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Abstract. Technology development requires searching for new solutions that improve the energy efficiency of
commercial vehicles used in rural areas. The article presents a comprehensive approach to analysing and modelling
energy recovery in drive systems that can be used in agricultural vehicles such as tractors and combines and other
agricultural machines. The research included developing mathematical models that consider vehicle dynamics,
such as speed, acceleration and energy recovery during braking (recuperation). Based on linear regression, KNN
algorithms and neural networks, these models allow for estimating the amount of recovered energy in various
operating states, such as acceleration, braking or driving at a constant speed. Statistical analysis confirmed the
significance of the impact of key parameters, such as speed and acceleration intensity, on recuperation efficiency.
The research results indicate that implementing advanced energy management strategies in vehicles can contribute
to reducing fuel consumption and greenhouse gas emissions. Energy recovery during braking is significant in
machines performing cyclical tasks, such as transporting crops or field work on uneven terrain. Examples indicate
that energy recovery can be optimised by better matching vehicle operating parameters, which is crucial in
reducing farm operating costs. The proposed technological solutions and predictive models support energy
efficiency and sustainable development in the agricultural sector. The possibility of integrating these solutions
with autonomous vehicles and agricultural fleet management systems opens prospects for further technological
progress. This research contributes to developing ecological and energy-saving technologies that support modern
agriculture and its transformation towards a low-emission economy.
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Introduction

Developing energy-efficient technologies is a key priority in modern agriculture, where optimising
energy use in machinery can lead to significant reductions in fuel consumption and environmental
impact. One of the promising approaches in this area is the implementation of energy recovery systems
in agricultural vehicles, particularly in the braking and acceleration phases. Energy recuperation has
been extensively studied in the context of electric and hybrid vehicles. However, its potential application
in off-road agricultural machinery remains an emerging field of research [1-3].

Energy recovery in agricultural machinery primarily focuses on regenerative braking systems,
which convert kinetic energy into electrical energy that can be stored and reused. Studies on braking
energy recovery devices have demonstrated their effectiveness in reducing overall energy consumption
in agricultural robots and machinery designed for field operations [4; 5]. Moreover, advancements in
high-voltage electrification for tractors and other agricultural machines present new opportunities for
integrating regenerative technologies into farming operations [6; 7].

Integrating alternative energy sources with recuperation systems is a key research direction, and
one promising solution is hybrid hydrogen systems in vehicles, which improve energy efficiency and
sustainability by increasing range and reducing dependence on conventional fuels [8]. Optimisation of
energy management in hydrogen buses has confirmed that advanced recuperation strategies significantly
increase the efficiency of transport fleets [9], and similar solutions can improve energy flow and
regenerative braking in agricultural machines.

Electrification and hybridisation of agricultural vehicles are crucial in achieving sustainability
goals. Researchers highlight that hybrid tractor powertrains can significantly improve fuel efficiency
while reducing greenhouse gas emissions [10; 11]. Additionally, the transition toward fully electric or
hybrid agricultural machines aligns with broader sustainability trends in the energy sector, emphasising
the role of agriculture in a low-emission economy [12; 13].

The potential benefits of energy recovery systems extend beyond efficiency improvements. Studies
on optimising regenerative braking systems suggest that fine-tuning key parameters, such as vehicle
speed and acceleration, can enhance recuperation rates [14; 15]. Furthermore, integrating energy
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management strategies into agricultural fleet operations can reduce operating costs while ensuring long-
term sustainability in farm machinery usage [16; 17].

Research on the durability and performance of vehicle components emphasises the importance of
structural integrity in energy recovery systems. It has been shown that small changes in mechanical
design can significantly affect the efficiency of energy transfer and mechanical strength, which is
particularly important in agricultural machinery exposed to high loads [18]. Improving design standards
and material selection can increase the durability and performance of energy recovery systems.

