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Abstract: Emissions regulations are driving interest in hybrid electric vehicles,
where multiple energy sources with several powertrain topology choices
introduces a vast design area. This work aims to determine the optimal layout of a
hybrid powertrain for a mobile working machine with the sizes of its components
based on the given load cycle. The topology choice was implemented for a typical
loader recorded cycle. A series hybrid topology with a supercapacitor showed
the highest fuel consumption reduction of 2.53% with minimised costs of the
additional electrical components. The overall outcome of the dimensioning shows
that a switch of the powertrain from a diesel-powered version to a hybridised
layout alone will not necessarily bring operational cost benefits, because losses in
additional components may outweigh any gains in the diesel engine efficiency. To
achieve better fuel consumption, additional changes in the layout of components
should be considered to enable energy recuperation.
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1 INTRODUCTION

The tightening of emissions regulations has resulted in an increasing interest in hybrid
electric vehicles (HEVs), where power division between multiple energy sources enables
reductions in fuel consumption (FC) and emissions. Non-road mobile machinery (NRMM)
is well suited for vehicle hybridisation, because the load cycle is usually characterised
by high power fluctuations with a lower average power value, allowing a considerable
reduction in the diesel engine size. Parallel and series topology configurations can be
adopted for a hybrid powertrain layout for a particular load cycle (Enang and Bannister,
2017). In parallel HEVs, an internal combustion engine (ICE) and an electrical machine
(EM) are mechanically coupled. In the series hybrid topology, an EM powers the vehicle
while a diesel engine generator set is decoupled through a DC bus. The emergence of
multiple energy sources with several powertrain topology choices introduces a vast design
area, where multiple combinations of different sizes of components and their auxiliary
devices determine the limits of machine operation and performance. Moreover, the energy
management strategy (EMS) of the hybrid powertrain is governed by the characteristics
of the components, thus making the question of HEV optimisation a multilevel problem.
Consequently, simultaneous optimisation is required to achieve an optimal solution. Due to
the intricacy of the problem, the effective use of the simulation-aided design before vehicle
prototyping becomes imperative (Silvas et al., 2017). Findings of the optimisation for the
considered layout can be used to establish the topology of the hybridised vehicle.
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The complex and multilayered optimisation task of vehicle hybridisation can
be addressed with different coordination methods between the plant and the EMS
(controller) (Fathy et al., 2001), and considerable research efforts of Silvas et al. (2017)
have been devoted to investigation of methods and objectives for optimal solutions. For
example, Silvas et al. (2014) considered a bi-level multiobjective optimisation approach
for the dimensioning of the components of a parallel HEV with control signals based on
FC and costs of components. Dimitrova and Maréchal (2015) performed a multiobjective
optimisation study for the optimal techno-economic configuration of parallel HEVs with
the ability to sweep the degree of hybridisation for various driving profiles. An optimal set
of decision variables for the EMS and the design of the powertrain (dimensions of an ICE,
an EM, a battery energy storage (BES), and a supercapacitor (SC)) were generated with
respect to the powertrain efficiency and the cost of the vehicle. The substantial impact of
the battery capacity on the overall cost of the powertrain was demonstrated in the above-
mentioned study, although it was found that introduction of a hybrid energy storage (with
an SC) can reduce the cost of the powertrain. Benajes et al. (2019) optimised the size of
the electric motor and battery of an HEV with an ICE operating under conventional diesel
engine combustion and reactivity-controlled compression ignition combustion to obtain the
best FC results and reduced emissions.

Studies have shown that a marked reduction in fuel consumption can be obtained with
optimised powertrain components. Many papers do not, however, consider the lifetime of the
energy storage (ES) system, the costs of which are strongly influenced by the ES capacity.
It should also be borne in mind that the cost of ES aging makes up a significant proportion
of the operating cost of an HEV. This issue is, however, addressed in the work of Xie et al.
(2020), which included battery aging in the co-optimisation process for the BES size and
the EMS of a plug-in HEV with the total cost of consumed fuel and electricity. The research
found that inclusion of battery aging in the optimisation can contribute to a reduction in
the overall costs, because the optimisation technique considers utilization of the battery,
reducing the degradation rate. Bai et al. (2020) also considered aging phenomena in their
work by examining dimensioning of a hybrid ES with power management, where the main
objectives were optimisation of the size of the BES and the SC. The study showed that
a reduction in battery utilization during energy recuperation to lower the degradation rate
and utilization of a hybrid energy storage configuration yields economic advantages that
contribute to reducing the overall cost of the powertrain.

