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Abstract

The escalating demand for more efficient and sustainable working machines has pushed manufac-
turers toward adopting electric hybrid technology. Electric powertrains promise significant fuel
savings, which are highly dependent on the nature of the duty cycle of the machine. In this study,
experimental data measured from a wheel loader in a short-loading Y-cycle is used to exercise a
developed mathematical model of a series electric hybrid wheel loader. The efficiency and energy
consumption of the studied architecture are analyzed and compared to the consumption of the
measured conventional machine that uses a diesel engine and a hydrostatic transmission. The results
show at least 30% reduction in fuel consumption by using the proposed series electric hybrid
powertrain, the diesel engine rotational speed is steady, and the transient loads are mitigated by
the electric powertrain. The model also shows that 20% of drive energy could be regenerated through
braking using the drive electric motors. Opportunities for engine downsizing are established and
the losses are analyzed and compared for both machines. The results show 42% savings in the overall
system losses especially the diesel engine and drivetrain.
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. Introduction

heel loaders are used to handle and transfer

massive loads, including construction, mining,

and earthwork applications. These machines
usually rely on diesel engines, which consume significant
amount of fuel due to the nature of the work they do. For
example, some equipment may be used to haul loads of several
tons on steep inclines, which leads to consumption ranging
from 10,000 to 100,000 L of fuel per year per machine [1]. In
addition to the high fuel consumption, they also experience
significant energy losses due to unfavorable diesel engine
operation (high loads and low speeds). In addition to that, the
diesel engine efficiency is 40% at its highest while at normal
operating conditions it is usually even less, which leads to
deteriorated operation efficiency.

Numerous studies have been conducted to improve wheel
loaders’ efficiency and reduce their consumption and emis-
sions, for example, reducing the speed of the engine [2] and
use of hybrid hydraulics [3]. However, better fuel consumption
can be achieved using electric hybrid powertrains. The inte-
gration of electric hybrid powertrains in heavy-duty machines
not only reduces fuel consumption and emissions but also
addresses the issue of energy losses and improves overall effi-
ciency. An electric hybrid powertrain combines two or more
prime movers, such as a battery and a diesel engine. This tech-
nology has shown to reduce fuel consumption by about 25%,
as claimed by Hitachi and Caterpillar [4, 5] and up to 45% as
claimed by Komatsu [6].

Hybrid electric powertrains can be constructed with
different topologies such as the series, parallel, and series—
parallel hybrid. Series hybrid powertrains operate the diesel
engine at its peak efficiency, are simple in construction, and
are easy to control but offer poor transmission efficiency due
to several energy conversions. On the other hand, parallel
hybrids provide high transmission efficiency, as it has less
energy conversions and are more reliable. However, they
operate the diesel engine at a lower efficiency zone. Finally,
series—parallel hybrids offer the same advantages as parallel
hybrids and operate the diesel engine at high efficiency but
are more complicated in control and construction [7].

In this work, the series electric hybrid (SEH) powertrain
technology is studied since it utilizes electric motors to handle
the different power consumers, such as traction and hydraulic
systems, while the diesel engine is decoupled from the
mechanical load and its transients and is solely used to charge
the battery pack through a generator. This enables efficient
use of energy, provides optimal performance for different
operating conditions, and opens the possibility to downsize
the diesel engine where there is no more need for it to handle
power peaks. Although the initial cost of the SEH powertrain
is high compared to traditional and other hybrid machines,
the long-term cost savings and environmental benefits make
it a viable option for wheel loaders.

A large body of literature exists on simulation and control
for hybrid electric powertrains in passenger cars. For example,
multiple studies [8, 9, 10] introduced control strategies for

SEH vehicles using standardized urban driving cycles. Also,
Chen et al. [11] proposed a strategy to optimize the driving
speed simultaneously with the energy power source split for
a SEH vehicle. Another research by Katrasnik et al. [12]
presented a simulation and an analytical approach to find
more insights into the energy conversion in hybrid powertrains.
Finally, Evangelou et al. [13] presented a complete simulation
model of a SEH car and is simulated using standardized
driving cycle.

The standardized driving cycles for passenger cars,
however, cannot be adapted for heavy-duty equipment since
their duty cycles are significantly different, the abundance of
transient loads from the equipment used by the machines such
as heavy digging, lifting, and moving of massive loads are
some examples. Heavy-duty equipment also contains compo-
nents that are not common in passenger cars such as hydraulic
pumps. These additional components add to the complexity
of the system and differentiate it from passenger cars.

