
Edited by

Electrified 
Powertrains for 
a Sustainable 
Mobility
Topologies, Design 
and Integrated Energy 
Management Strategies

Laura Tribioli and Manfredi Villani
Printed Edition of the Special Issue Published in Energies

www.mdpi.com/journal/energies



Electrified Powertrains for a
Sustainable Mobility: Topologies,
Design and Integrated Energy
Management Strategies





Electrified Powertrains for a
Sustainable Mobility: Topologies,
Design and Integrated Energy
Management Strategies

Editors

Laura Tribioli

Manfredi Villani

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Laura Tribioli
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Editorial

Electrified Powertrains for a Sustainable Mobility: Topologies,
Design and Integrated Energy Management Strategies

Laura Tribioli 1,* and Manfredi Villani 2

1 Department of Industrial Engineering, University of Rome Niccolò Cusano, Via Don Carlo Gnocchi, 3,
00166 Rome, Italy

2 Center for Automotive Research, The Ohio State University, Columbus, OH 43212, USA; villani.5@osu.edu
* Correspondence: laura.tribioli@unicusano.it

The Special Issue “Electrified Powertrains for a Sustainable Mobility: Topologies,
Design and Integrated Energy Management Strategies” has been proposed with the main
objective of contributing to the sustainable mobility agenda through enhanced scientific
and multi-disciplinary topics, aimed at addressing concerns and real possibilities in the
achievement of a greener mobility. It was therefore conceived to provide an interesting
overview on new needs and investigation topics required for future developments.

In total, five articles, of which four research papers, and one review, have been submit-
ted to the Special Issue covering a wide variety of topics within the proposed subject.

T. Donateo and A. Ficarella [1] have addressed the topic of urban air mobility with
particular reference to air-taxi service. They propose a methodology for the design and energy
analysis of conventional, hybrid-electric, and full-electric power systems for such application.
The novelty of the paper with respect to the state of the art lies in the detailed modeling
approach of the powertrains, the evaluation of CO2 emissions with a well-to-wing approach
as a function of the electricity emission intensity factor and the comparison with road vehicles
performing the same route in different driving conditions. The results demonstrate the
advantages of an all-electric air-taxi with respect to a hybrid electric road taxi.

S. Lombardi et al [2] have tried to tackle the problem of reducing the energy con-
sumption of the cooling circuit for the propulsion system of an all-electric road vehicle
through two different approaches: optimization of the control strategy and improvement
of the powertrain efficiency. In the first approach, a control strategy to reduce the auxiliary
loads of the fan and the pump has been developed and compared with the conventional
approach, where the pump and the fan are controlled with a thermostat, while in the second
approach a single-motor powertrain has been replaced by smaller traction modules whose
powers sum up to the total power of the original powertrain. The study has shown that
increasing the powertrain efficiency leads up to a 54% reduction of energy consumption
(but only if the cooling circuit is stressed enough and the fan is activated during the vehicle
operation). While the optimization of the control strategy can lead up to a 27% energy
consumption reduction if normally the cooling circuit is capable of lowering the coolant
temperature without the intervention of the fan.

I. Komorska et al. [3] have proposed an algorithm which, by means of the segmentation
and iterative synthesis procedures of Markov chains, returns an adaptive energy-efficient
driving cycle for a road vehicle under a given route. Moreover, a Gaussian process regression
is employed to monitor energy consumption during driving, so as to correct adaptively speed
and acceleration in order to maintain the planned energy consumption. An autopilot driving
cycle was verified in the study, and results showed that the energy consumption was reduced
by approximately 15%, at the cost of increasing travel time by approximately 10%.

Q. Bi et al. [4] worked on a similar topic, but applied to cable shovels for robotic
excavation. In particular, a two-phase multi-objective genetic algorithm was established for
optimal digging trajectory planning for achieving effective and energy-saving operation.

Energies 2022, 15, 3095. https://doi.org/10.3390/en15093095 https://www.mdpi.com/journal/energies
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The results of the optimization under different digging conditions indicated that the digging
time could be decreased from an average of 20 s to 10 s, and the energy consumption per
payload could be reduced by 13.28%.

Finally, D. Beltrami et al. [5] have proposed a detailed overview on the state of the art
and future trends in the electrification of compact off-highway vehicles, which can be an
excellent application for boosting the electrification process, mainly because they are usually
more suited for zero-emission tasks, while development costs can be more easily minimized.
The paper has allowed for the highlighting of the key differences between on-highway and
off-highway vehicles and provides a comprehensive summary of information on the multiple
solutions investigated by researchers and currently implemented by manufacturers.

Even if the theme of sustainable mobility is very wide and still entails a lot of work, we
believe that this Special Issue can give a small and yet important contribution to stimulate
the debate between industry and academic researchers, thanks to the variegated topics of
the received articles that cover important aspects related to the full spectrum of sustainable
mobility, spanning from air mobility to off-road vehicles.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Article

A Methodology for the Comparative Analysis of Hybrid Electric
and All-Electric Power Systems for Urban Air Mobility

Teresa Donateo * and Antonio Ficarella

Department of Engineering for Innovation, The University of Salento, via per Monteroni, 73100 Lecce, Italy;
antonio.ficarella@unisalento.it
* Correspondence: teresa.donateo@unisalento.it

Abstract: The present investigation addresses the topic of Urban Air Mobility with particular ref-
erence to the air-taxi service with electrified power systems. A new and detailed methodology is
proposed for the simplified design and energy analysis of conventional, hybrid-electric, and full-
electric power systems for this application. The original contributions to the scientific literature on
UAM are the detailed modeling approach, the evaluation of CO2 emissions with a Well-to-Wing
approach as a function of the electricity Emission Intensity factor, and the comparison with road
vehicles performing the same route in different driving conditions. The comparison demonstrates
the advantages of a full electric air-taxi with today’s technology versus a hybrid-electric road taxi,
especially in cases involving low emission intensity and unfavorable driving conditions (congested
traffic, aggressive driving style, and high circuity factor values). In the case of 2035 technology, the
comparison with a referenced fully electric road vehicle is detrimental to the air taxi but the values of
Well-to-Wheel/Wing CO2 with the expected Emission Intensity of 90 g/kWe for the European Union
are still quite low (67 g/km). The investigation also quantifies the negative effect of battery aging
on the consumption of the air taxi and on the number of consecutive flights that can be performed
without fully charging the battery.

Keywords: urban air mobility; WTW emissions; hybrid electric vehicles; battery aging

1. Introduction

According to Angel et al. [1], the number of people living in cities keeps growing
and is expected to double from 2011 to 2054. This increase in the mobility requirement
is leading to the need for faster, cheaper, safer, and cleaner forms of transportation [2],
not only to avoid the depletion of fossil energy sources but above all to preserve the
environment. Transportation accounts for around one-fifth of today’s global carbon dioxide
(CO2) emissions [3]. Road travel accounts for three-quarters of them, while the contribution
of aviation to transport-associated emissions is 11.6%. Increasing the efficiency of the
utilization of energy in transport systems, speeding up the deployment of sustainable
energy sources, and enhancing zero-emission vehicles are the main actions that have
been proposed to reduce the environmental impact of transportation [3] and fulfill future
mobility requests.

In the last few years, many companies have developed delivery and taxi services
conceived to work in the air. These new services are denoted as Urban Air Mobility
(UAM) and Urban Air Delivery. This investigation focuses on Urban Air Mobility and, in
particular, on the air-taxi service. In this field, several companies have developed electric
vertical take-off and landing (eVTOL) aircraft over the past few years. However, there
are still many open issues such as the lack of infrastructure, the need to ensure safety
(in particular avoiding collisions during the mission), and the development of suitable
air-traffic management systems [4–6].

UAM is an appealing application for electric power systems thanks to its short-range
and limited speed requirements that make full electric powertrains possible, even with

Energies 2022, 15, 638. https://doi.org/10.3390/en15020638 https://www.mdpi.com/journal/energies
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today’s batteries (i.e., despite their moderate values of energy density and power density,
which are the major bottlenecks for larger aircraft). For longer distances, hybrid-electric
concepts can be considered to provide the necessary range while guaranteeing silent
and environmentally friendly transport systems. To ensure the success of electric and
hybrid-electric air taxis, an extensive charging infrastructure powered by clean energy
sources is needed as well as the availability of a large number of take-off and landing
facilities [7]. Moreover, ad hoc flight mechanics analysis tools and design techniques need
to be developed to tackle the challenge of sizing and management of hybrid and fully
electric aircraft. In fact, the analysis of the energy request of this kind of vehicle and their
environmental impact is a hot topic still in need of further research efforts, as proved by
the limited works in this topic, such as the recent studies on Urban Air Delivery [8–10] and
UAM [11–14].

Uber [11] performed a comparison between a traditional road vehicle and a VTOL one
in terms of time spent, distance covered, and costs without considering the environmental
impact. As pointed out in [12], the sustainability of air-taxi services is unclear because of
the high energy requirement of this kind of vehicle, above all for take-off and climb. A
comprehensive review of the research on UAM is presented in [15], where the development
of more refined and high-fidelity models is suggested as one of the potential research
directions in this field. This work also points out the importance of taking into account
the largest safety allowed by the hybrid-electric power systems in rotorcraft thanks to the
possibility of performing safe descents after an engine/motor failure.

The authors of [14], proposed a comparison of the Greenhouse Gas (GHG) emissions
of a VTOL over a distance of 100 km versus ground-based passenger cars and, in particular,
a conventional internal combustion engine vehicle and a battery-electric vehicle. However,
this work performs a simplified analysis: the part-load efficiency of the powertrain and
the large variability of energy consumption of a road vehicle due to the effect of the traffic
conditions are not taken into account. The different effects of traffic conditions and weather
on the travel time of road and aerial vehicles are addressed in [12] where it is also pointed
out that the travel time of a VTOL is much more predictable than that of a road vehicle.

A similar but more detailed analysis is performed in [16], in which the authors devel-
oped a model to quantify trip emissions using UAM and compared them with automotive-
based trips. The authors of this study consider gasoline and electric vehicles as automotive
technology and calculate the emissions associated with electricity production using the
emission factor of the metropolitan area of Chicago and Dallas. Moreover, this work pro-
poses the detour ratio (defined as the distance saved or gained by using an aerial vehicle
instead of a road vehicle driving the same route) as a metric to compare air and road
transportation while the circuity factor (the ratio of the shortest road route to the Euclidian
distance) is proposed in [12] to compare air and road vehicles.

The present work differs from [12,16] in the following aspects that constitute its novel
contribution to the scientific literature on UAM:

- The UAM is modeled with a detailed approach for the battery that takes into account
non-linear and aging effects and part-load efficiencies for the engine and the motor.

- Different powertrains (conventional, fully electric, and parallel hybrid electric) are
considered for the air taxi and the role of energy management is addressed in the case
of the hybrid electric powertrain.

- The emissions associated with the battery charging are calculated as a function of emission
intensity of the electricity production, with particular reference to the European Union.

- The road vehicles considered in this investigation are different for today and 2035 tech-
nology and are analyzed under favorable and unfavorable driving conditions (in
terms of traffic congestion, driving style, and circuity factor).

- The performances of the electrified air taxis are evaluated with the battery at the start
and the end of its life.

4
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- The environmental impact is assessed with a new well-to-wing/wheel approach per
km of straight or Euclidean distance between the initial and final place of the emission
(i.e., taking into account different values of the circuity factor for the road vehicles).

A more complete analysis of the environmental impact of road and air vehicles should
be performed at the cradle-to-grave emissions level [16], i.e., taking into account all pro-
cesses from the extraction to the discarding of materials (thus including production, opera-
tion, and disposal phases). However, this is beyond the scope of this investigation.

After this first introductory section, the present paper is organized as follows. The
second section depicts the simplified sizing of the aerial vehicles and their specification.
The third part describes the proposed detailed methodology for the energy analysis of
aerial vehicles. Then, the road vehicles used for the comparison are presented and the
procedure for the evaluation of the environmental impact is explained in session 5. Finally,
the results for today and 2035 technologies are discussed, and the conclusions are drawn.

2. Simplified Sizing of the Air-Taxis

A hypothetical four-passenger vertical take-off and landing (VTOL) rotorcraft with
co-axial rotors is considered as air taxi architecture. This is in line with the works proposed
in the literature; see, for example [12,17], in which electric VTOL vehicles with four to five
occupants are considered for UAM.

In this work, three different power systems are proposed and compared: conventional
(turboshaft-based powertrain), full electric (Lithium-ion battery and permanent magnet
motors), and parallel hybrid electric (combining the previous technologies). The evaluation
of the air-taxi mass in the three cases is not a trivial issue and depends on the present-day
and future values for specific power and density of the main components [18–25]. The goal
of the investigation is to propose a methodology for the energy analysis of a complex power
system for UAM, not to analyze a particular technology. However, it is interesting to point
out the strong expected improvement in the components of an electrified power system
and to show how this affects the results of the proposed methodology. For this reason, the
data retrieved in the scientific literature for today and future (2035) technologies (Table 1)
were assumed for the turboshaft engines, the electric machines (and their inverter), and the
battery. The potential different contribution of the gearbox to the weight of the proposed
powertrains is neglected for simplicity.

Table 1. Current and future values of specific power and energy densities ([19,25]).

Component Specification Unit Today 2035

Turboshaft engine Specific Power (kW/kg) 4.3 7.7–11
Inverter Specific power (kW/kg) 2.2 9–19

Electric machine Specific power (kW/kg) 2 9–16
Lithium battery Power Density (W/kg) 520 745–1200
Lithium battery Specific Energy (Wh/kg) 144 250–400

It is important to mention the relation between battery power density and energy
density. The values of Table 1 are related to batteries optimized for energy density (this
is the normal choice for a fully electric system), but the design of a Lithium-ion battery
can be aimed at optimizing the power density at the expense of energy density or vice
versa [26]. The power density of a battery mainly depends on its Crate, i.e., the maximum
current at which the battery can be discharged, termed as a multiple of the battery nominal
capacity [26]. In fact, the nominal continuous power (Pbatt,nom) of a Lithium-ion battery in
discharge can be expressed as:

Pbatt,nom = Crate · Cnom · Ns · Vcell (1)

where Cnom is the nominal capacity (in Ah), Vcell is the nominal voltage of a Lithium-ion
cell (3.6 V), and Ns is the number of cells in the series. Assuming a nominal voltage of

5
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270 V for the battery pack (Ns · Vcell), as suggested by Bérubé et al. [20], it is easy to verify
that the values in Table 1 refer to a battery with a continuous Crate, ranging between 3 and
4, but higher values of the Crate can be obtained even with today’s technology [21] and
without significantly penalizing the energy density. It should also be noted that, for a short
interval of time compatible with the duration of the take-off (about 30 s), the battery can be
operated at a current higher than Crate which is named burst Crate and is generally equal to
2Crate [24,26].

To obtain realistic specifications for the UAM powertrains, the following procedure is
proposed here for fast preliminary sizing:

1. The empty mass is initially assigned equal to 1000 kg.
2. A payload of 360 kg is added in all cases to account for four passengers (including

luggage) and a reserve of 50 kg of fuel is considered for the conventional and hybrid
electric powertrains.

3. For each of the configurations considered in this work (conventional, parallel hybrid
electric, and fully electric), a tentative value is assigned to the size of the components
(nominal power for the energy converters, energy content for the battery).

4. Using the data of Table 1, the take-off mass of the powertrain is estimated for current
and 2035 technology.

5. The empty weight is upgraded to keep the ratio of empty-to-take-off mass equal to
0.6 [14].

6. The take-off weight is used to estimate the take-off power. If this cannot be achieved
with the proposed powertrain, the size of the converters is increased.

The iteration is terminated when the convergence on the empty mass is reached.
The take-off power is calculated as suggested in the literature [12,16] for VTOL vehicles

by using the formula for the power request in hover:

Phover =
Mg
ηp

√
δ

2ρa
(2)

where δ is the disk loading and ρa is the sea-level air density (1.22 kg/m3), g is the gravity
acceleration. For all the powertrains, a value of 0.85 was assumed for the propulsive
efficiency [16] and the disk loading was set to 380 Nm−2 [16,27].

The results of the procedure are shown in Figure 1, Tables 2 and 3 in terms of final
take-off mass and powertrain specifications.

  
(a) (b) 

Figure 1. Estimated take-off mass (in kg) of the proposed powertrain for the aerial taxi. (a) Today’s
technology; (b) 2035 technology.

6
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Table 2. Specification of today’s powertrains.

Conventional Hybrid Electric

Engine size 2 × 295 kW 295 kW -
Motor size - 3 × 120 kW 5 × 120 kW
Battery size - 35 kWh 140 kWh

Battery capacity (Ah) @ 270 V - 130 520
Take-off power (kW) 194 268 498

Required battery Crate (@ 270 V) - 8 4

Table 3. Specification of the 2035 powertrains.

Conventional Hybrid Electric

Engine size 2 × 295 kW 295 kW -
Motor size - 2 × 120 kW 4 × 120 kW
Battery size - 35 kWh 140 kWh

Battery capacity (Ah) @ 270 V - 130 520
Take-off power (kW) 169 193 263

Required battery Crate @ 270 V - 6 2

Regarding the take-off mass (Figure 1) the largest contribution of the powertrain
to the take-off weight is associated with the battery, especially in the case of today’s
technology and fully electric aerial vehicles. It should also be noted that, at constant mass,
the 2035 technology allows a designer to shift from conventional to hybrid (with about
1350 kg) and from hybrid to electric (accepting a take-off weight of about 1850 kg).

Regarding the installed power, in the conventional case, we considered a twin-engine
configuration to allow safety in case of failure. The size of 295 kW (400 HP) was chosen
according to the specification of the Hill GT500 engine [22]. Since it is difficult to scale down
a turboshaft engine, the same nominal power was also considered for the 2035 technology.
For the motors, we opted for modules of 120 kW since more powerful electric machines for
aerospace applications are still under development [23]. The number of modules (NEM)
was chosen so that the take-off could be performed with (NEM − 1) motors. The size of the
battery was set equal to 35 and 140 kW for the hybrid and the full-electric case, respectively,
based on the experience of the authors and with a trial-and-error procedure on the mission
analysis described later in the paper.

For the hybrid electric taxi, take-off can be performed in thermal, electric, or power-assist
modes. Since it is also necessary to guarantee that the battery can feed the motors in case of
electric take-off, the minimum continuous Crate required for the battery in the different cases
was estimated and entered in Tables 2 and 4. Based on the previous discussion about the
typical continuous and burst Crate of today’s battery, we can conclude that the battery is able to
guarantee an electric take-off in all cases reported in Tables 2 and 3.

Table 4. Other specifications of the air taxis ([14,16]).

Conventional Hybrid Electric

Today’s L/D 6.21 7.32 5.98
2035 L/D 12 12 12

As a partial validation of the sizing procedure, it is possible to notice that the take-off
mass obtained for the 2035 electric air taxis is very close to the value of 4000 lbs assumed
in [11] for a UAV powered by a battery with 400 kWh/kg. However, the goal of this first
step was not to propose a detailed sizing methodology but to obtain reasonable values for
the take-off weights of the three powertrains to allow a fair comparison in terms of energy
and power request.

7
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3. Proposed Methodology for the Air-Taxi

Once the powertrain was defined, the energy and fuel consumptions were calculated
with the procedure here explained and illustrated in Appendix A (Figure A1) for the
hybrid propulsion system. Note that the fully electric and conventional powertrains can be
considered as particular cases of this complex power system.

The simulations proposed in this investigation were performed with a quasi-static
approach. Each mission was divided into intervals of time length h and, at any time
step, the components of the power system were assumed to work in stationary conditions
even if the working point was different at each time step. Such an approach is generally
accepted in the minimization of fuel consumption in complex powertrains [26] because it
allows the design of a supervisory controller to optimize the power flows in the propulsion
system with a small computational effort. However, this approach requires the mission
to be known a priori and is not able to handle feedback control problems or to take into
account the dynamic response of the energy converters to a variable power request that
affects the shaft dynamic in a rotorcraft or the dynamic behavior of the fuel valve [28]. A
dynamic model of the whole power system, including the twin rotors, is currently being
implemented by some of the authors of this investigation and preliminary results can be
found in [29]. Note that a dynamic approach would be able to take into account other
factors, such as the effect of temperature on each component of the power system, that are
neglected in this investigation.

3.1. The Route (Start and Final Points)

The vehicles are supposed to perform the same hypothetical route which corresponds
to a total straight-line or Euclidean distance of 70 km. When comparing air-taxi and ground-
based transportation systems, it is necessary to take into account the circuity factor, i.e., the
ratio between actual road travel distance and coordinate-calculated Euclidean distance. A
circuity factor of 1.2 is considered in [30] for the comparison between air and road vehicles.
However, this value is strongly variable from country to country, as pointed out in [18]
where an average circuity factor of 1.46 is reported for Europe.

It is important to point out that the trip time of the road taxi is strongly affected
by driving style, weather, and traffic conditions. Headwinds or tailwinds, on the other
hand, do not change the true airspeed (TAS) of the aerial vehicle even if they affect the
groundspeed. However, frequent back and forth along a given air-taxi route would likely
balance these changes [12].

