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Abstract

The tightening of emission standards and related regulations leads to the necessity of the hybridization of
mobile machines. The working operation profile of non-road machinery differs for diverse application types
and often varies on large scale. Since the series production of mobile vehicles is generally relatively limited,
their design can be tailored to a specific driving cycle. Therefore, this work aims to introduce a simulation
tool, which is flexible for the initial design of a non-road hybrid electric vehicle (HEV) drivetrain when
different architectures (series and parallel) and dimension of components are considered. The dimensioning
is based on the load cycles, that describe the power of the machine during the operational process. For the
ease of the first design, each component is modeled mainly using the data available from manufacturers.
Case studies are provided to illustrate the use of the simulation tool, where different options of the

dimensioned hybrid powertrain are considered.
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1 Introduction

The tightening of emission standards and related regu-
lations (ICCT, 2016) leads to the necessity of improve-
ment of a conventional mobile machine and attracting
attention to the hybridization of vehicles. Hybrid elec-
trical vehicles (HEV) provide a great potential to re-
duce fuel consumption (FC) and diminish exhaust gas
emissions since the workload of a machine is distributed
between an internal combustion engine (ICE) and en-
ergy storage (ES). It allows to reduce the size of a diesel
engine and enables its operation in the most efficient
operating modes. Likewise, HEV technology facilitates
vehicle performance improvements, such as energy ef-
ficiency and controllability (Lajunen et al., 2018), as
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well as provides flexibility in the layout design of a ve-
hicle (Moreda et al., 2016).

Hybridization is gaining popularity for off-road ma-
chinery (Wang et al., 2016), (He and Jiang, 2018) since
great performance and consumption improvements can
be achieved for a hybrid vehicle with widely varying
load power (Lajunen et al., 2018). Most recent articles
and studies have described case examples of mobile ma-
chine hybridization (Mocera and Som, 2020) (Ishida
and Higurashi, 2015), where models of HEV compo-
nents are produced for the specified system under con-
sideration with the predetermined technical character-
istics. Since the series production of non-road vehicles
is generally relatively limited, their design can be tai-
lored to a specific driving cycle (Lajunen et al., 2018).
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There is no common general drive cycle, but the work-
ing operation profile of mobile machines often varies
in a large scale (Lajunen et al., 2016), (EPA, 2021).
Furthermore, different HEV topologies options can be
considered for a particular work cycle. Topologies are
classified according to the traction system type: series
and parallel (Enang and Bannister, 2017). The parallel
system offers the slightest changes to the conventional
topology, where an ICE and an electrical machine (EM)
are connected mechanically to the transmission. In
the series hybrid, there is no mechanical connection
between an ICE and a traction drive, the machine is
propelled electrically.

Different topology options require different dimen-
sions of components. The sizing of HEV components
is complicated (Huang et al., 2018) by the fact that
there are different energy sources with their auxiliary
devices and multiple power flow paths with different
architectures. Moreover, the dimensioning of various
components specifies the limits of operation of each el-
ement and defines their dynamics and efficiency. Those
aspects complicate the evaluation of the performance
of the vehicle, FC, and the feasibility of different con-
trol strategies.

Diverse variation in work cycles of non-road vehi-
cles with multiple hybridizations and dimension choices
create a demand for a calculation schema to determine
the feasible architecture and sufficient component size
of HEV for a given duty cycle. Therefore, the following
aspects should be considered in the calculation schema:
a) execution of the known work cycles (torque and ve-
locity curves are specified), b) changing the topology
of a vehicle, and ¢) testing different diesel engines, ES,
and electrical drives. However, direct scaling cannot
be implemented for some components due to different
sizes and a variety of types. For example, only a few
suitable combustion engines may be available, or in the
case of electrical motors, efficiency maps vary between
motor size, efficiency class, and, especially, motor type.
It causes an additional precondition to the simulation
tool: the model of each component should be based on
the available data.

Different simulation packages to model HEV have
been introduced over the past years. Those tools
are based on MATLAB/Simulink and Simscape (AD-
VISOR, PSAT), on Modelica language, etc. (Tammi
et al., 2018). However, most of the simulation plat-
forms require detailed models based on measured ex-
perimental data (Gao et al., 2007) (Markel et al.,
2002) (Evangelou and Shabbir, 2016), which compli-
cates the task of studying different hybridization op-
tions, if components with required dimensions are not
available in the database. A scalable engine model
was presented in (Rizzoni et al., 1999). However, ex-
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perimental data measurements are needed to fit un-
known coefficients to obtain parametrization equations
describing ICE with demanded size (Pisu and Rizzoni,
2007). A simulation tool that does not rely on empiri-
cal data would provide an opportunity to do initial es-
timation without additional expenses on gaining those
data.