Fewer studies have focused on SEH powertrains in heavy-
duty equipment. For example, in on-road equipment such as
buses. Hu et al. [14] introduced a tank-to-wheel analysis of a
series plug-in hybrid electric bus using different management
strategies as well as battery sizes. Peng et al. [15] presented a
rule-based energy management strategy for a plug-in hybrid
bus. While for offroad heavy-duty equipment, Wang et al. [16]
concluded that a powertrain topology for hydraulic excavators
is cycle dependent where a parallel topology is suited for heavy
and light use and a series or parallel is efficient for medium use.

Although these studies present fuel consumption opti-
mization results for their respective machine, they cannot
be directly extended for wheel loaders or generalized for
heavy-duty equipment, due to the substantial difference in
the duty cycle and operating conditions between different
machines. For example, wheel loaders experience transient
loading conditions as opposed to passenger cars or buses and
their duty cycle is different from excavators as they have
motion unlike excavators that are mostly stationary.

Few studies investigated the analysis of wheel loaders’
SEH powertrains. For instance, Lin et al. [17] provided a
battery power-based strategy for a SEH wheel loader showing
a possibility of 43.6% fuel savings. Meanwhile, Tebaldi et al.
[18] used power-oriented graphs to design a controller for the
power management problem. Finally, Donateo et al. [19]
presented an evaluation of the benefit of hybridization of a
compact wheel loader using a backward simulation model and
a duty cycle provided by an industry partner. However, these
studies rely on simplified duty cycles made for simulations,
which neglect the transient data and the actual operating
conditions that are critical to accurate fuel consumption
estimation.

In this study, the fuel consumption of a SEH purpose-
built wheel loader was studied and analyzed. Results were
compared to a conventional wheel loader that uses a diesel
engine and a hydrostatic transmission (HST). The two archi-
tectures were compared using data, which was experimentally
measured from the conventional machine performing a
Y-cycle. The data includes measurements from the diesel
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engine, HST, and working and auxiliary hydraulics pumps.
The comparison was performed using a formulated backward-
facing MATLAB/Simulink model of the 5.4-ton SEH wheel
loader; the model simulates the dynamics of different compo-
nents of the powertrain to study the power distribution and
energy consumption as well as the efficiency of the overall
machine. The results for fuel consumption and energy losses
are analyzed. Opportunities for improving the efficiency of
the components are identified as well as the possibilities of
energy regeneration through the electric motors and the
downsizing of diesel engines are investigated. This study
focuses on addressing the fuel consumption and efficiency
challenges in diesel-powered wheel loaders, by exploring the
potential of SEH powertrain to improve efficiency. The study
presents an analysis of a purpose-built SEH wheel loader,
comparing it with a conventional diesel-powered counterpart
using real-world data.

The article is organized as follows: Section II demon-
strates the architecture of the studied powertrain. Section III
discusses the modeling of the loader’s components. Section
IV presents the loading cycle. Section V shows the simulation
model. Section VI summarizes results, and finally, Section
VII contains the conclusions and future work.

Il. Systems Architecture

The machine of the study shown in Figure 1 is a 5.4-ton SEH
wheel loader equipped with a 91-kW diesel engine connected
to a permanent magnet synchronous generator that supplies
power to a lithium-ion battery. The battery in turn supplies
power to four electric motors that are used to propel the wheel
loader and drive the implements and auxiliaries
pump, respectively.

The studied structure is illustrated in Figure 2(a). The
powertrain management is done through a central power
distribution unit (PDU). The working hydraulics and the
auxiliary systems are powered by fixed displacement pumps

m Series electric hybrid wheel loader of the study.
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of capacity 48 cc and 4.5 cc, respectively. The conventional
machine is illustrated in Figure 2(b), and it consists of an
83-kW diesel engine connected to a hydrostatic transmission
(HST), which propels the wheels and two variable displace-
ment pumps: one for the implements and the other for auxil-
iaries (63 cc and 26 cc). Other systems such as the hydraulic
cylinders and valves for the lift and tilt functions are not
considered in this study. The SEH wheel loader of the study
is currently under construction at Tampere university. The
machine is a part of a consortium of companies and research
organizations developing new low-carbon products to meet
the 2035 greenhouse gas regulations. The machine will
function as a research platform for component optimization,
energy-efficient control of hydraulics, development of power
management strategies for the powertrain and thermal
management, and analysis of electric components such as
motors, generators, and the electrical storage system.