3.2. Mission Profile and Flight Dynamics

Based on the white paper of Uber [11], a typical mission was considered, consisting of
take-off, climb, cruise, descent, and landing. The proposed mission was characterized by a
cruise altitude of 458.6 m and a cruise speed of 67 m/s (150 mph); as suggested in [11,27]
the ROC (Rate of Climb) and ROD (Rate of Descent) were assumed equal to 2.54 m/s
(500 ft/min) in the present investigation.

The shaft power request vs. time was estimated using literature methods and data ([16,27]).
For the vertical take-off and landing, the power request was calculated as in Equation (2).

At cruise conditions:
Pcruise =

Mg
L/D

V
ηp

(3)

For climb and descent:

Pclimb =
Mg
ηp

(
ROC +

V
L
D

)
(4)

Pdescent =
Mg
ηp

(
ROD +

V
L
D

)
(5)
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In these equations, M is the take-off mass of the vehicle and V is the true airspeed.
The values of the propulsive efficiency ηp used in this investigation are reported in Table 2.
The powertrain efficiency is included in the denominator of these formulas in the approach
proposed in [16], while in the present investigation, ηp in Equations (2)–(5) is only the
propulsive efficiency (i.e., the efficiency of the rotor) while the powertrain efficiency is
calculated with the detailed model explained below.

It is also necessary to point out that in the conventional and hybrid-electric powertrains,
the mass of the vehicle decreases in time due to the consumption of fuel. Even if this effect
can be easily implemented in the proposed procedure, it is not considered here because
the amount of fuel consumed in the reference mission was much smaller than the take-off
mass of the vehicle, as shown later. Note that the total power requirements for VTOL
flight include the additional power drawn from auxiliary systems such as avionics or
passenger comforts (heating/cooling, phone charging, radio, etc.). As suggested in [16],
these contributions are neglected in this investigation.

The time histories of the shaft power request for the three powertrains (according to
their different masses) are reported in Figure 2.

Figure 2. Power request of the three configurations with current and 2035 technology.

3.3. Simulation of the Energy Flows

The missions of Figure 2 were discretized with a time step of 1 s. At each time step,
the required shaft power was used as input to the detailed model of the power system.

In the conventional case, the power shaft request is fulfilled by the engine. In the elec-
tric case, it is fully developed by the electric machines. For the hybrid electric powertrain,
an appropriate energy management strategy must be defined because it can be operated in
four different modes:

- Thermal mode: the electric drive is not used and the power request is entirely satisfied
by the engine.
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- Electric mode: the engine is turned off (or in failure) and the power request is fulfilled
by the electric drive.

- Power-assist mode: both the electric machines and the engine give power to the shaft.
- On-flight charge mode: the turboshaft engine is used to meet the power request and to

charge the battery during the flight.

Note that the on-flight charge mode was not implemented in this work because it
was found to be of little utility in the case of air vehicles [31]. All the other modes can be
obtained with a specific value of the control parameter u, which is defined here as:

u(h) =
PEM(h)
PEM,nom

, with 0 ≤ u ≤ 1 (6)

where PEM,nom is the nominal power of the electric machine, and PEM(h) is the contribution
of the electric machine at time step h. Therefore, the power to be delivered by the thermal
engine, Pice(h), is:

Pice(h) = Psha f t(h)− PEM(h) (7)

Note that the denominator in the expression of the control variable u, Equation (6),
should be the minimum between the nominal power of the electric motors and the available
battery power. However, it has been already verified that the battery can satisfy the take-off
power with reasonable values of the Crate. Similarly, Pice(h) should be compared with the
maximum power of the engine at the flight altitude z(h) to ensure that the engine is able, at
any moment, to satisfy the request. Since the engine is quite oversized (see Tables 2 and 4)
and the other phases of the flight require much less power than take-off and landing (see
Figure 2), this constraint is easily met.

In the authors’ previous investigation [31], the ECMS (equivalent consumption mini-
mization strategy) was proposed for a similar application to calculate the optimal u(h). The
Equivalent Consumption Minimization Strategy [26] considers the battery as an auxiliary
fuel tank and converts its electrical energy into virtual fuel consumption. The virtual and
actual fuel flow rates are combined to obtain the instantaneous equivalent fuel consumption
in the following way:

min
( .
meq
)
=

.
m f (h) + feq·Pbatt(h)· fp(h) (8)

where the equivalence factor feq converts the battery power to a virtual fuel flow rate.
The virtual fuel flow rate can be either positive or negative according to the sign of the
battery power (battery charged or discharged). Thus, the equivalent fuel consumption can
be higher or lower than the actual fuel consumption in the ECMS original strategy. The
penalty factor fp is a correction that accounts for the divergence of the current SOC from
the (constant) desired value of the battery state of charge (SOCre f ). In this investigation,
the penalty factor fp is calculated according to the deviation of SOC at timestep h from a
reference curve SOCre f (h):

x(h) =
SOC(h)− SOCre f (h)

SOCre f (h)
(9)

fp(h) = (1 + |x|)p (10)

The optimal values of feq and p were obtained in a previous work [31].
According to the results of [31], we selected a reference SOC curve that decreases

linearly over time, except in cruise where it is kept constant (the battery is not used).
During each simulation run with the proposed strategy, local optimization was per-

formed at each time step h of the mission, by considering all the values of u ranging between
0 and 1 with a step of 0.1 and choosing the value of u corresponding to the minimum of
.

meq. In other words, an enumerative optimization technique was used. However, other
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local search methods could have been used when the strategy was applied online in the
UAM vehicle.

The ECMS has the main goal of minimizing fuel consumption during the mission.
However other targets can be considered specifically for air-taxi operation. For this rea-
son, we propose in this investigation a simple rule-based strategy aimed at reducing the
environmental and acoustic impact of the hybrid-electric configuration during take-off and
landing. To this scope, take-off and landing are performed in electric mode and cruise in
thermal mode. The climb phase is performed in power assist mode (with u = 1) until the
SOC reaches a threshold value (90%) to obtain the desired SOCre f curve. The other phases
of the flight are performed in thermal mode.

3.4. Total Fuel Burn in the Mission (Mf )

The total fuel burn is calculated starting from the Pice(h) of the turboshaft engine with
a simple empirical model, developed in a previous investigation [31]. The specific fuel
consumption SFC(h) at each time step is estimated as:

SFC(h)
SFC0

=

(
Pice(h)

Pice, nom

)b2

(z1Z(h) + z0)(m2M + m1M + m0) + b1 (11)

where Z is the altitude (in meters) and M is the Mach number (note that this effect is
negligible for this application). Pice, nom, and SFC0 are the shaft power and the specific
fuel consumption of the engine at its design point, respectively. This equation contains
seven parameters (b1, b2, m0, m1, m2, z0, z1) whose values were fitted in [31] by comparison
with a detailed model of the engine.

The fuel flow rate is calculated as m f
.(h) = SFC(h, j)·Pice(h). By numerically inte-

grating m f
.(h), the total fuel burn Mf is obtained for the conventional and hybrid electric

power system.

3.5. Electric Consumption of the Mission Etot

The power contribution of the electric machines is used as input to calculate the
electricity consumption. Each electric machine (inclusive of the driver) is modeled with a
simple Willans line as proposed by [26] so that the battery current can be expressed as:

Pbatt(h) =
PEM(h) + P0

e
(12)

where e is the intrinsic efficiency of the electrical-to-mechanical energy conversion process
and P0 accounts for the losses taking place after the energy conversion (friction, heat losses,
etc.). In this investigation, we assumed e = 0.9 and P0 = 1.4 kW as reported in [26] for
permanent magnet machines.

The battery is simulated with an electric equivalent circuit [26]. The Open-Circuit
Voltage OCV is a function of the battery state of charge, while the internal resistance R
is considered independent of the SOC but related to the specification of the battery and
varying along with the battery life. Therefore, the battery current is calculated by solving
the following equation:

Pbatt(h) = [OCV(h)− R(t)·I(h)]·I(h) (13)

By integrating the battery power, the total electric consumption of the mission Etot is
obtained for the hybrid electric and full electric power systems.

The battery is also affected by the Peukert effect, i.e., the battery’s actual capacity
decreases when the discharge power is increased. To take into account this phenomenon,
the effective current Ie f f is calculated as:

Ie f f (h) = I(h)·
(

I(h)
Inom

)n−1
(14)
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where n is the Peukert coefficient, Inom is the current at which the nominal capacity of the
battery is obtained.

Using the effective current, the state of charge is upgraded, at any time during the
mission, as:

SOC(h) = SOCin − 100·
N

∑
1

Ie f f (t)
C

(15)

where SOCin is the battery state of charge at the beginning of the mission. The Depth of
Discharge (DOD) is calculated as the change between the initial and final SOC of the battery
in each mission.

With this modeling approach, it is possible to take into account the increase in battery
current at constant power due to the reduction in the SOC which, in turn, determines a
reduction in the OCV. Another important characteristic of the proposed battery model is
that the values of capacity, internal resistance, and Peukert coefficient are updated with the
battery state of health. In particular, the values of these parameters at the beginning and
the end of the battery life are shown in Table 5. For more details about the aging model,
please refer to [32].

Table 5. Values assumed for the battery parameters.

Battery Status Capacity (Ah) Ri (Ω) n

New Cnom 9.54e-5 1.09

Aged (End of life) 0.8Cnom 11.75e-5 1.19

The end of life for a vehicle drive battery is defined as the time when either the battery
energy capacity or its available power (which is inversely proportional to the internal
resistance) drop below a specified minimum, which is usually set equal to 80% of the
initial value [33]. The time at which this condition is reached is the minimum between
the cycle life (degradation due to repeated charge–discharge cycling) and the calendar
life (degradation over time). Calendar and cycle life are affected by the battery operation,
and in particular operating temperature, DOD, and charge/discharge current [34]. The
dependence on DOD can be found in the datasheet provided by the battery manufacturer
or estimated with the models proposed in the scientific literature (see for example [35,36]).

4. Reference Road Vehicles

The emissions of CO2 of the different powertrains for air taxi will be compared with
those of a road vehicle performing the same mission. Recently, the European Commission
revised the Regulation setting CO2 emission standards for cars and light commercial vehi-
cles, reducing the target value by 37.5% in 2030 compared to the 2021 limit of 95 g CO2/km.
However, this value refers to the whole fleet and only the Tank-to-Wheel emissions are
considered. For a more detailed comparison, reference road vehicles are used in this
investigation.

The vehicle used as an example of today’s road technology is a well-known se-
ries/parallel hybrid electric vehicle, the Toyota Prius. The reason for the choice of this car is
twofold: it is one of the most common vehicles used as a road taxi and is the most-studied
hybrid electric vehicle (see, for example [37]). The Prius non-plug-in vehicle has a curb
mass of 1470 kg and a declared fuel consumption of 4.8 L/km over the New European
Driving Cycle. However, tests performed on the same vehicle [38] revealed that the fuel
consumption (FC) of the Prius can range between 3 and 6 L/100 km on regulatory cycles
(depending also on the version of the vehicle) while a still higher variability is obtained in
real driving conditions [39] where the fuel consumption can be as high as 14.8 L/100 km in
case of urban routes and aggressive driving styles. Note that the curb mass of the Toyota
Prius is 1350 kg. By adding the same payload of the aerial vehicle (360 kg), a mass of
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1710 kg is obtained, a value not much different than that of the hybrid electric air taxi with
today’s technology.

The fully electric Nissan Leaf was chosen as exemplative of 2035 road taxi because
it is one of the most-studied electric vehicles and was also proposed for road-taxi ser-
vices [40]. The Nissan Leaf has a range of 200 km and a nominal electric consumption of
0.17 kWh/km [41]. The expected improvement in technology for this kind of vehicle in 2035
is difficult to evaluate. For simplicity, we will assume that the expected increased energy
density will allow the usage of a larger battery with the same mass. This will translate into
a strong increase in range that will enhance the usage of vehicles as taxi service, but the
energy consumption will be quite unchanged. Note that the electricity consumption must
be corrected with the circuity factor, as in the case of the Toyota Prius, before performing
the comparison with the aerial taxi. Moreover, the effects of traffic conditions and driving
style are also to be considered [42]. For the Nissan Leaf, the study in [43] reports a value of
0.24 kWh/km in real driving conditions.

5. Environmental Impact

To compare the different vehicles from an environmental point of view, a Well-To-
Wheel/Wing approach is considered, i.e., the greenhouse emissions are calculated consid-
ering the whole process from the primary energy source (e.g., crude oil) to the final energy
to the wheels/wings. Moreover, they are normalized to the Euclidean distance between the
initial and final places of the mission. To this scope, for gasoline and kerosene, it is possible
to assume 3.15 kgCO2/kgfuel for the Tank-to-Wheel conversion, and 0.55 kgCO2/kgfuel for
the WTT. In other words, the WTT emissions account for 15% of the WTW contribution [44].
The grams of CO2 per km of Euclidean distance (ED) of the aerial vehicle are calculated as:

CO2, thermal, aerial =
3.7Mf

1000·ED
(16)

where Mf is expressed in kg and ED in km.
To account for the circuity factor, the WTW emissions of CO2 of the Toyota Prius per

km of Euclidean distance are calculated as:

CO2, thermal, road = 10·FC·ρgasoline·CF·3.7 (17)

where FC is the fuel consumption in l/100 km, ρgasoline = 0.755 kg/L, CF is the circuity
factor, and 3.7 kgCO2/kgfuel is the WTW emission factor gasoline.

The contribution associated with the electricity for the aerial vehicles is linearly pro-
portional to the amount of electricity released by the battery (Etot). To account for the losses
in the grid and at the charging station, an overall efficiency ηcharge is introduced and its
value is set to 80% [45]:

CO2, elec, aerial = EI· Etot

ηchargeED
. (18)

where EI is the Emission Intensity factor in g/kWh for the production of electricity.
The Toyota Prius considered in this work is not a plug-in vehicle, therefore there was

no electric consumption associated with the mission and the battery was continuously
charged and discharged thanks to the presence of the engine (charge-sustaining strategy).
For the Nissan Leaf, the electric consumption per km was corrected to take to account the
circuity factor. The same values of EI and charge efficiency of the aerial vehicle are used in
this case:

CO2, elec, road = EI·CF· EC
100·ηcharge

(19)

where EC is the electric consumption expressed in kWh/100 km.
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For the emission intensity factor EI, a sensitivity study was conducted. In fact, even if
electricity generation from renewable sources has significantly increased in the last years,
most of the electric energy is currently produced from fossil fuels [46,47].

According to the European Energy Agency (EEA [48]), the greenhouse Emission Inten-
sity for EU in 2019 is, on average, 275.0 g CO2/kWh with a maximum of 891 g CO2/kWh
for Estonia and a minimum of 8 g CO2/kWh for Sweden as shown in Figure 3a, where the
value for Italy is also shown. However, the greenhouse emission intensity is expected to be
reduced significantly in the next future. In this investigation, we will consider the average
value of 90 g CO2eq/kWh as the projected value in 2035.

(a) (b) 

Figure 3. Past, present, and future emission intensity of European countries (elaboration of data from
www.eea.europa.eu (accessed on 22 August 2021)). (a) Greenhouse Emission intensity in Europe
(2019); (b) the trend of Greenhouse Emissions intensity vs. years (average value for EU 28 countries).

6. Results

The overall results of the proposed methodology are shown in Table 6 in terms of burn
fuel Mf , electric consumption Etot, and battery DOD for the proposed configurations. Note
that with today’s technology, the overall energy consumption of the air taxi is very high for
all the configurations but in particular for the full electric because of its very large mass.

Table 6. Burn fuel, electricity consumption, and battery DOD for the air taxi.

Today 2035

Mf (kg) Etot (kWe) DOD (%) Mf (kg) Etot (kWe) DOD (%)

Conventional 23.87 - - 16.15 - -
Hybrid ECMS 21.46 14 40.06 9.77 14.05 40.04

Hybrid
Rule-based 21.6 13.04 37.16 13.5 7.5 21.4

Electric - 132.5 94.4 - 41.7 29.7

Starting from conventional powertrains, we can see that with current and 2035 tech-
nology the fuel consumption is 34.1 and 23.1 kg/100 km, respectively. Such levels of
consumption are very high when compared with those typical of the Toyota Prius.

For the hybrid solution, the consumption strongly depends on the energy management
strategy because of the different power distribution, as shown in Figure 4.
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(a) (b) 

Figure 4. Power distribution, consumption, and efficiency time histories for the hybrid electric taxi
with 2035 technology. (a) ECMS; (b) rule-based.

The ECMS strategy guarantees the best fuel economy because it allows the battery
to be discharged up to the desired threshold of 60% at the end of the mission (for backup
operation). With 2035 technology, the fuel consumption in the case of rule-based strategy
is 38% higher than that obtained with the ECMS while the electric consumption is 46.6%
lower. The higher fuel consumption obtained with the rule-based strategy is mainly
associated with the lower usage of the battery. However, the rule-based strategy guarantees
a reduction i emissions at the road level because take-off, landing, and part of the climb
are performed in electric mode (see Figure 4). Moreover, the lower DOD obtained with
this strategy is advantageous in terms of both battery life and charging time between two
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consecutive flights. The bottom plots of Figure 4 show the efficiency curves of the motor
and the engine in the two cases.

In the case of ECMS, engine efficiency is strongly dependent on the flight phases, like
in a conventional aircraft. With the rule-based strategy, the engine is used only for cruise
and part of the climb and is, therefore, quite oversized. This makes the engine work with
an efficiency lower than 15% in the cruise phase. From a thermal efficiency point of view, it
would be useful to choose a smaller engine or to select a different kind of thermal converter
such as, for example, a piston engine. However, a smaller engine would not be able to
perform take-off and landing in case of failure of the electric drive.

As for the electric powertrain, today’s technology with the proposed size of the battery
is not suitable for the mission considered in this study. In fact, the DOD is very high, and
the electric consumption is 1.84 kWe/km. The very high DOD is not only detrimental to
the battery life and charge time but also does not allow reserve hover time. Note that at the
moment there is no official regulation from aviation authorities about the reserve energy of
the battery [12].

In the case of 2035 technology the electric consumption is reduced to 0.58 kWe/km,
which is still much higher than the value registered for the Nissan Leaf vehicle in the worst
conditions (0.24 kWe/km). A smaller DOD could be obtained by choosing a larger battery.
However, this would significantly increase the take-off weight of the fully electric vehicle
according to the sizing procedure described in Section 2.

6.1. WTW Analysis with Today Technology

Figure 5 shows the WTW emissions of the air-taxi configurations with today’s technology
as a function of the Emission Intensity of electricity production. For simplicity, only the results
with the rule-based strategy are reported for the hybrid electric vehicle. The best and worst
cases related to the road taxi (Toyota Prius) were obtained with the following procedure.

Figure 5. Comparison of WTW emissions of CO2 per km of Euclidean distance with today technology.

The circuity factor was increased from 1.1–2.1 [30] and Equation (17) was applied
with the two values of fuel consumption (3 and 14.8 L/100 km) representative of the best
and worst conditions of traffic and driving style for the Toyota Prius to obtain the plot of
Figure 6. In the same plot, it was demonstrated that the WTW emissions of CO2 per km of
Euclidean distance ranged in the interval 92–868 g/kmED. These are the values reported in
Figure 5 as best and worst cases for the road vehicle.
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Figure 6. Equivalent WTW emissions of CO2 of the Prius as a function of circuity factor, traffic
conditions, and driving style.

From the curve of Figure 5, we can notice that the air taxi with conventional or hybrid
electric power systems generates levels of WTW emissions per km much higher than the
road vehicles, even in the worst case. For the hybrid electric powertrain, the Emission
Intensity of the electricity production has a weak effect on the overall values. The emissions
of the full-electric air taxi are below those of the road vehicle under the best and worst
driving conditions if the EI is below 40 and 360 g/kWe, respectively.

6.2. WTW Analysis with 2035 Technology

The final comparison with 2035 technology is shown in Figure 7. For the Nissan
Leaf (road taxi) the best and worst cases were calculated with the following values:
24 kWh/100 km and a circuity factor of 2.1 as the worst case, 17 kWh/100 km and CF = 1.1
as the best case.

Figure 7. Comparison of WTW emissions of CO2 per km of Euclidean distance with 2035 technology.

Even in the worst conditions, the electric road taxi is advantageous over the air taxi in
terms of overall WTW emissions of CO2 per kmED.

The WTW emissions with the expected Emission Intensity of 90 g/kWe for the Euro-
pean Union in 2035 are quite low (67 g/km) for the full electric air taxi. Moreover, if all road
taxis would be replaced by aerial vehicles, there would be a significant improvement in the
traffic level with positive effects on the consumption and emissions of the whole road fleet.

Note that the two electric vehicles (road and electric air taxi with 2035 technology)
have about the same mass (curb + payload) but the power demand of the aerial vehicle
is much higher because of the very high cruise speed (240 km/h). As a consequence, the
flight time is about 20 min while the road taxi would take from 1 to 2.5 h according to the
traffic conditions with a circuity factor of 1.28 [11,49].