The aim of this work is to introduce a simulation
tool, which is relatively flexible for the initial design
of non-road mobile HEVs when different architectures
and component dimensions are considered. The exact
simulation of each component of a HEV is not of high
priority, but models should provide comparable results
of energy efficiency, and FC, and performance of dif-
ferent hybrid systems and dimensions. With widely
varying operation modes, the HEV system should fur-
ther capture the main dynamics to sufficiently eval-
uate the FC and performance of a vehicle. When a
hybrid powertrain is dimensioned, not only the ques-
tion of minimized FC is considered, but also the lay-
out of components within available space and topol-
ogy selection. However, this question is out of the
scope of this research. In addition, the temperature
effect due to power losses of the components is not
taken into account since the cooling agents and mech-
anism varies between manufacturers, and modeling re-
quires the data which are not typically provided in data
sheets. For the initial estimation, if overloading occurs,
the acceptable duration and value should not exceed
the performance characteristics determined by a man-
ufacturer.

The simulation models describe the power flow in
a hybrid system, in which all components are mod-
eled in a modular way for the convenience of single el-
ement modification and topology changes. Parameters
and dimensions of each element can be changed eas-
ily, according to the accessible data from manufactur-
ers. The dimensioning is based on a load cycle, which
can be standardized or recorded by a manufacturer
data. Virtual testing of a mobile machine can con-
tribute to the evaluation of HEV dimensions since de-
tailed information about energy flows in the system can
be obtained. Real-time Multi-Body Dynamics (MBD)
simulation was used to compare FC and productivity
of the series hybrid diesel-electric versions of a mine
loader (Nokka et al., 2017). The simulation was car-
ried out as co-simulation, in which the powertrain was
modeled in Simulink and the rest of the machine and
the environment in the MBD simulator. This study
builds upon previous research (Immonen, 2013). How-
ever, modifications have been made regarding the ICE
model, ES, and control strategy of series and parallel
hybrid, as well as the use of load-cycle data in simula-
tion.
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2 Simulation model description

The proposed simulation tool enables dimensioning of
each element according to the off-road machine power
and type and modify system layout in line with the
hybridization topology. The simulation is based on
the idea of power flows and power balance calculations.
The parallel and series topologies are obtained by dif-
ferent connections of drivetrain components. In a typ-
ical parallel hybrid topology Figure 1, an ICE axle
and an electrical drive axle (ED in the figure) are di-
rectly connected to the torque coupler, where the main
purpose of the controller is to determine the torque
value simulated by each motor. The reference values
to the blocks are annotated with ref, while the sim-
ulated outputs are presented without it. The sign of
reference torque value of the electrical drive determines
the direction of the applied torque. If the value is pos-
itive then the power is transferred from ES to electri-
cal drive discharging the ES. If negative, the direction
is reversed, and ES is charging. The available capac-
ity is represented by the State of the Charge (SOC).
The simulated torque from the electrical drive and the
ICE is transferred to the torque coupler that drives
the vehicle. The power flow through each component,
as well as the power balance of the system, are cal-
culated through modeled torque and velocity. In the
exemplary series hybrid Figure 2, the diesel engine is
decoupled from the mechanical transmission and con-
nected to the electrical drive via the generator and the
DC bus. If the power from the diesel engine is insuf-
ficient to power the vehicle, the ES serves as a second
power source. Otherwise, it stores the excessive power
of the hybrid system. The controller determines the
required torque for all machines in regard to the ES
SOC and load profile. In the simulation, the vehicle
model is replaced by standardized or recorded load cy-
cles, where the velocity of a vehicle is determined and
supplied to wheels. Alternatively, the vehicle model
can be simulated in an MBD simulator.

Essential HEV units to be designed are an ICE, an
electrical drive, ES, and a transmission system. Some
models of HEV components are purely static, some are
quasi-static, meaning that the operation point is chang-
ing considering the main dynamics (lags) behavior. All
component models include loss calculation. The use
of loading curves is straightforward but requires that
mechanical components are modeled as rigid bodies.
Though, with suitable loading calculations and con-
trol, flexible bodies could be included. This kind of
loading model is presented in (Immonen, 2013). For
initial dimensioning and energy management control,
the dynamic behavior of flexible bodies is not essen-
tial.
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Internal combustion engine model

A diesel engine is a primary prime mover for off-road
machines. The modeling of it is a complex task since
an ICE consists of different subsystems and dynamics.
Thus, there are several techniques to model a diesel
engine. The map-based model was used for simulation
due to its relative simplicity and fast computational
time (Winke, 2019). Furthermore, ICE representation
by an efficiency map is an effective methodology when
the question of energy management and system analy-
sis is considered. Lauren et al. (-) has developed a rel-
atively simple calculation schema to obtain brake spe-
cific fuel consumption or efficiency maps from curves
of the engine manufacturer. However, the map-based
model considers only the crankshaft dynamics neglect-
ing the air and fuel path dynamics. Purely map-based
model approach results in the immediate reaction of
ICE torque to changes, while the torque response is
non-instantaneous. Besides, different dynamics deter-
mine the resultant engine torque changes under torque
increase and decrease. During sudden cutdown in load
torque, the fuel reduction dictates the torque decrease.
While at torque rise, the turbocharger does not re-
spond fast enough to meet air requirements (Hiereth
and Prenninger, 2003), whereas fuel could be injected
quickly to satisfy torque demand, leading to the low
air to fuel ratio that would cause sooting. Hence, the
efficiency map is coupled with estimated dynamics to
limit the changes in torque. The dynamics consist of
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Figure 3: Block diagram of diesel engine model

gas, actuator, and crankshaft dynamics. The actuator
dynamics include all delays related to the fuel injection
control, fuel rack, and injection delays, and, if variable
geometry or waste-gate turbocharger is incorporated,
the dynamics of its control. The latter is included in
actuator dynamics since the torque reduction arises al-
most as rapidly as fuel is cut down. The gas circulation
dynamics comprise intake manifold, exhaust manifold,
and turbocharger dynamics.

