on ploughing, which is
considered a low-speed, high-torque operation. Field tests
were conducted on farms to collect primary research data.
The tests were conducted in Konya (Figure 1), Turkey at an
ambient temperature ranging between 25°C−30°C. Also, the
altitude of the field is 1,016m.

Tests were conducted in two different fields with soils of
varying characteristics. One field, referred to as hard soil,
required the engine map to operate in regions close to the full
load curve by drawingmore power. The other field, referred to
as soft soil, required partial load and the engine to operate at
partial loads.

The study employed a tractor weighing 3,500 kg with a
12F–12R transmission,with further details provided inTable 1.
A 760 kgmoldboard plough was used during the tests (Table 2
for plough details).

Tests were conducted in two different fields with soils of
varying characteristics, as shown in Figure 2. One field, referred
to as hard soil, required the engine map to operate in regions
close to the full load curve by drawing more power. The other
field, referred to as soft soil, required partial load and the
engine to operate at partial loads.

The data acquisition system was installed on the tractor
and connected directly to the diesel engine control unit. The
CAN information received from the ECU and the pressure,
flow, and rpm values obtained from the engine were collected
by the DEWESOFT SIRIUS HS and SIRIUS HS LV+ device.
The KRYPTONi 16xTH device was used to collect tempera-
ture and fan speed information from the engine.

Torque, power, fuel consumption, engine oil temperature
and pressure values, mass air flow, turbo outlet temperature and
pressure values, exhaust gas temperature and exhaust emission
values were measured and recorded, and engine maps were
created based on different load (% pedal) and engine speeds.

Two different engines were used in the field tests: a 95 HP
engine in the conventional vehicle and a 75 HP engine in the
hybrid vehicle.

A driving cycle was created using real data collected from
the tractor during ploughing operations in both soft and hard
soil conditions. Details for data in the driving cycle are pro-
vided in Figure 2. Due to the low speed and high-power
demand, the engine operates at high torque region.

The speed of the tractor varies between 5 and 8 km/hr
during the ploughing operation.

2.1.2. Engine Dynamometer Tests. A dynamometer was used
to measure to torque and rotational speed of the engines. The
engine speed–torque curves were generated by analyzing data
collected from a dynamometer. The measurements were taken
at different motor speeds to demonstrate the correlation
between motor speed and torque output. This aids in under-
standing and optimizing engine performance.

During the internal combustion engine tests, the engine
was connected to an active dynamometer (AVL Dyno Road
402) via a shaft. The engine cooling water was conditioned at
80°C using AVL Consyscool. AVL ConsysBoost device was
used to fix the engine intake air temperature at 55°C, while
the fuel temperature was maintained at 40°C (AVL 753C)
during the tests. Test were carried out for 4-cylinder 95 HP
and 3-cylinder 75 HP engines as given in Figure 3.

4,315

2,258

2,
75

7

FIGURE 1: Moldboard plough, tractor, and data acquisition system.

TABLE 2: Tractor vehicle and moldboard plough specifications.

Tractor

Total weight (kg) 3,500
Frontal area (m2) 3.5
Transmission 12F+ 12R

Weight distribution (%)
Front 40
Rear 60

Front tire 380/70R24
Rear tire 420/85R34

Moldboard plough

Total weight (kg) 760
Working width (m) 1.5

Moldboard width (cm) 35
Number of moldboard 5

International Journal of Energy Research 3
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FIGURE 2: Ploughing operations on (a) hard soil, (b) soft soil, and (c) driving cycle of the tractor.
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FIGURE 3: Dynamometer tests for (a) 4-cylinder 95HP and (b) 3-cylinder 75HP engine.
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2.1.3. 4-Cylinder 95 HPEngine Performance and Fuel
Consumption Maps. The rated power and torque of the diesel
engine are 70 kW and 400Nm, respectively. The features are
listed in the Table 3.

