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Abstract: The objective of this paper is to size the power required by the main powertrain components
used to electrify a backhoe loader in order to meet the requirements demanded by an operating cycle
called backfill. The backhoe loader is modelled based on the external forces acting on itself. The power
sizing approach was inspired in a technique applicable to the on-road vehicle electrification. This
technique was adapted to electrify a backhoe loader. The backhoe loader modelling and the power sizing
were implemented in a script developed in MATLAB. The simulation results showed backhoe loader is
not able to recover braking kinetic energy along the backfill. The results also showed that power
minimization of the engine-generator set maximizes the capacities of power and energy of the electrical
energy storage source.

Keywords: non-road mobile machinery (NRMM); backfill; series hybrid electric powertrain; backhoe
loader; loading bucket; power sizing; traction motor; engine-generator set; and electrical energy storage

source.

1. INTRODUCTION

Environmental protection government agencies are
progressively restricting polluting gas emission levels from
heavy off-road vehicles (Eur-Lex, 2016). The electrification
of heavy off-road vehicles, also known as non-road mobile
machinery (NRMM), becomes a popular alternative among
manufacturers to comply with government regulations (Wu et
al. 2020; Hiroki et al. 2016; Abdel-Bagqi et al. 2013).

Backhoe loaders are compact and versatile NRMMs and are
often employed in mining and construction activities.
Backhoe loaders have demand growth forecast for the
upcoming years (Persistence, 2018). Therefore, the academy
and the industry research and develop electrified backhoe
loaders (Mendes et. al 2019; John Deere 2021; Case 2020).

Vehicle development has been boosted by the model-based
design technique (Smith et al. 2017). Certain types of model-
based design such as the dynamic modelling (Wang et al.
2017) and the multi-stage modelling (Liukkonen 2013) are
employed to predict behavior of many electrical and
mechanical variables of NRMM hybrid electric powertrain
design. These modellings allow to change designs before
construct a prototype and also allow sizing of powertrain
components by analyzing the electrical and mechanical
variables. However, these models are time-consuming and
present high implementation complexity because of high
number of subsystems and high level of interaction between
them.
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This work aims to propose a simple and straightforward
method to size power of the main powertrain components
used in the backhoe loader electrification. This method
ensures the backhoe loader powertrain is capable of meeting
the performance requirements demanded by an application. It
means powertrain will have power and energy enough to
perform a selected operating cycle. The approach proposed in
this work models a backhoe loader based on the external
forces acting on itself along an operating cycle called backfill
in this work. The main powertrain components are: motor,
engine-generator set and electrical energy storage source. The
method proposed in this work is not intended to replace
model-based design techniques since they are used to
simulate the powertrain behavior along the vehicle
development phase.

This paper contributes with power sizing of the main
powertrain components for backhoe loader electrification
based on a modified technique applied initially to on-road
vehicles. The technique was modified by regarding the
hydraulic power demanded by the backhoe loader loading
bucket. Section 2 introduces operating cycle and backhoe
loader. Section 3 addresses the backhoe loader modelling and
power sizing. Section 4 presents results and discussion of
these results. Finally, section 5 presents the paper
conclusions.

2. OPERATING CYCLE AND BACKHOE LOADER

NRMM electrification design requires a certain level of
knowledge about the machine functioning and a deeper
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knowledge about its operating cycle. Therefore, backhoe
loader functioning and the operating cycle selected are
addressed before the methodology.

2.1 Backfill

An operating cycle generally comprises vehicle speed data
and road elevation over time. Although, complementary
system variables can be included to the cycle (O’Keeke al.
2007). Oil pressure and flow in the backhoe loader hydraulic
pump output, and the backhoe loader speed are parameters
that were measured along the operating cycle called backfill
in this paper. These parameters are used on the power sizing
calculus.