The SEH architecture was chosen as wheel loaders tend to
operate at low speeds and high torques due to the nature of the
working cycle [20], for example, a Y-cycle or a V-cycle.
Moreover, wheel loaders usually spend most of their time idling
with frequent starts and stops [7], which dictates a system
that can operate the engine at its most efficient region [21].

m Powertrain of the studied wheel loaders: (a)
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The SEH powertrain decouples the diesel engine from the oper-
ating condition transients, which gives the freedom to control
the engine efficiently or turn it off completely.

I1l. Component Modeling

A. Diesel Engine

There are numerous approaches to internal combustion engine
modeling such as filling and emptying models of zero and
n-dimensional, quasi-linear or mean value models, and linear
or sampled data modeling [22]. Although the first two provide
(1) a more accurate insight into engine performance as they
model the engine internals, (2) can predict engine response
and its submodels, and (3) are suitable for transient perfor-
mance prediction, they are computationally heavy and require
detailed specifications of several diesel engine components,
which are difficult to obtain. Since the SEH powertrain decou-
ples the engine from the load transients, therefore, the diesel
engine is modeled using a nonlinear efficiency map model
using the torque and speed as inputs to calculate the efficiency.
The model calculates the mechanical power of the engine
shaft from the speed and torque values. The engine required
power is then calculated through the efficiency chart where
the required input power P,, is calculated from:
P
B, =—% Eq. (1)
ur
where P, , = Tyw, is the diesel engine crankshaft output power,
T, wyare the output torque and rotational speed, and #,is the
diesel engine efficiency calculated from the efficiency map.
The fuel consumption is calculated in L/hr using:

3600 P,
V,=——

f

Ep Eq. (2)
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where E is the heating value of diesel fuel and p is diesel
fuel density. The efficiency map for the engine is shown in
Figure 3 and is adapted from [23] and fitted to the studied
machine diesel engine.

B. Electric Machines

The electrical machines (EMs) in the wheel loader are all
three-phase permanent magnet synchronous motors/genera-
tors (PMSM/Gs). The modeling of such machines is achieved
by representation in the d—-q frame. This involves transforming
the three-phase motor currents into two orthogonal axes: the
d-axis, which is aligned with the magnetic field of the rotor,
and the q-axis, which is perpendicular to the d-axis. This
transformation allows for decoupling of the motor’s electrical
and magnetic dynamics, making it easier to control.

The motor is then controlled by adjusting the voltage and
current in the d- and g-axes using a proportional-integral
(PI) controller, which calculates the required voltages to
maintain the desired torque and speed, where changing the
q-axis current while keeping the d-axis current to zero maxi-
mizes the torque. The d-axis current can be driven negative
to optimize the flux to implement field weakening to operate
above nominal speed.

The equations for PMSM consist of a mechanical and an
electrical component where the d-axis voltage is v, given
by [24]:

di

v, :d—:Ld +Ri, ~L Pao,i, Eq. (3)

where i;, L,; are the d-axis current and inductance, R is the
winding resistance, Pis the number of pole pairs of the PMSM,

w,, is the motor’s angular mechanical speed, and the q-axis
voltage v, is denoted by:

di

—LL +Ri +L,Pw, i, + A Po Eq. (4)
dt q q m m m

v, =
where i,, L, are the q-axis current and inductance and A, is
the motor’s magnetic flux linkage constant.

The machine torque T, is calculated from [25]:

3 . ..
t:;P(lmzq-i-(Ld—Lq)zdzq) Eq. (5
and the electrical angular velocity w, of the motor is:
o, =P, Eq. (6)
and for the mechanical system:
T T, —Fa, = ]”;—‘t” Eq. (7)

where T is the motor load torque, Fis the coefficient of viscous
friction, and J is the equivalent inertia of the electric machine
and attachments.

The parameters of the EMs used in the model are adapted
from the manufacturer’s datasheets.
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C. Battery

The electrical energy storage consists of seven lithium-ion
battery packs connected in series. All the cells are assumed
to have uniform behavior with an equal temperature distribu-
tion across all cells. The battery pack voltage vp is calculated as:

Eq. (8)

where n, is the number of cells and v, is each cell’s
terminal voltage.

The battery is simulated as an equivalent circuit model
(ECM) illustrated in Figure 4 with six pairs of resistance—
capacitance (RC) circuits along with a thermal model.

This allows the model to capture the static and dynamic
behavior of the battery during charging and discharging [26].
The model uses the required current as input, and the output
is the current state of charge (SOC), battery’s terminal voltage,
power losses, and temperature.