Table 3 shows that the engine used is a diesel internal
combustion engine specifically designed for the tractor, with
high torque. It provides the rated torque at a low speed of
1,400–1,600 rpm and can deliver a power of 70 kW (95 HP)
with its 4 cylinders.

Torque and BSFC maps of the engine were created at
different speeds and pedal positions. Figure 4 displays the
break engine torque in relation to the pedal position and
engine speed. This allows for the estimation of torque values
during field tests based on the pedal position and engine
speed.

Figure 4 also presents BSFC values at various engine
speeds and torques. The engine map is three-dimensional,
and it shows that specific fuel consumption decreases to
225 g/kWh in the engine’s most efficient operating region,
also known as the egg curve in the literature. In the least
efficient operating region, it can reach up to 450 g/kWh.

2.1.4. 3-Cylinder 75 HP Engine Performance and Fuel
Consumption Maps. The rated power and torque of the diesel
engine are 55 kW and 300Nm, respectively. The features are
listed in Table 4. Torque and BSFC maps of the engine were
created at different speeds and pedal positions.

Figure 5 shows the engine torque at different pedal posi-
tions and engine speeds, allowing for the extraction of specific
fuel consumptions when connected to the dynamometer. The
engine exhibits lower power and torque performance due to
its three cylinders.

Figure 6 presents BSFC values at various engine speeds
and torques. The specific fuel consumption decreases up to
215 g/kWh in the most efficient operating region of the three-
dimensional engine performance map, while it reaches up to
450 g/kWh in the most inefficient working area.

It is observed that the 3-cylinder engine achieves lower
specific fuel consumption at the same power compared to the
4-cylinder engine.

2.1.5. Hybrid Tractor Configuration and Electric Motor and
Battery Selection. Figure 7 presents a schematic of a P2 class
hybrid tractor propulsion system. The system comprises a
20 kW electric motor with a driver, a Li-ion battery rated at
120Ah and 250V. As this is a P2 class hybrid configuration,
the electric motor is located between the clutch and the
transmission.

The hybrid system is designed to operate with the electric
motor at low loads and speeds, use both the electric motor and
the internal combustion engine across the full load curve, and

charge the battery efficiently based on its state of charge
(SOC) status.

2.1.6. Electric Motor and Battery Specification. Table 5 pre-
sents the specifications for the electric motor and battery
pack. The chosen electric motor is an asynchronous motor
with a power of 20 kW, a rated speed of 3,000 rpm, and a
torque of 170Nm. The battery pack has an energy capacity of
120 Ah, a rated voltage of 250V, and a total capacity of
30 kWh.

Figure 8 displays the maximum torque curves for the
3-cylinder 75 HP diesel engine, the 4-cylinder 95 HP diesel
engine, and the hybrid system (3-cylinder 75 HP diesel+
electric motor). It is evident from the figure that in the hybrid
operating condition, the maximum torque curve at full load
exceeds that of the 4-cylinder engine.

2.2. Modelling Study (GT-SUITE Model). The effectiveness of
the proposed ECMS is verified using the GT-SUITE test
platform. GT-SUITE model includes many submodels includ-
ing vehicle dynamics, engine type, and driver behavior. The
model’s validity was assessed by evaluating its output variables
and comparing it with experimental data.

2.2.1. Conventional Vehicle Model. Figure 9 schematizes the
conventional tractor topology. The vehicle model comprises
fundamental components: the driver, the environment model,
the engine, and the vehicle powertrain.

The figure illustrates that in the conventional tractor
vehicle model, separate submodels are used for the transmis-
sion, engine, driver, and vehicle. This approach enables the
collection of fuel consumption and emission data based on
travel resistance.

Figure 10 shows that the maximum power of the diesel
engine during ploughingwork is 61.46 kW. The figure illustrates
that the instantaneous power requirement varies dynamically
depending on the driving cycle during field tests. The power
requirement was determined based on time as a result of tests
conducted in two different soil fields, hard and soft.