The backfill is an operating cycle in which backhoe loader
traction system is predominantly used. A backhoe loader uses
its front bucket lowered and touching the ground to push the
loosened earth pile towards an opened ditch in the backfill.
Fig. 1 illustrates the backfill steps carried out by a backhoe
loader. Fig. 1(a) shows a backhoe loader going toward earth
pile and pushing earth into ditch. Fig. 1(b) shows backhoe
loader returning to its initial position with front bucket raised.
Fig. 1(c) shows the backhoe loader restarting the
maneuverings done on Fig. 1(a).

The backhoe loader travels short distances along the backfill.
The backhoe loader speed tends to be low and variable due to
constant accelerations and decelerations. There is possibility
to recover braking kinetic energy along decelerations to
recharge energy storage source. Traction power must be at
least negative to analyze braking kinetic energy recovery
feasibility.

- Ditch)
Piping

00000

Fig. 1 Backfill stages: (a) backhoe loader advance; (b) return
of backhoe loader; (c) restarting of backhoe loader advance.

2.2 Backhoe Loader

A backhoe loader performs two main types of activities:
excavation and loading. The loading is performed along the
backfill. A backhoe loader is divided into three main groups:
tractor, loading bucket, and excavation shovel (see Fig. 2).
The loading bucket and excavation shovel are generically
called hydraulic implements.
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Fig. 2 A backhoe loader divided into three main groups.

Fig. 3 illustrates a simplified hydromechanical schematic
diagram that comprises the main powertrain components of a
conventional backhoe loader. The hydraulic pump is
mechanically connected to the internal combustion engine
(ICE). Therefore, the oil from the hydraulic system circulates
as long as the ICE is on. This topology feature decreases
powertrain efficiency because hydraulic power is not
transformed necessarily into effective work by the hydraulic
implements.
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Fig. 3 Illustrative schematic diagram of a backhoe loader
conventional powertrain.

One of the main electrification objectives is to increase
powertrain efficiency. There are many topology options to
electrify a powertrain, like battery electric, series hybrid
electric, parallel hybrid electric, and series-parallel hybrid
electric (Denton 2016). Battery electric powertrain is not
considered in this work because a backhoe loader down time
for the battery recharging is relatively high (Un-noor et al.
2021). Therefore, hybrid electric powertrains are the
remaining topology options.

Series hybrid electric was the chosen topology (see Fig. 4).
This architecture was selected basically due to powertrain
internal room and engine operation requirements. A backhoe
loader has limited internal room since it is a compact
NRMM. The backhoe loader engine should probably work
outside its maximum efficiency zone because of speed and
torque values that can change a lot along the backfill. This is
the ideal condition to employ the series hybrid electric
topology (Kim et al. 2019).
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Fig. 4 Illustrative schematic diagram of the series hybrid
electric powertrain chosen for this work.

3. METHODOLOGY

The backhoe loader modeling method applied in this work is
based on the external resistance forces that are acting on a
backhoe loader along the backfill. The backhoe loader
equation parameters used in this work were estimated based
on a commercial backhoe loader. The methodology applied in
this paper was inspired on the power sizing technique of the
main powertrain components for electrification of on-road
vehicles proposed by Ehsani et al. (2018). Although, this
technique was modified because a NRMM use its hydraulic
implement during an operating cycle and the backhoe loader
of this work use its loading bucket along the backfill.

3.1 Backhoe Loader Modeling

Model an on-road vehicle is basically to model the resistance
forces (Mi et al 2017). The same concept could be applied to
the backhoe loader modeling. But the resistance forces acting
on the loading bucket are not applied to an on-road vehicle
modeling. Thus, this technique must be modified in order to
include the resistance force acting on the loading bucket. The
external resistance forces acting on a backhoe loader can be
represented in Fig. 5.

Mgcosa

Fig. 5 Diagram of external resistance forces acting on a
backhoe loader.

The traction force F; required by a backhoe loader can be
determined through the following equation (da Costa 2009):

Fr=Fpp+Fp+Fg+F,+Fpp )
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where Fp, 1is the rolling resistance force, F,, is the
aerodynamic drag force, Fy; is the climbing resistance force
that is null along the backfill, F, is the acceleration force,
and Fpp is the resistance force acting on a the loading

bucket.