To understand the corrective measures to be taken to reduce the unfavorability of
aerial vs. road vehicles, it is sufficient to analyze the terms in Equation (3) since the cruise
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is the most relevant flight phase in terms of energy consumption. For the road vehicle, the
power request at the wheel at constant speed V and no road grade can be calculated as:

Pwheel =
1
2

cd A f ρaV3 + cr MgV (20)

where cd is the aerodynamic coefficient, A f is the frontal area of the vehicle, cr is the rolling
friction coefficient, and ρa is the ambient air density. Assuming the same mass of 1800 kg for
each vehicle and suitable values of cd A f (0.7 m2) and cr (0.012) for a full-sized vehicle [26],
the power request of the road vehicle is shown in Figure 8 and compared with those of the
air taxi at the same speed (calculated from Equation (3)). Note that the road taxi power is
lower than that of the aerial vehicle up to about 210 km/h, which is, however, too high a
speed for a road vehicle. Moreover, improvement in cd A f and cr can be expected in the
future for road vehicles that would further reduce the energy request of these vehicles.

Figure 8. Cruise power vs. travel speed for an air vehicle and a road taxi with the same mass.

For the aerial vehicle, the cruise power is equally influenced by L/D and propulsive
efficiency so a strong improvement of one or more of these parameters would be needed to
reduce the energy consumption at constant cruise speed.

6.3. Effect of Battery Aging

The results shown in the previous section were obtained with a battery at the start of
its life. If the battery-aging phenomena were considered, the same trip would require more
electricity to charge the battery (because the battery would be discharged faster) and the
battery would not be able to sustain the selected mission (in particular in the case of the
electric vehicle with today’s technology).

To take into account the effect of battery aging, the energy consumption of the hybrid
electric and electric power systems with 2035 technology was recalculated with the battery
at the end of its life (equivalent to 400 full discharge–recharge cycles). The results are shown
in Table 7. For the hybrid electric case, only the results with the rule-based strategy are
shown in Figure 9. We noticed that the aging of the battery determined a slight increase
in fuel consumption (+1.5%) because of the rules used during the climb. In fact, in this
phase of the flight, the battery is used until its SOC reaches the value of 90%. In the case of
the aged battery, this threshold is reached at the end of take-off so the climb is performed
only in thermal mode. Because of the reduced capacity, increased internal resistance, and
increased Peukert coefficient, the electric consumption is 12 and 27% higher for the hybrid-
electric and electric configuration, respectively. The DOD is also significantly increased
in both cases with a reduction in the number of consecutive missions that the vehicle can
perform before fully charging the battery. The DOD affects the charging time between two
subsequent flights, which also depends on the charging current. Rapid charging introduces
problems in terms of charging cost, reduces the battery life, and compromises the energy
density (because there is a tradeoff between energy density and power density in the design
of the batteries, as already explained).
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Table 7. Effect of battery aging of consumption (with 2035 technology, rule-based strategy for the
hybrid power system).

New Battery Aged Battery

Burn Fuel
(kg)

Electricity
(kWe)

DOD (%)
Burn Fuel

(kg)
Electricity

(kWe)
DOD (%)

Hybrid 13.5 7.5 21.4 14.04
(+1.5%) 9.5 (+12%) 27.0

Electric - 41.7 29.7 - 52.9 37.7
(+27%)

  

  

  
(a) (b) 

Figure 9. Effect of battery aging on the behavior of the hybrid electric air taxi (the hybrid electric taxi
with 2035 technology). (a) new battery; (b) aged battery.
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For a fully electric taxi, Uber [11] suggests that the vehicle should be operated contin-
uously for at least 3 h without reaching the minimum reserve state of charge (30%) and
with a 7 min recharge between each flight to partially recharge the battery. To do this, Uber
suggests limiting the DOD in each mission and partially charging the battery between each
mission. This approach was used here to estimate the number of consecutive missions
with different levels of charging between them. This quantity was denoted as DOC (Depth
of Charging) and varied between 0 (no charge) and 20%, meaning that the initial state of
charge for a mission was set equal to the final SOC of the previous mission plus DOC. The
simulation ended when the SOC reached the threshold of 20%. The procedure is illustrated
in Figure 10 with specific reference to the electric air taxi with 2035 technology and the
battery at the beginning of its life. The arrow in the Figure 10 explains the concept of
DOC. The results obtained in the other cases are shown in Table 8. Note that the higher the
DOC, the longer the charging time between two missions. The estimation of the charging
time was not performed in this investigation because it is not relevant to the goal of this
investigation.

Figure 10. Repeated flights with DOC = 20% for the electric air-taxi with 2035 technology and
new battery. The arrow shows the increment of charge (DOC) between the end of flight 1 and the
beginning of flight 2.

Table 8. Effect of battery aging on the number of consecutive flights.

New Battery Aged Battery

DOC = 0% DOC = 10% DOC = 20% DOC = 0% DOC = 10% DOC = 20%

Hybrid 3 7 (DOD = DOC) 2 3 7
Electric 2 3 6 2 2 3

In the case of a hybrid-electric vehicle with a DOD of 20% and a new battery, the
vehicle can operate continuously because the DOD is almost equal to the DOC, while in
the case of an aged battery it is possible to perform seven consecutive flights. For the fully
electric vehicle, the continuous flight is obtained with DOC = 29.7% when the battery is at
the beginning of its life.

The number of consecutive flights without full charge is very limited (two) in the
case of DOC = zero, i.e., without intermediate partial charging for both the hybrid and the
electric aerial taxis.

7. Summary and Conclusions

A new and detailed methodology was developed to analyze the performance of
conventional, hybrid electric, and full-electric air taxis and to compare their environmental
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impact with road taxis performing the same route. The novel contribution to the state of
the art is in the detailed modeling approach of the powertrains, the evaluation of CO2
emissions with a Well-to- Wing approach as a function of the electricity Emission Intensity
factor, and the comparison with road vehicles performing the same route in different
driving conditions.

In particular, the air taxis were designed according to current and 2035 technology and
modeled with an in-house simulation tool. The proposed simulation approach computes
the off-design efficiencies of the engine and motor during the mission and accounts for
battery non-linear discharge effects (such as the Peukert dependence of capacity from
discharge current) and aging phenomena. In the case of the hybrid-electric air taxi, two
different energy management strategies were considered and compared.

Reference vehicles were selected for comparison with road taxis and literature values
were assumed for the consumption of these vehicles in real driving conditions. The
comparison demonstrated the advantages of the electrified air taxi with today’s technology
over a hybrid-electric road taxi, especially in the case of low emission intensity of the
electricity production and penalizing boundary conditions (congested traffic, aggressive
driving style, and high values of circuity factor). In the case of 2035 technology, the
comparison with a fully electric road vehicle was unfavorable but the WTW emissions with
the expected Emission Intensity of 90 g/kWe for the European Union in 2035 were quite
low (67 g/km). Note that these results could be interpolated for a reasonable estimation of
the energy consumption and CO2 emissions with short-term improvement (such as, for
example, 2025 technologies).

The results of the simulation performed with the aged battery underlined the nega-
tive effect of this phenomenon on the consumption of the air taxi and on the number of
consecutive flights that can be performed with fast intermediate charging of the battery.
These results stress the importance of improving the battery technology not only in terms
of power and energy density but also in terms of calendar and cycle life to enhance the
usage of electrified propulsion systems as an air-taxi service. In future work, the authors
will tackle the development of a dynamic model of the hybrid electric power system to
account for the shaft dynamic of the rotorcraft and the transient behavior of the fuel system
of the turboshaft engine.
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Abbreviations

CF Circuity Factor
DOC Depth of intermediate Charge
DOD Depth Of Discharge
EC Electric consumption of the plug-in vehicle in kWh/100 km
ECMS Equivalent Consumption Minimization Strategy
ED Euclidean distance
EEA European Energy Agency
EI Emission intensity of the electricity production system
eVTOL Electric Vertical Take-off and Landing
FC Fuel consumption of the road vehicle in liter/100 km
GHG Greenhouse Gas
TTW Tank-To-Wheel/Wing
UAM Urban Air Mobility
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VTOL Vertical Take-off and Landing
WTT Well-To-Tank
WTW Well-To-Wheel/Wing

A f Frontal area of the road vehicle
b1, b2 Parameters of the engine model
cd Aerodynamic coefficient of the road vehicle
cr Rolling coefficient (road vehicle)
Cnom Nominal capacity of the battery
Crate Battery charging rate
e Parameter of Willans line model of the motor
Etot Total electric consumption in the mission
feq Equivalence factor of the ECMS strategy
fp(h) Penalty function of the ECMS strategy
g Gravity acceleration
h Interval of time in the mission discretization
I(h) Battery current at time step h
Ie f f (h) Effective current of the battery
Inom The current at which the nominal capacity C of the battery is defined
L/D Lift to Drag ratio
m0, m1, m2 Parameters of the engine model
M Take-off mass
m f Fuel flow rate
Mf Total fuel burn in the mission
n Peukert coefficient (battery model)
NEM Number of electric motors
OCV(h) Open circuit voltage of the battery at time step h
p Parameter of the ECMS strategy
P0 Parameter of Willans line model of the motor
PEM,nom Nominal power of the electric machines
PEM Power demand for the electric machines
Pbatt(h) Battery power at time step h
Pice Power demand of the internal combustion engine
Psha f t Shaft power demand
R Internal resistance (Battery model)
ROC Rate of Climb
ROD Rate of Descent
SFC(h) Specific Fuel Consumption at time-step h
SOCin State of the charge of the battery at the beginning of the mission
SOCre f (h) Reference SOC curve
SOC Battery State of Charge
TAS True Air Speed
u(h) Control variable of the energy management
V Speed
x(h) Deviation of SOC at time step h from the reference SOC curve
z0, z1 Parameters of the engine model

ηcharge Overall efficiency of the battery charging process
ηp Propulsive efficiency
ρa Sea-level air density
ρgasoline Gasoline density
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Appendix A

 

Figure A1. Flowchart of the proposed procedure.
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Abstract: A driving cycle is a time series of a vehicle’s speed, reflecting its movement in real road
conditions. In addition to certification and comparative research, driving cycles are used in the virtual
design of drive systems and embedded control algorithms, traffic management and intelligent road
transport (traffic engineering). This study aimed to develop an adaptive driving cycle for a known
route to optimize the energy consumption of an electric vehicle and improve the driving range.
A novel distance-based adaptive driving cycle method was developed. The proposed algorithm
uses the segmentation and iterative synthesis procedures of Markov chains. Energy consumption
during driving is monitored on an ongoing basis using Gaussian process regression, and speed
and acceleration are corrected adaptively to maintain the planned energy consumption. This paper
presents the results of studies of simulated driving cycles and the performance of the algorithm when
applied to the real recorded driving cycles of an electric vehicle.

Keywords: electric vehicle; driving cycle; energy consumption; Markov chains; driving range

1. Introduction

The popularization of electric vehicles may decrease air pollution, particularly in cities.
The more fossil-fuel-burning vehicles are replaced with electric vehicles, the less harmful
substances (pollutants in particulate matter and gases, mainly nitrogen oxides and sulfur
oxides) are released into the air. This is the most significant benefit of electromobility from
the perspective of environmental impact. It will also reduce the emissions of greenhouse
gases (particularly carbon dioxide and ozone). For vehicle owners, the primary advantage
is significantly lower operating costs compared to those of conventional vehicles. An
energy management system is critical for the development of electric vehicles because
it directly affects their capacity to save energy. Power management aims to create the
optimum policy for controlling power supplied to the vehicle. The applied driving cycle is
required to optimize and assess power management in electric vehicles.

Predicting the driving cycle of a vehicle is becoming increasingly important in modern
intelligent transport, particularly for controlling energy consumption in electric vehicles,
planning the trajectory of autonomous terrestrial vehicles, energy management in hybrid
electric vehicles, etc. In general, driving cycles illustrate changes in vehicle speed as a
function of time. They are of fundamental importance to vehicle engineering. Originally,
the primary application of driving cycles was to identify the performance characteristics
of a vehicle, such as exhaust emissions and fuel consumption for cars with an internal
combustion engine. Along with the development of HEVs, PHEVs and EVs, many studies
have addressed the adaptation of driving cycles to these types of vehicles [1–6].

Driving cycles should reflect actual road conditions as well as local conditions in a
particular country or region. Driving cycles with equivalent properties can be generated
only using a dataset with recorded information about a vehicle or fleet operation as the
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basis for generating time signals and final assessment of the quality of induced cycles.
Many properties of the driving profile characterizing local driving cycles, such as the
average, maximum and minimum values and standard deviations of speed, acceleration
and delay, have been defined in the listed articles [1,3,7–12]. The impact of the velocity
profile on energy consumption in EVs is analyzed in [13].

There are various methods for generating driving cycles, and they are still being
developed. In general, however, three primary approaches can be identified: segmentation,
Markov chain method and mixed method (a combination of the first two methods). Each
method requires a sufficiently large dataset. The cycle is divided into microtrips in the
segmentation method, defined as the speed trace between two successive stops [10] or as
sections of the route grouped according to specific criteria, such as different road types,
traffic conditions or speed limits. Segments are combined stochastically to generate new
driving cycles.

The Markov chain method represents another mathematical approach to driving cycle
generation. In the simplest algorithm, speeds are divided into classes, and the probability of
transition from class to class is included in the TPM. Then, the TPM and speed probability
distribution are used to generate new driving cycles. Their equivalence to the reference
cycle is verified based on specific criteria [14–23].

The mixed method combines the two methods mentioned above so that the segment
classes (e.g., cruising, idling, acceleration, deceleration or other defined classes) are selected
according to the Markov chain algorithm [1,6,24,25]. The methods used for generating
driving cycles in this study are discussed more specifically in Section 2.

Previous studies on driving cycles were used to synthesize the type of drive and the
city region’s test cycle characteristic. The new approach proposed in this article consists of
modifying the driving cycle during its duration to the driving range extension based on
well-known Markov process models. Here, energy consumption is estimated based on a
statistical model (machine learning method), which is easily determined for each vehicle
based on an exemplary driving profile. We go a step further by proposing a modification
of the velocity profile during its duration using the new DBADC (distance-based adaptive
driving cycle) method. The purpose of this study is to predict the driving cycle and correct
it on an ongoing basis depending on road conditions and the vehicle energy consumption.
Because of this purpose, driving cycles will be considered as distance-based velocity
and not as time-based velocity, as is usually the case. The transition probability matrix
(TPM) will be corrected on an ongoing basis during driving, not exceeding the energy-use
boundary of a particular route. This method is dedicated to electric vehicles with autopilot
feature and driven on specific routes, such as cars rented for a short time in the form of
car-sharing and delivery vehicles, buses, etc.

2. Methods

This study uses the segmentation method and iterative Markov chains. Figure 1 shows
an illustration of the method, referred to as distance-based adaptive driving cycle (DBADC),
which consists of the following components: data collection and their synchronization
based on distance, route segmentation and determination of the TPM for the segments,
generation of a representative driving cycle and estimated energy consumption using
Gaussian process regression (GPR; model-based energy calculation), and on-line correction
of the current cycle (an adaptation of the current driving cycle).
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Figure 1. Illustration of the DBADC method.

First, it is necessary to collect a dataset of driving cycles on routes in the particular re-
gion or on planned routes and associated instantaneous or average electricity consumption
during these driving cycles.

2.1. Cycle Segmentation

A typical microtrip in a driving cycle is presented by Austin et al. [26] as the speed trace
between two stops. The cycle begins with the idling phase, followed by the acceleration,
cruise and deceleration phases. The entire driving cycle consists of such microtrips. The
duration of the driving cycle varies depending on average speed and acceleration. Austin
et al. suggest three methods for combining microtrips: random, best incremental (based on
the Watson plot) and hybrid. The set of driving cycle candidates thus generated is used
to select the driving cycle for which the probability distribution of acceleration and speed
most closely resembles the actual driving dataset. Further versions of this method are
based on improved methods for stochastically combining microtrips. Determination of the
optimum combination of microtrips using a genetic algorithm (GA) is proposed in [10]. In
this, segments with differing numbers of microtrips are combined until the desired driving
cycle duration is reached. In [27], Nesamani et al. used microtrips based on road type to
develop a driving cycle for PHEV city buses. A computer program was devised to select
microtrips at random until the target distance was reached. The percentage of microtrips
depending on road type and time spent on every road type was also calculated to further
represent the observed data. In [6], kinematic segments were divided depending on the
distance between successive bus stops, whereas the two-dimensional Monte Carlo Markov
chain (MCMC) method was used to synthesize driving cycles between each interval of
subsequent bus stops.

In the segmentation method, real driving cycles are divided into driving segments
grouped according to similar average speed, road surface, traffic conditions or other criteria.
The segments are connected stochastically. Lin and Niemeier [24] used the acceleration
signal and the maximum likelihood estimation (MLE) method to divide the cycle into
segments to associate the segment with specific modal operating conditions (e.g., cruise
control, idling, acceleration or deceleration). Here, every class characterizes the driving
style and, consequently, also represents a possible state in the Markov chain. Zähringer
et al. [28] present the enhanced modal cycle construction (EMCC) method, which is a
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modification of the method described in [24]. Here, the global driving state acceleration,
deceleration and cruising are subdivided into substates. This enables development of
a complete driving cycle using a first-order Markov chain with a constant transition
matrix. The control segments to be combined are constructed parametrically based on
characteristic values.

This paper proposes dividing a route into segments. Depending on the type of vehicle,
segments range from one to several microtrips, which do not have to begin or end with
the idling phase. For instance, for cars or delivery vehicles, the segment may include the
route between intersections or longer, even though the idling phase may be absent when
passing through an intersection. For a bus, the segments may include the route from one
stop to another, with traffic lights on the way and a segment beginning and ending with
the idling phase.

Figure 2 shows a sample segment of a driving cycle, recorded between traffic lights and
covering a distance of approximately 700 m, frequently driven in heavy, congested traffic.

Figure 2. A sample segment (a) velocity vs. time, (b) velocity vs. distance, (c) acceleration vs. time,
(d) acceleration vs. distance.

The two sample segments between traffic lights shown in Figure 2 have different maximum
speeds, accelerations and travel times. This makes it difficult to compare them in the time
domain (Figure 2a,c). However, cycles analyzed in the distance domain (Figure 2b,d) are more
transparent. Because driving cycles are recorded at equal time intervals, it is necessary to use a
cycle synchronization procedure based on travel distance.

The length of the segment is selected individually depending on the route and the
type of vehicle. A single microtrip between traffic lights is shown in Figure 2. However,
the segments should contain more microtrips, grouped according to road conditions such
as driving on the ring road, route with heavy traffic (city center) and a built-up zone
(residential). This allows for more effective cycle correction.

When the segments are analyzed in the distance domain, the idling phase is hidden.
However, idling in electric vehicles affects only energy consumption unrelated to driving,
used to power HVAC (heating, ventilation and air-conditioning) systems, radio or lights.
Energy consumed during the idling phase can be statistically considered in each segment, if
necessary. In this study, the idling phase was omitted from the development of the driving
cycle. However, the energy consumption during this phase was statistically included.
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When driving cycles are analyzed in the distance domain, known cycle lengths based
on the planned route can be used to synthesize Markov chains.

2.2. Markov Chain Method

A Markov chain is the process wherein computation of the random variable future
value is based on the current value, irrespective of the previous value. In mathematical
terms, the random process X = {X1, X2, X3, . . .} in the discrete space of states E is the
first-order Markov chain; if for each j ∈ E and n = 0, 1, 2, . . . the conditional distribution
Xn+1 is a function of the Xn variable only [15]:

Pr{Xn+1 = j|X0 = i0, X1 = i1, . . . , Xn = in} = Pr{Xn+1 = j|Xn = in}, (1)

for each set of states i0, i1, . . . , in.
Suppose a Markov chain is stationary, with probabilities not changing depending on

time. In that case, the distribution of probabilities of transitions between particular k-states
can be presented as a matrix called the transition probability matrix (TPM) P ∈ Rkxk. This
is a stochastic matrix:

P =

⎡
⎢⎣

P11 · · · P1k
...

. . .
...

Pk1 · · · Pkk

⎤
⎥⎦ (2)

The elements of the P matrix Pij can be calculated using the following equation:

Pij =
Nij

∑j Nij
(3)

where Pij is equal to the probability of transition from state i to state j, when j �= i or remains
in state i, when j = i. Nij is the number of transitions from state i and to state j. All entries
of this matrix Pij ≥ 0, and the sum of the values of entries in each row, i.e., probabilities of
remaining or leaving a given state, is equal to one.

Over the last decade, the Markov chain method has been used in an ongoing effort to
improve driving cycles. Stochastic and statistical methods were combined by Lee and Filipi
in [16]. They proposed a procedure for synthesizing real driving cycles to model naturalistic
driving patterns for any distance. In [17], Gong et al. collected a large dataset of speed
measurements for PHEV. The speed profiles were grouped into classes. Driving patterns
were identified based on the grouping results, and the Markov chain model was used
for the stochastic generation of speeds for different driving patterns. Souffran et al. [18]
proposed a stochastic model of driving cycles based on a Markov matrix of three variables—
vehicle speed, acceleration and road slope—representing real driving conditions. In [6], Liu
et al. considered speed, road slope and passenger load for a real bus route with a plug-in
hybrid electric bus (PHEB). Kinematic segments were divided according to the distance
between successive bus stops, whereas the two-dimensional MCMC method was used to
synthesize the driving cycle between each interval of successive bus stops. A transition
based on multidimensional Markov chains is presented by Silvas et al. in [19]. After the
generation process, the result was verified according to the selected criteria. Moreover,
this method can generate a driving cycle of the desired length by compressing the original
driving cycle. Nyberg et al. [14] defined the mean tractive force (MTF) to verify equivalent
driving cycles. When the individual components of MTF are used to generate driving
cycles using Markov chains, equivalent driving cycles can be generated, sharing the same
vehicle power usage based on real driving data. In [20], Zhao et al. synthesized a stochastic
driving cycle based on their model. They combined the Markov chain process with the
transition probability based on driving data input to determine the next possible state of the
vehicle. In particular, speed and road slope were generated at the same time using a three-
dimensional Markov chain model. After the generation process, the result was verified
according to selected criteria. Puchalski et al. [21] used a multifractal criterion to verify the
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equivalence of driving cycles. Shi et al. [22] provided validation of the Markov property of
the driving cycle. They used the theory of ergodicity to determine the relationship between
speed and acceleration probability and the state transition matrix.