In the proposed model presented in Figure 3, gas
and actuator dynamics are modeled by the first-order
transfer function and are considered in parallel. Thus,
the torque reference (fuel rack position) of an ICE is
determined by the control strategy. The simulated out-
put torque is limited by the maximum torque curve and
delayed by the first-order time constant (74, and 7q,4),
that can be represented as a function of the rotational
speed. The minimum value representing the torque
changes is chosen from the actuator and gas dynamics
transfer function blocks. The use of two transfer func-
tions ascertains the realistic behavior of the machine
during torque increase and decrease. The response of
the diesel engine to a step function is presented in Fig-
ure 4.
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Figure 4: Step response of diesel engine

The representation of diesel engine dynamics with
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the second-order transfer function and dead time has
been shown to provide more accurate results than the
first-order model applied in this study (Lindh and
Nevaranta, 2020). However, achieving advantages of
the second-order system requires empirical results to
determine unknown parameter values of the transfer
function.

The crankshaft dynamics is considered for the series
hybrid model alone, and it is modeled:

Ty — Toa
O :/udt,

- 0

where J; rotational inertia of the diesel engine genset
(series hybrid), Q4 angular velocity of the ICE, T,
torque of the ICE, Tj,qq load torque. While in the
parallel model, the inertia of the ICE is neglected due
to the low inertia of the diesel engine in comparison
with the total vehicle mass. The ICE rotational speed
is calculated from the velocity of wheels.

The FC of a diesel engine for the given torque and
speed is calculated in accordance with the ICE effi-
ciency (Heywood, 1988):

_ Pruer _ Tafla

FC = —,
Ly Eyna

(2)

where Py - total power from fuel, E; fuel heat value.
Typically, it is in a range 42.7 to 43.1 MJ/kg, ny effi-
ciency of engine obtained from efficiency map.

Electrical drive model

The model of the electrical drive, presented in Figure 5,
comprises EM and inverter models. To appraise the
suitability of the components, the model should cap-
ture if the electrical drive has sufficient capacity to
provide the required power. Power losses should be
estimated to evaluate the energy efficiency of the elec-
trical drive. Further, the model should be applicable
to test different machine types.

An EM can be modeled quasi-statically or dynami-
cally. The dynamic model uses the space-vector model
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Figure 5: Block diagram of electrical drive model

of the EM in 2-axis coordinated system. There are
a couple of drawbacks in this approach. Firstly, 2-
axis models of different motor types are different. Sec-
ondly, values of the motor electro-magnetic parameters
are required. In addition, the 2-axis motor model re-
quires a 2-axis model of an inverter with the vector
control, and that control also differs by motor type.
Especially the requirement of known motor parameters
complicates the modeling task. Parameters can vary
in large scale depending on the motor design goals.
Thus, this is not a feasible solution for the proposed
simulation tool. Instead, the electrical machine is sim-
ulated using the quasi-static approach presented in Fig-
ure 5, where the efficiency map is used to describe the
losses in the machine over the torque-speed range and
the maximum torque curve to bound torque changes.
Typically, the efficiency map can be provided by an
EM manufacturer, or if the EM is self-manufactured
the efficiency map may be achieved by conducting few
measurements. The power losses of the EM can be
determined at standardized load points according to
standard IEC 61800-9. The power losses estimation at
additional points can be done with the interpolation
method. The efficiency map is then calculated from
the resulted power losses. The map is coupled with
the first-order time constant model.

In the hybrid vehicle application an electric motor
is controlled by a frequency inverter. For the initial
design purposes, an average efficiency is used to esti-
mate inverter losses since the efficiency of the inverter
varies only slightly over the range of the load cycle.
The inverter model is included in the EM model and
represented by the constant efficiency and the first or-
der transfer function. Of course, both the inverter and
the electric motor torque dynamics are in the millisec-
ond time range. However, in real applications, torque
rise time is always limited by either the inverter torque
controller or by torque ramping. This is done to pro-
tect mechanical parts. It is required to present that

lag in co-simulations with an MBD simulator (Lindh,
2013). When load cycles are used for dimensioning,
one should have small enough time constant in order
to follow the reference load cycle.

In the electrical drive mode, the reference torque is
determined by the hybrid powertrain supervisory con-
troller, limited by the maximum torque curve, and de-
layed by the first-order time constant Figure 5. The
requested electrical power is calculated considering the
direction of the power flow and relevant efficiency val-
ues of the components:

Peyv = TemQem

P
ﬂ7 Pry >0
NEM Ninv

3)

Pin,dm've =

Pin,drive :PEM'r]EMnin1)a PEM < 0,

where Ty, EM torque ,Qgp EM angular velocity,
NEMNine efficiency of the EM and the inverter. The
positive value of power corresponds to the direction
from the EM to the transmission.