The ECM consists of an ideal voltage source representing
the SOC and the resting behavior of the cell, an internal
resistor that describes what happens when the cell is subject
to a time-varying input current, and a series of RC circuits
that represent the slow diffusion process of lithium (diffusion
voltage). Unlike the diesel engine the battery is subject to
highly dynamic current input and its performance varies
accordingly; hence, these dynamics must be modeled where
they are represented by the following equations, where
battery’s terminal voltage v, is calculated from the voltage
drop across the internal resistor as well as the RC circuits:

v, =OCV(t,80C)-i(t)R, - v, (t) Eq. (9)
where open circuit voltage (OCV) is the battery’s open circuit
voltage, which is a function of SOC, R, is the battery’s internal
resistance, v, is the voltage drop across the RC circuits, and

n
n denotes the number of RC circuit.
The current through the RC circuit is calculated from:

i, (1)+C,v, (t)=i(t) Eq. (10)

where C, is the capacitance of the RC circuit, since v, = R, ig (£),
the current through the RC circuit can be calculated from:
o=

R, RC, (i(t)_i& (t))

where R, is the resistance of the RC circuit.

m Equivalent circuit model for one cell.
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To study the efficiency of the battery, power losses are
calculated where:

2
2 i Vc
P=n|i(t) R + - Eq. (12
z C[()(,;RJ ¢ (12)
and the SOC of the battery is calculated using coulomb
counting from:

SOC(t)=s0C, —jﬂ dr

3600+ Q Eq. (13)

ta
where SOC, is the initial SOC, Q is the battery capacity, and
i is the current.
Finally, the temperature of the battery’s cell T'is calculated
from [27]:
dr T-T, N
T R, b
where Cris the battery cell heat capacitance, T, is the ambient
air temperature, and Ry is the convection resistance.

The parameters of the ECM and the thermal model were
estimated using MATLAB parameter estimation through a
pulse discharge test. An estimation for one pulse is shown in
Figure 5(a), and the response of the terminal voltage for one
cell using the estimated parameters is shown in Figure 5(b).

The parameter estimation was done on all pulses repre-
senting different SOCs where the parameters vary with
different SOC. The methodology followed for parameter esti-
mation is derived from [28] where the resistance and capaci-
tance of the RC circuits are functions of the SOC:

R, = f(SOC)

Eq. (14)

Eq. (15)

¢, - £(s0c)

The OCV versus the SOC relation was adapted from the
manufacturers’ data sheet and is shown in Figure 6.

D. AC/DC Converter

The converter transfers the power from the electric motors
and the generator and then outputs the current that is used
to discharge or recharge the battery according to the drive
cycle information. The electric motors” AC power is calculated
from [24]:

Eq. (16)

3/ . ,
Pm ZE(led +Vq1q) Eq (17)

The total power discharged from the lithium-ion battery
having a terminal voltage v, is:

P, =vi Eq. (18)

Since the AC and DC powers are almost equal, the capaci-
tance of the DC bus is neglected, and the net current required
can be calculated from:

jom Eq. (19)
Vt 775
where 7, is the converter efliciency, which was assumed to
be constant at 0.98.
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m Battery parameter estimation: (a) parameter
estimation using a pulse discharge test (single pulse); (b)
battery’s terminal voltage to 20% SOC using the

estimated parameters.
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E. Fixed Displacement Pumps

The pumps that operate the tilt, lift, steering, and braking
are fixed displacement pumps that deliver a certain amount
of fluid per revolution. There are different models to simulate
the pump behavior, such as lossless models, efficiency
models, and other models that use tabulation and curve
fitting. In this work pumps are modeled considering both
flow and torque losses, where the pump’s flow rate is
calculated from:

Q,=¢,V,n,—Q, Eq. (20)
where ¢, is the pump setting [0,1], V,, is the pump’s volumetric
displacement, 1, is the rotational speed in rev/s.

The pump flow losses Qy,,, are classified into leakage flow loss
from the high-pressure outlet to the low-pressure outlet as well as
friction torque. The pump torque can be deduced from [29]:

T - &,V,AP

i +T Eq. (21)

loss

27

where AP is the pressure difference across the pump.
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m Open circuit voltage vs SOC relationship at 25°C.
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IV. Duty Cycle

Wheel loaders operate in a variety of applications such as
material handling, stockpiling, and excavation. The two most
common operating cycles include the short-loading Y-cycle
and the load and carry cycle [30, 31]. Both provide accurate
representation of the wheel loader’s operating conditions since
they include the operation of all machine’s systems such as
drive, implements, steering, and braking. The Y-cycle is chosen
for this study as experimental measurements are available from
the conventional machine defining the loads for the SEH
loader. Although additional cycles would improve the accuracy
of the results, limitation on measured data availability makes
it difficult. Duty cycles of wheel loaders are not standardized
and documented as in passenger cars. In wheel loaders, it is
required to measure several phenomena to generate a realistic
cycle such as diesel engine speed, different pump’s pressures
and flow rates, and machine speed. On the other hand, for
passenger cars only the measurement of vehicle speed is
required to produce a duty cycle where many standardized
cycles are available. The Y-cycle shown in Figure 7 of a wheel
loader is a series of steps that the operator follows to load and
transport materials.