The rolling resistance force Fy, can be determined by the
following equation:

Fpp =K.M.g.cos(ax) 2)

where K is the rolling resistance coefficient whose value
estimated is 0.176, g is the gravity acceleration, e M is the

vehicle mass whose value estimated is 7,462 kg. The vehicle
mass value includes the additional weight of the main
powertrain components used for the backhoe loader
electrification which also includes an energy storage source.

The aerodynamic drag force F,;, can be determined by the
following equation:

= %.p.A.CD v? (3)

where p is the air volumetric density, 4 is the backhoe
loader front area whose value is 6.46 m? C, is the

aerodynamic drag coefficient whose value is 0.45 and V' is the
backhoe loader speed.

The climbing resistance force F; is determined by the
following equation:

Fe =M .gsen(a) 4)

The acceleration force F, can be determined by the

following equation:

dV
F,=M.6.— 5
4 7 (5

v . . . . . .
where 7 is the acceleration and J is the rotational inertia
t

factor whose function is to transform rotational mass into
translational one. The estimated rotational inertia factor
value is 1.01.

The resistance force that act on the loading bucket Fp along

the backfill can be determined by the following equation
(Zou et al. 2018):

FRP:Fx1+Fx2+Fx3+Fx4 (6)

where £, is the resistance force to cut horizontally the
loosened earth pile, F,, is the loosened earth displacement
resistance force inside the loading bucket , F; is the

resistance force of friction between loosened earth and the
loading bucket, and F, is the horizontal component of the

friction resistance force between the loosened earth that goes
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up and the internal face of the loading bucket. The Fig. 6
illustrates the resistance forces on the loading bucket along
the backfill.

Bucket

Earth
—

Fy1+F3

Fig. 6 Illustration of the diagram of resistance forces on a
backhoe loader loading bucket along the backfill.

The resistance force to cut horizontally the loosened earth
F, can be determined by the following equation:

F,=K,B_h (7

x1 —

where K, is the cutting resistance per area unit in Pa whose
value is 45 kPa (Zou et al. 2018), B, is the loading bucket

width whose value is 1 m, and % is the earth layer height
whose value estimated is 0.11 m.

The loosened earth displacement resistance force F,, is
determined by the following equation:

(e1 —h)’

. 8
< 2k, 12(4) ®)

Fyy =uy.pr.B
where u, is the internal friction coefficient between the
earth grains whose value is 0.5 (Zou et al. 2018), p; is earth

density whose value estimated is 1.73 10%kg/m?® - red latosol
in medium textured field with T2 compaction level - (Beutler
et al. 2005), H is the loading bucket height whose value is
0.42 m, K,, is the earth mass scale factor whose estimated
value is 1.27 (Zou et al. 2017), ¢ is the repose angle between

the loosened earth pile in front of the loading bucket and the
earth layer to be removed (see Fig. 7) whose tangent
estimated is 0.47.

H-h —

Front

bucket Earth

Fig. 7 Repose angle illustration.

The friction resistance force between the loosened earth to be
removed and the loading bucket F; is determined by the

following equation:

Fyy =K, .B x.p 9)
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where K, is the resistance per pressure unit applied to the

loading bucket moving into the loosened earth whose
estimated value is 50 kPa (Zou et al. 2018), x is the contact
area between the loading bucket and the ground whose value
is 0.48 m?, and g is the friction coefficient between the

loading bucket and the ground whose estimated value is 0.4
(Stefanow et al. 2018).

The horizontal component from the friction resistance force
between the loosened earth that goes up and the internal face
from the loading bucket F,, is determined by the following

equation below:

(t1-1f

2
2k @) ©)

Fx4 :zul’pT'Bc’ (10)

where ¢ is the loading bucket cutting angle whose value is
22°.

The backhoe loader modeling equations shown in this section
were implemented in a MATLAB script to obtain the
simulated traction force F7 .