Energy storage model

Electrical ES is a secondary energy source in the
HEV. Rechargeable batteries or ultracapacitors (UC)
are used as ES in a hybrid system. Battery energy
storage (BES) is characterized by high energy density
but has relatively low power density. A UC is capable
of supplying a large instant power, although it has a
much lower energy density (Burke, 2007). The bat-
tery is connected directly to the DC link of the vehicle.
Therefore, the voltage level of the storage should meet
the requirements of the DC bus. In such topology, the
losses that would be caused by an additional DC con-
verter are avoided. Since the voltage level of a UC
varies greatly with varying SOC, the UC is connected
via a DC converter in order to supply a constant volt-
age.
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Battery energy storage model

The Li-ion battery technology is widely applicable for
HEV (Ding et al., 2019). Therefore, this type of bat-
tery was utilized for simulation. The model is based
on the Simscape Electrical battery model described
by Shepherd equations (Tremblay and Dessaint, 2009),
which discern a generic dynamic of a rechargeable bat-
tery. The voltage on the output terminals (E}) is cal-
culated by:

Vi, = Eo—RI,
KQm KQm . B
Ey, =V, — Q- iy + AeP9,
meQ meQ
ipe >0 (4)
KQm KQm . B
Ey=V,— Q- ipe + AeB9,
Qm—-—Q " Q+0.1Qn
ib* <0

where K is polarization constant/polarization resis-
tance [V/Ah]/[Q], Ep is constant voltage value, A is
exponential zone amplitude [V], B is exponential zone
time constant inverse [Ah~!], @,, is maximum bat-
tery capacity, R is internal resistance. Parameters are
extracted from any particular manufacturer discharge
curve. ipy is filtered current, () is actual charge:

3600 5)

The required power of ES P, is used as an input sig-
nal to the block. Then, based on the voltage value
on the output terminals, the current of the battery is
calculated:

Q= (1 - SOCinit)Qum + / Iy

PeS

The SOC is estimated by modified Coulomb count-
ing method:

I

Iy

360000, dt. (7)

SOC = S0C;n +/

Ultracapacitor model

A simple RC-circuit model was used to model a UC
since the data for the model can be obtained from
datasheets of a manufacturer. The voltage on the out-
put terminals of the UC is calculated by:

1
Uvc = c /IUcdt + IycREsr, (8)
where C' is capacitance of the UC, Rggg is equivalent
series resistance, Iy¢ is the current of the UC.
Similarly to the BES model, the model of the

UC should also describe its SOC, which is de-
fined by terminal voltage and the maximum voltage
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(Uuc,maz) (Ceraolo et al., 2017):

2
UUC

SOC =
U%C,maz

, (9)

Losses in the DC/DC converter are evaluated by an
average efficiency.

Torque coupler model

A torque coupler is an essential component in the par-
allel hybrid system. It is aimed to couple and transmit
mechanical power from a diesel engine and an EM to
the wheels, or to divide the power from an ICE between
traction wheels and ES (Ehsani et al., 2004). The out-
put torque is a linear superposition of two separate
torques, where ki and ko are the constants defined by
the geometry of the torque coupling device and 7 is the
efficiency of the coupler.

Toum = Takim + Teakonz, Tear > 0

Tearks (10)

Toum = Takim + yTem <0

M2
The required output torque to drive wheels can be
adjusted by applying different torques from an ICE and
an electrical drive. While the angular velocity cannot
be controlled freely, both machines will rotate with the
speed described by:

Qs Qem

Qs aft = 7. —
eIt gy ko (11)
ifki=ke=1: Qopapt = QU = Qem = Qe

Transmission model

The transmission consists of the gearbox and the me-
chanical driveline and it connects the wheels to the
propulsion system. The mechanical torque transferred
from the driving block (a torque coupler for paral-
lel topology and an EM for series hybrid Figure 1
and Figure 2) to the wheels considering transmission
(igirs) and gearbox (igeqr) ratios, and their efficien-
cies (NgearsNdaiff), can be represented by an equation
dependent on the direction of the torque:

Twn = ﬂnigearidij'fngearndifj'7 T, >0

Tini i 12
Twh:M,Tin<0 (12)
NgearTdif f
The angular velocity of the rotational shaft is:
Qgear,in = Qwhigearidiffa (13)

where €2, is rotational velocity of the wheels.
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Wheels model

The force and angular velocity of wheels are calculated
according to:
Twh Uveh

P Qwh = )
Twheel Twheel

theel = (14)

where 7,neer radius of wheels.

Load cycle

A load cycle describes the power of the mobile machine
during the operational process. The dimensioning is
based on the load cycle data, and they are used as
input to the simulation tool. The origin of the duty
cycle can be a recorded load cycle given by a manufac-
turer, standard loading curves from (EPA, 2021) - Fig-
ures 10 and 15, or external simulators. The reference
torque and speed curves emulating mobile working ma-
chine actions can be obtained by multibody dynamics
(MBD) simulation.

Figure 6: A screenshot from the MBD simulator de-
picting a virtual mine loader in a virtual
mine.