In the approach presented in this paper, the vehicle speed change process is regarded
as a discrete Markov chain. During autonomous or partially autonomous driving, the
driving cycle is determined step by step, as in a Markov chain. The next state v(i+1)
depends on the previous state v(i) and disruption caused by road conditions.

Markov chains are efficient when the length is known in advance. Obviously, the
longer the chain, the easier it is to achieve a given probability distribution. In the presented
literature, Markov chains were used to represent a travel cycle with given duration. As
the segment travel time is unknown and the distance is known, this article proposes a
modification of the TPM. Transitions from one state to another take place in the distance
domain, not the time domain.

2.3. Data-Driven Model of Energy Calculation

A mathematical model is needed to estimate electricity consumption. A backward
model is generally used to compute the energy consumption of the vehicle from travel.
Electric vehicle energy models are described in [10,13,29,30]. For this study, it was necessary
to determine the relationship between the driving cycle parameters (speed and acceleration)
and electric energy. We decided to use the statistical model developed with the machine
learning method.

Regardless of the parameters of the vehicle, assuming a constant friction coefficient, it
can be further assumed that instantaneous energy is a function of the kinematic variables
of the vehicle and the slope of the road:

E = f
[

a(t), v(t), v(t)2, a(t)·v(t), slope
]

(4)

where v(t) is velocity and a(t) is acceleration of the vehicle.
Machine learning methods were used to identify the function representing the kine-

matic variables of the vehicle.
Taking into account energy recovered from braking, energy consumption is integrated

both in the tracking and braking phases:

E =
∫
t

Pvdt (5)

Average energy consumption E is defined as:

E =
E
s

(6)

where s is the mileage.
There are many ways of modelling continuous signals using experimentally derived

datasets. The most frequent method is linear regression, where the set of estimating
functions is limited to linear forms, and the values of the parameters are inferred using
the least-squares method. Other polynomial, logarithmic, exponential or logistic functions
and other loss functions different from the sum of the squares of deviations of real values
relative to the theoretical values are also used. An equally popular method is to estimate
the signals’ parameters by determining the maximum likelihood that a specific sample will
occur (MLE). This method can be used to analyze nonlinear signals represented even by
short time series, and the estimators thus obtained are asymptotically unbiased.

The Gaussian process regression (GPR) method was used in the study [31] to estimate
the system’s response, represented by current energy consumption, to input in the form of
speed and acceleration measurement signals.
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The vectors created from the signal input measurement and the signal output were
adopted due to a random experiment, which means that the probability density function
for their distribution includes complete information about their values.

When constructing a regression model, we assumed that the expected observed value y
can be written as a specific monotonic linear transformation of a combination of independent
variables corresponding to the model parameters θ = θ1, θ2, . . . θk. This means that it is
possible to determine the likelihood f(y|θ), which is a function of parameter θ.

In the maximum likelihood estimation method, the values of the estimated parameters
are selected to maximize the likelihood function. In practice, this task requires solving the
analytically equivalent problem of maximizing the logarithm lnf(y|θ). Using Bayesian
inference in estimating the discussed regression model requires determining the posterior
probability f(θ|y) of parameter θ under the condition of observation y. The posterior
distribution density function of the parameters is obtained from the Bayesian formula:

f (Θ/y) =
f (y/Θ) f (Θ)

f (y)
(7)

where f (Θ) is the prior probability of the parameters, and f (y) is the factor normalizing
the posterior probability—independent of Θ—the so-called global likelihood or evidence.

Maximum a posteriori estimation (MAP) can take into account both the past probabil-
ity and earlier data concerning the event. The confidence intervals can also be interpreted
more intuitively.

For a more accurate model, the cycles were divided into three parts: tractive phase,
regenerative braking and idle phase. The energy consumption/recovery model in each
phase was considered separately. The model identification result is expressed by one of the
errors, e.g., RMSE (root mean squared error) or the R2 coefficient for the predicted response
vs. true response dependence. The results of model identification using the GPR method
for the real object, as well as the quality of this mapping, are discussed in Section 3.2.

2.4. Adaptation of the Current Driving Cycle

The dataset of driving cycles collected on the investigated route is used to determine
representative driving cycles to estimate average electricity consumption. It is not the pur-
pose of this study to develop driving cycles representative for the region; rather, the study
aims to select adaptive driving cycles that can be used to optimize electricity consumption.

This entails the necessity of defining the values of typical driving cycles. Twenty-seven
variables describing the driving cycle were summarized in [3]. The following parameters
characterizing the segments of the cycle were selected for the purposes of this study (Table 1).

In the set of monitored parameters, va was introduced, which is the speed and
acceleration product. It is one of the inputs in the data-driven energy calculation model
and significantly impacts energy consumption. The main component of the tractive force is
the inertial force of the vehicle (ma(t)), and the mechanical power is the product of force
and speed. Therefore, the product of speed and acceleration (va) is a significant component
of the model.

Boundary energy values are determined individually for each segment of the route.
These parameters can be used to select energy-efficient cycles or cycles with average
electricity consumption. They may be averaged values for a typical driving cycle on a
particular route, values depending on the battery capacity, etc.

The boundary energy course is determined based on averaged energy consumption
courses for a given vehicle and route. It means the total electricity consumption from the
beginning of the segment to which the actual energy consumption of the car should aim.
It consists of three phases: acceleration, cruising and braking. It is assumed that energy
consumption increases linearly in the cruising phase, but in reality, this is not the case.
Multiple microtrips can take place during this time. However, energy consumption should
be around the assumed limit. In the last phase, braking, zero consumption is assumed,
although energy is recovered. This makes it possible to make up for any energy losses in
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the segment without additional cycle corrections. The limit of energy consumption may be
additionally limited due to the driving range caused by the battery capacity, distance from
the charging station, etc.

Table 1. The calculated parameters in driving cycles.

Number Parameter

1 Average speed
2 Average speed (only cruising)
3 Standard deviation of speed
4 Maximum acceleration
5 Average acceleration
6 Standard deviation of acceleration
7 Maximum deceleration
8 Average deceleration
9 Standard deviation of deceleration

10 % of time when idling
11 % of time when speed is 0–15 (km·h−1)
12 % of time when speed is 15–30 (km·h−1)
13 % of time when speed is 30–50 (km·h−1)
14 % of time when speed is >50 (km·h−1)
15 % of time when va 1 is <0 (m2·s−3)
16 % of time when va is 0–3 (m2·s−3)
17 % of time when va is 3–6 (m2·s−3)
18 % of time when va is 6–10 (m2·s−3)
19 % of time when va is >10 (m2·s−3)
20 Total duration
21 Time of cruising without idling
22 Average energy consumption

1 va is the product of vehicle velocity and acceleration.

The adaptive method involves the continuous monitoring of average energy con-
sumption in each segment of the cycle, comparing this consumption with the boundary
energy in a particular segment and appropriate correction of speed and acceleration. If
energy consumption in a given segment exceeds the boundary energy, the vehicle speed
is corrected. A 1000 m driving segment was simulated to illustrate the applied DBADC
method. The algorithm plot is shown in Figure 3.

The red line in Figure 3b refers to the boundary energy, which triggers a correction
of vehicle speed if it is exceeded. Due to road conditions during the cycle, the vehicle
accelerated three times and braked three times, and it was only during the third acceleration
that the boundary energy was exceeded. During speed correction, energy oscillated around
the boundary energy, only to fall below the boundary energy at the end of the microtrip
due to energy recovery during braking. If the correction had been insufficient, the next
correction would have reduced the vehicle speed and acceleration.

3. Results

3.1. Experiment Description

Road tests were performed by the Motor Transport Institute in cooperation with Tesla
Warsaw. The Tesla Model X vehicle with 90D drive was used for the tests presented in this
article. The vehicle had three electric motors with a total 540 HP, driving both axles. The
battery had a capacity of 90 kWh and a maximum power of 350 kW. The unladen mass
of the vehicle was 2475 kg. The vehicle also had a second-generation autopilot, software
version 9.0 (partially autonomous driving), which was used in the tests. The route included
city traffic in the very center of Warsaw. The streets formed a closed loop with a shape
resembling a square, with a total travel distance of approximately 6.5 km. The altitude was
137 m, varying within a range of +/− 6 m. Road slope did not exceed 1◦, which means
that the area was relatively flat. A map with the travel route is shown in Figure 4.
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Figure 3. Simulation of a sample driving cycle (a) and energy consumption (b) during a cycle with
and without correction.

 

Figure 4. Travel route.

The tests were conducted in February on working days from 2:00 p.m. to 5:00 p.m., i.e.,
when traffic in the area was fairly heavy. The duration of a single cycle ranged from 15 to
22 min. The weather conditions during the test cycles varied only to a small extent because
testing days were chosen to meet specific conditions, namely temperature between 8 and
13 ◦C, pressure between 970 and 995 hPa, humidity between 30 and 50%, wind speed of
10 km/h or less, no rain and dry pavement. Interior heating was on during the tests, with
the temperature set at a constant 22 ◦C. Exterior lighting and the main screen, which was
used to track the vehicle with a GPS and show messages from the onboard computer, were
also turned on. The remaining devices were off. Battery charge status before each test was
no less than 50% and no more than 80%. The vehicle was driven by two test drivers, each of
whom represented two driving styles: calm and dynamic. The autopilot feature was used
as well, and it drove the vehicle for at least 67% of the travel time. During the remaining
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time, the test drivers controlled the vehicle themselves, driving calmly. The cycles during
which the autopilot drove the vehicle were treated in the statistical calculations as if a third,
independent driver was driving, although this driver was not able to change the driving
style from calm to dynamic.

Figure 5a shows travel speeds as a function of time, and Figure 5b shows travel speeds
as a function of travel distance. The figures show a comparison of cycles driven by the
dynamic driver, the calm driver and the autopilot.

Figure 5. Recorded driving cycles (a) as a function of time, (b) as a function of travel distance for
dynamic driving, eco-driving and autopilot.

Natural segments of the route separated by traffic lights can be easily distinguished in
Figure 5b. It is possible to compare the speeds of the drivers in individual segments. Places
with slower traffic are easy to identify.

Further analysis was carried out for speeds as a function of distance. The travel
distance may differ in real segments by several or several dozen meters due to differences
in lane lengths.

3.2. Energy Consumption

The recorded cycles were used to determine a statistical model of energy consumption
using Gaussian process regression (GPR) depending on vehicle speed and acceleration.
Figure 6 shows model verification results on the same route with a 95% prediction interval,
a fragment of which has been magnified in Figure 6b, with the fit of the model shown
in Figure 6c. The R2 coefficient for the predicted response vs. true response dependence
(Figure 6c) was close to 1.

The energy consumption of the HVAC during the test was 1.074 kW.
The GPR model can be used to monitor electricity consumption during any driving

cycle. To analyze the impact of speed and acceleration on electricity demand, four 1
km segments of driving cycles were simulated (Figure 7a). Figure 7b shows the energy
consumption for the simulated cycles, which increased together with distance travelled.

The highest energy consumption corresponded to cycle 1 due to the highest vehicle
speed. Cycle 3 showed a quick initial increase in energy consumption due to high accelera-
tion, yet lower overall consumption in the microtrip because the average speed was lower
than in cycle 1. Alternate braking and acceleration did not significantly impact the total
energy used during the microtrip. During cycle 2, in which speed and accelerations were
reduced to approximately 80% of those in cycle 1, energy consumption was approximately
73% of that in cycle 1. Cycle 4, which simulated driving in congested traffic, showed that
such driving was very energy-efficient, although it excessively prolonged travel time.
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Figure 6. Verification of the GPR model: (a) the predicted responses and 95% prediction intervals
using the fitted model, (b) zoom, (c) predicted vs. true response.

Figure 7. Simulated segments of the driving cycle as a function of distance (a) and corresponding
energy consumption (b).

3.3. Representative Driving Cycle

The characteristic parameters specified in Table 1 were determined for the cycles
described in Section 3.1 and averaged for dynamic driving, calm driving and autopilot
driving. The results are presented in Table 2. Due to the small number of recorded cycles,
they cannot be regarded as representative of local driving and only illustrate the method.

37



Energies 2021, 14, 2592

Table 2. Driving cycle parameters.

No. Parameter Dynamical Driving Eco-Driving Autopilot

1 Average speed 22.90 19.86 19.06
2 Average speed (only cruising) 35.15 29.03 28.84
3 Standard deviation of speed 25.45 19.38 19.32
4 Maximum acceleration 5.69 2.43 2.20
5 Average acceleration 1.18 0.62 0.62
6 Standard deviation of acceleration 0.47 0.48 0.47
7 Maximum deceleration −4.22 −2.61 −3.12
8 Average deceleration −0.95 −0.63 −0.67
9 Standard deviation of deceleration 0.74 0.47 0.55

10 % of time when idling 36.7 33.3 35.9
11 % of time when speed is 0–15 (km·h−1) 13.5 15.1 14.9
12 % of time when speed is 15–30 (km·h−1) 15.2 18.3 17.4
13 % of time when speed is 30–50 (km·h−1) 17.0 24.8 24.8
14 % of time when speed is >50 (km·h−1) 17.6 8.5 7.0
15 % of time when va1 is <0 (m2·s−3) 33.6 31.8 29.1
16 % of time when va is 0–3 (m2·s−3) 8.5 15.1 14.7
17 % of time when va is 3–6 (m2·s−3) 5.7 9.9 9.1
18 % of time when va is 6–10 (m2·s−3) 4.1 5.7 5.8
19 % of time when va is >10 (m2·s−3v 10.9 3.2 3.8
20 Total duration (s) 999.3 1147.2 1214.0
21 Time of cruising without idling (s) 648.8 780.5 789.0
22 Average energy consumption (Wh·km−1) 427.6 260.7 309.4

Parameters 10–14 are shown in Figure 8a, and parameters 15–19 are shown in Figure 8b.

 

 

Figure 8. Comparison of driving cycle parameters for autopilot, eco-driving and dynamical driving:
(a) percentage of time in speed ranges, (b) percentage of time in va ranges.

38



Energies 2021, 14, 2592

The driving profiles for autopilot and eco-driving were similar. However, the autopilot
was found to have a slightly higher va, which resulted in higher energy consumption.
Dynamic driving displayed a noticeable increase in the share of speeds over 50 km·h−1

and an increase of va >10 [m2·s−3], which resulted in a significant increase in average
energy consumption. Interesting conclusions can be drawn from comparing average energy
consumption and cruising time (Figure 9).

Figure 9. Cruising time (without idling) vs. average energy consumption.

As noted above, the lowest consumption was recorded for eco-driving, slightly higher
for autopilot and the highest for dynamic driving, which had the broadest distribution.
Travel times for eco-driving and autopilot were comparable; they were shorter for dynamic
driving, although they too were characterized by significant breadth of distribution.

The recorded cycles were used to determine the speed acceleration probability density
(SAPD) for the entire route, taking into account only the eco-driving and autopilot phases
(Figure 10).

Figure 10. SAPD for investigated driving cycle.

The average distributions of vehicle speeds (Figure 11) and TPM (Figure 12) were also
recorded. The resolution of vehicle speeds was found to be 2.0875 km/h.
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Figure 11. Average histogram of vehicle speeds on the tested route.

Figure 12. Average probability transition matrix for driving cycles on the route investigated.

After the route was divided into segments consisting of groups of microtrips or
grouped according to traffic volume, speed limit etc., the TPM was determined for each
segment and boundary energy.

3.4. Simulation Results

This method is dedicated to autonomous vehicles or vehicles with an autopilot feature
(driving in semiautonomous mode). The test route was divided into four segments. The
TPM was used to generate the next state that determines speed and acceleration. This state
can be interrupted at any time by road conditions and traffic. Thus, the TPM is corrected
on an ongoing basis, assuming that microtrips between traffic lights are driven at the speed
limit and acceleration is additionally limited by energy consumption.

The division into segments was made to illustrate the functioning of the algorithm. For
a longer route, a single segment could be used due to the road conditions. The application
of the method for a sample driving cycle is shown in Figure 13. The energy boundary
was determined based on average energy consumption during the driving cycles by the
eco-driver. The corrected cycle was determined by simulation. Figure 13a shows the
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uncorrected distance-based driving cycle (blue dashed line) for driving with the autopilot
and a cycle corrected by the algorithm (red line). In Figure 13b, the energy boundary for
each of the four segments and energy consumption during driving (from the beginning of
the segment) are added for the corrected and uncorrected cycle.

Figure 13. Illustration of the method using the investigated driving cycle: (a) distance-based driving
cycle, (b) electricity consumption at successive route segments.

Figure 14 shows the corrected and uncorrected cycle as a function of time.

Figure 14. Time-based driving cycles for Figure 13a.

Table 3 shows average energy consumption during each driving segment and for the
entire cycle. Reduced speed and acceleration results in approximately 15% reduction of energy
consumption, albeit an 82 s (approximately 10%) extension of travel time (without idling).

Data from Table 3 are shown in the chart below (Figure 15).
Electricity consumption should oscillate around the boundary energy because braking

at the end of each segment provides an opportunity to recover some of the energy expended.
In the first segment, the vehicle speed is corrected, but if energy consumption at the end of
the segment exceeds the boundary energy—as is the case in the first segment—the next
(second) segment begins with a correction of speed and acceleration. The correction is made
only with accelerations because decelerations result in energy recovery. The correction is
implemented only until energy consumption drops below the boundary energy. In the
fourth segment, speed is initially corrected; then, later in two microtrips, both speed and
acceleration are corrected. The last microtrip does not require any correction.
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Table 3. Comparison of average electricity consumption during driving in each segment in relation to the assumed
boundary energy.

Parameter Segment 1 Segment 2 Segment 3 Segment 4 Total Difference %

Distance (km) 1.858 1.425 1.067 2.016 6.366
Average energy for autopilot (Wh/km) 285.5 314.8 237.0 302.7 289.4 11.0
Average boundary energy (Wh/km) 259.6 276.8 278.3 241.1 260.7 0

Average energy for cycle with
correction (Wh/km) 266.0 267.1 228.4 224.7 246.9 −5.3

 

Figure 15. Comparison of electricity consumption in the uncorrected and corrected cycle in relation
to the assumed boundary energy in each segment and in the overall cycle.

4. Conclusions

This article presents an adaptive method for optimizing the driving cycle with regard
to energy consumption. Compared to methods used to develop representative driving
cycles, the method described herein proposes distance-based driving cycles instead of
time-based driving cycles. Driving cycles are segmented based on a driving cycle dataset.
The next state, determined by speed and acceleration, is defined as the Markov chain
next stage. However, this state can be disrupted by traffic conditions. Thus, TPM is
updated on an ongoing basis and corrected where necessary if energy consumption is
greater than assumed. Energy consumption during driving is monitored and compared
with the assumed boundary energy. An autopilot driving cycle was verified in the study,
with the cycle adapting to very restrictive limits on energy consumption. Speed or product
of the speed and acceleration (va) were reduced when consumption was too high. Energy
consumption was reduced by approximately 15%, although travel time was prolonged by
approximately 10%.

The tests showed that driving was most energy-efficient at low speeds and acceler-
ations (e.g., driving in congestion). However, many users would not regard this as the
optimum driving cycle. It is also necessary to consider travel time, which is a significant
aspect in the case of buses, and traffic flow, although this parameter cannot be measured
directly. Further study should focus on the optimization criteria and the algorithm used to
determine the energy boundary.

The study does not deal in detail with the energy consumption of HVAC systems.
However, this energy has been statistically included in the design of the energy bound-
ary. While the motor consumes no electricity during the idling phase, HVAC energy
consumption is a real challenge in EV.

This paper is relevant to the topic of energy management in so-called intelligent public
transport. Energy management is important for the transport of people (car-sharing, public
bus transport) and goods (delivery vehicles).