The research results on electric buses indicate their usefulness as a model for energy recovery
systems in agriculture. Brake energy recovery in these vehicles can be adapted to agricultural machinery,
but it requires optimisation for uneven terrain, variable loads, and specific duty cycles. Integrating
energy recovery systems in agriculture supports global efforts towards sustainable mechanisation and
energy efficiency in agricultural transport.

The acquired knowledge constitutes a valuable basis for optimising the recuperation strategy in
agricultural machines. The relationship between battery configuration and energy recovery in buses can
be analysed in agriculture, and further research should focus on adapting these technologies to specific
agricultural applications, ensuring their effective integration with economic operations [18; 19].

Despite these promising developments, challenges remain in adapting energy recovery technologies
to off-road environments. Unlike urban electric vehicles, agricultural machinery operates under highly
variable conditions, including uneven terrain, heavy loads, and frequent stopping and starting cycles.
These factors necessitate advanced control algorithms and predictive models to optimise energy
recovery without compromising vehicle performance [20; 21]. Additionally, hybrid hydraulic
powertrains have emerged as an alternative solution for energy efficiency, offering potential advantages
in agricultural applications where hydraulic systems are already widely used [17; 20].

Integrating renewable energy sources with vehicle charging and energy management systems,
including photovoltaic carports, improves energy autonomy [19]. Adapting this solution to agriculture
could increase energy efficiency and sustainable use, reducing dependence on the electricity grid.
Moreover, research on energy system reliability emphasises the importance of predictive maintenance,
and Semi-Markov models are an effective method to assess the availability and performance of energy
recovery mechanisms [22]. These technologies can be adapted to optimise the maintenance and
performance of agricultural energy recovery systems.

This study builds upon existing research by developing mathematical models and predictive
algorithms to estimate energy recovery in agricultural vehicles. By leveraging techniques such as linear
regression, k-nearest neighbours (KNN), and neural networks, the research aims to enhance the accuracy
of energy recuperation predictions under various operating conditions. The findings contribute to the
ongoing efforts to modernise agricultural machinery, supporting the transition toward more energy-
efficient and environmentally sustainable farming practices [16; 21].

Studies on instantaneous energy recovery in electric buses have provided valuable insights into
optimising energy recovery strategies [23]. The SORT test analysis of energy consumption and recovery
patterns revealed key factors influencing efficiency, such as battery configuration and driving dynamics.
SORT cycles were developed by the International Association of Public Transport (UITP) to assess the
energy efficiency of vehicles under controlled conditions [23; 24]. These standardized cycles enable
precise assessment of a vehicle’s energy efficiency by eliminating environmental variables, allowing
for reliable comparisons between different vehicle models and verification of manufacturers’ claims
[23; 24].

These conclusions can be applied to agricultural vehicles, considering variable terrain and operating
conditions. Furthermore, machine learning technologies, such as LSTM networks, effectively predict
the performance of energy systems in industry [25], and their implementation in agricultural
recuperation systems could improve energy monitoring and optimisation. Despite many advantages,
implementing energy recovery systems in agricultural vehicles requires further research, especially in
their adaptation to demanding terrain conditions and variable workloads. The key challenge remains the
development of control algorithms and predictive systems that will effectively manage recovered
energy.
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In this article, an analysis of instantaneous energy recuperation (IER) was conducted during the
operation of an electric bus in the SORT test. The study examined different configurations of electric
buses: one with a single battery and pantograph, another with four batteries, and the last with eight
batteries. Each bus performed ten test runs to evaluate the impact of different battery setups on energy
recuperation efficiency. This work provides important guidelines for using energy recovery systems in
agriculture. The research results on electric buses constitute a valuable basis for designing modern
agricultural machinery with higher energy efficiency. Future research should focus on adapting these
technologies to the specific working conditions in agriculture and on developing intelligent energy
management strategies that support the sustainable development of the agricultural sector.