MBD simulation is a numerical simulation method
which models the simulated system as a series of in-
terconnected flexible or rigid bodies. These bodies
are interconnected by mechanical constraints, forces,
etc. Real-time version of an MBD simulation allows
to drive a realistic machine in a realistic environment,
making it a good tool for virtual prototyping of mobile
machinery. There are two options to use load cycles
from an MBD: co-simulation, where the power train is
modeled in Simulink and the rest in an MBD simula-
tion, or record load cycle data from an MBD simula-
tor. The communication between the MBD simulator
and Simulink is implemented via a TCP/IP connection
(Montonen et al., 2012) (Lindh et al., 2014) (Montonen
and Lindh, 2014). An interval of 2 ms is used for the
communication between Simulink and the MBD simu-
lator, since the MBD model used has limitations for the
maximum step time. Exceeding this limitation renders

the model unstable. This co-simulation scheme facili-
tates the comparison of different topologies and com-
ponent sizes for the power train and verifying results
obtained by the dimensioning tool. A mine loader in
a virtual mine was considered for the co-simulation -
Figure 6 (Nokka et al., 2017).

Simulation principle of the model

The simulation principle of the introduced model de-
pends on the type of loading data used. If it is recorded
load cycle or curves obtained from EPA, then the prin-
ciple is represented in Figure 7 and Figure 8a. The
loading torque from driving blocks is transmitted to
the wheels, while the measured or simulated speed of
the vehicle is used as input to the wheels model and
transmitted from the wheels to the driving blocks. The
power consumption of the system can be determined at
every simulation step as well as the energy balance of
the system.

The calculated power request of the mobile machine
must include the power consumed by the hydraulics
drive. If it is known, hydraulics can be represented as
a power or torque-speed curves. Therefore, the power
produced by the ICE and the ES is divided between
drivetrain and hydraulics. For the parallel hybrid Fig-
ure 1, the hydraulics can be connected to the torque
coupler, where the power of hydraulics Py,q and power
balance is determined as:

Tsqushaft + Phyd = Pd771 + PEMnQa PEM > 0

P 15
Tsqushaft+Phyd:Pdn1+§7MaPEM <0 ( )
2

For series topology, hydraulic actuator can be powered
by separate electrical drive as it will be shown later.

For the Simulink model coupled with the MBD sim-
ulator, the simulation principle is provided in Fig-
ure 8b. The simulator is driven by a human driver.
The required reference torque is exported from the
MBD simulator (T}.¢) to the proposed simulation tool.
The model of electrical drive calculates the simulated
torque back to the MBD simulator, which returns the
speed of the vehicle. The controller in the Simulink
manages the power generation and power balance in
the system. In the MBD, the tractive and hydraulic
drivelines are decoupled and powered by two separate
electrical drives. The torque required by the hydraulics
is used as reference torque for the EM, while the sim-
ulated torque and the angular speed are inputs to the
MBD. For the traction drive, the outputs of the MBD
are the required loading torque and angular rotational
velocity of the machine.
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Control principle of HEV

The supervisory controller allocates the required load-
ing power between the ICE and the ES, where the
diesel engine loading is dictated by a control strategy
(CS). The rule-based CS (Power Flow Control Strat-
egy (PFCS) and Thermostat Control Strategy (TCS)
(Shabbir and Evangelou, 2016), and Electric Assist
Control Strategy (EACS) (Johnson et al., 2000)) were
used for the simulation due to their simplicity since the
focus of this work is not to optimize the efficiency and
performance of components but to estimate the initial
dimensions of the elements.

Parallel hybrid

The supervisory control principle of the parallel hybrid
system includes the following key functions: loading
and regenerative braking control Figure 7. CS de-
fines the ICE reference torque value, and then it is low
pass filtered (Ottosson, 2007) to reduce the reaction
of the engine to load changes. The requisite electrical
drive reference torque is determined by subtracting the
torque value of the diesel engine from the total refer-
ence torque. If the electrical drive braking capacity is
not sufficient, mechanical braking is used. The torque
of the mechanical braking system is determined by sub-
tracting the EM maximum braking torque value from
the required total braking torque. The time response
of the mechanical braking system is modeled by trans-
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fer function with a time lag coefficient (7=0.01) (Li

et al., 2016).

Series hybrid

The traction drive in the series hybrid is decoupled
from the diesel engine. The full loading torque is pro-
vided by electrical drive or distributed between several
electrical drives depending on the application. Thus,
the required torque is the input to the EM Fig-
ure 8. The genset control block determines the ref-
erence torque values for the ICE and the generator
Figure 9. The calculated diesel engine power reference
from CS is first low pass filtered. Then, the reference
value of the engine torque for the desired power level
is selected according to the maximum efficiency point.
Based on power and torque values, the diesel engine
genset speed is determined. The reference torque to
reach the target velocity is calculated in the PI con-
troller based on the error between the required and
measured angular velocity of the shaft. The reference
torque of a generator is then calculated as a differ-
ence between the required torque and actual torque
produced by the diesel engine.