2.2.2. Conventional Engine Maps and Operating Points.
Operating points and full load curve of 95 HP diesel engine
is given in Figure 11. Engine has large working area. The
figure shows that the engine operates intensively at partial
loads and in regions with lower efficiency and high specific
fuel consumption. It is expected that a conventional vehicle’s
total fuel consumption may increase because the engine
operates in regions with high fuel consumption.

2.2.3. Hybrid Vehicle Model. A hybrid tractor is an integrated
system that consists of mechanical, electrical, and hydraulic
components. It has two driving systems; a diesel engine and
an electric motor. Programmed electronic control units opti-
mize the vehicle’s performance and efficiency by managing
the switching between different operating configurations. In
comparison to conventional tractors, optimal control of power
distribution technique in parallel hybrid tractors can signifi-
cantly increase fuel efficiency and traction performance [21].

Figure 12 shows the powertrain of the hybrid tractor
consisting diesel engine, electric motor, and battery pack.

TABLE 3: 4-cylinder 95HP diesel engine specifications.

Total displacement (cc) 3,900

Rated power (kW) @ 2,200 rpm 70
Rated torque (Nm) @ 1,400–1,650 Rpm 400
Rated speed (rpm) 2,550

International Journal of Energy Research 5
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Weight gain was achieved in the hybrid model as a result
of the removal of the SCR system used in the conventional
model. The hybrid model uses a battery and electric motor
instead of a tank and catalyst in the conventional model,
resulting in a negligible change in the weight of both tractors.
Therefore, the same weight was used for bothmodels. Thevenin

electrical-equivalent batterymodel was used in thismodel. An
electric motor weighing 45 kg with a rated power of 20 kW
and a Li-ion battery weighing 280 kg with a power of 30 kWh
were used. On the other hand, there is an additional load of
330 kg in total with the driver and other equipment. On the
other hand, instead of the 4-cylinder 95HP engine, a 3-cylin-
der 75HP engine was used. While a 4-cylinder 95HP diesel
engine weighs 420 kg, a 3-cylinder 75HP diesel engine weighs
340 kg. In this case, by converting the tractor to a hybrid, the
vehicle weight increases by 250 kg.

2.2.4. Hybrid Engine Map and Operating Points. The hybrid
vehicle does not utilize the SCR system, but it still meets the
stage five emission standard through engine calibration. The
volume that would have been occupied by the SCR system
was instead used for the battery and EM.

To improve efficiency, a 3-cylinder engine was selected
for the hybrid system, resulting in reduced engine power and
the ability to operate at more efficient points on the map.
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FIGURE 4: 4-cylinder 95HP engine (a) torque values depend on engine speed and pedal position and (b) BSFC map depend on engine speed
and brake torque.

TABLE 4: 3-cylinder 75HP diesel engine specifications.

Total displacement (cc) 2,900

Rated power (kW) @ 2,200 rpm 55
Rated torque (Nm) @ 1,400–1,750 Rpm 300
Rated speed (rpm) 2,550
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FIGURE 5: 3-cylinder 75HP engine torque values depend on engine
speed and pedal position.
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Figure 13 displays the full load curve and operating points
for hybrid mode. The figure shows that in the hybrid operat-
ing condition, the internal combustion engine operates more
intensively in regions with higher thermal efficiency and low

specific fuel consumption, and is closer to the full load curve.
This situation is expected to result in an improvement in total
fuel consumption.

Figure 14 shows the SOC curve corresponding to plough
operation. The x-axis of the figure is 1,800 s, which indicates
a period of time for testing.

As can be seen from the figure, the SOC has returned to
its initial value of 0.5.

It is clear that the battery is alternating between dischar-
ging and recharging. The Figure 15 illustrates the charging
status of the electric motor and the SOC value of the battery
under varying power demands. The negative curves of the
electric motor indicate the charging state.

Maintaining an optimal SOC is crucial for both the range
of the drive cycle and the battery’s longevity. Considering the
cost of electrical power helps ensure the SOC is maintained
at optimum level [22].