3.2 Power Sizing of the Main Powertrain Components Used
in the Backhoe Loader Electrification

Design the powertrain of an on-road vehicle means to ensure
that the vehicle has the desired performance to run the
selected driving cycle (Ehsani et al. 2018). It means that the
powertrain needs to have power enough to run the driving
cycle. This concept does not change radically when the
designed vehicle is a NRMM. This work proposes to size the
power required by the main powertrain components used to
electrify a backhoe loader. The main components are: motor,
engine-generator set, and energy storage source.

3.2.1 Traction Motor Power Sizing

The traction motor power sizing applied to the series hybrid
electric on-road vehicle is the same of the battery electric on-
road vehicle (Ehsani et al. 2018). This power sizing can be
applied to the backhoe loader as well since its traction system
is similar of the on-road vehicle. The traction motor power
sizing regards three fundamental parameters: torque, rotating
speed, and power. The traction motor torque can be obtained
through the traction force F; equation as expressed below:

T, dgdg.1,

Fp = (11)

Ta
where 7, is the traction motor torque, i, is the gear ratio
along backfill, i, is the final gear ratio (product between the
differential and wheel hub gear ratios), 7, is the transmission
efficiency whose value is 0.9, and r; is the tire radius whose

value is 0.66 m. Therefore, the traction motor torque T, is
determined by the following equation:
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Ig-do-17;

T,

m

(12)

The traction motor rotating speed N, can be obtained

through the backhoe loader speed V' that is determined by
the following equation:

_ Nm.l’d.ﬂ' (13)
iy dg-30

where N,, is the traction motor rotating speed in (rpm) that
is determined by the following equation:

Vi iy.30

N, =—£2 (14)
vy

Finally, the traction motor power P, is determined by the
following equation:

P

m

=T, N,.—

15
m m 30 ( )

The equations shown in this section were implemented in a
MATLAB script to obtain traction motor torque, rotating
speed and power of the traction motor.

3.2.2 Engine-Generator Set Power Sizing

The engine-generator set power sizing applied to a NRMM
differs from an on-road vehicle due to the hydraulic
implements. Therefore, the engine-generator set power sizing
applied to a backhoe loader must consider the hydraulic
power demanded by the hydraulic implements as well as the
conventional NRMM does (Liu et al. 2017). The engine-
generator set power sizing is based on the average power
required by an operating cycle selected. There are two
different operating cycles that this work regards to size power
for the engine-generator set: transit on a flat road and the
backfill.

The backhoe loader develops constant speed, the hydraulic
implements are not used, and the energy storage source does
not supply power along the transit on a flat road. Thus, the
average power for constant speed P, on a flat road is

determined by the following equation (Ehsani et al. 2018):

P +Pip  KMgV+Py

ve T (1 6)
1000.7, 17, 1000.7, 17,

where Ppp is the rolling resistance power, P, is the

aerodynamic drag power for the backhoe loader maximum
constant speed value of 40 km/h, and 7,, is the traction

motor efficiency whose estimated value is 0.90.

The backhoe loader presents variable speed due to often
accelerations and decelerations, loading bucket intermittent
usage, and energy storage source usage along the backfill.
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Thus, the average power for variable speed (P, ) on the
backfill is determined by the following equation:

IT(PRR+PADW+PA+PRP) Y
P =—.[ dt + .[

» mh_ dt
T 0 1000771 Tm 0 U

(17

where P,, is the variable speed aerodynamic resistance

power, P, is the backhoe loader acceleration power, Ppp is
the resistance power on the loading bucket, 7,, is the

hydraulic pump-motor set efficiency whose value is 0.85
(Cassapa 2018), P, is the hydraulic pump-motor set power

that is determined by the equation below (Cassapa 2018,
2018):

(Apb Vip + APy -Vbd)
=— o (18)
600

Ap.v
P, = .
mh 600 T mh

where Ap and v are the pressure and flow of the hydraulic

pump-motor set in (bar) and (I/min) respectively. The sub-
indexes bp and bd are related to the main and steering outputs
from the hydraulic pump-motor set.