The duty cycle of off-road machine often has large
and quick power variations. Mode of operation can
be frequently changing from idling or low load to high
power. During idle or low loading, the efficiency of
the ICE is poor. Thus, those operating points should
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Figure 9: Supervisory control of series hybrid

be avoided. However after full loading, when the tem-
perature of the engine reaches high values, the engine
needs to cool down for a predetermined amount of
time typically idling 3 to 5 minutes before being shut
down (Keel-Blackmon et al.; 2016). Typically the en-
gine lubrication will cease when the engine is stopped,
which may lead to overheating of the oil and cause
additional wear to the internal components of the en-
gine (Rundo, 2015) (Polichronis et al., 2013). Thus,
idling is necessary for even cooling, reducing wear, and
preventing coking of oil. However, if the oil flow is pow-
ered by an auxiliary electric pump, the engine can be
stopped shortly. In the framework of this work, during
low load, a diesel engine is stopped after a predeter-
mined amount of time.

3 Simulation results

This section describes case studies of dimensioning an
HEV to demonstrate the applications of the simula-
tion tool. Backhoe loader and excavator are simulated
using a standardized curve with series and parallel hy-
brid topologies. Then an underground mine loader is
simulated using a load cycle obtained by an MBD sim-
ulation. Only series hybrid version of the mine loader
is simulated.

3.1 Case study 1: Standardized curve of
backhoe loader

The dimensioning of a hybrid power train was imple-
mented to standardized loading curves of the backhoe
loader (EPA, 2021). The provided speed and torque
values are acquired from a diesel engine crankshaft
Figure 10. Therefore, the transmission is not mod-
eled. It is assumed that all the power is allocated to
the driveline since the power consumed by hydraulics
cannot be distinguished from the driveline power. The
load cycle is characterized by considerable torque vari-
ations. For the parallel hybrid layout, the full load is
connected to the shaft powered by ICE and electrical
drive. For a series hybrid, the total load power is pro-
vided by a single electrical drive.

The selection of components for different options is
presented in Table 1. Scania and AGCO off-road diesel
engines were used for simulation (Scania, -) (AGCO,
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Figure 10: The load cycle of the backhoe loader

2008). The data for AGCO 148 kW engine were ob-
tained from Turku University of Applied Science, En-
gine and Powertrain laboratory and are not publicly
available. Induction motors (IM) and permanent mag-
net (PM) generators were chosen for the EMs. The
EM efficiency map is engineered by calculating the
motor losses, which are comprised from winding (cop-
per), iron, mechanical and additional losses. Fraction
of these losses for IE3 classified inverter fed induction
motors are reproduced according to (Aarniovuori et al.,
2018). Major part of losses consists of winding losses.
These vary in large scale with the speed and torque.
Winding losses are interpolated from the data of the
manufacturer (ABB, 2021) at speed range from zero
to rated speed and in the field weakening area the
dependency of speed and torque is comprised as ex-
plained in (Doppelbauer, 2020). Part of the iron losses
is present in the whole speed range (as in a no-load
situation) and part is frequency dependent. The iron
losses are therefore calculated in two parts. As speed
increases the iron losses increase until the rated speed is
achieved and above that, in field weakening, the share
of iron loss is decreasing (Doppelbauer, 2020). The last
loss components in this EM efficiency map are the ad-
ditional and mechanical losses, which increase as the
speed increases. A UC was utilized for the parallel hy-
brid topology (Eaton, 2019), and a BES for the series
hybrid (Altairnano, 2021). To meet the requirements
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for the flow of current, the BES was over-dimensioned.
Control strategies maintain the SOC of ES at the des-
ignated level. Therefore, the SOC at the beginning of a
driving cycle and at the end are equal. The load cycle
is followed for all dimension variants presented.

Table 1: The component dimensions of the backhoe

loader
Parallel Series
Manufacturer Scania AGCO AGCO AGCO
ICE rated power kW] 202 148 148 129
ICE idle power kW] 20 15 15 13
Electric motor [kW] 132 132 250 250
type IM IM M M
Generator [kW] - - 160 132
type - - PM PM
ES capacity [kWh] 1.3 1.3 36.25 36.25
type UC UC BES BES

Fuel consumption [g/s]

L;’i; :

L L
25 300
Time [s]

L "
150 200

Figure 11: Fuel consumption of various hybridization
options of the backhoe loader

The fuel consumption for various hybridization op-
tions is presented in Figure 11. It can be noticed that
for series hybrid, the FC changes bear a more stable
pattern, while the parallel layout exhibits more sub-
stantial fluctuations. The fuel and energy consump-
tion obtained from the simulation results are provided
in Table 2. The overall efficiency is calculated as fol-
lows, where Ey,¢; is the produced energy and Ej,q is
the loss of energy:

_ Efuel - Eloss

100%.
Efuel ’

n (16)

The initial estimation suggests that the parallel hy-
brid topology with the 148 kW diesel engine provides
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the most efficient solution. In this case, the ICE is
working close to the optimal points about 35% of the
time. However, the proposed methodology does not
consider the increase in FC during transient operation
modes of the ICE, which has a more significant effect
on the parallel configuration than on the series config-
uration. The rate of change in the simulated torque
varies from -9 5.63 %/s. This can be taken into ac-
count with a correction factor (Lindgren, 2005) calcu-
lated from the synthetic transient data measurements,
which is not achievable with the available data.