As reflected in the above studies, energy storage aging is a critical factor for
dimensioning of the hybrid powertrain. This is especially the case for the hybrid NRMM,
which is characterised by a highly variable load cycle, where the EMS may be prone to
using only the ES during considerable torque variations to reduce the diesel FC. Power
allocation between multiple energy sources is managed by the EMS, and many different
energy management techniques have been proposed in the literature (Ehsani et al., 2021).

Rule-based deterministic EMS approaches are adopted in this paper as the basis for
evaluation of the topologies under study. Optimal tuning of the controller parameters is
achieved in the bi-level optimisation by dimensioning of the powertrain components. These
control strategies enable easy real-time deployment and demonstrate how an actual EMS
for an NRMM can be implemented. Therefore, it is a good fit for considering possible
hybridisation options. More sophisticated energy management techniques can be employed
(Tran et al., 2020), but the iterative process between component sizing and EMS tuning
is still required for the selection of an optimal topology option. An additional incentive
for reducing fuel consumption could be NRMM workload profile optimisation (Alho et
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al., 2021). This approach, however, requires detailed data on the terrain and machine work
tasks, which are not always available for the recorded work cycle.

Optimisation of powertrain components has been extensively researched. Yet, the
majority of studies focus on on-road vehicles, which have a different load profile from
mobile working machines. On-road machines are designed to operate on paved surfaces,
have higher speed range, and cover longer routes than off-road vehicles, while NRMMs
are built to navigate rough and uneven terrain as construction sites, etc., operate at lower
speeds, demand cautions movement in frequently encountered obstacles environment, and
cover shorter distances. In addition, NRMMs are designed to handle heavy loads for
tasks such as digging, lifting, plowing, etc. Whereas the optimisation goal for the on-road
and off-road machine is the same — costs reduction, the acquired hybridisation findings
for on-road machines could not be generalised to off-road vehicles because of 1) cycle
differences, different speed-torque distribution of the load cycle with additional recuperation
possibilities, 2) the need of more additional electrical components and its auxiliaries for the
working actions hybridisation. These dissimilarities provide a platform for study to evaluate
the gain from off-road vehicle hybridisation considering the overall cost of the vehicle.
Further, the focus of previous studies is generally on a particular hybrid topology, whereas
the aim of this work is to identify the optimal arrangement of the layouts of the preselected
components for parallel and series hybrid systems for a given load cycle. No general work
cycle exists for the NRMM, but working profile depends on the type of the work required
and the operational conditions of the machine. Thus, the optimal topology choice may vary
for different cycles. In addition, this work includes the option of temporary overloading
of the electrical components, taking into account temperature limitations. This aspect is
particularly relevant for the NRMM, because a temporary power increase is a common
feature of the load cycle. Therefore, operating within regions of temporary overload can
potentially lead to a reduction in the mass, volume, and rated power of the components,
thus bringing cost reductions.

The objective of this work is to introduce a technique for selecting the hybridisation
topology for the NRMM based on a given load cycle. The upper-level optimisation
(component sizing) is for minimised total costs of the powertrain components for the
preselected layout, while the lower-level optimisation (rule-based EMS) pursues minimised
FC. In the optimisation process, the temporary overloading of the electrical components is
considered together with the lifetime prediction of the ES. The proposed approach enables
determination of component sizes, but the result of system fuel consumption requires
verification with knowledge of the actual forces acting on the vehicle or testing with the
actual working machine, because the hybridisation changes the dynamic performance of
the machine.

2 MODELLING

MODELLING OF THE POWERTRAIN

A description of modelling of the components and simulation of the series and parallel
hybrid systems is presented in Tupitsina et al. (2021). Quasi-static models of the electrical
drives (EDs) and the diesel engine are used to reflect the main dynamics. Knowledge of the
dynamics is crucial to be able to determine the power requirements of the ES. The diesel
engine model is based on data of an AGCO Power engine. Induction motors were chosen as
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EDs as this technology is resilient to harsh off-road environments (Masrur, 2021). A method
introduced in Lindh et al. (2022) enables an efficiency map of the machine to be obtained
using solely the shaft power value and the rated efficiency, which is highly beneficial for the
optimisation question. Because of the rapidly changing power requirements of the NRMM, a
lithium-titanate (LTO) battery and a supercapacitor are considered in the work. The selection
of an LTO battery was based on its high specific power and power density and long estimated
lifetime (Nemeth et al., 2020; Chahbaz et al., 2021). Data of the Altairnano battery were
used for the BES modelling (Altairnano, 2021), and data of the Maxwell supercapacitor
cell were used in the SC model (Maxwell, Technologies, 2022). In addition, the simulation
model was amended to incorporate novel attributes of the electrical components that are
necessary for optimisation: the lifetime of the battery and the SC and estimation of electrical
overloading.