Figure 16 shows the change of electric engine, internal
combustion engine, and auxiliary power demand depending
on the SOC value depending on the cruise cycle.

2.3. Data Reduction.Using the basic equations of motion and
conservation of energy, engine torque and power were cal-
culated from the force transmitted to the vehicle drive wheels
depending on the travel resistances. Details are given below.

Engine equation of motion (balances engine brake torque
with engine inertia torque and engine side load torque from
the clutch) is given in Equation (1).

Teng ¼ Ieng
Â Ã dωeng

dt
: ð1Þ

Driveline equation (for speed of vehicle side of clutch,
denoted as drv) is given in Equation (2). Balances vehicle side

ECU

3 Cyl 75 HP ICE

Mechanic Hydraulic Electric Signal/CAN

T780 PS 12 + 12

Vibration
damper e-motor 20 kW

e-hydraulic
PS and power PTO

hydraulic

Valve block
Lift and damper hydraulic

Electro-hydraulic
wet clutch
assembly

VCU/TCU 120 Ah 250 V battery
Converter 12 V battery

FIGURE 7: P2 mild hybrid concept.

TABLE 5: Electric motor and battery pack specifications.

Electric motor
Rated power (kW) 20
Rated speed (rpm) 3,000
Rated torque (Nm) 170

Battery pack
Energy capacity (Ah) 120
Rated voltage (V) 250
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FIGURE 8: Full load curves for 3-cylinder 75 HP engine, 4-cylinder
95HP engine, and hybrid configuration.

International Journal of Energy Research 7

 ijer, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2024/8832086 by T

urkey C
ochrane E

vidence A
id, W

iley O
nline L

ibrary on [11/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



output torque from clutch with inertia torque of the entire
driveline and vehicle and the effective torque of the retarding

(aerodynamic, rolling resistance, and grade) forces on the
vehicle:

Tdrv;v ¼ Itrans1 þ
Itrans2
R2
t

þ Idsh
R2
t
þ Iaxl
R2
dR

2
t
þMvehr2whl

R2
dR

2
t

� �
dωdrv

dt
−

Itrans2
R3
t

þ Idsh
R3
t
þ Iaxl
R2
dR

3
t
þMvehr2whl

R2
dR

3
t

� �
ωdrv

dRt

dt
þ Faer þ Frol þ Fgrd

RdRt

� �
rwhl:

ð2Þ
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Additionally, aerodynamic resistance, rolling resistance,
and hill resistance force calculations are given in Equations (3),
(4), and (5), respectively.

Faer ¼
1
2
× ρ × V2 × Afrontal: ð3Þ

Frol ¼ droad × croll Mveh þMloadð Þ × g × cos α: ð4Þ

Fgrd ¼ Mveh þMloadð Þ × g × sin α: ð5Þ
In the equations, ρ is the air density, droad is the rolling

resistance factor, croll is the rolling resistance factor, Mload is
the vehicle mass, g is the gravitational acceleration, α is the
road slope, V is the relative velocity of the air at the front of
the vehicle, Afrontal is the area of the front of the vehicle, Teng
is the engine braking torque, Ieng is the engine inertia torque,
ωeng engine speed, Tdrv;v clutch torque, Itrans1 transmission
inertia moment input, Itrans2 transmission inertia moment
output, Idsh driveshaft inertia, Iaxl axle moment, rwhl wheel
radius, Rd transmission ratio, ωdrv driveline speed.

The following equations (Equations (6) and (7)) were
used in the battery model. Instantaneous current through
the open circuit voltage (IOC) is integrated over time to cal-
culate a change in capacity over the duration of the simula-
tion. This change in capacity is subtracted from the initial
capacity to calculate an instantaneous capacity.

Cap tð Þ ¼ Cap int −

Z
t

0
IOCdt: ð6Þ

Cap int ¼ SOCint × Capmax: ð7Þ

The battery’s SOC is then defined as the ratio of instan-
taneous capacity to maximum capacity. It is calculated as in
Equation (8) below.