Efficiency
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Figure 12: Working points of ICE with TCS (red dots)
and PFCS (black dots) on diesel-generator
efficiency map

Table 2: Simulation results of the backhoe loader with
different topologies and control strategies
(CS): EACS - Electric Assist CS, TCS - Ther-
mostat CS, PFCS - Power Flow CS

Parallel Series
Scania AGCO AGCO AGCO
CS EACS EACS PFCS/TCS PFCS/TCS
FC [I/h] 22.84 19.97 21.86/21.84 21.6/20.9
Eioss [KWh] 21.32 17.84 20.84/20.83 20.79/19.78
Etuer [KWh]32.82 28.74 31.48/31.47 31.11/30.08
n (%] 35 37.9 33.8/33.8 34.2/34.25

The second best solution is series hybrid with the
129 kW engine. The series hybrid option is less ef-
ficient since additional losses are introduced by addi-
tional components and full power transfer through the
electric motor.The FC of series hybrid depends on the
CS chosen - Figure 12. TCS (red dots) provides more
fuel-efficient results than PFCS since the ICE always
operates in the most efficient point. Using PFCS (black
dots), power of the ICE varies to maintain SOC of the
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battery close to the designated level - Figure 13. In ad-
dition, the increase in FC during the start/stop of the
ICE is not considered. However, CSs produce a low
engine start count and therefore it can be neglected.
Furthermore, the engine is needed to idle after working
at the maximum torque. Due to idling, the additional
FC results in approximately 0.081-0.24 1 (70-200 g) .
The series hybrid with the 148 kW ICE is oversized.
The engine is not able to work in the most efficient
points regardless of the different CSs used. The Fig-
ure 14 depicts that the 202 kW engine also is oversized
for a parallel hybrid setup.

The best fitting size of diesel engine can be deter-
mined visually by plotting an efficiency map together
with the working points, see Figures 12 and 14. Such
graphical representation allows to illustratively inspect
and scale the suitable power level of the components.
The calculated parameters can be depicted to assist
in the selection process. For instance, the SOC of the
battery for series hybrid with the 129 kW ICE dur-
ing load cycle is provided in Figure 13. Based on the
SOC variations, the lifetime of the battery can be eval-
uated (Immonen, 2013). Therefore, the calculation of
parameters of interest (such as fuel consumption and
power losses) together with the visual representation
facilitate the scaling of the mobile HEV and provide a
useful tool for the dimensioning.

0 100 200 300 400 500
Time [s]

Figure 13: SOC of the battery with TCS - blue curve
and PFCS - red curve

3.2 Case study 2: Standardized curve of
excavator

To represent different hybridization examples, the
standardized load cycle of an excavator (Figure 15)
was considered. This cycle does not include high peak
power modes. Most of the time the cycle exhibits
steady behavior with a number of operating modes

1600 |

1400 |

1200

Torque [Nm]
o] 8
Q (=]
(=] (=]

o
=]
=]

N
o
S

535 W@
L0 s L __03
03— 93%@;@@%%@0,?5 Tor—

[N
o
=]

1200 1400 18600 1800 2000

Rotation speed [rpm]

0 L
800 1000

Figure 14: Working points of parallel hybrid with 202
kW engine

with low torque requirement. The average power con-
sumption is close to the peak power, and the power
range of the diesel engines does not differ significantly.
When the diesel engine power is close to the maximum
power, the UC balances the torque variation. If the
maximum power produced by the ICE is less than the
maximum load, a larger capacity of ES is needed to
provide the required additional power. As for the pre-
vious case, the SOC of ES is equal at the start and
end of the cycle and the predetermined driving cycle is
followed. Three choices for the hybrid powertrain unit
are presented in Table 3. The data for the 180 kW ICE
is obtained from DLG (2013).
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Figure 15: The load cycle of the excavator

The results of simulated variants (Table 4) show that
the FC is minimized for parallel configuration with the
180 kW diesel engine. However, this option requires ES
with a bigger capacity. And furthermore, the difference
in FC compared to the option with the 202 kW ICE
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Table 3: The component dimensions of the excavator

Table 4: Simulation results of the excavator

Parallel Series Parallel Series TCS
Manufacturer Scania  FPT FPT Scania  FPT FPT
ICE rated power kW] 202 180 180 FC [I/h] 30.23 38.99/39.1 1.8
IECIE idle power [SVV] ig ;g 21080 Eioss [KWh]  83.66 83.48/83.76  93.16
ecmctmomr (kW] o o e Epuer [fWh]  131.38 130.55/131.03  140.1
ype 36.32  36.05/36.7 33.5
Generator [kW] - - 200 n %] /
type - - PM
ES capacity [kWh] 1.3 6.5/36.25  36.25  plock is rotational speed and output is the required
type uc UC/BES BES torque. When hydraulics are powered by the EM, the

is not substantial. Even though the increase in FC is
not considered during transient operation modes, those
operating regions are neither frequent nor broad for the
load cycle under consideration. The power losses in a
series hybrid topology negate the benefits of working
in the most efficient points of the diesel generator set
(Figure 16), which is reflected by the resulted FC.