It is named after the shape of the path that the loader
follows during each cycle, which resembles the letter “Y.”

m Wheel loader Y-cycle under investigation.
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m The duty cycle measurements showing force, speed, working and auxiliaries pump pressures, and flow rates.
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The steps of the Y-cycle start with the loader approaching the
pile of material to be loaded. The boom is lowered, and the
bucket is tilted to dig into the pile of material, filling to its
capacity. Next, the bucket is tilted backward, and the boom
is raised to a safe height and the loader is reversed and pivoted
toward the dump position. After that, it moves toward the
dump position and tilts the bucket downward to empty.
Finally, the loader is reversed again usually while lowering
the boom and tilting the bucket to the fill position. The cycle
is repeated several times until the materials are moved [32].
The duty cycle information was recorded from a similar
diesel conventional wheel loader executing the maneuver in
real-time and is used as input to the simulation model to
exercise the components and study their behavior. Figure 8
shows the measured drive force, machine speed, working and

m Total diesel engine power required in the duty cycle.

Time [s]

auxiliaries pump pressures, and flow rates of the cycle. More
details on the measurements and estimations can be found in
Ref. [33]. The machine speed varies between 10 and —10 km/
hr while the pump pressures vary between 10 and 210 bar with
one peak at 283 bar for the work pump and between 12 and
100 bar with also one peak at 142 bar for the auxiliary pump.
The peaks in the measurements represent some extreme
conditions that the wheel loader is experiencing such as heavy
digging, acceleration, or a combination of several loads at the
same time. These conditions were intentionally included in
the cycle to assess the performance of the SEH loader under
extreme conditions beyond its typical operation.

The power of the diesel engine measured during the
Y-cycle is shown in Figure 9 where the maximum power is at
83 kW.
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V. Simulation

The model is a backward-facing simulation approach where
the drive cycle information was measured in terms of traction
force, machine speed, pumps’ differential pressure, and flow
rate. The data recorded from the drive cycle is converted to
each component as input and propagated through the rest of
the model to the battery as required power. The proposed flow
of the model is shown in Figure 10. The torque of the front
and rear motors T, is calculated from:

E _r

T, = Eq. (22

ik, q. (22)
where F,,;,. is the driving force calculated from the estimated
HST power and the vehicle speed, r,, is the wheel radius, #, is
the transmission efficiency, ifis the total reduction ratio of the
powertrain, k; is a distribution factor for the front and rear
motors since the measurements are from a rear wheel drive
loader. The input rotational speed w,, of the drive motors is
also calculated from:

L Eq. (23)

where V,, is the measured speed. Finally, the electric motors’
torque and speed for the work and auxiliaries’ pumps are
calculated using the pumps equations presented in Section
II1. Tt is worth noting that phenomenon like the air resistance,
rolling resistance, slipping, ground conditions, and rotating
masses are included in the measurements adding a layer of
accuracy to the simulation.

The diesel engine and generator speeds are controlled
through a P controller that holds the battery’s SOC at a
threshold level, and the generator torque is set at its nominal
value to minimize the losses and use the available power
without overheating.

The parameters of the simulated model and components
are shown in Table 1.

VI. Results

The model is simulated using the recorded information from
the Y-cycle where the diesel engine and the generator reference
torque are set at 135 Nm, which is the generator nominal
torque. The desired SOC is set at 80% and the initial SOCs for

m Backward-facing simulation model of the SEH wheel loader.
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TABLE 1 Simulation parameters of the SEH wheel loader.

Value
Component Drive + implements Generator Auxiliaries Unit
Electric machines
Rated/maximum power 65/90 25.3/35 13.9/19.2 kW
Rated/maximum torque 95/200 135/259 28.3/62 Nm
Rated/maximum speed 4200/12,800 1780/6200 4700/9500 RPM
Diesel engine
Power/speed 91/1900 kW/RPM
Torque/speed 508/1600 Nm/RPM
Battery
Battery nominal capacity m Ah
Maximum current -150/300 A
Number of cells 7 Series
Nominal voltage 364 Vv
Fixed displacement pumps Implements Auxiliaries
Pump geometric volume 48 45 cc/rev
Pump inertia 0.004 2.8x10™ kg-m?
Drivetrain
Reduction ratio 41.388 uL
Wheel radius 0.51 m

the beginning of the simulation are also set at 80% to avoid
overcharging of the battery.