Methodology/Research tools
Kruskal-Wallis test

The Kruskal-Wallis test [26; 27] was used to analyse differences in the process of electric energy
recuperation during braking. SORT has been performed at each bus pass. Let {yi"}lsiSnk denote a
sequence representing the amount of energy recovered during braking. Where k € {1b,4b,8b} (means
“1 battery with pantograph”, “4 batteries”, “8 batteries”). The Kruskal-Wallis test is used to detect
differences between groups when the assumption of normality of distribution in groups is not met. In

the considered case, the number of batteries installed in the bus was selected as the differentiating
variable. To verify the differences, at the significance level a € (0,1) we create the null hypothesis:

Hy: Fp(x) = Fyu(x) = Fgy(x) for x > 0 (the distributions of the recovered energy are equal
and do not depend on the number of batteries installed in the bus) and the alternative hypothesis

Hy: 3i,j € {154b8b} Fi(x) # F;j(x) (the number of batteries installed in the bus significantly
impacts the amount of energy recovered during braking).

For the entire sample {yik}lsisnk’k € {1b4b5,8b} the ranking was performed, the value Ry;
denotes the rank of the i-th element from the k-th group in the sample. The formula gives the test statistic

12 - n+1

2
T = —— Z Ry — )
n(n + 1) k 2 T @
ke{1b4b8b)

where n = ny, + ng, + ng,

The test statistic (1) measures the deviation of the sample rank means from the mean value of all
ranks, equal to (n + 1)/2. The T statistic has a y? distribution with 2 degrees of freedom.
Linear model

Let {(IRE¢, be, V¢, ar)}11eqe <n denote a data set, where IRE, denotes the amount of recovered
energy within 1 s during measurements (Wh), v, — average vehicle speed (km-h?), a, acceleration
m-s?2, b, € {1545,8b} - number of batteries. Since the variable describing the number of batteries is
gualitative, we chose the bus with one battery and pantograph as the reference level. To identify the
effect of the number of installed batteries, speed, and acceleration on the value of instantaneous
recovered energy IRE;, we consider a linear model [6, 25] as follows

IRE, = 0y + 6,1,(4b) + 0,1.(8b) + O3v, + O,a; + Osa? + Ogvia; + &, (2)

where I,(s) = {(1) bzs;:'

by random variable with a normal distribution N (0, 52).

for sin € {45,8 b}, and the influence of external factors is described

The least squares method was used to estimate the structural parameters 6, 84, ..., 85 based on the
observation of the dependent variable {IRE;}; <+ <n and the predictors {{(b;, V¢, ar)}1<c<n N the
model (2). The predicted value of the instantaneous energy recuperation is assumed to be

IREt = 00 + 911t(4b) + 921t(8b) + 93Ut + 94at + 950,? + Qﬁvtat
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A A

where 8, ..., 85 — estimators of structural parameters in the model (2).

& = IRE; — IRE; — denotes the differences between empirical and predicted values of
instantaneous recovered energy for1 < i < n
e = (&,&,, ..., &) — denotes the vector of residuals,

T
g2 = % — denotes the variance of residuals.

To assess the impact of individual features on explaining the variability of the dependent variable,
we estimate the standard deviation for each structural parameter 6;, i € {0,1,...,5}.

To assess the impact of predictors [26; 27] at the significance level of @ = 0.05 for each structural
parameter, we create a null hypothesis

Hy: 6; = 0 (the influence of the i — th factor is irrelevant on the instantaneous recovered energy)

against the alternative hypothesis

H,y: 6; # 0 (i —ty factor significantly affects the instantaneous recovered energy).

A statistic describing the ratio of estimator of parameter 6; to the standard deviation of this
parameter Sp,

0.
ti = L (3)
Se,
has a Student’s t-distribution with (n — k — 1) degrees of freedom (in equation (2) we have k = 6
predictors). For each parameter, we determine the test probability

pi = 2 *P(T > |ti|),
where T — a random variable with a Student’s t-distribution with (n — k — 1) degrees of freedom.

If p; < a, then at the significance level a, the null hypothesis H, is rejected in favour of H;.
Therefore, the structural parameter is significantly different from zero, and the predictor significantly
impacts explaining the dependent variable.