Parallel ICE 200
Parallel ICE 180 BES
Parallel ICE 180 UC
Series ICE 180

[ o

Fuel consumption [g/s]

0 200 400 600 800 1000 1200
Time [s]

Figure 16: Fuel consumption of various hybridization
options of the excavator

3.3 Case study 3: Underground loader

Different hybridization options were considered for the
underground mine loader from the MBD simulation
tool (Nokka et al., 2017). The diesel-powered machine
model was verified by measurements done with the ac-
tual machine (Nokka, 2018). The model includes the
modeling of transmission and hydraulics, where the in-
put signal to the transmission is the supplied torque,
and the output signal is the velocity of the traction mo-
tor of the working machine. The input to the hydraulic
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constant rotational speed is maintained, and the out-
put torque from hydraulics is the reference torque to
an EM. The output torque from the MBD simulator
includes the torque associated with mechanical losses
to maintain constant rotational speed. The load cycle
of the underground loader was obtained by a human
driver operating the machine (Figure 17). It consists
of a starting, driving to the pickup point, filling the
bucket, returning to the dump point, and dumping ac-
tion sets.

Drive cycle
150 A L
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o
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T

Power [kW]
(=]

50 F
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—— Hydraulics

-100

0 50 100 150 200 250 300 350 400
Time [s]

Figure 17: The load cycle of the underground loader

The MBD simulator is coupled with the drivetrain
model in the Simulink environment, the components
of which are presented in Table 5. For the load cycle
under consideration, only series hybrid topology was
considered due to several features of the cycle. Firstly,
the EM should be able to recuperate energy as much as
possible during the downhill movement. That leads to
requirement of a bigger ES capacity to store all the
energy, as well as a larger EM. Secondly, the cycle
is featured by frequent stops during the bucket load-
ing and unloading of the working machine. Therefore,
during stop time, the diesel engine will be decoupled
from the main shaft to maintain working operational
speed. Meanwhile, the hydraulics pump is connected
directly to the diesel engine shaft. Thus, the specifica-
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Table 5: The component dimensions of the under-
ground loader

Series
Manufacturer AGCO Perkins

ICE rated power kW] 74 63
ICE idle power [kW] 10 10
Drive motor kW] 160 160
type M M
Hydraulics motor [kW] 75 75
type M M
Generator [kW] 75 75
type PM PM

ES capacity [kWh] 36.25 36.25
type BES BES

tions of the ICE should meet the power requirements
of the pump. Two of these factors exclude the bene-
fits of the parallel hybrid since the components will be
over-dimensioned to satisfy the mobile machine perfor-
mance. These characteristics are in the favor of series
hybrid topology, where the traction and hydraulics are
powered by two independent EMs and ICE is mechan-
ically decoupled from the driveline.

The results of the dimensioning are presented in Ta-
ble 6. The option with the 74 kW ICE (DLG, 2013)
has better fuel economy since the operating point of
the diesel genset has higher efficiency than the variant
with the 64 kW engine (DLG, 2013) - Figure 18.

—ICE 64 kW
———ICE 74 kW

Fuel consumption [g/s]
w

0 s s s s s s s
0 50 100 150 200 250 300 350 400

Time [s]

Figure 18: The fuel consumption of the underground
loader

4 Conclusion

A new simulation tool targeted at the analysis of off-
road machinery hybridization was presented. Example

Table 6: The simulation results of the underground

loader
Series TCS
AGCO Perkins
FC [1/h] 13.42 14.34
Eloss [KWh] 11.57 12.76
Etyer [KWh] 17.11 18.28
n [%] 32.38 30.2

cases of series and parallel topologies with different di-
mension choices were simulated. Simulations show the
feasibility of the power balance-based simulation tool
when selecting a hybrid topology and for the initial
dimensioning of the hybrid power train components.

A combustion engine and an electrical drive are mod-
eled by efficiency maps and first-order transfer func-
tions representing their dynamics. The behavior of the
ultracapacitor is described by an RC-circuit, and the
battery energy system is estimated by mathematical
formulas. Simulation blocks use efficiency data from
the manufacturers. The idea is to use component mod-
els that do not require large measurement-based tun-
ing in the initial design phase. The supervisory con-
trol principle manages the torque allocation between
the energy sources. The simulations use load cycle
data that may either be publicly available cycles or
self-recorded data. Alternatively, the model can be co-
simulated with the multi-body simulator.

The simulation tool is flexible for the initial design
when the capacity and efficiency of different compo-
nents need to be tested. The effect of changes in the
size of components can be analyzed visually and quan-
titatively. The usage of load cycles for dimensioning al-
lows testing different hybrid topology options for non-
hybridized mobile vehicles in a simple way. Consider-
ing the diesel engine as the base choice, the dimensions
of other components can be determined according to
the specifications of the engine. The scaling of the ES
is fairly straightforward as it involves only changing
the number of cells connected in series and parallel.
Efficiency maps of EMs with the same type do not
vary considerably. Therefore, in the first iteration, the
same map can be used with only scaling the capac-
ity of the electrical machine under consideration. The
investigated simulation cases provide vivid examples
of the use of the simulation tool and the visibility of
the resulted data for comparing hybridization options
and helps on component dimensioning. Further devel-
opment of the tool will possibly lead to optimization-
based dimensioning.
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