A. System Consumption

The variation of the lithium-ion battery SOC is shown in
Figure 11 during the full 440 second cycle. The SOC initially
increases as diesel engine is idling and the loading does not
start until 20 s and then drops to around 79.7% as the cycle
progresses. The small drop in the SOC is attributed to the
large capacity of the battery pack, which is sized to accom-
modate the power requirements of the consumers. At the end,
the power from the diesel engine and the generator restores
the SOC to its initial value.

IGEEERRN Battery SOC during the Y-cycle with initial SOC
of 80%.
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It is worth noting that when the cycle was simulated at
lower SOCs (50%), the performance degraded and the same
cycle may discharge the battery more as shown in Figure 12
(showing the drop in battery charge compared to the initial
SOC) atlower SOCs due to the nonlinear relationship between
the OCV and the SOC shown in Figure 6. At lower SOCs the
OCV of the battery pack is lower, meaning that a higher
current is needed to satisfy the requirements of the load cycle.
This contributes to more discharge of the battery for the same
power demand according to (13). A duration of the current
required to complete the Y-cycle is shown in Figure 13(a), and
it shows that at lower SOCs the current drawn from the battery
is slightly higher. Finally, there are higher resistances and
losses at lower SOCs [34]. This also contributes to more fuel

IGETETEREY Battery SOC variation with different

initial SOCs.
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consumption, which is around 1% more compared to when
the battery is charged.

The voltage of the battery is shown in Figure 14 where the
terminal voltage varies around 387 V during the cycle with a
minimum of around 369.6 V. The maximum voltage drop is
caused by the working hydraulics load and the front and rear
drive motors while the lowest consumer is the auxiliary’s
hydraulics motor. The voltage drop from all loads is not
enough to trigger the battery management system (BMS)
where the maximum current needed for the BMS to intervene
is 300 A, which was not exceeded as seen in Figure 13(b). A
note worth mentioning is that the pack temperature rose by
a few degrees during the seven-minute cycle, which may intro-
duce the need for an active cooling system.

The fluctuation in the battery’s terminal voltage is due to
the nature of the load profile that contains several transients
and is highly dynamic. The maximum voltage drop originates
from the extreme condition imposed by the operator during
the experiment, where the operator uses maximum accelerator
input as well as the hydraulic implements to operate the tilt
and lift cylinder all at the same time. This phenomenon occurs
at 65 s and can be seen in the implements and drive power
required in Figure 15.

The power for each component of the SEH system is
shown in Figure 15 where the diesel engine maximum used
power is about 26 kW or around 29% of its available power,
which indicates that there’s a possibility of engine downsizing
for this cycle, which is one of the most demanding duty cycles
of wheel loaders. The implements, auxiliaries, and drive
motors are operating within their nominal power range with
some power peaks for a few seconds that could be managed
without overheating the electric motors according to the
manufacturers’ data sheet. The maximum power of the motors
could be utilized during transient high-load events such as
acceleration, digging, or heavy lifting. Additionally, the
battery is operated within its charging/discharging current
with space for more extreme loading, especially during accel-
eration and deceleration. On the other hand, heavy loading
from implements or side pumps is mitigated through hydraulic
pressure relief valves. Finally, in case of heavy braking where
the maximum battery recharge current is exceeded the extra
energy could be dissipated using a brake resistor.

On the other hand, the power of the drive electric motors
shows possibilities of energy regeneration during the cycle

m Terminal voltage of the battery during the

Y-cycle where the initial state of charge is 80%.
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where conventional braking is done in part by the HST but
with no regeneration. During the experiment, the wheel loader
moves several times forward and in reverse (shown in Figure
8 in the velocity measurements) to finish loading, and several
events of regenerative braking are observed. Figure 16 shows
a zoomed portion of the SEH drive motors’ power with the
regeneration highlighted in red and the amount of energy
available for regeneration is around 22.48% of the total energy
consumed by the drive motors, which is reflected in the
fuel consumption.

Some simplifications were made in regenerative braking
analysis. For example, regenerative braking maybe limited at
lower speeds for safety reasons or when the battery’s SOC is
at a higher level. In practice, savings due to energy regenera-
tion might be slightly lower due to these limitations. On the
other hand, energy regeneration from the implement hydrau-
lics during load lowering for example was not considered,
which may improve the energy savings from regeneration [35].