To analyse the fit of the model [3,6,25] the coefficient of determination R? was estimated
A 2
n (IREl- - IREl-)
R? = 1-—

- 2
n, (IREt —~ IRE)

where IRE; — denotes the observed value of the recovered energy;
IRE; — the predicted value based on the model, i = 1,2, ..., n,

IRE — the mean value of the recovered energy.

The coefficient of determination shows what part of the variability of the recovered energy is
explained by the model. The correlation coefficient between the actual and predicted values on the test
set was estimated as Mean Squared Error, Root Mean Squared Error, and Mean Absolute Error [3; 6;
25].

Results and discussion

During the electric bus ride according to the SORT test [23], the collected and recovered energy
was analysed, recording its values using the Yokogawa WT-1806 power analyser, where the readings
were presented in the form of time series

{icEg }ostn i {IRE{].}O fiew

The impact of the bus ride on recovered energy was analysed, as well as the vehicle’s speed,
acceleration, and number of batteries. The vehicle ride is described by staying in the states A —

632



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 21.-23.05.2025.

acceleration, B — braking, D — driving, S — stop. Energy is recovered during braking, which is why this
state was analysed. All calculations were performed in the R programming language [28]. An example
ride in the SORT test and the recuperation of electric energy for a bus with one battery and a pantograph
are shown in Fig. 1.

Bus travel according to SORT
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Fig. 1. Test driving and Instantaneous Consumption/Recuperation
Energy for a bus with 1 battery and pantograph

The normality of the distribution of instantaneous energy recuperation for a bus with different
numbers of batteries was also analysed using the following tests (Table 1): Shapiro—Wilk normality test,
Lilliefors (Kolmogorov-Smirnov) test, D"Agostino Omnibus Test. Table 1 contains the statistic values
and test probabilities.

Table 1
Result of normality test
Test 1 battery 4 batteries 8 batteries
Statistics P-value Statistics P-value Statistics P-value
Shapiro-Wilk 04801 |<22-10%| 04744 |<22-10%| 04620 |<22-10%
normality
Lilliefors
(Kolmogorov- 04459 | <22-10% | 04493 |<22-10% | 04453 |<22-10'°
Smirnov)
D Agostino 1030.656 | <2.2 .10 | 1033.788 | <2.2-106 | 1604.755 | <2.2 .10
Omnibus

Since the assumption of normality of the IRE distribution is not met for each group (the test
probability is below the required level of 0.05), next Kruskal-Wallis test was used to test the significance
of differences in the distributions. The test statistic value for the Kruskal-Wallis test is 12.699, while the
test probability is 0.0017; therefore, at the significance level, we reject the null hypothesis in favour of
the alternative hypothesis; the energy recuperation distributions differ significantly due to the number
of installed batteries.

To analyse the effect of the number of batteries, acceleration and speed, the entire set was divided
into a training set (80%) and a test set (20%). We analyse the linear relationship (2) and explain the
effect of the number of batteries, acceleration and speed on the instantaneous electricity recuperation on
the training set. The values of the estimators, standard deviations of these parameters, the value of the
test statistic T (1) and the test probability for each of the parameters are presented in Table 2.

Table 2 shows that at the significance level of o = 0.05 for each parameter, we reject the null
hypothesis in favour of the alternative hypothesis. Therefore, the intercept and the predictors: number
of batteries (4 or 8), speed, acceleration, acceleration squared, and the product of acceleration and speed
significantly affect the explanation of instantaneous energy recovery.

On the training set, the value of the coefficient of determination is 0.8324, so the variability of
instantaneous energy recovery is explained by 83.24%. The correlation coefficient between the actual
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and predicted values was estimated on the test set. The value of this coefficient is 0.9453, which means
that the obtained forecasts are strongly correlated with the actual values, and the correlation is quite
strong. The forecast accuracy measures were also determined on the test set: RMSE = 3.3925,
MSE = 11.5091, MAE = 2.5396.