42



Energies 2021, 14, 2592

Author Contributions: Conceptualization, I.K.; methodology, I.K. and A.P.; software, I.K.; validation,
A.P. and A.N.; formal analysis, A.P.; investigation, M.Ś. and T.S.; resources, M.Ś.; data curation,
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Abbreviations

DBADC distance-based adaptive driving cycle
DC driving cycle
EV electric vehicle
GPR Gaussian process regression
HEV hybrid electric vehicle
HVAC heating, ventilation and air-conditioning
MC Markov chains
MCMC Monte Carlo Markov chain
MLE maximum likelihood estimation
PHEV plug-in hybrid electric vehicle
SAPD speed acceleration probability density
TPM transition probability matrix
va velocity and acceleration product
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Abstract: In this work, the problem of reducing the energy consumption of the cooling circuit for the
propulsion system of an all-electric vehicle is approached with two different concepts: improvement
of the powertrain efficiency and optimization of the control strategy. Improvement of the powertrain
efficiency is obtained through a modular design, which consists of replacing the electric powertrain
with several smaller traction modules whose powers sum up to the total power of the original
powertrain. In this paper, it is shown how modularity, among other benefits, also allows reducing the
energy consumption of the cooling system up to 54%. The energy consumption of the cooling system
is associated with two components: the pump and the fan. They produce a so-called auxiliary load on
the battery, reducing the maximum range of the vehicle. In conventional cooling systems, the pump
and the fan are controlled with a thermostat, without taking into account the energy consumption.
Conversely, in this work a control strategy to reduce the auxiliary loads is developed and compared
with the conventional approach, showing that the energy consumption of the cooling system can
be reduced up to 27%. To test the control strategy, numerical simulations have been carried out
with a 1-D model of the cooling system. On the other hand, all the thermal loads of the components
have been calculated with a vehicle simulator, which is able to predict the vehicle’s behavior under
different driving cycles.

Keywords: electric vehicle; propulsion cooling system; modularity; thermal management; control
optimization

1. Introduction

One of the most limiting factors of all-electric vehicles is the limited range [1,2]. The
most advanced electric rechargeable energy storage systems (RESS), such as Li-ion batteries,
still suffer of low energy density when compared to fuels, meaning that large and heavy
batteries would be required to meet the travel range of conventional vehicles. In addition,
severe ambient conditions can dramatically reduce the range and reliability of battery
powered vehicles [3]. Another important drawback of all-electric vehicles is that the battery
is the only energy storage on-board and therefore it is also required to provide the energy
for the operation of the auxiliary loads, such as the air conditioning compressor and the fan
and pump of the propulsion cooling system. In all-electric vehicles, reducing these loads is
of primary importance, as they drain energy form the battery and can further decrease the
range of the vehicle.

Generally, studies on the impact of auxiliary loads on energy consumption are limited
to weather and climatic conditions—i.e., Heating, Ventilation, Air Conditioning (HVAC)
consumption and thermal comfort measures [4–7]—driver behavior and traffic conditions.
Lalhou et al. [8] proposed a thermal comfort management approach that optimizes the
thermal comfort while preserving the driving range during a trip is proposed. A large
number of weather and traffic situations are simulated, and results show the efficiency
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of the proposed approach in minimizing energy consumption while maintaining a good
comfort. Similarly, Desreveaux et al. [9], in order to plan the annual charging operation of an
eco-campus, developed a simulation tool for an accurate determination of the consumption
of an electric vehicle throughout the year. An overconsumption up to 33% in winter due to
heating, and only 15% in summer due to air conditioning was found. Basciotti et al. [10]
developed advanced simulation tools to improve the efficiency of climate control systems
in order to accurately evaluate both the energy savings and thermal comfort.

On the other hand, very seldom the influence on energy consumption owe to cool-
ing of powertrain components is included in the analysis. For example, the integrated
thermal management of a pure electric vehicle is described in [11], including battery cool-
ing/preheating, electric machines (EM) cooling and Air Conditioning (AC) or heat pump.
Different approaches are proposed, but not modularity nor optimized control. Shojaei
et al. [12] investigate the impact of the cooling power demands of the cabin and battery on
the vehicle performance, focusing more on comfort levels and battery degradation. In [13],
the National Renewable Energy Laboratory’s modeling framework was used to explore
control strategies for an electric vehicle combined loop system. The control approach in-
cluded a mode selection algorithm and controllers for the compressor speed, cabin blower
flow rate, coolant flow rate, and the front-end heat exchanger coolant bypass rate. The
impact of these thermal systems on electric vehicle range during warmup was simulated
showing up to a 10.9% improvement in range for the full system over the baseline during
warmup from cold soak. The need to reduce the significant energy drain and resulting
drive range loss due to auxiliary electrical loads is also addressed in [14].

As shown in the above literature review, in most of the research works, the problem
of reducing the energy consumption of the auxiliary loads in an all-electric vehicle is
translated into the effort of reducing the energy consumption of the AC system. On the
other hand, in this work the energy consumption of the auxiliaries used in the propulsion
cooling system is considered and two approaches are proposed to reduce it. To the author’s
knowledge, there are no contributions in the literature where the reduction of the energy
consumption of the auxiliary loads from the propulsion cooling system is investigated. The
first approach, at a design level, is modularity. The second approach, at a control level, is
the optimization of the energy management.

The concept of modularity has been developed in DRIVEMODE, a project funded
by the European Commission under the Horizon 2020 framework. The DRIVEMODE
project stems from the idea of integrating a high-speed gearbox, a high-speed electric motor
(e-motor) and a Si-C inverter to provide a highly efficient and compact integrated drivetrain
module (IDM) to be used in cars of different classes, including mass produced battery and
hybrid electric vehicles, low performance and high performance vehicles and different
types of heavy-duty vehicles. Multiple IDM can be used in place of single larger electric
machines and power electronic components. In the modules, the smaller electric machines,
even though characterized by lower maximum efficiencies, will work in more efficient
regions of the operating map, resulting in a lower thermal load to be rejected through
the cooling system. In this paper, it is shown how modularity, among other benefits, also
allows reducing the energy consumption of the cooling system.

The second approach consists of improving the energy management of the propulsion
cooling system. Most of the works regarding the thermal management in electric vehicles
are focused on either improving the battery cooling [15–17] or the e-motor cooling [18,19],
without taking into account the cooling system energy consumption. Conventional con-
trol strategies are based on a feedback control on the radiator inlet temperature, with a
thermostat valve. An interesting control approach to reduce the motor cooling system
energy consumption is proposed in [20], but the considered vehicle is a hybrid electric.
In this work a control strategy that reduces the energy consumption of the cooling system,
namely of pump and fan, has been tuned for steady-state conditions and then tested with
numerical simulation on different driving cycles. Even though the benefits of this control
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strategy are smaller compared to those obtained with modularity, the implementation
comes at no costs, since it does not require additional components or sensors.

This work relies on numerical simulation of experimentally validated models. Tran-
sient simulations of driving cycles have been carried out with a robust 1-D model of the
vehicle cooling system built in GT-Suite [21]. On the other hand, all the thermal loads of
the components of the drivetrain have been calculated with a vehicle simulator developed
in Matlab/Simulink® [22].

The remainder of this paper is organized as follows: Section 2 presents the single
e-motor and dual IDM configurations and modeling; Section 3 describes the cooling circuits
for the two cases; finally, in Section 4 the simulations are presented, and the results are
discussed; the conclusions are presented in Section 5.

2. System Description and Modeling

The vehicle considered in this study is an all-electric sedan-class car. The main
parameters of the vehicle are listed in Table 1.

Table 1. Characteristics of the vehicle.

Parameter Value

vehicle mass 1745 kg
passenger mass 235 kg

vehicle frontal cross-section area 2.618 m2

aerodynamic drag coefficient 0.29
tire rolling resistance coefficient 0.009

wheel radius 0.335 m

Two powertrain configurations are considered and further described in the next subsec-
tions: the single e-motor (with power electronics and transmission) and the dual Integrated
Drivetrain Module (which incorporates e-motor, gearbox, and inverter). In both cases,
the total power of the propulsion system must meet the speed and grade requirements
indicated in Table 2.

Table 2. Performance requirements of the vehicle.

Parameter Value

acceleration from 0 to 50 km/h 5.5 s
acceleration from 0 to 100 km/h 10 s
maximum climbing at 80 km/h 12%
maximum climbing at 130 km/h 4%

maximum speed 150 km/h

The general layout of the cooling system is composed of four integrated circuits (with
a fifth separate loop for cooling charger and converters (400V-12V DC/DC and 800V-400V
DC/DC)), as shown in Figure 1. The four loops are:

1. Air Conditioning (AC) refrigerant loop (shown in blue);
2. Heat Ventilation Air Conditioning (HVAC) coolant loop (shown in red);
3. Propulsion loop (shown in purple);
4. Rechargeable energy storage system (RESS) coolant loop (shown in green).
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Figure 1. Cooling system circuits: AC refrigerant loop (blue), HVAC coolant loop (red), propulsion
loop (purple), RESS loop (green).

The first loop provides air conditioning for cabin cooling through a compressed vapor
cycle, whereas the second provides cabin heating. The third loop is responsible for the
propulsion system cooling and the fourth loop ensures that the battery is maintained in
the operating temperature range. These loops are all highly integrated, but this analysis is
focused only on the propulsion coolant loop, which, however, is influenced by the HVAC
refrigerant circuit through the condenser and by the RESS circuit through the RESS radiator:
as shown on the left side of Figure 1, the same fan provides the air mass flow rate for
the cooling of RESS, HVAC system (whose condenser is shown in blue) and propulsion
module. The conditions of the air flow at the outlet of the RESS radiator and AC condenser
are experimentally measured and used as an input to the simulations performed in this
study.

2.1. Single Electric Motor

The conventional all-electric powertrain is composed of one single e-motor and one
inverter. The e-motor is then connected through the transmission to the vehicle front
wheels, as qualitatively shown in Figure 2.
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Figure 2. Single e-motor propulsion system and cooling system.
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The electric machine has a max peak power of 150 kW and max/min continuous
torque of 266 N·m, with corner speed of 1500 RPM. Figure 2 also shows the layout of the
propulsion cooling system. The main components of the circuit are:

1. pipes and hoses;
2. the electric coolant pump;
3. the electric fan.

As already mentioned, the fan is used to suck in the air and increase the air mass flow
rate through the radiators of propulsion, condenser and RESS cooling loops. The coolant
consists of water mixed with ethylene glycol (50% water + 50% glycol).

2.2. Dual Integrated Drivetrain Module

Introducing the concept of modularity [23], two smaller e-motors can be used instead
of the larger single motor. Each of the smaller e-motors is integrated with gearbox and Si-C
inverter to form a highly efficient and compact integrated drivetrain module (IDM). Two
75 kW IDMs are used in this study to replace the single motor, as qualitatively shown in
Figure 3.
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Figure 3. Dual IDM propulsion system and cooling system.

In particular, each module has a dedicated cooling circuit, with the coolant flowing
through the IDM components in a series configuration. Eventually, the coolant streams
coming from the two modules are sent to the same main radiator for heat rejection to
the ambient. This configuration helps designing a single compact cooling circuit for the
thermal management of all the propulsion components.

The benefits of modularity, i.e., using a larger number of smaller electric machines, are
twofold: increased overall efficiency during the vehicle operation and reduced components
heat rejection. The first benefit is explained considering that in a typical driving cycle
the operating conditions will be mostly in the low-medium speeds and torques. This
means that a larger EM will operate in the lower efficiency regions, while for a smaller
EM most of the operating points will fall in the maximum efficiency region. Therefore,
even though the larger EM could achieve greater maximum efficiency, during a driving
cycle the overall efficiency of a modular propulsion system will be higher. The second
benefit is strictly related to the first one, as a more efficient operation of the powertrain
components will lead to less losses and heat rejection. This, in turn, will reduce the energy
demand of the propulsion system cooling circuit, further improving the overall vehicle
energy consumption.
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2.3. Electric Vehicle Model

E-motor and inverter generate heat during their operation, especially at high power
demands, because of ohmic losses. The cooling system is required to reject the generated
thermal load to the ambient, keeping the temperatures within the operating range of the
components. To evaluate the thermal load generated during the propulsion system opera-
tion, a quasi-static model of the electric vehicle has been developed in Matlab/Simulink®.
The power losses in the inverter

.
QINV , which are equal to the heat generated, can be

calculated as a function of the instantaneous inverter power PINV , with the following
equation:

.
QINV = PINV(1 − ηINV) (1)

where for the inverter efficiency ηINV a constant average value equal to 97% has been used.
This value results in being a bit conservative with respect to the first measurements at test
bench.

On the other hand, the thermal load of the e-motor,
.

QEM, can be calculated as a
function of the motor power, PEM , and efficiency, ηEM, using the following equation:

.
QEM = PEM(1 − ηEM) (2)

The efficiency of the single e-motor is evaluated from the map shown in Figure 4,
which is obtained in [23] with the method proposed in [24].

Figure 4. Single e-motor efficiency map.

For the e-motors of the two IDMs, the Willans line model [25] has been used to scale
down the single e-motor map. The result is shown in Figure 5, with the maximum peak
power of the scaled motors being one half of the maximum power of the original e-motor.
Thus, the two e-motors for the dual IDM configuration have the same total power as the
single e-motor configuration.
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Figure 5. IDM e-motor efficiency map.

The maps shown in Figures 4 and 5 have been implemented in the Matlab/Simulink®

model to obtain a quasi-static forward-looking simulator of the entire vehicle. The power
demand on the propulsion system components is evaluated by solving the longitudinal
dynamics of the vehicle and using the following expression of the road load:

Fload =
1
2

Cdρair Afv2 + Mg sinθ + CrMg cosθ (3)

The first term on the right-hand side of Equation (3) is the aerodynamic drag force,
with Cd the drag coefficient, ρair the air density, Af the frontal area of the vehicle and v
the longitudinal speed of the vehicle. The second term is the force due to the road grade
θ, where g is the gravity constant and M is the vehicle mass. Finally, the third term is
the rolling resistance force, which is a function of grade, vehicle mass and tires rolling
resistance coefficient Cr. The values of these parameters have been previously reported in
Table 1.

The simulator includes a driver’s model based on a PID controller to track the desired
speed profile (i.e., driving cycle) and a zero-th order equivalent circuit model for the battery.
The main characteristics for the battery pack are listed in Table 3.

Table 3. Battery pack main characteristics.

Parameter Value

operating voltage (Max/Nominal) 796/720 V DC
operating current (Max/Nominal) 280/140 A

battery capacity 46 kWh

The battery performance is obtained starting from the open circuit voltage (OCV) and
internal resistance (R0) curves, shown in Figures 6 and 7, which have been derived from
data available in [26] for a Li-Ion battery cell manufactured by A123 Systems, LCC (Livonia,
MI, USA).
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Figure 6. Battery cell open circuit voltage dependence on state of charge.

Figure 7. Battery cell internal resistance dependence on state of charge.

With the zero-th order equivalent circuit model the battery heat rejection,
.

Qbatt, can be
calculated as: .

Qbatt = I2 · R0(SoC) (4)

The battery current I is a function of the battery open circuit voltage, VOC, the power
request, Pbatt, and the equivalent internal resistance R0(SoC), function of the state of charge
(SoC):

I =
VOC −

√
V2

OC − 4PbattR0

2R0
(5)

2.4. Cooling Circuit Model

The heat rejection profiles for each component, obtained with the Matlab/Simulink®

model described above, are then used as input for the propulsion cooling circuit model
developed in GT-Suite and shown in Figure 8. The other input to the GT-model is the
vehicle speed, which is directly related to the air flow through the cooling system radiators.
Two sides or two circuits are highlighted in the model:

• Coolant side (red)—closed loop circuit with pump, accumulator, IDM components, etc.;
• Air side (blue)—circuit with Fan object, RESS and Condenser heat addition objects.
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Figure 8. Propulsion cooling system model in GT-Suite (dual e-motor configuration).

The main components of the circuit have been modeled as follows:

• the coolant (water/glycol ethyl 50-50) properties are retrieved from the RefPROP [27]
library;

• pipes and hoses, whose dimensions are the results of a sensitivity analysis aiming
to minimize the circuit pressure drops and ensuring the required mass flow rate for
cooling, have inner diameter of 19 mm, locally 18 mm in some connectors;

• the coolant pump, which is an electric pump, is modeled with the operating map
shown in Figure 9;

• the electric fan, modeled with the operating map shown in Figure 10.

Figure 9. Cooling system pump map.
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Figure 10. Cooling system fan map.

Additionally, the thermal load of the propulsion radiator is an output of the analysis
rather than an input. All the data needed to model the heat transfer behavior of the radiator
have been provided by the car manufacturer. The performance that the propulsion cooling
system must meet are summarized in Table 4. In particular, the temperature must not
exceed 65 ◦C. In the case of the dual IDM the constraint on the minimum volumetric
flow rate imposes the usage of two pumps. This has been found to be consistent with the
modularity requirement of the DRIVEMODE project, since each module comes with its
own pump.

Table 4. Preliminary requirements for the cooling circuit.

e-motor

temperature (inlet) <65 ◦C
pressure drop <500 mbar @ 10 L/min
vol. flow rate >10 L/min @ maximum power

inverter

temperature (inlet) <65 ◦C
pressure drop <300 mbar @ 10 L/min
vol. flow rate >10 L/min @ maximum power

3. Cooling Circuit Control Strategy

The second approach to reduce the energy consumption from the auxiliary loads
related to the propulsion cooling system consists of optimizing the control strategy of fan
and pump. The fan is responsible for increasing the air flow through the radiator, thus
improving the heat rejection when the driving loads are high. The pump is used to ensure
the desired flow of coolant through the propulsion system components and keep their
temperature in the admissible range. In the following subsections, the conventional control
strategy and the proposed optimized strategy are presented. Both strategies apply to either
the single e-motor or the dual IDM configurations.

3.1. Conventional Control

The conventional control strategy acts on two control variables, which are the pump
speed, and the input signal of the fan (on/off). The pump speed is initially set at 10 L/min
and then it is linearly increased as the coolant temperature at the radiator inlet increases
above 40 ◦C. The fan is off as long as this temperature is below 65 ◦C. For higher values,
the fan is switched on at its maximum capacity (i.e., input signal equal to 90%) and is
maintained on until the temperature drops down below 55 ◦C, performing a hysteresis
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cycle. When the radiator inlet temperature reaches 65 ◦C and the fan is turned on, the
pump flow rate is kept constant at its maximum value. The linear dependency of the pump
speed (proportional to the pump flow rate) on the coolant temperature at the radiator inlet
is shown in Figure 11. The minimum pump speed corresponds to 10 L/min, as per the
constraint reported in Table 4, while the maximum volumetric flow rate is obtained for the
maximum pump speed.
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Figure 11. Pump conventional control strategy: linear dependence of mass flow rate on coolant
temperature at radiator inlet.

3.2. Optimized Control

The optimized control strategy aims at reducing the energy consumption of pump and
fan, ensuring the temperature constraints on the e-motor and inverter are met. In contrast
with the conventional strategy, in this case the speed of the pumps is controlled based
on the actual vehicle speed, actual heat rejection of the components and fan state. These
signals are already available in the vehicle, as they are used for other tasks of the electronic
control unit, so no additional sensors are required to implement the new control strategy.

The control strategy is built on the observation that for a given vehicle speed and
thermal load on the cooling circuit, the pump speed corresponding to the minimum energy
consumption is the lowest possible speed that avoids the fan to be switched on. Therefore,
an optimization process has been carried out to evaluate the minimum pump speed
required to reject different thermal loads at different vehicle speeds, without turning on
the fan. A design of the experiment was performed with the Matlab/Simulink® simulator,
varying vehicle speed and road grade to obtain the heat rejection of the components for
different road load conditions. Those results were then used for steady-state simulations
of the 1-D GT-Suite cooling circuit together with built in optimization algorithms from
GT-Suite to create the control map shown in Figure 12. For the same vehicle speed,
higher loads correspond to higher heat rejections and require higher mass flow rates (thus,
pump speeds).
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Figure 12. Optimized control strategy: optimized pump speed as a function of vehicle speed and
propulsion normalized load.

The map shows a step-shape because the pump speed has a low impact on the coolant
temperature. Indeed, the most important variables for the heat transfer in the radiator
are the air mass flow rate and the air temperature, which are influenced by vehicle speed
and fan state. In other words, for the same level of required heat rejection, while the
speed of the pumps can only produce a small change of the radiator inlet temperature,
the fan state and vehicle speed can have a much greater impact. As a result, there is no
advantage in maintaining high pump speeds during the fan operation, because the main
contribution to lowering the temperature is from the fan, and the increasing fan operational
time is negligible. Following this consideration, the optimal pump speed from the map is
overwritten when the fan is turned on, setting the speed to its minimum value.

In the first step of the control strategy, the calculation of the pump speed is only based
on the actual vehicle speed (i.e., air flow rate through the radiator) and heat rejection from
the components, using the control map shown in Figure 12, which is embedded into a 2D
lookup table. The actual optimal speed output signal from the 2D lookup table is time
averaged to smooth speed variations. This is necessary to dampen the dynamics of the
inputs to the lookup table, which is built from steady-state simulations.

In a second step, the actual coolant temperature at the radiator inlet is checked. If the
temperature of the coolant exceeds 60 ◦C, then the fan is turned on and the minimum
pump speed is imposed, overwriting the optimal speed output of the 2D lookup table. The
fan performs the same hysteresis cycle between 60 ◦C and 55 ◦C as already described in
the previous section.

To summarize, the control strategy is designed to optimize the speed of the pump(s)
when the fan is off, and to set it to the minimum allowed value when the fan is on:

npump

(
xfan,

.
Qloss, vvehicle

)
=

{
npump

( .
Qloss, vvehicle

)
, xfan = 0

npump = 4250 rpm, xfan = 1
(6)

where xfan is the actual state of the fan, equal to 1 if the fan is on and equal to 0 if the
fan is off;

.
Qloss represents the total heat rejection of the components that is a function of

time; vvehicle is the actual vehicle speed; npump is the speed of the pump and npump is the
time averaged value of npump coming from the optimized control map. After a sensitivity
analysis the averaging time of npump has been set equal to 25 s for all the simulations.
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4. Simulations and Results

To investigate the operation and performance of the cooling system, three different
driving cycles (i.e., vehicle speed time profiles) have been selected: Aachen drive cycle,
shown in Figure 13a; Federal Highway Driving Schedule (FHDS) drive cycle (repeated
10 times), shown in Figure 13b; World harmonized Light-duty vehicles Test Procedure
(WLTC) drive cycle (repeated 3 times), shown in Figure 13c.
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Figure 13. Test driving cycles: (a) Aachen; (b) FHDS × 10; (c) WLTC × 3.