B. Energy and Power Losses

Power losses from the motors, generator, and diesel engine
are calculated from the difference between their respective
input and output powers. Power losses from the battery are
calculated from the resistive losses, which are transformed

m Current of the battery using different initial SOCs: (@) full cycle; (b) zoomed duration from cycle.
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m Power of SEH components.

Diesel, Generator

20+ 4
15t 1
10 . . . . L ) . A
50 100 150 200 250 300 350 400
Implements
S50F §
£
S 0 5
E - 0 50 100 150 200 250 300 350 400
=k
E = Drive
N & 40F 1
2 20 1
2
5 0
w
g ot 1ML AR ) | WL
%‘ 0 50 100 150 200 250 300 350 400
[a)
° Aux
2 3 T T T T T T T T
kS
S af 1
§
= I, 7
e
g 0 1 1 I L I L L L
© 0 50 100 150 200 250 300 350 400
2 Time [s]
©

into heat energy according to (12). Losses in the hydraulic
pumps are calculated using (20), (21). Energy losses are calcu-
lated from power losses using the simulation model. Energy
losses for a specific system is calculated by adding losses from
individual components. Additionally, the energy losses of the
SEH machine are the sum of all component losses including
diesel engine, electric motors, generator, hydraulic pumps,
battery, and inverters while for the conventional machine it
is losses from the diesel engine, HST, VDPs, and
hydraulic motors.

The energy losses of the powertrain components are
detailed in Figure 17(a), and it shows that the diesel engine

m Battery energy regeneration (zoomed).

40 T T T T

Drive power

[ Regen

220 230 240 250
Time [s]

© Mohamed Allam, Orlando Delgado Fernandez, Matti Linjama

200 210

m Energy losses of the studied powertrains: (a)

component losses, (b) total losses.

30 T T T T

I Conventional
25+ [ Hybrid i

Diesel Drive Implements Aux

(@)

Conventional

Hybrid

© Mohamed Allam, Orlando Delgado Fernandez, Matti Linjama

(b)

has the highest losses in both the conventional (28 MJ) and
SEH architectures with the SEH system showing much lower
losses (15.52 MJ). The SEH drive system also shows around
62% less losses (0.5 M]J) as the electric machines are more
efficient than the HST (1.3 MJ). On the contrary, the imple-
ment hydraulics of the SEH powertrain has 60% higher losses
(1.368 MJ) when compared to the conventional system (0.857
MYJ) due to the addition of an electric machine to the system
and the pump losses difference between a fixed and a variable
displacement pump are negligible (conventional machine has
a VDP). This disadvantage is shadowed by the savings in the
diesel engine consumption. In the auxiliary hydraulics system,
the losses are lower in the hybrid architecture (0.124 MJ) since
the pump is smaller in size and is fully utilized unlike the
conventional system where the pump is connected to the tank
and part of the flow is unused (0.336 M]J). Finally, the total
energy losses of the two architectures are shown in Figure
17(b) indicating much lower overall energy losses by utilizing
a SEH system where the total reduction in energy losses is
around 42%.

The SEH system obtains a significant reduction in energy
losses by constantly operating the diesel engine at a
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high-efficiency zone since it is decoupled from the load.
Additionally, in the conventional machine, the diesel engine
operates in a transient mode with highly varying speeds,
which contributes to even higher losses when compared to a
steadier state operation in the SEH machine [36, 37]. Other
contributors to the reduction in energy losses include the
improved efficiency of the drivetrain and auxiliary systems,
but they are not as significant.

C. System Comparison

The SEH powertrain decouples the diesel engine from the load
fluctuations allowing it to operate at a speed with lower oscil-
lations and peaks while achieving much better efficiency.
Decoupling also reduces the maximum required power from
the diesel engine. Figure 18(a) shows the diesel engine power
of both machines where the maximum power used by the SEH
wheel loader is around 26 kW while the conventional wheel
loader requires 83 kW. The mean power of the conventional
system is 29.8 kW, where the diesel engine in the conventional
powertrain must handle the power transients of different
subsystems unlike the SEH powertrain. Figure 18(b) shows
the fluctuation of the diesel engine rotational speed in the
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SEH and the conventional system; the SEH system shows
much less fluctuations and overall speed than the original
machine, which reduces fuel consumption, stresses, and
emitted noise levels. A steadier diesel engine operating at
lower speed produces less combustion cycles, which results in
quieter operation [36, 37].