SOC¼ Cap tð Þ
Capmax

: ð8Þ

In the equation, IOC is the instantaneous current through
the open circuit voltage value, Cap int is the initial capacity
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value, CapðtÞ : is the instantaneous capacity value, Capmax is
the maximum capacity value, SOC int is the initial state of
charge value, and SOC is the state of charge gives its value.

2.4. ECMS. The primary benefit of an energy management
strategy is the efficient distribution of fuel and electrical
power to minimize fuel consumption [23, 24]. Hybrid trac-
tors are a promising solution for achieving equivalent con-
sumption minimization in the agricultural sector while
maintaining the same level of performance.

An energy management strategy based on instantaneous
optimization was designed and presented below.

According to the control algorithm strategy, the energy
management system will determine which energy sources to
activate.

Equivalent fuel consumption (ṁeqvðtÞ :) [25] in Equations (6)
and (7);

ṁeqv tð Þ ¼ ṁf tð Þ þ ṁbatt tð Þ; ð9Þ

ṁeqv tð Þ ¼ ṁf tð Þ þ s tð Þ
Qlhv

× Pbatt tð Þ × p SOCð Þ: ð10Þ

The fuel consumption of the engine is represented by
ṁf ðtÞ :, while s(t) is the equivalent factor. PbattðtÞ : refers to the
battery terminal power, Qlhv stands for the fuel lower heating
value, and p(SOC) indicates the penalty function as calcu-
lated below in Equation (8).
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FIGURE 13: Hybrid vehicle engine operating points.
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p SOCð Þ ¼ 1 −
SOC tð Þ − SOC 0ð Þ

SOCmax − SOCminð Þ=2
� �

∝
ð11Þ

The model’s charging state is designed to end at the same
point where it started, allowing for a more accurate compar-
ison in the cycle.

The tractor optimizes power and fuel economy by dynam-
ically distributing the torque between the diesel engine and
the EM based on the total power demand and the SOC value
of the battery. This distribution is determined by the tractor’s
control strategy and algorithm.

Depending on the instantaneous power demand vehicle
control system activates the hybrid mode, only ICE or pure

electric modes, as appropriate. Operating regions are given in
Figure 16 on the engine map.

Depending on the instantaneous power demand vehicle
control system activates the hybrid mode, only ICE or pure
electric modes, as appropriate. Operating regions are given in
Figure 17 on the engine map.

The vehicle’s control system activates hybrid, ICE-only or
electric-only mode, depending on the instantaneous power
demand and SOC value. If the SOC is above the minimum
value, pure-electric mode is selected when the vehicle is
started. Otherwise, if the battery is below the maximum
SOC value, charging mode is activated. Considering the
ECMS method, equivalent fuel consumption was calculated
so that the SOC was the same at the beginning and end of the
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cruise cycle. Under other partial load driving conditions the
vehicle operates in hybrid mode. However, the full load curve
of the 3-cylinder internal combustion engine in hybrid mode
is affected by the engine’s lower torque in the full load torque
curve. Therefore, the full load curve is achieved by operating
in hybrid mode with the assistance of the electric motor.

3. Results and Discussion

This section summarizes the simulation results for fuel con-
sumption and emissions of an optimization-based energy

management strategy tested on agricultural vehicles for
ploughing operation.

3.1. Fuel Consumption. The fuel consumption of a tractor
depends on several factors, including its size, load, and oper-
ating terrain [26]. The proposed strategy’s fuel consumption
is tested using real driving cycle data given in previously.

Figure 18 presents the comparison of the instantaneous
fuel consumption rates between conventional and hybrid
tractors. The results show that the hybrid drive system
reduces the maximum fuel consumption from 4.88 to 4 g/s.
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FIGURE 17: System operating region on engine map.
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The graph shows a significant improvement in instantaneous
fuel consumption with the hybrid vehicle propulsion system.
It can be seen that at almost all points, there is a significant
improvement in the hybrid operating mode compared to the
conventional operating mode. Significant decreases were
observed in instantaneous fuel consumption values. A com-
parison of the instantaneous fuel consumption of hybrid and
conventional vehicles reveals that the fuel consumption of
the hybrid vehicle drive system is lower at almost all points.