The cycle repetitions are needed to obtain the same cooling circuit operating time
and realistic trip length. Also, to add variability to the road power demand, each cycle
repetition is characterized by a different road grade profile.

In the Matlab/Simulink® forward-looking model both the single motor and dual IDM
configurations were simulated for the three driving cycles. The main outputs of these
simulations are the heat rejection profile of the components and the effective vehicle speed.
The operating average efficiency of the e-motors for the different driving cycles and the
different powertrain architectures is reported in Table 5. It is clear that the modularity can
improve the operating efficiency of the e-motors, thus reducing the heat generation that
the cooling circuit will have to reject to the ambient.

Table 5. E-motor average efficiency.

Driving Cycle
Single e-motor

EM Efficiency (%)
Dual IDM

EM Efficiency (%)

Aachen 82.8 92.6
FHDS × 10 83.5 88.4
WLTC × 3 88.4 93.5
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The heat rejection profile and the vehicle speed are then used as inputs to the GT-
Suite model, which solves the transient 1-D thermo-fluid dynamic problem and evaluates
the performance of the cooling circuit. Both the conventional and the optimized control
strategy for the pump(s) control are simulated.

The effectiveness of the control strategies has been tested under the following addi-
tional assumptions: constant gear box efficiency of 0.97; mass of the vehicle equal to the
gross weight; no AC condenser heat rate; ambient temperature of 40 ◦C; coolant initial
temperature of 40 ◦C. These extreme operating conditions have been chosen to stress the
cooling system and trigger fan starting events. As an example, Figure 14 shows the heat
rejections of the motor, inverter, and battery with respect to time for the WLTC × 3 cycle.

Figure 14. Outputs of the all-electric vehicle model: actual vehicle speed profile (top); motor, inverter
and RESS heat rejections vs. time (bottom).

As one may note, there is a correlation between the velocity profile and the heat
rejection, which is obviously affected by the road load. These plots are mostly provided
to prove the soundness of the energy-based vehicle simulator. Those heat rejections have
been calculated with the set of equations from (1) to (4).

Results Discussion and Comparison

To understand the impact of modularity and optimized control strategy on the energy
consumption reduction, four cases have been analyzed for every driving cycle:

1. Single e-motor, standard propulsion cooling management;
2. Single e-motor, optimized propulsion cooling management;
3. Dual IDM, standard propulsion cooling management;
4. Dual IDM, optimized propulsion cooling management.

The different driving cycles highlight different aspects of the powertrain configura-
tions and control strategies.

For the WLTC × 3 drive cycle, the speeds of pump and fan (which can be considered
to be a measure of the energy consumption) are shown in Figures 15 and 16 for the single
e-motor and the dual IDM configurations, respectively. The WLTC × 3 is the most power
demanding driving cycle and in all the cases the fan must be activated to lower the coolant
temperature. Moreover, comparing Figures 15 and 16, the single e-motor configuration
requires one more fan start due to the higher heat rejection of the components in this
powertrain.
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Figure 15. Control strategy comparison for single e-motor on WLTC driving cycle: coolant pump
speed (top); radiator fan speed (bottom).

 

Figure 16. Control strategy comparison for dual IDM on WLTC driving cycle: coolant pump speed
(top); radiator fan speed (bottom).

The bar plot in Figure 17 allows a comparison among the energy consumptions of
every component, for both configurations and control strategies. The optimized control
strategy for the dual IDM leads to higher fan energy consumption compared to the con-
ventional strategy because the minimum pump speed is imposed during the fan operation
time. However, the overall energy consumption is still better for the optimized control
strategy because the energy savings of the pumps are much greater than the increased
fan consumption. This confirms that the contribution of the fan on lowering the coolant
temperature is prominent with respect to the pump. Furthermore, setting the pumps at the
minimum speed leads to only a few seconds of fan additional operating time. For a specific
powertrain (e.g., either Figure 15 or Figure 16), it is difficult to observe the differences
in the fan operation times, since the pump(s) only have a limited impact on the coolant
temperature. However, the difference between conventional and optimized control strategy
is evident in terms of pump speed. As expected, the optimized control strategy is able to
minimize the pump(s) speed, thus their energy consumption during most of the trip length.
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Figure 17. Impact of modularity and optimized control strategy on the energy consumption reduction
for the WLTC driving cycle.

Regarding the temperature profiles at the radiator inlet, Figure 18 shows the differ-
ences for the four cases.

 

Figure 18. Impact of modularity and optimized control strategy on the coolant temperature at the
radiator inlet for the WLTC driving cycle.

The difference in the shape of the peaks (see left plots in Figure 18) is caused by
the difference in the actual battery state of charge and grade conditions for the three
repetitions, leading to different maximum heat rejections. Because of the high energy
demand and road grade, the single e-motor configuration is not able to meet the radiator
inlet temperature constraint and both conventional and optimized control strategy lead
to temperatures higher than 65 ◦C during the heat rejection peaks. On the other hand,
the dual IDM configuration always meets the constraint with the conventional controller,
while the optimized controller slightly exceeds 65 ◦C for 20 s. Comparing the four cases,
the temperature is lower in the dual IDM configuration during the whole trip and there is
no temperature difference between optimized and conventional control strategy when the
fan is turned off.

The results for the FHDS drive cycle that is the less power demanding cycle, are shown
in Figures 19–22.
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Figure 19. Control strategy comparison for single e-motor on FHDS driving cycle: coolant pump
speed (top); radiator fan speed (bottom).

 

Figure 20. Control strategy comparison for dual IDM on FHDS driving cycle: coolant pump speed
(top); radiator fan speed (bottom).

Figure 21. Impact of modularity and optimized control strategy on the energy consumption reduction
for the FHDS driving cycle.
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Figure 22. Impact of modularity and optimized control strategy on the coolant temperature at the
radiator inlet for the FHDS driving cycle.

Even though Figures 19 and 20 show a non-zero fan speed, in both cases the fan
is never switched on and the reported speeds results from the vehicle speed dragging
the fan blades and producing the so-called “windmill” effect. This results in a clear
energy saving for the optimized control strategy, as shown in the bar plot in Figure 21.
In this driving cycle, the optimized control map leads to lower average speeds, thus the
pump(s) give a significant contribution to the energy consumption reduction, while the
conventional control strategy sets a high speed on average because the coolant temperature
is in the range 50–55 ◦C most of the time, as shown in Figure 22, resulting in higher energy
consumptions. Figure 22 also shows that for each powertrain configuration, the optimized
control strategy leads to nearly the same temperature as the conventional strategy, such
that the two temperature profiles overlap, and only one profile is shown in Figure 22. It can
be concluded that in medium-low road power demand conditions the optimized control
strategy can reduce the propulsion cooling system energy consumption.

Finally, for the Aachen driving cycle, the simulation results are shown in Figures 23–26.
In this case, a large difference is found for the two powertrain configurations. In general,
these simulations show how modularity can reduce the total heat rejection thanks to the
higher operating efficiency of the 2 IDMs, therefore the cooling system is less stressed and
energy consumption is lower. Comparing Figures 23 and 24, the dual IDM configuration
never turns on the fan (also in this case the speed of the fan is due to windmill effect), while
the single e-motor requires multiple fan starts. Looking at Figure 23, for the single e-motor
the operation time of the fan is longer with the optimized control strategy, due to the lower
pump speed imposed during the fan operation time. However, this little drawback is
canceled out by the lower optimized pump speed (thus energy consumption) during the
whole trip length.

Finally, the consumptions for the Aachen drive cycle are summarized in the bar plot in
Figure 25. Regarding the temperatures, Figure 26 shows in detail the temperature difference
between optimized and conventional control strategy, with slightly higher temperatures
for the optimized strategy, which in turn result in lower energy consumptions, still meeting
the cooling requirements.
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Figure 23. Control strategy comparison for single e-motor on Aachen driving cycle: coolant pump
speed (top); radiator fan speed (bottom).

 

Figure 24. Control strategy comparison for dual IDM on Aachen driving cycle: coolant pump speed
(top); radiator fan speed (bottom).

Figure 25. Impact of modularity and optimized control strategy on the energy consumption reduction
for the Aachen driving cycle.
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Figure 26. Impact of modularity and optimized control strategy on the coolant temperature at the
radiator inlet for the Aachen driving cycle.

5. Conclusions

Methods to reduce the propulsion system cooling circuit energy consumption in an
all-electric vehicle have been investigated in this paper. To achieve the goal of reducing
the energy consumption of the auxiliaries that actuate the propulsion cooling system, both
improvement of the powertrain efficiency and optimization of the cooling system control
strategy have been analyzed. In particular, the improvement of the powertrain efficiency is
obtained with a dual integrated drivetrain module configuration, which allows for lower
heat rejection from the drivetrain components. On the other hand, an optimized control
strategy for the cooling system has been designed in order to minimize the power demand
of the cooling system. The cooling system simulations have been carried out with a 1-D
model built upon experimental data in GT-Suite, while a vehicle simulator developed in
Matlab/Simulink® has been used to evaluate the thermal loads of the components under
different driving cycles. From the analysis of the results presented in the previous section,
the following conclusions can be drawn:

1. The dual IDM configuration leads to an overall efficiency improvement due to the
increased average efficiency of the e-motors, which intrinsically results in lower heat
rejection and lower energy demand from the propulsion cooling system. However, in
terms of energy consumption reduction of the propulsion system cooling circuit, the
benefit of the dual IDM configuration steps out only in severe load conditions that
stress the cooling circuit and trigger the fan. Indeed, for the FHDS driving cycle, the
single e-motor and dual IDM have similar performance in terms of cooling circuit
energy consumption. In this case, compared to the single e-motor configuration,
modularity achieves only a 5% reduction of energy consumption. However, in the
WLTCx3 and Aachen driving cycles, modularity results in a 21% and 54% reduction of
energy consumption of the propulsion cooling system compared to the single e-motor
configuration, respectively.

2. The optimized control strategy implemented in the propulsion cooling management
always leads to lower energy consumption. The effectiveness of the control strategy
comes from the reduction of the energy consumption of the cooling circuit pumps.
Because of this, the optimized propulsion cooling management steps out in medium
load conditions, when the control of the speed of the pumps is needed to lower the
coolant temperature, but no action from the fan is requested. Indeed, when the fan is
turned on, it will increase the overall consumption of the cooling circuit, decreasing
the relative weight of the pumps on the consumption and consequently decreasing
the impact of the optimized control strategy. In the Aachen driving cycle, compared
to the single e-motor, the optimal control strategy achieves a 1% energy consumption
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reduction, whereas 11% and 27% reductions are achieved for the WLTCx3 and FHDS
driving cycles, respectively.

As a consequence of conclusions 1 and 2, in order to decrease the auxiliary loads of the
propulsion cooling system in all-electric powertrains, increasing the powertrain efficiency
leads to good results only if the cooling circuit is stressed enough, or in other words, if the
fan is activated during the vehicle operation. On the other hand, the optimization of the
control strategy is relevant if normally the cooling circuit is capable of lowering the coolant
temperature without the intervention of the fan.
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Abstract: As one of the most essential earth-moving equipment, cable shovels significantly influence
the efficiency and economy in the open-pit mining industry. The optimal digging trajectory planning
for each cycle is the base for achieving effective and energy-saving operation, especially for robotic
excavation, in which case, the digging trajectory can be precisely tracked. In this paper, to serve the
vision of cable shovel automation, a two-phase multi-objective genetic algorithm was established
for optimal digging trajectory planning. To be more specific, the optimization took digging time
and energy consumption per payload as objects with the constraints of the limitations of the driving
system and geometrical conditions. The WK-55-type cable shovel was applied for the validation of
the effectiveness of the multi-objective optimization method for digging trajectories. The digging
performance of the WK-55 cable shovel was tested in the Anjialing mining site to establish the
constraints. Besides, the digging parameters of the material were selected based on the tested data to
make the optimization in line with the condition of the real digging operations. The optimization
results for different digging conditions indicate that the digging time decreased from an average of
20 s to 10 s after the first phase optimization, and the energy consumption per payload reduced by
13.28% after the second phase optimization, which validated the effectiveness and adaptivity of the
optimization algorithm established in this paper.

Keywords: digging trajectory; cable shovel; robotic excavation; multi-objective genetic algorithm

1. Introduction

A cable shovel is one of the key equipment in the open-pit mining industry traditionally operated
by trained operators [1]. Abundant research results indicate that human factors have become a main
factor inducing maintenance cost and reliability risk [2,3]. Current shovels with larger bucket capacity
bring the benefit of lower digging cost, but higher operational difficulty, which makes the concept of
robotic excavation a practical option for effective and steady digging processes.

Rational planning of digging trajectory is the base for robotic excavation. Awuah-Offei K. et al.
optimized the hoist and crowd speed of a P&H 2100b cable shovel based on the Balovnev model with
the objective of minimizing the unit payload energy consumption [4]. Dunbabin M. et al. designed
an operation assistant system for cable shovels, which can help the driver plan the digging trajectory
and predict the bucket fullness [5]. Wei B. et al. came up with a three degree of freedom (DOF)
working mechanism of a cable shovel with an optimal design of the handle structure with the goal of
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minimizing the unit payload energy consumption [6]. Wang X. et al. established a digging resistant
force model, based on which the digging trajectory of a cable shovel was optimized with a result
described by the curves of hoist and crowd velocities [7]. The unit payload energy consumption is
commonly taken as the object in digging trajectory optimization. However, the digging efficiency
is also a critical factor influencing cable shovel operations, especially for shovels with large bucket
capacity. Hence, a multi-objective optimization algorithm should be applied for optimal digging
trajectory planning.

Different multi-objective optimization algorithms have been widely used in the design of
earth-moving machinery. Xu G. et al. applied the improved multi-objective evolutionary algorithm
(MOEA) for TriPower shovel attachment working performance optimization [8]. Jang G. et al. applied
the genetic algorithm (GA) on trajectory optimization of the hydraulic excavator for the optimization
of energy consumption and the total length of the dig trajectory [9]. Yu X. et al. optimized the design
of the bucket of a hydraulic excavator by solving a multi-objective problem, achieving a light-weight
and high-strength product [10]. Feng H. et al. focused on the task of precise control of the hydraulic
excavator using multi-objective genetic algorithm optimization [11]. Li X. et al. improved the digging
efficiency of the hydraulic excavator by optimization of the working mechanism based on the algorithm
of parallel PSO [12]. Kim J.-W. et al. optimized the working performance of the hydraulic excavator
for multiple objects through the hybrid Taguchi random coordinate search algorithm [13]. Barakat N.
and Sharma D. provided an optimal design method for the bulldozer blade based on the evolutionary
multi-objective optimization algorithm [14]. Masih-Tehrani M. and Ebrahimi-Nejad S. combined
the genetic algorithm and integer linear programming technique for multi-objective optimization of
the powertrain of the bulldozer [15]. Zhang Z. and He B. developed a multi-objective optimization
platform for wheel loader working mechanism design [16]. Cao B-w. et al. applied a genetic algorithm
for multi-objective optimization of the stroke difference for wheel loaders [17].

Compared with other earth-moving equipment, the digging performance of the cable shovel
is more difficult to predict because of the huge bucket capacity and the complex digging condition.
Hence, optimal planning of the digging trajectory appears to be more necessary for each operation
cycle of the cable shovel. In this paper, taking digging time and energy consumption per payload as
objects, a two-phase multi-objective optimization based on genetic algorithms is applied for planning
a practical digging trajectory with an equal value of the soil cutting angle. The research background
is introduced in the first part of this paper. The second part explains how the digging trajectory
is generated. In the third part, the model of working performance is established, based on which
the optimization procedure is accomplished in the fourth part. A cable shovel with a nominal dipper
capacity of about 55 m3 (Type WK-55) is used for validation of the optimization method in the fifth
part. Finally, conclusions are summarized in the last part.

2. Digging Trajectory of the Cable Shovel

According to the classic theory for cable shovel performance evaluation, the soil cutting condition
should be kept the same during the whole digging process [18]. Therefore, the digging trajectory is
traditionally designed as a logarithmic spiral curve, as shown in Figure 1.

The value of the digging angle δ remains the same when the tip of the shovel bucket tracks the
logarithmic spiral curve. Based on the geometrical relationship explained in Figure 1a, the value of
polar diameter ρ can be expressed as a function of polar angle ϕ through integral operation:

dρ

ρ · dϕ
= cot δ, ρ = ρ0 · eϕ cot δ (1)
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Figure 1. Theoretical digging trajectory for cable shovels.

The symbol ρ0 indicates the initial value of the polar diameter when the digging process has
started. As can be seen from Figure 1a, the digging angle δ cannot fully reflect the impact of the
lip front. Therefore, as shown in Figure 1b, based on the logarithmic spiral curve, the curve with a
constant value of cutting angle δd is developed:

dρ

ρ · dϕ
= cot

[(π

2
− ψ ’

)
−
(

β f − δd

)]
, ρ =

h
c
· (pρ · ec·φp − 1

)
(2)

where: ⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

pρ = 1 + c ·
(

ρ0

h
− h

2 · ρ0

)

φp = ϕ − arcsin
(

h
ρ

)

c = tan
(

β f − δd

)
(3)

For the convenience of programming, the value of the angle ψi in iterative step i can be calculated
using the value of the polar diameter in iterative step i − 1:

ψi =
h

ρi−1
(4)

Combining Equations (2)–(4), the theoretical digging trajectory with a constant digging angle can
be established by setting the value of the initial polar diameter ρ0 and cutting angle δd.

Even though the curve with constant soil cutting angle δd can theoretically maintain the same
digging condition, it is difficult to track this kind of digging trajectory practically. The working device
of the cable shovel is a two DOF mechanism as shown in Figure 2. Corresponding to such a theoretical
digging trajectory, either the hoist speed or the crowd speed changes from a non-zero value and ends
up with another non-zero value. Taking the digging trajectory generated through the parameters
shown in Table 1 as an example, the hoist speed curve and crowd speed curve are shown in Figure 3.

Table 1. Digging trajectory parameter: an example.

ρ0 (m) δd (degree) ϕ (degree) β f (degree) Dig Time tD (s)

9.5 49.3 0–90 51.6 10.281
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Figure 3. Hoist speed and crowd speed.

It can be clearly seen from Figure 3 that both the speed curves start and end with a non-zero
value. However, the working mechanism is commonly locked in a fixed position at the beginning
and the ending moment of the digging process, which means the values of the instantaneous speed
and acceleration should be zero. Therefore, the contradiction between the digging theory and real
operational situation makes it hard to implement the theoretical speed curves. Besides, considering the
cable shovel being operated by trained operators, it is difficult for them to control the motors precisely
to follow the theoretical speed curves.

Although the advanced control technique applied in a robotic excavation system can accomplish
the task precisely tracking the speed curves, it still cannot overcome the contradiction between the
theoretically designed speed and the speed that can be operated at the beginning and finishing period
of the digging process. Therefore, under the premise of the shovel power capabilities, the main task
for digging trajectory optimization for cable shovel robotic excavation can be summarized as two
aspects: firstly, taking advantage of the theoretical trajectory with a constant soil cutting angle to
acquire optimal working performance; secondly, modifying the corresponding speed curves to to
make the digging trajectory practical.

3. Working Performance Modeling

For a certain type of cable shovel, the different speed combinations determine different digging
trajectories, reflecting different digging performance such as digging force, digging efficiency, digging
power consumption and bucket fullness. The basis for the numerical evaluation of cable shovel
working performance is the kinematic analysis of the working mechanism.
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3.1. Kinematic Modeling

Establish the Cartesian coordinate system as shown in Figure 2. The polar diameter ρ(t)
corresponds to lO1O2(t), and the polar angle ϕ(t) transforms into θ1(t).