The engine-generator set power P,,, should be greater than

g
P, and P, . P, , must be at least equal to the greater value

between P, and P,,. The average power supplied by the

engine-generator set should be greater than the average
power of the resistance loads to keep the backhoe loader
energy storage source balanced along the backfill. Keep the
electrical energy storage source balanced means to keep the
state of charge between top and bottom limits. The energy
storage source does not supply power along the transit on a
flat road to avoid deep discharge.

The equations shown in this section were implemented in a
MATLAB script to obtain the power required by the engine-
generator set.

3.2.3 Power and Energy Sizing of the Energy Storage Source

The energy storage source used in the paper is also called
Peak Power Source (PPS). The Acronym PPS is self-
explanatory about the energy storage source function that is
to supply the peak power values that are not supplied by the
engine-generator set (Ehsani et al. 2018).

The PPS power sizing of an on-road vehicle is not the same
of a NRMM due to the peak power demanded by the
hydraulic implements. Thus, the PPS power Pppg demanded

by the backhoe loader is determined by the equation below:

Pm,max th,max
Pppg = +———-F,, (19)
m M
where P, .. the motor peak power, F,, ... is the hydraulic

pump-motor set peak power. If P, is sized to have
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or P

vy

minimum power, its means P, , is equal to £,

Pppg is sized to have maximum power by the analysis of
(19).

The energy sizing must regard the operating cycle that does
not present changes in energy. The transit on a flat road does
not present energy variations. Therefore, the backfill is the
operating cycle selected to the PPS energy sizing. The PPS
energy Eppg required by the backhoe loader is determined

by the following equation:

AEmaX (20)
SoC,,, —SoCy,,

top

Epps =

where AE,, is the maximum energy variation of the PPS

that is equal to the difference between the maximum and

minimum values of AE along the backfill, SoC,,, is the

state of charge top value which is 0.7, and SoC,,, is the state

of charge bottom value which is 0.4 (Ehsani et al. 2018). The
energy variation of the PPS AFE is determined by the

following equation:

AE = J.PPPS,inst.'dt 2y

where  Pppg i, 18 the PPS instantaneous power that is

determined by the equation below:

P P

m,max mh,max
PPPS,inst. = + —Lelg,inst. (22)

Mm M mh
where F,, ;. 1s the engine-generator set instantaneous
power that must be greater or equal to the backhoe loader
instantaneous power along the backfill P, , whose
equation is determined by:

(Prr + Pup,, + P4+ Ppp) P,

va,lnstA = = + mh (23)

1000.77,.17,, Momh

The equations shown in this section were implemented in a
MATLAB script to obtain the power and energy capacities
demanded by the PPS.

5. RESULTS AND DISCUSSIONS

The backhoe loader traction force, speed, and traction power
graphics can be seen in the Fig. 8. The backhoe loader
presents low speed and often accelerations and decelerations
along the backfill. Hence there is great variation in traction
power whose values reach minimum of zero and maximum of
74.58 kW. The traction force also presents large variation.
The graphics of traction force and power do not show
negative values along the deceleration. Therefore, the
backhoe loader should not recover braking kinetic energy
along the backfill. The Fig. 9 reveals that the traction force
would be negative during decelerations with null rolling
resistance force. The blue line represents the difference
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between the traction and rolling resistance forces while the
green line represents just the rolling resistance force. It means
that the braking kinetic energy recovery would be possible
with null rolling resistance force. The high values of rolling
resistance force are a consequence of the high value of rolling
resistance coefficient (0.176). This is due to the type of floor
and the backhoe loader high mass value (7,462 kg).