Figure 19 presents the total fuel consumption data for the
simulated vehicles. It is evident that the hybrid model has a
lower fuel consumption than the conventional model, with
fuel consumption rates of 1,880.1 and 1,712.5 g/km for the
two configurations, respectively. This can be explained by the
downsized engine used in the hybrid configuration. In addi-
tion, with the hybrid operating mode, it has been effective
to work with the electric motor both in transient power
demands and in partial loads and in more efficient regions

on the motor map. Thus, working in inefficient regions of the
low-power internal combustion engine is prevented. Both
the hybrid operating mode and the ability to use a lower
power engine due to the hybrid structure were effective in
this situation. Another result obtained from the graph is
higher speeds result in higher fuel consumption when driv-
ing on soil with the same characteristics, which aligns with
findings in the literature [27, 28]. It has been shown that fuel
consumption can be reduced by an average of 8% by using a
hybrid drive-in tractors.

3.2. CO2 Emission. A significant amount of the engine emis-
sions that contribute to environmental issues are produced
by work machinery, including forestry and agricultural trac-
tors [29]. Tractors, which play a very important role in agri-
cultural practices, are used in many processes such as
ploughing, soil cultivation, planting, and fertilizer spreading
[26]. The implementation area in which the tractor is used
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and the choice of tractor type impacts engine emissions [30].
Engine speed and load also have an effect on emissions [31].

In the study, CO2 emission rates of conventional and
hybrid tractors in ploughing operations were measured and
compared. Figure 20 demonstrates the instantaneous CO2

emission rates of a vehicle with a conventional engine drive
system and a hybrid vehicle with downsized engine for the
drive cycle. When comparing a conventional tractor to a
hybrid, the highest CO2 emission is reduced from 15.45 to
12.64 g/s. This decrease corresponds to 18%. At almost all
operating points, lower CO2 emissions have been observed in
hybrid mode. The main reasons for the decrease in hybrid
operating mode are that the electric motor operates at more
efficient points during transient power demands and the
internal combustion engine operates at more efficient points.

Figure 21 shows total CO2 emissions of conventional and
hybrid vehicles. In the hybrid configuration, lower CO2 emis-
sions were observed compared to the conventional vehicle.
The CO2 emissions released into the environment were
reduced by a total of 8.93%; 19,353 g for the conventional
tractor and 17,623 g for the hybrid tractor. The main reason
for the improvement in CO2 emissions is that, with the hybrid
operating strategy, transient power demands are met by the
electric motor, and the downsized motor is operated in higher
efficiency regions at partial loads.

The fuel consumption and CO2 emission data indicate
that it is feasible to downsize a tractor’s internal combustion
engine by integrating an electric motor into its architecture.
Furthermore, electric motors enable greater flexibility in
speed control, enabling more precise adherence to the target
speed profile of the work cycle compared to a traditional
tractor [32].

4. Conclusions

Using hybrid technology in tractors is a provenway of improv-
ing fuel economy and reducing environmental impact. Hybrid
tractors maximize efficiency and reduce environmental impact
without sacrificing performance by minimizing equivalent
consumption. This aligns with the goal of sustainable farming
practices, which prioritize minimizing resource consumption.

In the study, a model was developed and applied to esti-
mate the fuel consumption and CO2 emissions of conventional

and hybrid tractors in ploughing operations. The transition
from four to three cylinders is commercially beneficial as it
improves weight, cost, and specific fuel consumption. The
study concluded that the hybrid drive system operating under
the ECMS method can achieve an 8.0% improvement in fuel
consumption and a 8.9% reduction in CO2 emissions com-
pared to a conventional tractor.

More work is required to create novel, affordable, and
energy-efficient technology and energy management strate-
gies in order to encourage the commercial use of hybrid
tractors.
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