Table 2
Values of structural parameters, standard deviation, statistic T values
and probility values for null hypothesis
Predictor i a; Sa; t; P(T > |t;])
------- 0 -6.4815 1.59205 -4.0712 5.0961-10°
4 batteries 1 1.2754 0.40285 3.1660 1.5981-10°
8 batteries 2 3.6473 0.37913 9.6203 6.6163-10%
a; 3 -7.8981 3.5521 -2.2235 2.6432-102
vy 4 0.5093 0.03779 13.4747 8.8027-10%
a? 5 -12.9419 2.3962 -5.4009 8.5202-10°8
a;v; 6 -0.5576 0.05382 -10.3602 8.08139-10*

Studies have shown that the number of batteries in electric buses significantly impacts the efficiency
of instantaneous energy recovery. The Kruskal-Wallis test confirmed statistically significant differences
between battery configurations, consistent with previous studies on electric vehicles and their
regenerative braking systems [10]. Similar analyses were also conducted in the context of agricultural
machinery, where optimising energy storage systems increased energy recovery efficiency in working
machines and other off-road vehicles [4].

The results of the regression analysis indicate that the key factors influencing the efficiency of
energy recovery are the speed, acceleration of the vehicle, squared acceleration and product of
acceleration and speed. This is consistent with previous studies on electric vehicles, where dynamic
braking torque control improved the ability to recover energy [11]. In agricultural machinery, which
often operates under variable load conditions and uneven terrain, energy recovery efficiency can be
increased by integrating advanced control algorithms [3].

The research results confirm the great potential of using energy recovery systems in agricultural
machinery. Their effectiveness will, however, depend on adapting control systems to changing terrain
conditions, optimising the number of batteries and implementing intelligent energy management
strategies. Future research should focus on implementing adaptive control algorithms and connecting
recuperation systems with precision farming technologies, which will allow for even greater efficiency
and reduction of operating costs in agriculture [7].

Conclusions

Energy recovery systems are an important tool for improving energy efficiency in agriculture. The
results of the research on electric buses indicate that using similar solutions in agricultural machinery
can bring tangible benefits, especially in terms of energy savings and increased operational autonomy
of vehicles.

The analysis confirmed that the number of installed batteries significantly impacts energy
recuperation efficiency. For example, the average instantaneous energy recovery increased from
12.64 Wh for one battery to 14.27 Wh for four batteries and up to 15.99 Wh for eight batteries.
Moreover, the correlation coefficient between the predicted and actual recuperation values reached
0.9453, indicating a strong model performance. The model explained 83.24% of the variability in the
training set.

Forecast accuracy was also satisfactory, with RMSE =3.39 Wh, MSE =11.51 Wh?, and
MAE = 2.54 Wh.

Modular battery systems can improve the flexibility of agricultural vehicles, enabling their
adaptation to specific operating conditions. Additionally, the integration of predictive algorithms and
intelligent energy management strategies will allow for the optimization of the use of energy resources.
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Despite many advantages, implementing energy recovery systems in agricultural vehicles requires
further research, especially in their adaptation to demanding terrain conditions and variable workloads.
The key challenge remains the development of control algorithms and predictive systems that will
effectively manage recovered energy. Like urban buses, many agricultural machines operate in stop-
and-go conditions, especially during fieldwork (e.g. harvesting, ploughing, or baling), which creates
frequent deceleration events. This makes regenerative braking highly applicable, as these scenarios
provide multiple opportunities to recover kinetic energy. Just as energy recovery in buses contributes to
lower emissions and fuel costs, the same benefits can be achieved in agriculture - a sector under pressure
to decarbonize and improve efficiency due to global sustainability targets.

This work provides important guidelines for using energy recovery systems in agriculture. The
research results on electric buses constitute a valuable basis for designing modern agricultural machinery
with higher energy efficiency. Future research should focus on adapting these technologies to the
specific working conditions in agriculture and on developing intelligent energy management strategies
that support the sustainable development of the agricultural sector.
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