As shown in Figure 2, vcrowd = ˙lO1O2 , the radius of the saddle block can be symbolized as r1.
Based on the principle shown in Figure 4, the initial distance of lCqC can be symbolized as lCqC0 , and

the angle of ηC can be calculated as ηC = arctan
lCqC0+

˙lO1O2×t
r1+HC

− (π
2 − θ1

)
. Hence, the hoist speed can

be calculated through the equations:

vhoist = lO0C × θ̇1 × cos βC − ˙lO1O2 × cos εC (5)

where: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

lO0C =

√
(r1 + HC)

2 +
(

lCqC0 +
˙lO1O2 × t

)2

βC = arcsin
(

ROT

lOTC

)
−
[

π

2
− arccos

lO0C
2 + lOTC

2 − lO0OT
2

2 × lO0C × lOTC

]

lOTC =
√

lO0C
2 + lO0OT

2 − 2 × lO0C × lO0OT × cos (ηC + δ)

εC = arctan

(
lCqC0 +

˙lO1O2 × t
r1 + HC

)
+ βC

(6)

It is necessary to analyze the speed of the bucket tip for the purpose of confirming the direction of
the digging force. Figure 5 shows the principle of the calculation:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

vEa =
√

vEe2 + ˙lO1O2

2 − 2 × vEe × ˙lO1O2 × cos ϕE

vEa =

√
(r1 + HE)

2 +
(

lEqE0 +
˙lO1O2 × t

)2 × θ̇1

γE = arccos

(
vEa

2 + ˙lO1O2

2 − vEe
2

2 × vEa × ˙lO1O2

) (7)

where:

ϕE = arctan

(
lEqE0 +

˙lO1O2 × t
r1 + HE

)
(8)

The mass of the bucket-handle assembly for a large cable shovel cannot be ignored as it will cause
non-negligible inertia force. The principle for the speed analysis is shown in Figure 5:

{
vgax = ˙lO1O2 × cos θ1 + lO0G × θ̇1 × cos ηG

vgay = ˙lO1O2 × sin θ1 + lO0G × θ̇1 × sin ηG
(9)

where:

lO0G =

√
(r1 + HG)

2 +
(

lGqG0 +
˙lO1O2 × t

)2
(10)

Figure 6 explains the composition principle of acceleration:

agax = −agen · cos ηG + aget · sin ηG + agr · cos
(π

2
− ϕG + ηG

)
± agc · cos (ϕG + ηG) (11)

agay = agen · sin ηG + aget · cos ηG − agr · sin
(π

2
− ϕG + ηG

)
± agc · sin (ϕG + ηG) (12)

where:
agen = lO0G · (θ̇1

)2, aget = lO0G · θ̈1, agr = ¨lO1O2 , agc = 2 · θ̇1 · ˙lO1O2 (13)
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As can be seen in Equations (11) and (12), the Coriolis acceleration agc determines whether to take
the positive sign or the negative sign for calculation.
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3.2. Power Consumption and Bucket Fullness

The forces applied to the bucket-handle assembly during the digging process are shown in
Figure 7. The power consumption corresponding to the digging trajectory can be calculated based on
the driven speed and applied forces. Figure 8 shows the principle of digging volume evaluation, which
can be described as an integration process of the product between digging thickness and bucket width.

The digging forces acting on the tip of the bucket can be simplified as a tangential force and a
normal force [18]. Generally, those two forces can be calculated as:

{
FEt (t) = K · b · c (t)

FEn (t) = λ · FEt (t)
(14)

Different kinds of material correspond to different digging performance even for the same digging
trajectory. Theoretically, the digging resistant force can be simplified as one tangential force and one
normal force acting on the bucket tip of the mining shovel when digging the material of sand, loam,
gravel or clay. It should be noted that large number of boulders or oversized rocks would lead to
significant fluctuation of digging force during the excavation, which makes it difficult to describe
the digging process numerically. In Equation (14), the parameter K stands for the unit resistance to
excavation whose value depends on the soil type [18], b for the width of the bucket, and c (t) for the
current cutting thickness of the soil. The multiplication of b · c (t) represents the area of the current
digging cross-section. The parameter of λ in Equation (14) is the ratio between the tangential force and
the normal force, whose value depends on the soil type and the service time of the bucket [18].
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Taking advantage of D’Alembert’s principle, the crowding force (Fcrowd = FA) and hoisting force
(Fhoist = FC) can be calculated based on the equilibrium condition shown in Figure 7. Accordingly,
the following integral operations can be used for the calculation of energy consumption:

Ehoist =
∫ tT

t0

Fhoist × vhoist dt (15)

Ecrowd =
∫ tT

t0

Fcrowd × vcrowd dt (16)

As shown in Figure 8, the excavated mass and the bucket fullness can be calculated as:

Mdig = ρsoil × b ×
∫ tT

t0

c (t) dt (17)

Fullnessbucket =
b × ∫ tT

t0
c (t) dt

Vbucket
(18)

where the parameter ρsoil stands for the bulk density of the excavated material.
Finally, the unit energy consumption per payload and unit digging time per payload can be

calculated through the following equations:

EM =
Ehoist + Ecrowd

Mdig
(19)

TM =
tT − t0

Mdig
(20)

4. Multi-Objective Optimization Procedure

For optimal digging trajectory planning for robotic excavation in each digging cycle, a kind of
two-phase multi-objective optimization is applied for the maximum digging efficiency and minimum
unit energy consumption. The first phase of optimization can be described as searching the optimal
theoretical digging trajectory with a constant soil cutting angle. The second phase, however, is a
process making the trajectory practical by optimizing the speed curves of driving systems.

More specifically, for each unique digging condition, the parameters describing the theoretical
digging trajectory such as initial polar diameter ρ0, cutting angle δd, and digging time td are
taken as variables in the first phase of optimization. Accordingly, the working performance and
geometrical limitations are taken as constraints. The genetic algorithm is applied for the first phase of
multi-objective optimization. Based on the optimized theoretical digging trajectory, four speed control
moments are set up: t1, t2, t3, t4. The time period 0 − t1 is an acceleration period, and the speed of
both the hoisting and crowding system increase from zero with the value of acceleration rising from
zero simultaneously. The time period t1 − t2 is also an acceleration period with the speed continuously
increasing while the value of acceleration diminishes. Either the value of speed or acceleration matches
the theoretical trajectory at the moment of t2. During the time period t2 − t3, both the speed and
acceleration match with that of the theoretical trajectory. The time period t3 − t4 is a deceleration
period, and both the hoist and crowd speed start decreasing with the value of deceleration rising from
zero. The last time period t4 − td is also a deceleration period, and either the speed or the deceleration
diminishes to zero at the moment td. Therefore, the second phase of optimization takes the four speed
control moments as variables to make the theoretical digging trajectory practical and further decrease
the unit energy consumption. The procedure of the two-phase digging trajectory optimization can be
summarized as the flowchart shown in Figure 9.
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Figure 9. The two-phase multi-objective optimization of the digging trajectory based on the
genetic algorithm.

4.1. First Phase Optimization

4.1.1. Variables and the Boundary Constraints

The variables in the first phase optimization are initial polar diameter ρ0, cutting angle δd,
and digging time td. Generally, the boundary values of the variables are determined by structural and
operational limits:

X1 = [ρ0, δd, td] (21)⎧⎪⎨
⎪⎩

LowerX1 =
[
ρmin, δdmin, tdigmin

]
LowerX1 =

[
ρmax, δdmax, tdigmax

] (22)

4.1.2. Fitness Function for Multi-Objective Optimization

In order to make the working performance of unit energy consumption and unit digging time
fitness functions applied in the multi-objective genetic algorithm, the parameters of rated hoisting
power Ph, rated crowding power Pc, standard digging time tST , and rated digging mass MSAE are
applied for the normalization process:

⎧⎪⎪⎨
⎪⎪⎩

Fitness1 (X1) = max
[
(Ph + Pc)× tST/MSAE

EM (X1)

]

Fitness2 (X1) = max
[

tST/MSAE
TM (X1)

] (23)

4.1.3. Constraints

The constraints applied in the first phase of optimization can be summarized as two main kinds:
geometrical and performance constraints.
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The geometrical constraints can be listed as:

• The position of the bucket should be above the material pile when the digging process finishes:

{
g1 (X1) = yslopetip (X1)− ybuckettip (X1) < 0

g2 (X1) = yslopebot
(X1)− ybucketbot

(X1) < 0
(24)

In Equation (24), the parameter yslopetip
stands for the height of the material piled-up slope

corresponding to the bucket tip, while the parameter of yslopebot
indicates the slope height

corresponding to the bucket bottom. Similarly, the parameter of ybuckettip
means the height

of the bucket tip itself, while the parameter of ybucketbot
stands for the height of the bucket bottom.

• The length of the polar diameter should be within the limitation when the digging process finishes:

g3 (X1) = ρstop (X1)− ρlim < 0 (25)

In Equation (25), the parameter ρstop stands for the length of the polar diameter when the digging
process finishes, while the parameter ρlim means the maximum length of the polar diameter.

The performance constraints can be listed as:

• The highest hoist speed during the digging process vhoistmax should be smaller than the rated
value vhiostlim

. Similarly, the highest crowd speed vcrowdmax should not exceed the boundary value
of vcrowdlim

as well. {
g4 (X1) = vhoistmax (X1)− vhiostlim

< 0

g5 (X1) = vcrowdmax (X1)− vcrowdlim
< 0

(26)

• The highest hoist force during the digging process Fhoistmax should be smaller than the rated value
Fhiostlim

. Similarly, the highest crowd force Fcrowdmax should not exceed the boundary value of
Fcrowdlim

as well. {
g6 (X1) = Fhoistmax (X1)− Fhiostlim

< 0

g7 (X1) = Fcrowdmax (X1)− Fcrowdlim
< 0

(27)

• The highest hoist power during the digging process Phoistmax should be smaller than the rated
value Phiostlim

. Similarly, the highest crowd power Pcrowdmax should not exceed the boundary value
of Pcrowdlim

as well. {
g8 (X1) = Phoistmax (X1)− Phiostlim

< 0

g9 (X1) = Pcrowdmax (X1)− Pcrowdlim
< 0

(28)

• An extreme large value of bucket fullness would result in the overload of the power system.
In other words, the maximum value of the bucket fullness has already been limited by the
constraints of digging power. Hence, the bucket fullness should meet the minimum requirement
when the digging process finishes:

g10 (X1) = Fullnessbucketlim
− Fullnessbucket (X1) < 0 (29)

4.2. Second Phase Optimization

4.2.1. Variables and the Boundary Constraints

In the second phase of optimization, the variables change into the four speed control moments:

X2 = [t1, t2, t3, t4] (30)
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The boundary values of the variables can be described as:

{
LowerX2 = [t1min, t2min, t3min, t4min]

LowerX2 = [t1max, t2max, t3min, t4max]
(31)

4.2.2. Fitness Function for Multi-Objective Optimization

The fitness functions for the second phase of optimization are similar to the first phase. However,
it should be noted that the digging trajectory in the second phase of optimization is calculated through
the hoist and crowd speed while directly through the variables in the first phase:

⎧⎪⎪⎨
⎪⎪⎩

Fitness1 (X2) = max
[
(Ph + Pc)× tST/MSAE

EM (X2)

]

Fitness2 (X2) = max
[

tST/MSAE
TM (X2)

] (32)

4.2.3. Constraints

The constraints applied in the second phase of optimization can be divided into two groups: the
same constraints used in the first phase, which can be described as g1 (X2) ∼ g10 (X2), and the unique
constraints for the second phase. For geometrical constraints, the limitation for the initial digging
point is added to avoid deep insertion into the material at the beginning of the digging process.

g1a (X2) = y0slope (X2)− y0bucket (X2) < 0 (33)

In Equation (33), the parameter y0slope stands for the height of the material slope corresponding to
the bucket tip, while the parameter y0bucket indicates the height of the bucket tip itself.

For the performance constraints, the unique requirements for the speed curve and acceleration
curve are taken into consideration.

• At the moment of td, both the speed and acceleration for the driving system equal zero:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

g2a (X2) = vhoisttd
(X2) = 0

g3a (X2) = vcrowdtd
(X2) = 0

g4a (X2) = ahoisttd
(X2) = 0

g5a (X2) = acrowdtd
(X2) = 0

(34)

• At the moment of t1 and t4, the speed and acceleration for the driving system are continuous:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

g6a (X2) = vhoistti−B (X2)− vhoistti−A (X2) = 0

g7a (X2) = vcrowdti−B (X2)− vcrowdti−A (X2) = 0

g8a (X2) = ahoistti−B (X2)− ahoistti−A (X2) = 0

g9a (X2) = acrowdti−B (X2)− acrowdti−A (X2) = 0

i = 1, 4

(35)

In Equation (35), the subscript ′ − B′ represents the parameter value calculated from the time
period ti−1 to ti, while the subscript ′ − A′ for the time period ti to ti+1.
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• At the moment of t2 and t3, the speed and acceleration for the driving system are continuous,
and the parameters of movements match the theoretical digging trajectory.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

g10a (X2) = vhoisttj
(X2)− vhoisttj−theory (X2) = 0

g11a (X2) = vcrowdtj
(X2)− vcrowdtj−theory (X2) = 0

g12a (X2) = ahoisttj
(X2)− ahoisttj−theory (X2) = 0

g13a (X2) = acrowdtj
(X2)− acrowdtj−theory (X2) = 0

g14a (X2) = ρtj (X2)− ρtj−theory (X2) = 0

j = 2, 3

(36)

• The maximum acceleration should be limited in a certain range according to the driving system.

{
g15a (X2) = ahoistmax (X2)− ahiostlim

< 0

g16a (X2) = acrowdmax (X2)− acrowdlim
< 0

(37)

4.3. Optimization Method

The multi-objective genetic algorithm (MOGA) was applied in either of the two periods of
optimization. The MOGA toolbox provided with the MATLAB (R2019a, MathWorks, Natick, MA,
USA) software was used for the calculation. After getting the Pareto solution set, the digging time was
taken as an indicator for choosing the optimal result. Based on the optimization results, the digging
trajectory was generated with the digging performance numerically evaluated. The optimization
method should be taken in various situations to validate the efficiency.

5. Case Study

In order to validate the efficiency of the two-phase optimization method, the cable shovel with the
nominal dipper capacity of about 55 m3 (Type WK-55) was used in this research for optimal digging
trajectory planning. It was important to determine the constraint’s boundaries before the optimization.
Therefore, field tests were performed to get the limitations of the working performance.

5.1. Digging Performance Field Test

Considering the digging efficiency, the experienced operators of cable shovels could make
the digging operation faster with a higher value of the bucket fullness, which makes the shovel
power fully loaded or overloaded during the digging process. Field tests were performed at the
Anjialing open-pit coal mining site (Shanxi Province, China), as shown in Figure 10a. The digging
performance corresponding to the digging trajectory was recorded through the DAQ system (data
acquisition system).
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(a) WK-55 field operation in the Anjialing mining site (b) Recorded bucket trajectories

Figure 10. WK-55-type cable shovel field tests.

As can be seen from Figure 10b, the digging trajectories were discrete when the equipment was
operated by the operators. The corresponding performance boundaries are listed in Table 2.

Table 2. The tested digging performance boundaries.

No. Tested Parameters Unit Hoist System Crowd System

1 Maximum torque of a single driven motor N·m 33,695 9356
2 Maximum force of a single driven motor kN 1987 1002
3 Maximum speed of a single driven motor rpm 930 772
4 Maximum power of a single driven motor kW 1735 754
5 Average time of a digging cycle s 20 20
6 Minimum time of a digging cycle s 15 15
7 Maximum mechanism acceleration m/s2 0.8 0.5
8 Maximum mechanism velocity m/s 1.76 0.76

The performance constraints applied for optimization could be established based on the data
shown in Table 2 with the value of the overload ratio taken into consideration. Similarly, it was
necessary to numerically describe the digging condition to set up the geometrical constraints for
the optimization.

5.2. Digging Conditions

The digging pattern for cable shovels could be described as two main steps: Firstly, the equipment
stayed at a fixed place for several digging cycles until digging conditions could not meet the operation
requirements. Secondly, the cable shovel moved to the next fixed place and repeated the digging
process as described in the first step. Hence, the parameters describing the digging condition should
be defined in the same coordinate attached to the cable shovel. As shown in Figure 11a, under the
circumstances that the profile of the piled-up material was simplified as a straight line, different
digging conditions could be described as different combinations of slope angle δm and digging distance
dm. Generally, the value of the slope angle ranges from 37◦ to 42◦ for blasted rock. However, for the
digging distance, the minimum value should keep the tip of the bucket from not contacting the material
slope. The structural parameters of the WK-55-type cable shovel are explained in Figure 11b and listed
in Table 3.
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Figure 11. Digging conditions.

Table 3. Structural parameters of the WK-55 cable shovel working device.

Hh (m) Ho (m) Ro (m) RT (m) h (m) β f (degree) δ (degree) δh (degree) δtip (degree)

1.37 10.14 0.368 1.11 2.35 51.7 44.4 60.9 6.8

Additionally, the material parameters should be chosen carefully to evaluate the digging force
and other digging performance rationally. On the basis of the tested data gained from the Anjialing
mining site, the parameters indicating digging force are determined with the combination of the
measured trajectories to make the optimization process stay in line with the real digging condition.
The parameters of the excavated material in the Anjialing mining site, as well as the parameters of the
WK-55 shovel bucket are listed in Table 4.

Table 4. Material property and WK-55 bucket parameters.

ρsoil (kg/m3) K (kpa) λ b (m) Vbucket (m3) Mhandle (kg) Mbucket (kg)

1700 225 0.45 4.86 58 42,514 84,421

5.3. First Phase Optimization

In the first phase optimization, the digging conditions were divided into two main categories
according to the different profiles of the piled-up material: the flat surface, which could be described
using a slope angle, and the curved surface defined by groups of coordinate values.

5.3.1. Material Piled up with a Flat Surface

As listed in Table 5, five different digging conditions were set up for the first phase digging
trajectory optimization.

Table 5. Parameters describing digging conditions.

Digging Condition Number δm (degree) dm (m)

Condition I 40 2.5
Condition II 40 3.5
Condition III 40 4.5
Condition IV 37 2.5
Condition V 43 2.5

Optimizations were accomplished though using MATLAB. Taking the digging condition I (digging
distance set to 2.5 m and the slope angle set to 40◦) as an example, the Pareto results are shown in
Figure 12a, and the corresponding distribution of the variables is shown in Figure 12b.
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Figure 12. First phase optimization results for Condition I.

As shown in Figure 12b, the design variables of the initial polar diameter and soil cutting angle
converged to a concentrated interval with the individual values slightly fluctuating around the average
value. However, the design variable of digging time was distributed around the average value
discretely. Hence, the digging time was taken as the indicator for deciding the optimal combination of
the design variables based on the Pareto results. Similarly, the first phase optimizations were applied
to the other four digging conditions with the optimal results listed in Table 6.

Table 6. First phase optimization results for all five digging conditions.

Digging
Condition

ρ0

(m)
δd

(degree)

tdig
(s)

Fhoistmax

(kN)
Fcrowdmax

(kN)
Phoistmax

(kW)
Pcrowdmax

(kW)
Fullness E/M

(J/kg)

I 9.78 51.5 10.02 3487.42 860.08 3218.10 265.08 0.9598 271.2458
II 9.96 48.5 10.04 3497.75 882.96 3524.60 351.20 0.9603 284.1154
III 10.02 45.1 10.11 3489.99 915.91 3683.09 452.16 0.9481 296.8358
IV 9.95 49.8 10.07 3492.24 913.31 3311.64 327.52 1.0126 268.8554
V 9.52 51.1 10.04 3498.95 749.14 3180.14 237.15 0.8995 274.8638

Comparing the data listed in Tables 2 and 6, the digging parameters applied in the first phase
optimization were set the same as the real tested area in the Anjialing mining site, and after the first
phase optimization, the digging time of all five digging conditions decreased dramatically from the
minimum of 15 s to an average of about 10 s. Besides, different digging conditions slightly affected
the optimization result of bucket fullness, which stably stayed above 0.9. The data listed in Table 6
indicated that the different digging conditions had a different influence on the optimization results.
With the same digging distance, when the value of the slope angle increased, the optimal initial polar
diameter became shorter, while the soil cutting angle almost remained the same. However, the optimal
cutting angle kept decreasing while the initial polar diameter barely changed when the digging
distance increased with a constant value of the slope angle. Additionally, the unit energy consumption
per payload increased with the digging distance, as well as the slope angle. Hence, in general, under
the condition that the materials had similar properties and a regular particle size distribution, the
digging distance influenced the digging operation more significantly than the slope angle.

5.3.2. Material Piled up with a Curved Surface

Even in the ideal digging conditions, it was difficult to guarantee that every piled-up material profile
could be simplified as a flat surface using a value of the slope angle for the description. In order to keep in
line with the same diggability of the material in the Anjialing mining site, the same values of the digging
parameters were applied. Hence, based on a slope angle of 40◦, four curved profiles were established
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representing four typical concave-convex conditions. For each curved profile, three digging distance were
applied for digging trajectory optimization, as shown in Figure 13.
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(b) dm = 3.5 m, Curve 1
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(c) dm = 4.5 m, Curve 1
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(e) dm = 3.5 m, Curve 2
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(f) dm = 4.5 m, Curve 2
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(h) dm = 3.5 m, Curve 3
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Figure 13. Digging trajectories for Curves 1–4: first phase optimization.
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It can be seen from Figure 13 that the profile of piled-up material dramatically influenced the
optimization results. In other words, the optimization method established in this research could adapt
to various digging conditions. The digging performance comparisons between the optimal digging
trajectories for different piled-up material profiles are listed in Table 7.

Table 7. Digging performance comparison between digging trajectories: first phase optimization.