LIFETIME OF THE BATTERY

The end of lifetime (EOL) is reached when the BES capacity has decreased to 80% of
the original capacity or the resistance value has doubled. Several battery aging models
are proposed in the literature (Jafari et al., 2018). However, most of them are based on
experimentally obtained data that are used to fit the coefficients of a proposed model.
Therefore, an Ah-throughput model was employed to estimate the BES lifetime (LT). In
this model, the EOL of the battery is related to the amount of charge passing through the
battery (Bindner et al., 2005; Tan et al., 2017):

t
LT = 2En()ml)OD]chcles - / Tpaudt, (D
0

where Epon is the rated capacity of the battery, DoD is the depth of discharge, Ncycles 1S
cycles to failure for the corresponding DoD, and I is current through the battery. The
cycle life of the battery as a function of DoD is presented in Misback and Altairnano (2010).

LIFETIME OF THE SUPERCAPACITOR

The performance of the SC depends on its state of health. The EOL of the SC is the same
as for the BES, i.e., when the capacity has decreased to 80% of the rated capacity or the
resistance value has doubled. Even though the SC has a high cycle lifetime, temperature
and voltage are the prevailing factors affecting the aging process (Bohlen et al., 2007).
Various modelling methods have been introduced in the literature to estimate the degradation
rate of an SC (Bohlen et al., 2007; Kreczanik et al., 2014; Kovaltchouk et al., 2015; El
Mejdoubi et al., 2016). The lifetime of the SC is here estimated with the method introduced
in Kovaltchouk et al. (2015), which considers calendar and cycling aging and has been
found to have a good prediction accuracy. A State-of-Aging (SoA) term represents the aging
rate over time. At the beginning of life, the value is 0 and it reaches 1 at the EOL. The SoA
is calculated as:
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where tlrfffe is the reference lifetime for a case temperature 7! with a voltage of V™', T is

the case temperature, V is the voltage across the component, 7Ty and Vj are the respective
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reductions in temperature and voltage necessary to double the time, K is the dimensioning
constant, Irys is the RMS current flowing through the component, and krys is the optimised
parameter to fit experimental data. The parameters of the SC aging model are adopted
from Kovaltchouk et al. (2015) and are as follows: Ty = 11 K, V, = 130 mV, K = 0.029, tlrfé
= 1470 h, V'f = 2.7 V, T = 65°, krms = 68 5.V, and Tgyerrms = 45 s, which is used to
evaluate the RMS current.

The SoA equation requires estimation of the SC temperature. The SC is cooled by
natural convection:

CrRrTuc = RrRuciyc + T — Tuc, 3)

where 7, is the ambient temperature, Ct is the thermal capacitance of the case, Rt is
the thermal resistance of the case, Ryc is the equivalent series resistance, and iyc is the
current through the supercapacitor. The reference data are taken from the manufacturer’s
datasheet (Maxwell, Technologies, 2022).

ELECTRICAL OVERLOADING

The load cycle of a hybrid NRMM can vary significantly during operation, and the average
power value flowing through electrical components can be substantially lower than the
peak power. Hence, possible short-term overloading of electrical components should be
considered in the dimensioning phase. The maximum duration of the overloading of
electrical components is determined by their thermal requirements, because more heat power
is generated during this period. Thermal models can, however, capture the thermal conditions
of the element. Nevertheless, it is difficult to determine the parameters of a thermal model
in the early stages of design. Sedlacek et al. (2020) proposed an electrical overloading
model that allows determination of the overload extent of electrical components based on
data provided in the manufacturer’s datasheet. The model is based on an assumption that the
extent of overload is determined by the heat generated by losses in the electrical component.
Itis assumed that all power losses in the continuous operation range (P, ) can be dissipated
without the temperature rising above a predetermined limit value. In the overloading area,
power losses (ﬁloss) exceed those in the continuous area, and these excessive losses can be
tolerated only for some predetermined period of time (7). This difference in power losses
is used to evaluate the overload capacity of the electrical component under consideration
and calculated as follows:

— t —
E = / (Ploss - Bloss) dt' (4)
0

Power limits for continuous and maximum operation with the time period in the overloaded
area can be found in the datasheet provided by the manufacturer.

Considering this principle, the normalised excessive power loss flow in the component
can be evaluated as follows:

Pyoss = Plos:
APjpss = IOSSTO“’ (5)

where (Pjogs) is the actual power loss flow during simulation.
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This method enables consideration of the magnitude of the power loss, and consequently,
estimates the current overload capacity (Egjp ) of the electrical component:

Esim = min(APIOSS9 O) + +max(APloss» O)(_O-S[Sign(Esim - 1) - 1]) (6)

If the value of APy is negative (overloading area), the available overload capacity
decreases (the first bracket of (6)). Conversely, a positive APy indicates the resumption
of the available overload capacity (the second bracket). As soon as the overload capacity
reaches its maximum, which equals 1, the recovery ceases to continue (the third bracket).
This study analyses the overload capacity of the EDs and the BES using this technique.