Backhoe Loader Traction Force

=l L JMMWHMUMW i
EOHIMIHIHWMWU W WMH

0 100 200 300 400 500 600 700 800
Backhoe Loader Speed

)
0 100 200 300 400 500 600 700 800

Backhoe Loader Traction Power
50

[

0 100 200 300 400 500 600 700 800
Time [s]

Speed [km/h]
o

S
= |

00

Power [kW]

Fig. 8 Simulation of the traction force, backhoe loader speed,
and traction power.

Comparison Between Rolling Resistance and Other Forces

MIIL Wr (1T

25

201

Force [kN]

Fr-Frr

Frr

| | n | | |
100 200 300 400 500 600 700 800
Time [s]

Fig. 9 Comparison between resistance forces without rolling
resistance force and the rolling resistance force.

The torque, rotating speed, and power graphics of the traction
motor are shown in the Fig. 10. Their curve profiles are quite
similar when compared to the traction force, speed and
traction power of the backhoe loader. The similarity between
the curve profiles of the Fig. 8 and Fig. 10 were already
expected. The torque and the rotating speed of the traction
motor are proportional to the traction force and backhoe
loader speed respectively according to (12) and (14). The
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power sized for the traction motor (maximum value of 82.86
kW) differs of the backhoe loader traction power (maximum
value of 74.58 kW). The difference between these two power
values is due to losses in the backhoe loader transmission.
This proposition can be confirmed multiplying the traction
motor power by the transmission efficiency whose value is
0.9. The result is equal to the traction power value.

Traction Motor Torque

il

ﬂ‘u \

0 100 200 300 400 500 600 700 800
Traction motor rotating Speed

200 | l. } \ ‘l‘

e
—

4000
B
52000 | | b | h
0 100 200 300 400 500 600 700 800

Traction Motor Power

I N
0 100 200 300 400 500 600 700 800
Tempo [s]

Power [kW]

Fig. 10 Simulation of the torque, rotating speed, and power of
the traction motor.

The average power value in constant speed (transit on a flat
road) is 19.34 kW. The average power value in variable
speed (the backfill) is just 13.10 kW. Therefore, the
minimum average power value selected to the engine-
generator set is 19.34 kW. This means that the PPS power
and energy are maximized and theirs values are 78.14 kW
and 61.02 kWh respectively. The low power value sized to
the engine-generator set is offset by the high power and
energy values sized to the PPS.

The power value sized to the engine-generator set is
considerably lower than the power of a commercial backhoe
loader engine. This means the backhoe loader electrificated in
this work has great potential to consume less fuel because the
fuel instantaneous consumption is proportional to the engine
power (Liu et al. 2017). Although, the PPS must to supply the
power peaks required by the traction and hydraulic system
and this could hinder the electrification financially. The
application of a muti-criterion decision making (MCDM)
method can aid the power sizing optimization and enable the
electrification financially (Loganathan et al. 2021).

6. CONCLUSIONS

This work presented an electrification case study in which a
backhoe loader is modelled. The power sizing of the main
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powertrain components used in the backhoe loader
electrification is proposed. The operating cycle called backfill
was used in this work. The backfill was detailed and
explained. The backhoe loader functioning was introduced.
The series hybrid electric topology was the powertrain
topology selected and this decision was made based on the
backfill characteristics. The traction motor, engine-generator
set, and the energy storage source had their powers sized
inspired on a technique used for on-road vehicle
electrification that was adapted for backhoe loader
electrification. The torque, rotating speed and power graphics
of the traction motor were obtained. The maximum power
value of the traction motor is 82.86 kW. The power sized for
the engine-generator set is 19.34 kW. The power and energy
values sized for the energy storage source are 78.14 kW and
61.02 kWh respectively.

The backhoe loader model and the power sizing equations
were implemented through a script developed in MATLAB.
The backhoe loader simulation performed the backfill that
demanded high and intermittent peak power values. The
simulation showed that the braking kinetic energy recovery
does not occur along the backfill due to rolling resistance
coefficient and vehicle mass high values. The minimization
of power sized for the engine-generator set maximizes the
power and energy capacities demanded by the energy storage
source. This minimization could hinder the electrification
financially.
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