The SEH diesel engine operation at constant power and
higher efficiency zone is reflected in its fuel consumption when
compared to the conventional wheel loader. Figure 19 shows
the difference between the two systems’ fuel consumption
where the SEH wheel loader consumes 654 mL of diesel fuel
while the conventional system uses 935.3 mL, which translates
to a 30% reduction in fuel consumption.

For the auxiliaries’ pump, the actual flow rate used by the
steering and braking systems was not measured, and hence
to compare the two architectures, the pump is assumed to
be running at maximum flow for the entirety of the simula-
tion. Although this might overestimate the fuel consumption,
it is acceptable in the initial simulation since the auxiliary
system power consumption represents 3.5% of the loader’s
total power consumption. The model was simulated using an
estimated work cycle for the auxiliaries’ pump and the SEH
powertrain was 1% more efficient than when the pump runs
at full flow rate. The consumption of the SEH system at the
beginning is more than the conventional system as the diesel
engine and the generator are recharging the battery while the
conventional system is just idling.

Although the SEH loader consumes slightly more fuel
compared to the conventional machine initially, this energy
is produced and used more efficiently when compared to the
conventional machine, which is noticeable in the actual phase
of energy consumption during the productivity of the
machine. Another assumption made was that the generator
is only used at its nominal torque while the manufacturers’
data sheet indicates that the maximum torque can be used for
short durations without damage to the machine. According
to Figure 3, the generator operates at constant nominal torque,
which forces the diesel engine into a slightly lower efficiency
zone. The performance of the diesel engine can be improved
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TABLE 2 Fuel consumption comparison between the series
electric hybrid and the conventional architectures.

Architecture Conventional SEH
Fuel consumption 935.2 mL 654.3s mL
Improvement - 30%

© Mohamed Allam, Orlando Delgado Fernandez, Matti Linjama

by operating the generator beyond its nominal torque, but this
would come at the cost of overall efficiency and might cause
overheating or damage to the generator. Nevertheless, it is
possible to improve the consumption more by implementing
intelligent control such as a rule-based or an optimization-
based energy management strategy for the powertrain to
balance the operation of the diesel engine and the generator
in terms of overall efficiency and physical constraints.

The overall fuel consumption and the improvement are
summarized in Table 2. A 30% improvement means that it is
possible to save between 3000 and 30,000 L of diesel per year
per machine. These savings have much wider effects than pure
reduction in fuel cost, whereby using less fuel the proposed
architecture will reduce CO, emissions by up to 80 tons per
year per machine [38]. It would also reduce the dependence
on fossil fuels. Finally, it can improve the lifetime of several
components such as braking systems and the diesel engine
itself, which in turn would reduce the maintenance cost.

VIl. Conclusions

The race toward more efficient working machines is propelling
the industry toward developing less-consuming and polluting
machines. Electric hybrid machines are one of the main
advances in such field and they have the capabilities of signifi-
cantly improving fuel and energy consumption. This work
presented a MATLAB/Simulink model of the purpose-built
SEH wheel loader including the diesel engine, electric
machines, battery, and fixed displacement pumps. The param-
eters of the model were identified through measurements
when available and from literature as well. The model was
used to analyze the studied wheel loader, quantify the losses
and efficiency, predict the performance during operation, and
the SEH consumption and losses were compared to a conven-
tional machine using real-world duty cycle data that was
measured experimentally. Results prove that there is a possi-
bility of at least 30% reduction in fuel consumption using a
SEH powertrain for a wheel loader. It also showed that the
diesel engine decoupling from the loading conditions tran-
sients allows for much more efficient operation where the
engine can be run at a more steady speed. The results also
showed that it is possible to downsize to a smaller engine as
the diesel engine uses only 29% of its maximum available
power. Opportunities of energy regeneration during braking
were shown where it is possible to regenerate up to 22.48% of
the drive system’s used power. It is likewise possible to improve
the efficiency of the machine by intelligent control of

individual components, which can lead to more fuel and
energy savings that can extend the machines’ operation time,
lifetime, and reduce the overall cost.

The promising saving capabilities of the proposed archi-
tecture pave the way toward future development. First, the
simulation model requires verification of the machine when
constructed. Also, the results showed that there is room for
more improvement by employing intelligent control such as
optimization-based strategies or predictive control.
Additionally, further refinement in component sizing and
integration is also possible using the simulation model. The
study could also be extended to include the effects of tempera-
ture on the performance of such machines given that battery’s
performance and electric motor’s efficiency deteriorate at
extreme temperatures. Finally, the scalability and availability
of components also pose a significant challenge to industrial
implementation where the components used for the machine
of the study were not specifically made for heavy-duty
machines but rather a collection of different applications,
which affects the overall efficiency.
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