3 OPTIMISATION METHODOLOGY

Two layout choices of HEV are considered in the optimisation process: parallel and series.
Owing to differences in the architecture and the set of components, two separate optimisation
techniques are studied. However, the optimisation objectives and constraints are similar for
both approaches. The optimisation is based on prior knowledge of the load cycle. It should
be remembered, however, that the real load profile may differ slightly from the recorded
one, resulting in a higher peak power value. To consider such a possibility and ensure
favourable operation of the HEV, a margin of 5-10 % was introduced into the modelling of
the maximum/continuous torque curve of the diesel engine and the ED.

OBJECTIVES

Bi-level optimisation with a derivative-free genetic algorithm is adopted (Figure 1), where
the dimensions of the components (power, capacity, etc.) are optimised in the upper-level
control. The control strategy is tuned for every generated combination of components—
lower-level control. The outcome of the optimisation is a Pareto front that represents the
trade-off between the FC of the hybridised version and the total investments for additional
components. The problem is later converted into a single optimisation problem to freely
adapt to changes in the price of the FC and component costs with a clear result of reduced
relative consumption. The objective function for the upper-level optimisation is:

Jp = min (Ces + Cem + Caux — Cice difr) )

where Cgg is the cost of the ES, Cgy is the price of the EM, Cy is the price of the DC-DC
converter or inverter, and Cice gifr 1S the reduction in the diesel engine price resulting from
the reduced size.

A charge sustaining EMS is considered for both topologies, because the NRMM is
assumed to work in an area with a poor infrastructure, where the option of charging the
vehicle from the grid is inaccessible. The cost function of the lower-level control is:

J. =min (/ medt + Coc (SO Cinit — SOCend) | (8)

where my is the mass of the consumed fuel, and ¢y, is the penalty considering the difference
in the initial state of charge (SOCjy;;) and the final SOC (SO Cepq) of the ES.
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Figure 1: Optimisation algorithm of the hybrid system

CONSTRAINTS

Several constraints are imposed on the system to ensure proper operation of the components.
Constraints are applied to the lower-level optimisation, as the control strategy is responsible
for the power allocation and use of electrical components within their limits. In addition
to traditional power, energy, and torque constraints of the ES and the ED, temporary
overloading of the electrical components is considered. Firstly, overloading should not
exceed the specified margin value (Egimemmar a0d Egim esmar ), and secondly, the lifetime
of the ES (LTgs) should not be less than the expected total operational time of the NRMM
(LT). The constraints are summarised as follows:

Tem min(Wem (K)) < Tem < Tem max (@Wem (k)

Esimem = Esim.em,mar

Igs.min < Igs < IESmax ©)
EsimEs = Esim ES,mar

SOCEs,min < SOCgs < SOCES,max

LTgs > LT

where wem (k) is the speed of the ED at the time instant k; Tem, Tem min, and Tem max are
the torque of the EM and its minimum and maximum threshold values, Em em, Esim,em,mars
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Egimes, and Egmes mar are the overload capacity of the ES and the EM and their margin
values; and SO Cegs min and SO Ces max are the minimum and maximum values of the ES SOC.

3.1 PARALLEL HEV

The layout of the components behind the parallel hybrid powertrain remains unchanged.
Thus, the loading profile of the main shaft stays as for the diesel-powered version. The
optimisation starts with the selection of the size range of the diesel engine based on the
average power of the load cycle. As only a few combustion engines may be available for
a particular size and speed profile, the choice of an ICE serves as a starting point for the
optimisation. Simultaneously, the sizes of the electrical components are generated within
the available range (Figure 1). The Electric Assist control strategy (EACS) (Johnson et al.,
2000) is then optimised for the previously determined dimensions in light of the electrical
components restrictions (9). The tuned parameters of the controller are T, SO Cyp, SO Ciow,
Tmin, and Tygr, which determine the operation mode of the diesel engine.
If the SOC of the ES is above SOCjow:

* The engine is turned off (and the EM propels the vehicle) when the required shaft
speed is lower than the minimum operating speed of the ICE (wmina) and when the
load torque is lower than the minimum torque threshold value Tog.

 Otherwise, the engine runs in the charge-sustaining mode:

SOCyp + SOCioy,

Td(t) = Tload(t) + Tch( )

_ SOC(;)), (10)

where T¢y, is the charge-sustaining coefficient. The maintained SOC level is defined by
the mean value of SOC,, and SO Cioy.

If the SOC of the ES is below the SOCjow:

* The engine runs in the charge-sustaining mode when the load torque exceeds the
minimum torque (7,i,) with an acceptable efficiency.

* Otherwise, the engine runs at the Tp, level.

Tmin and Togr are assigned as a fraction of the maximum torque curve Ty max(wq). The
constraints applied to the tuned parameters are:

SOCyp + SOCion

2
0<Ty <04

0.4 < Tonin < 0.7 (11)
SOCipit < SOCyp <90
20 < SOCiow < SOCinit

=SOCjit = 6

When the optimum FC is reached, new size variants are created, and the cycle is repeated
until the optimisation meets the stop requirement. The outcome of the optimisation is a
Pareto front, which reflects the trade-off between minimization of fuel consumption and
the costs of additional components.
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Figure 2: State flow diagram of the power flow control strategy (PFCS)

3.2 SESRIES HEV

The series hybrid powertrain offers the advantage of mechanical decoupling of the diesel
engine shaft from the wheels. This results in powering of all the hydraulic pumps of the
machine by EDs. Thus, the hydrostatic transmission (HST) can be replaced by an ED and
a gearbox if the load profile on the wheels is known.

The optimisation can start with determination of the ED size, because the full load
power is delivered by the EM/EMs. The rated power of the machine is optimised for
minimised losses and, as follows, an improved system efficiency, leading to a reduced fuel
consumption. For drive actions, the size of the ED is optimised together with the gearbox
ratios. Dimensioning of the EM can be carried out before the main optimisation loop if
energy recuperation does not determine the machine size. Otherwise, machine dimensioning
should be included with the ES sizing in the main optimisation.

Further, the size of the diesel generator set is chosen with the ES size, and the EMS
is then optimised. A power flow control strategy (PFCS) (Shabbir and Evangelou, 2016)
is employed for charge-sustaining operation. The main idea of the PFCS is that the diesel
engine operates within a predetermined power range with a higher efficiency by following
the load cycle while maintaining the assigned SOC. The rules of the PFCS are presented
in Figure 2, where Py, is the maximum power of the ES, and Py i, is the minimum
power provided by the ICE. The degree of how robustly the SOC is maintained during the
load-following is determined by the charge-sustaining coefficient (P.p,):

SOCyp +SOCion

. —Socoﬁ, (12)

Pd,ch = Pload(t) +Pch(

where Pjoaq(#) and SOC(¢) are the current loading power and SOC of the ES. The optimised
parameters are SO Cyp, SO Clow, Pch, Pstor, and Py min. Pstor 18 tuned to ensure that the engine
is on during the working actions, as the average working loading of the vehicle may be
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less than the maximum allowable power of the ES. The constraints applied to the tuned
parameters are:

SOCyp + SOCiy,
2
Pd,min,ph < Pd,min < Pd,mean

= SOCinit +0

13)

P d,min < P stor < P stor,max
SOCipit < SOCyp < 90%
20% < SOCiow < SOCipit

where Py yin ph is the physical constraints of the engine, Py mean i the mean power value of
the engine, and Pgormax 1S the maximum allowable power of the ES.

The optimisation is finished when the best variants corresponding to the best trade-off
between minimised fuel consumption and component costs are found.

4 RESULTS AND DISCUSSION

The load cycle data were collected from a 5.7-ton municipal tractor (Vilakone Wille 665,
Figure 8) with an 83 kW diesel engine. The machine boom is equipped with a bucket and
consists of two parallel-connected lift and tilt cylinders (380/45 and @90/50, respectively),
Figure 3. In addition, the boom has hydro-mechanical stabilization implemented by two
parallel-connected cylinders, which are located between the lift boom and the machine base.
The stabilization function keeps the bucket leveled despite the motion of the lift cylinders.
This is achieved by connecting the stabilization cylinders (990/50) hydraulically in parallel
with the tilt cylinders. The boom actuators are driven by load-sensing valves powered by
a 60 cm? open circuit pump. The HST consists of a 71 cm? variable displacement closed-
circuit pump with a 19.6 cm? boost pump, and an 85 cm? variable displacement motor. The
motor is forced to full displacement during measurements. The machine also has a 26 cm?
side pump for auxiliary devices.

For the analysis in this work, the rotational speed of the diesel engine is measured,
and the rotational speeds of the pumps are determined from it using known gear ratios.
The fuel rate is recorded from the diesel engine field bus. The boom measurements consist
of the chamber and supply pressures and the piston positions of the lift and tilt cylinders.
The position of the stabilizer cylinder piston is calculated from the lift cylinder position.
The pump models presented in Huova et al. (2018) are used for the estimated pump flow
rates and torques. The valve flow rates are first calculated from the piston velocities, and
the pump angle is then calculated from the sum of the valve flow rates and the measured
pump pressure. The calculated angle and the measured pump pressure are subsequently
used to calculate the torque required by the pump. The measurements of the HST consist
of the rotational speed of the motor, pressures at both pressure lines, and the pressure in
the charging circuit. The flow rate of the HST motor is estimated from the rotational speed
and pressures using a flow loss model. This flow estimate, the pump rotational speed, and
the port pressures are used to calculate an estimate of the pump angle. Finally, the pump
torque is estimated using a torque loss model. The boost pump and side pump torques are
calculated using a constant hydromechanical efficiency of 0.9 and measured pressures.

The load profile examined within the framework of this work is presented in Figure 4.
In the Y-pattern cycle, the machine moves in the forward direction to the loading area with
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the bucket lowered before filling, loading the bucket with soil, then moving backward from
the pile, moving forward to the dumping point, raising the boom to its extreme position,
dumping, and moving backward to the initial position with lowering of the boom. The cycle
was repeated several times. The recorded FC amounted to 7.65 I/h.

For the unity of comparison of the hybrid and diesel-powered systems, the conventional
system was simulated with the recorded load cycle, where the FC totalled 7.51 1/h.

In the optimisation of the hybrid systems, it was assumed that the average working hours
of the machine are 2400 h per year, and the components should meet the requirements of 10
years of operation. The focus of this work was solely on the efficiency study of the hybrid
off-road machine, and its dynamic behavior was not examined.

PARALLEL HYBRID

The parallel hybrid system does not introduce significant changes into the system layout
and the number of additional components. The powertrain consists of the diesel engine,
the ED, the SC, and their auxiliary devices, where the EM is assumed to be located on the
same shaft as the ICE, see Figure 5. Thus, the loading profile remains unchanged as all
the pumps are driven from the diesel-EM-connected shaft. The power consumption of the
cooling system for the electrical components was included in the load cycle, and 100 W
average power was used for the estimation.
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Figure 5: Layout of the parallel hybrid system

The outcomes of the parallel hybrid optimisation are illustrated in Figure 9. The
figure displays the optimal balance achieved between reduced component costs and fuel
consumption for various engine sizes. It can be observed that the main difference in the FC
reduction is when the SC size changes from 162 Wh to 216 Wh, because this capacity change
introduces benefits into the control strategy. In general, however, the FC does not change
significantly between various sizes of the SC for the fixed diesel engine size. When the SC
size meets the minimum requirements of the system (lifetime in the case under study), a
future increase in size only results in reduced losses in the SC because of a reduction in the
current value, the reason being that the energy requirements are already met by a smaller
number of SC packs.

The estimated lifetime of the SC from (2) is given next to the corresponding dot in
Figure 9. The change in the lifetime prediction caused by the SC degradation was examined
for the 216 Wh SC size. The results revealed a less than 0.3 % reduction in the predicted
lifetime after 10 years of operation. Consequently, the projected lifespan outcomes during
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optimisation serve as a suitable benchmark for analysis. The FC will also increase during
the SC degradation. Therefore, the SC specifications were updated for 5-year operation to
determine the average fuel usage.

Table 1 Total annual costs of the parallel hybrid system
SC size [Wh] 216 270 324

Price [k/y] 33.31 33.27 33.22

With a fuel price of 1.75 /1, the 324 Wh SC has the lowest total annual costs (Table 1).
However, the difference is negligible when compared with the smaller 216 and 270 Wh ES
sizes, because the difference in the price of the SC is compensated by the difference in the
FC. Considering the mass and required space for SC positioning, the 216 Wh ES with a 40
kW ED was selected. A breakdown of the component costs of the parallel hybrid system
with the simulated FC is presented in Table 4. The price of the SC is 3600 /kWh (Bai et
al., 2020), the power price of the EM is 30-40 /kW, the price of the converter/inverter is
40/kW, and the power price of the diesel engine is 100 /kW.

The parameters of the optimised control strategy (CS) (section 3.1) for the chosen option
are presented in Table 2. The control strategy tends to increase the SOCjoy, and T, values
to ensure operation in the region where the engine is working close to the optimal torque
curve, simultaneously reducing SOC,, to maintain the required operational SOC. In cases
where the SOC is higher than SO Cioy, Tch 1s optimised to get a greater reduction in the FC
with an intrinsically maintained SOC in (10). The SOC value is maintained around 61% to
compensate for losses in the system.

Table 2 Parameters of the optimised EACS
SO Cup SO Clow Ten Tinin Tott
63 58 17.5 0.7 0.1

When comparing the FC for the parallel hybrid system and the diesel-powered system,
it can be seen that the FC of the parallel hybrid machine is greater than that of the diesel-
powered version. The underlying reasons for this FC increase are the following: 1) the
available amount of energy recuperated during braking is relatively small with the adapted
parallel hybrid machine layout, and, as a result, the energy consumption of the cycle remains
very similar; 2) losses in the electrical components and their cooling system increase the
total energy consumption; and 3) more efficient operation of the engine does not compensate
for losses introduced into the system.

SERIES HYBRID

In the series hybrid design, separate EDs provide energy for driving, working, and side
actions (Figure 6). Each action was identified in the analysis, and the corresponding
torque and speed variations were calculated. As with the parallel hybrid design, the power
consumption of the cooling system was introduced into the load cycle. For driving actions,
the HST is substituted by an ED with a two-stage gearbox. A two-stage gearbox was selected
in the dimensioning stage as the load cycle of off-road machines is characterised by high
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torque operation during low speeds and a maximum speed around 50 km/h. The use of a one-
stage gearbox would have resulted in power overdimensioning to be able to simultaneously
meet both the speed and torque requirements of the machine. The machine size of 42 kW was
chosen with gear box ratios of 25.51 and 5.55. The chosen configuration enabled a reduction
in energy consumption seen by the powertrain from 1.25kWh to 0.69kWh because of an
increase in the overall efficiency of the drive and the recuperated energy available during
braking.
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Figure 6: Layout of the series hybrid system

Scaling of the EMs was done considering the possible overloading, as depicted in
Figure 7b, which allowed the EM size to be reduced by almost half (Figure 7a and 7b)
while meeting the thermal limitations.

When a BES is used as an ES, the maximum allowed power limits the size to a minimum
capacity of 7.4 kWh for the 78 kW and 60 kW engines. The optimisation results are presented
in Figure 10. The estimated lifetime of the BES is given in blue next to the corresponding
component choice. Once again, the FC difference is not substantial for different sizes of
BESs. Due to the nature of the NRMM load profile and the highly fluctuating load cycle, the
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focus of the ES dimensioning is on the allowed power. Therefore, for the load cycle under
consideration, an increase in the size of the ES, i.e., its capacity, does not bring the benefit
of a significant FC reduction, because the available capacity requirements do not limit the
operation of the ES. The lifetime forecast changes caused by the battery degradation show
that the prediction accuracy does not significantly differ from the originally estimated value
(the difference is less than 1%), because the battery is overdimensioned to meet the lifetime
requirements applied. Therefore, the deterioration in the battery characteristics has a minor
effect on the battery DoD.

For the case studied in this paper, the most cost-effective result corresponds to a 60 kW
diesel engine with a 7.4 kWh BES. However, the difference from the second-best variant
is insignificant (Table 3) because of the small difference in the FC as the battery is already
overdimensioned. A component cost breakdown is presented in Table 4, where the price
of the BES is 530 /kWh, and the price of the motor/pump of the HST is 9 /kW (Rydberg,
2009). FC values are given for the battery parameters of 5 years of operation.

Table 3 Total annual costs of the series hybrid system with a BES
BES size [kWh] 7.4 8.88 1036 11.84

Price [k/y] 325 325 325 32.6

The parameters of the control strategy (section 3.2) for the chosen option are presented
in Table 5. The control strategy tends to reduce the upper threshold SOC value to increase
the time in the minimum power mode, i.e., the Pg min value is increased to the most efficient
point achievable. Other parameters are tuned to meet the requirements imposed on the
system, as SOCoy is tuned to maintain an acceptable SOC.

The results show an improvement in the FC of the series hybrid system. This
development stems mainly from the reduced energy consumption of the machine actions
seen by the powertrain, with a consequent reduction in losses and more efficient running
of the diesel engine. The operation of the ICE in most efficient areas alone will not cover
the losses in the additional components. Moreover, the fuel consumption savings can be
even higher given that the FC of the diesel-powered system does not include transient
correction (Guang and Jin, 2019; Yakhshilikova et al., 2022), whereas ICE operation is
smoothed in the series hybrid system, resulting in a negligible transient correction increase.

As the focus of the ES dimensioning is mainly on the power requirements, a series hybrid
system with an SC was also analysed. The optimisation results are shown in Figure 11. The
limiting factor for the size of the SC was its lifetime. The power and energy requirements
were met for smaller SC dimensions. The main reduction in the FC for different SC sizes is
for changes from 216 Wh to 324 Wh as the increase in energy capacity allows more efficient
engine operation because of the more extensive usage of the available energy of the SC.
Several component sizes correspond to the most economical solution: SC sizes from 324
Wh to 648 Wh with an average cost of about 32 k/year. The 324 Wh SC size was chosen
based on the space required for the installation of the SC. The component cost breakdown
with the updated FC for 5-year operation of the SC is given in Table 4. Having the focus
of the dimensioning on power requirements brings benefits to the SC utilization, allowing
a reduction in the total cost of the additional components as energy capacity requirements
can be met with a relatively small capacity. The parameters of the PFCS (section 3.2) are
shown in Table 6. Again, the CS tends to increase the operating time of the “minimum power
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Table 4 Comparison of the hybridised options

Parallel ~ Series with  Series with
with SC BES SC
ICE power [kW] 60 60 60
Price difference [] 2300 2300 2300
Generator power - 60 60
(kW]
Price of generator - 4200 4200
[l
ED power [kW] 40 42/36/9 42/36/9
Price of ED [] 4400 4620/ 3960/ 4620/ 3960/
990 990
ES size [kWh] 0.216 7.4 0.324
Price of ES [] 2560 6920 3240
Price of HST [] - 810 810
Total costs [] 4660 17580 13900
FC [I/h] 7.83 7.32 7.32
FC diesel powered 7.51 7.51 7.51
[1/h]
FC reduction [%] - 2.53 2.53
Savings in one - 798 798
year
Payback time - 27.9 20.9

Fuel price is 1.75 /I, SC price is 3600 /kWh (Bai et al.,
2020), BES price is 530 /kWh, HST motor/pump price is 9
/KW (Rydberg, 2009), EM price is 30-40 /kW, converter/inverter
price is 40 /kW, and ICE price is 100 /kW.

Table 5 Parameters of the optimised PFCS with a BES

SOCup SOC]OW Pch Pd,min Pstor
71 66 16.6 30 31
Table 6 Parameters of the optimised PFCS with a supercapacitor
S OCup SOClow P ch P d,min P stor
67 53 30 35
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mode” through an increased P, i, value to achieve a higher efficiency in this mode. The
optimisation neglects the charge-sustaining function (P.;=0) in a relatively narrow charge
fluctuation region.

For the load cycle under study, the series hybrid topology with the SC shows the best
hybridisation results because of the lower cost of the energy storage. Nevertheless, the
payback time is noticeably long (20.9 years), because electrification of the NRMM requires
considerable investments. To further reduce the overall costs, the costs and benefits of
hybrid energy storage or energy storage technology such as lithium ion capacitor (Masatoshi
and Kukita, 2016) can be studied. In addition, the estimated results would show higher
fuel consumption savings if transient correction of the diesel engine fuel consumption is
included. Moreover, more advanced energy management techniques would allow a greater
reduction in fuel consumption.

Overall, the outcome of the dimensioning shows that changing the power train from a
diesel-powered version to a hybridised topology alone will not necessarily bring operational
cost benefits, because losses in additional components will outweigh any gain in the diesel
engine efficiency. To achieve better fuel consumption results, an additional change in the
layout of components should be considered to enable energy recuperation, which would
reduce the overall energy consumption of the system. Hybridisation of the hydraulic actions
to enable energy recovery from lowering of the boom and bucket could be analysed to
establish the possible effect on the overall fuel consumption. However, such a change would
result in higher overall costs, because either a hydraulic energy storage must be added or
the hydraulic pump must be changed to allow a recuperated power flow.

5 CONCLUSION

This paper considered a method for studying preselected hybridisation topologies for diesel-
powered systems for a given load cycle. The hybridisation is based on an optimisation
technique where component dimensions (e.g., power, energy) are optimised together with
the control parameters of a rule-based control strategy. The system is subject to further
limitations, as the energy storage must fulfill the imposed lifetime requirements using a
charge-sustaining operation of the control strategy. The optimisation of electrical component
dimensions permits possible temporary overloading because of the inherent features of the
NRMM load cycle, where the peak power can be much higher than the average power. The
results of the optimisation for the load cycles under study show that the size of an electrical
machine can be halved if temporary overloading is considered in the optimisation.

The results of the studied hybridised machine showed that the series hybrid topology
with a SC is best-fitted for the Y-cycle of the loader under consideration. However, the
hybridisation requires considerable investments, resulting in a long payback time. It was
also noted that the hybridisation of the powertrain alone does not necessarily bring fuel
consumption savings, because gains in the diesel engine efficiency are outweighed by
losses in the additional components. To achieve improved fuel consumption, additional
changes should be made to the hybrid system layout to enable more energy recuperation.
The proposed approach enables determination of component sizes, but the system fuel
consumption result requires verification with knowledge of the actual forces acting on a
vehicle or, in a better case, testing with the actual NRMM, as the hybridisation changes the
dynamic performance of the machine.
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Figure 8: Vilakone Wille loader
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Figure 9: Pareto plot of the parallel hybrid system
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Figure 10: Optimisation results for the series hybrid system with a BES
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Figure 11: Optimisation results for the series hybrid with a supercapacitor