Digging Distance dm = 2.5 m

Material
Pile

ρ0

(m)
δd

(degree)

tdig
(s)

Phoistmax

(kW)
Pcrowdmax

(kW)
Fullness E/M

(J/kg)

Curve 1 9.64 51.5 10.00 3146.10 235.08 0.8427 277.0546
Curve 2 9.91 47.5 10.01 3434.60 338.74 0.9442 293.3497
Curve 3 – – – – – – –
Curve 4 9.50 51.5 10.00 2426.30 367.74 0.8047 266.2236

Straight Line 9.78 51.5 10.02 3218.10 265.08 0.9598 271.2458

Digging Distance dm = 3.5 m

Material
Pile

ρ0

(m)
δd

(degree)

tdig
(s)

Phoistmax

(kW)
Pcrowdmax

(kW)
Fullness E/M

(J/kg)

Curve 1 10.02 49.8 10.02 3419.90 287.18 0.8461 292.0918
Curve 2 9.98 44.6 10.00 3922.00 390.78 0.8598 312.9045
Curve 3 9.58 50.2 10.00 3480.90 340.32 0.8514 286.4528
Curve 4 9.53 46.8 10.01 2813.40 528.62 0.8630 278.2105

Straight Line 9.96 48.5 10.04 3524.60 351.20 0.9603 284.1154

Digging Distance dm = 4.5 m

Material
Pile

ρ0

(m)
δd

(degree)

tdig
(s)

Phoistmax

(kW)
Pcrowdmax

(kW)
Fullness E/M

(J/kg)

Curve 1 10.00 45.9 10.03 3695.70 398.55 0.8298 308.2182
Curve 2 10.04 42.0 10.00 3674.60 426.56 0.7150 348.2000
Curve 3 9.87 48.1 10.10 3756.90 426.98 0.8459 302.7920
Curve 4 9.50 42.9 10.04 3007.60 673.70 0.8524 291.8544

Straight Line 10.02 45.1 10.11 3683.09 452.16 0.9481 296.8358

Combining the data listed in Table 7 and the information shown in Figure 13, the relationship
between the piled-up material profile and the optimal digging trajectory could be summarized into the
following aspects: For Curve 2 and Curve 3, the curved profile entirely stayed above or beneath the
40◦ slope line, and the corresponding digging trajectories moved forward and backward accordingly.
It should be noted that, for Curve 3, there did not exist an optimal digging trajectory for the case with
the digging distance of 2.5 m, which indicated that there was no optimal result fitting the constraints if
the cable shovel stayed too close to the material pile. Similarly, the digging trajectories corresponding to
Curve 1 appeared close to those optimized for the 40◦ slope line because the curve itself just fluctuated
slightly around the line. For Curve 4, however, the optimization made the digging trajectory fill the
bucket during the early period of excavation, which matched with the character of this curve and
reduced the energy consumption per payload.

The results indicated that the first phase optimization could adapt to different digging conditions.
Although the digging conditions set in this research for digging trajectory optimization could not cover
all kinds of operational demands, the optimal results could prove the validity of the optimization to
some extent.

5.4. Second Phase Optimization

Based on the results of the first phase optimization, the second phase optimization was carried
out to enhance the executability of the excavation process while improving the digging performance.
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Taking the digging for Condition I as an example, the comparison between the results of the first and
second phase optimization are shown in Figure 14.
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Figure 14. Digging performance comparison between two phases of optimization: an example.

As can be seen from Figure 14a, the total length of the digging trajectory reduced significantly
after the second phase optimization, while the shape of the trajectory mostly retained the result of the
first phase optimization with a slight difference that appeared at both ends of the trajectory. It is also
clearly shown in Figure 14a that after the second phase of optimization, the digging process stopped
right after the shovel bucket totally moved above the material slope. As the cable shovels are usually
switched to swing cycle after the digging cycle, it might help prevent the shovel bucket from hitting
the bench face for the operators to hoist the bucket much higher than the material pile, but that is not
necessary for robotic excavations. Hence, the trajectory from the second phase optimization was more
reasonable than the result of the first phase optimization. Besides, the constraints applied in the second
phase of optimization ensured the smooth change of kinematic and performance parameters, which
made the digging process more practical by reducing the impact force during the digging process.
As shown in Figure 14b–f, either the speed or the power consumption of the driving system started
and ended with the value of zero. The results of all digging conditions are listed in Table 8.

Table 8. The results of the second phase optimization.

Digging
Condition

t1

(s)
t2

(s)
t3

(s)
t4

(s)
Fhoistmax

(kN)
Fcrowdmax

(kN)
Phoistmax

(kW)
Pcrowdmax

(kW)
Fullness E/M

(J/kg)

I 0.4 1.2 6.5 9.6 3486.20 863.51 3217.63 266.09 0.9579 237.0699
II 1.0 2.4 6.9 9.6 3499.11 885.83 3527.50 352.32 0.9603 244.5252
III 2.1 3.7 8.1 9.5 3492.75 919.28 3642.87 453.80 0.9481 252.7828
IV 0.4 1.2 5.7 9.6 3489.84 918.27 3315.66 329.30 1.0126 226.4975
V 0.4 2.3 8.1 9.5 3499.98 751.05 3182.23 237.74 0.8995 250.0330
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Combining the data listed in Tables 6 and 8, the comparison between the digging performance of
the first and second phase optimization results is shown in Figure 15.
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Figure 15. Digging performance comparison between two phases of optimization.

As shown in Figure 15, the unit energy consumption per payload was the only parameter of
digging performance that significantly changed after the second phase of optimization. To be more
specific, the reduction of all five digging conditions was on average 13.28%. In other words, the second
phase optimization mainly retained the advantage of the results of the first phase optimization with
the energy consumption further decreased while making the digging trajectory more practical.

6. Conclusions

A kind of multi-objective two-phase optimization method was established for robotic excavation
of cable shovels in this research. The cable shovel with a nominal dipper capacity of about 55 m3

(WK-55) was applied for the validation of the optimization method under various digging conditions
with different forms of pile-up material and digging distance. Field tests were applied in the Anjialing
mining site for the measurement of the digging performance of the cable shovel and the rational
selection of the digging parameters. It could be concluded from the optimization process that
different digging conditions corresponded to different optimal digging trajectories. However, if the
shovel stayed too close to the material slope, there might not exist an optimal result for the digging
trajectory. Therefore, the shovels should stay at a reasonable distance toward the material slope for
an optimal digging process. The two-phase optimization took theoretical advantage of the digging
trajectory with a constant value of soil cutting angle and overcame its weakness in executability.
Under the same material condition of the Anjialing mining site, the optimization results indicated
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that the average digging time decreased from 20 s driven by operators to 10 s after the first phase
optimization. The unit energy consumption reduced by 13.28% after the second phase optimization.
The optimization experiments under different digging conditions and the corresponding results proved
that the two-phase optimization method established in this research was an adaptive and effective
method for optimal digging trajectory planning.
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Abstract: Electrified vehicles have undergone great evolution during the last decade because of the
increasing attention paid on environmental sustainability, greenhouse gas emissions and air pollution.
Emission regulations are becoming increasingly tight, and governments have been allocating multiple
funds to facilitate the spreading of the so-called green mobility. In this context, steering towards
electrified solutions not only for passenger vehicles, but also for compact off-highway vehicles
extensively employed, for instance, on construction sites located in urban areas, warehouses, and
greenhouses, is essential even if seldom considered. Moreover, the electrification of compact off-
highway machinery may allow manufacturers to increase their expertise in and lower the costs of
these alternative solutions, while gathering useful data to be applied in bigger and more remunerative
off-highway vehicles. In fact, while electric automobiles are as of now real alternatives for buyers,
off-highway vehicles, regardless of the application, are mostly in the research and experimental phase,
with few of them already on the market. This delay, in comparison with the passenger automotive
industry, is caused by different factors, mostly related to the different tasks of off-highway vehicles in
terms of duty cycles, productivity performance parameters and user acceptability. The aim of this
paper is to give an overview of the many aspects of the electrification of compact off-highway vehicles,
to highlight the key differences between on-highway and off-highway vehicles and to summarize in
a single source of information the multiple solutions investigated by researchers and manufacturers.

Keywords: electrification; green mobility; compact off-highway vehicles; battery electric

1. Introduction

The attention directed toward environmental sustainability has undergone a great
increase in recent years, with the authorities pushing more and more towards a cleaner and
more efficient usage of energy. In this context, the environmental impact of the transport
and mobility sector is a very relevant topic all around the world: in Europe, for instance,
the European Green Deal [1] aims for a 90% reduction in transport emissions by 2050. To
reach the climate neutrality, new vehicle concepts, such as electric and hybrid vehicles, are
believed to be essential [2] and the International Energy Agency (IEA) foresees a growth
in the market share of electric vehicles (EVs) from 5 million in 2018 to 130–250 million by
2030 [3]. According to a European report on sustainable economy [4], 75% of European
citizens live inside urban areas, meaning that the so-called “smart cities” are going to be the
centers of innovation in mobility; as a consequence, compact electric vehicles are crucial,
because they are more suited to urban environments. Additionally, compact machinery
that work in very limited areas (construction sites, warehouses, greenhouses) can benefit
significantly from full electric powertrain [5].

The automotive supply chain has been addressing the process of electrification for
more than a decade, and now there are many feasible alternatives to the internal combustion
engine (ICE) vehicles; at the same time, this growth is also pushing the off-highway vehicle
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industry to accelerate its progress in the same process. In this regard, off-highway vehicles
are an important source of emissions and fuel consumption [6], and, both in Europe and in
the United States, authorities have been tightening the emission standards for non-road
vehicles and machinery with the “TIER 1 . . . 4” [7] and the “STAGE I . . . V” classes [8];
because of these, it is predicted that, sooner or later, ICE-based vehicles could become more
expensive than electric and hybrid ones [9].

While environmental concerns regarding air pollution and greenhouse gas emissions
are the main drivers for the electrification process of the automotive industry, for the off-
highway machinery industry, this process is strictly connected to other major drivers [10]:
fuel economy, increased productivity and greater reliability.

Furthermore, while in a passenger vehicle, the power load is mainly related to trac-
tion [11], off-highway vehicles have a more complex load profile that is highly dependent
on the mission of the vehicle and which is also related to different loads other than trac-
tion [12], such as hydraulic systems, ancillaries, etc. This implies important differences
between automotive drive cycles and off-highway duty cycles, where the power require-
ments of hydraulic systems, ancillaries, implements and so on are major variables, highly
fluctuating over a mission profile [13]. For this reason, the off-highway industry is investi-
gating electrification to improve ancillaries and implements, too, in order to achieve lower
operating costs, better control systems and new design possibilities [14].

To give a comprehensive overview of the state of the art, attention is firstly focused
on the four main categories of the off-highway industry; then, the essential difference
between automotive drive cycles and off-highway duty cycles is clarified. A brief overview
on the main components of electric vehicles, i.e., batteries and motors, is provided before
the in-depth analysis of the state of the art, where the major trends and requirements are
investigated from a novel viewpoint focusing on the most developed off-highway category,
namely the construction category. Before presenting the analysis of the possibilities for
efficiency enhancements with respect to hydraulic and energy recovery systems, a list
of some interesting compact electric vehicles is provided for each off-highway category.
Lastly, a very brief outline of existing hybrid vehicles for these applications is presented,
highlighting some of the differences between pure electric and hybrid solutions.

Therefore, this review aims to summarize the main topics surrounding the electrifica-
tion of compact off-highway vehicles and machinery, highlighting which components or
technologies are more suited for the compact segment of the industry, while also aiming
to show how important compact machinery are and can be for the electrification of the
whole industry; indeed, the authors believe that the compact segment is sometimes under-
estimated and, as far as the authors know, this is the first comprehensive review with a
specific focus on the components that best suit these types of machinery. Furthermore, on
the basis of a market analysis, we aim to show the actual trends in both the research and
the industrial fields, providing the reader with a forecast about what to expect in the next
few years.

2. Off-Highway Vehicles’ Categories

The key aspect in the off-highway vehicles industry is that every vehicle is designed
in order to complete its specific duty, based on intensive application within its specific
operating environment [15]. As a result, there are many vehicles of different weight, power,
layout, etc., that are tailored for specific duties, and the evaluation of the electrification
possibilities for such vehicles is challenging because of this extensive diversity.

For the sake of simplicity, off-highway vehicles can be grouped into four main cate-
gories, as shown in the Table 1. Even if these different categories are universally recognized
within the industry, there are instances of multipurpose vehicles that can be fitted with
different accessories in order to fulfill duties across the board, e.g., small tractors that can be
used during winter as snow removal machinery, or municipal and property maintenance
vehicles with many different type of equipment.
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Table 1. Off-highway vehicle categories.

Category Vehicle

Tractors and agricultural. Tractors, combine harvesters, field choppers, etc.
Municipal and property maintenance. Turf cutters, street sweeping machines, etc.

Transportation of goods and material handling. Forklift machines, material handlers, etc.
Construction, forestry and mining. Excavators, frontend loaders, backhoes, etc.

3. Duty Cycles

Among the many different car-related drive cycles, the two most widely known ones
are the New European Driving Cycle (NEDC) and the World harmonized Light-duty
vehicles Test Procedure (WLTP) (Figure 1), which is the current standard for the evaluation
of the fuel consumption and exhausts type approval tests.

Figure 1. WLTP Drive cycle for passenger vehicles.

As can be seen in Figure 1, where the WLTP cycle is shown, typical automotive
drive-cycles are based mainly on the speed profile, since the main power request source in
passenger cars is the traction power, which is assumed to always be satisfied by the engine.
Furthermore, any automobile manufacturer must test any new vehicle under the WLTP
drive cycle before putting it on the market, and consequently all manufacturer information
on fuel consumption is based on it. There are also many other standard drive cycles, but
they are used mainly for engineering purposes, meaning that they are used during the
vehicle design and verification phase, and they are not aimed at any certification process.

On the other hand, duty cycles for the off-highway industry must take into account
different additional aspects: first of all, regardless of the vehicle under analysis, the duty
cycle is much more intense in terms of magnitude and frequency of power peaks, as visible
in Figure 2, which shows an example of drive mission for an agricultural tractor [13];
secondly, as of now, these standard duty cycles are used only for internal engineering and
testing purposes, and they are not assumed to be a common basis among manufacturers.
In these circumstances, every Original Equipment Manufacturer (OEM) is accustomed to
its internal duty cycles and researchers even tend to register specific duty cycles for each
vehicle under analysis.
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Figure 2. AG Tract Drive cycle for agricultural tractor.

As previously stated, the power flow in off-highway vehicles is not directed completely
to traction, but rather is variably divided into different power outputs related to mechanical
or hydraulic loads. Therefore, the definition of a typical duty cycle is also a huge challenge
among vehicles that are similar.

To the best of authors’ knowledge, the only known exception is the DLG Power Mix
(Deutsche Landwirtschafts Gesellschaft-German Agricultural Society) [16], which states
itself as the de facto standard for agriculture tractors, but it has no legal value for the
homologation process, and it is mainly used to provide product information to potential
buyers. In this regard, Refs. [17–19] investigated the electrification of agricultural tractors,
but each one used different duty cycles, without mentioning anything about the DLG
Power Mix or the AG Tract Drive cycle (Figure 2).

The same happens in the case of construction vehicles: in [20,21] the authors defined a
specific duty cycle for the hybridization process of a skid loader, while in [22–26] different
duty cycles were used for analyses on compact excavators. The need of a standard duty
cycle for excavators has been emphasized in many articles, such as [27], and a good attempt
at standardization was made by the Japanese Construction Mechanization Association
with the test procedure explained in [28], but they are still not globally recognized.

As a matter of fact, duty cycles are key points for the electrification design process,
since knowing the power and torque request profiles for each vehicle allows the correct
selection and sizing of the on-board power sources, powertrain layout and energy storage
systems. The final aim of the cycle analysis is the model-based simulation for energy
consumption and working range estimation.

Operational runtime is another essential point for the electrification process, because
many off-highway vehicles need to be continuously operative for eight or more hours,
with very little or even no time for recharging during the day. Thus, the computation of
working range and, eventually, elapsed charging time are essential parameters for boosting
scheduling at building sites, warehouses, logistic and industrial plants, and so on.

4. Main Components and Architectures of Electric Vehicles

Similarly to what is reported in [29], electric off-highway vehicles can be divided on
the basis of their architectures:

• tethered type: these need constant physical connection to an external electric source;
this can be the power grid or an external electric generator.

• battery type: these work completely disconnected from any external power source,
which is needed only to recharge the internal energy storage system when the vehicle
is not in use.

• tethered-battery type: there is the possibility of using the vehicle even during charging.
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All these architectures are useful for specific applications and have been investigated
during the last decade. For instance, extremely large excavators can exploit the boost in
efficiency given by electrification [30], but to supply enough power to their systems, they
require a physical connection to the power grid. Similarly, articulated loaders for under-
ground mining have been electrified for many years, and they are already widespread in
the market because of the primary need to not pollute underground air, but the majority of
them are constantly connected to the power grid due to their very high energy demand [31].
Tethered-battery vehicles can overcome their limited range by connecting them to a set
of overhead lines, like trolleybuses do [32], or to an external diesel generator only when
needed, but this second solution is not ideal because it does not eliminate local air pol-
lution and noise. Therefore, especially for compact electric vehicles, the most interesting
architecture is the battery-type, as their operation is not limited by any electric cables.

Because of the high complexity of the drivetrain, the need for optimizing the efficiency,
and the inherent flexibility provided by electrification, architectures with multiple electric
motors are an important subject of research. In fact, while thermal engines usually require
mechanical devices and/or hydraulic systems to transfer power, electric motors can be
distributed differently on the vehicle platform. For instance, the automotive industry is
looking at the optimization of weight distribution, the possibility of explointing the benefit
of torque vectoring and the enhancement of efficiency by cleverly combining speed and
torque from different motors [33]. The benefits for the off-highway industry are even more
profound. Indeed, depending on the mission, it could be useful to enhance the traction by
using multiple motors on each axle [12], to move implements and ancillaries independently
from one to the other [34,35], or to better control the speed of hydraulic pumps [36].

Thus, it is important to briefly analyze two of the main components of any battery
electric vehicle: the energy storage system and the electric motor.

4.1. Energy Storage Systems

The energy storage system is a key element for any electric vehicle. The main prop-
erties of any energy storage system are: specific power (W/kg), specific energy (Wh/kg),
energy density (Wh/L), cycle life, and efficiency [11]. Thus, the choice of the energy storage
is a combination of many aspects of the vehicle and its mission. In Table 2, a comparison
between the most common energy storage systems [11,37] of the off-highway industry
is provided.

Table 2. Comparison between the main energy storage systems [11,37].

Flywheel Supercapacitor
Hydraulic

Accumulator
Lead-Acid

Battery
Ni-MH
Battery

Lithium
Battery

Specific
power (W/kg) 400–1500 500–5000 2000–19,000 75–300 150–200 250–340

Specific
energy (Wh/kg) 10–30 2.5–5.5 2 30–50 60–120 75–200

Energy
density (Wh/L) 20–80 35 5 50–80 150–180 200–250

Cycles 20,000 100,000 100,000 500–1500 2500 2000–10,000
Efficiency (%) <96 <95 <90 <80 <90 <95

Among the different types of batteries, lithium batteries are recognized as the present
state of the art, and also as the most interesting long-term solution, both from a technical
and a cost-performance points of view; indeed, from 2010 to 2016, specific cost per energy
unit ($/kWh) decreased at a rate of almost 20% per year [38], while different combina-
tions of cathode, anode and dielectric have entered the market. In this regard, while the
automotive industry uses different chemistries such as LiFePO4 (Lithium Iron Phosphate),
NCA (Lithium Nickel Cobalt Aluminum Oxide) and NMC (Lithium Nickel Manganese
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Cobalt Oxide) [39], in the off-highway industry, LiFePO4 chemistry stands out as the de
facto standard thanks to its inherent better safety and thermal stability [40].

Flywheels, supercapacitors and hydraulic accumulators have higher power density
than batteries, but they are lacking in energy density, and this makes them more suitable
for hybrid architectures, where the main energy source remains the ICE and the energy
storage systems are used to follow the power peaks without excessively ramping up the
ICE [41], and/or to accumulate energy from the recovery systems. Hydraulic accumulators
in particular have extremely high specific power, but they also have the worst energy
density, making them more difficult to implement in compact vehicles [42].

To improve the overall efficiency, researchers are focusing on the combination of
more than one energy storage system [43–45]; consequently, it would be possible to take
advantage of components with either high specific power or high specific energy.

4.2. Electric Motors

Electric motors are the other fundamental components of electric vehicles: they con-
vert electrical energy into mechanical energy, and they can also act as generators during
regenerative events. Furthermore, their efficiency is higher than that of ICEs and, for
limited periods of time, they can reach much greater peaks of power [46] (in some cases
even two or more times higher than their target continuous power). In addition, thanks
to their inherent characteristics and the use of an inverter, electric motors can supply the
maximum available power along almost the entire velocity range [37], following an ideal
curve for traction purposes.

Any electric motor to be implemented into a vehicle needs the following characteristics:
mechanical ruggedness, high torque density, high energy efficiency, wide speed range, low
noise, low or null maintenance, simple control and low cost [47].

The main properties of the three most common electric motors used in both the
automotive and the off-highway industries are shown in Table 3 [29,37,47–49]; even if
reported as macro-categories, they have their inherent advantages and disadvantages.

Table 3. Comparison between the main electric motors’ technologies [29,37,47–50].

Induction Motor (IM)
Permanent Magnet

Synchronous Motor (PMSM)
Switched Reluctance Motor (SRM)

Advantages
Very robust

Low cost
Easy to control

High torque density
Very high efficiency

Good thermal

Good torque density
Very robust

Low cost

Disadvantages Low efficiency
Narrow speed range

High cost
Magnets decay

Complex control
Loud noise

Big torque ripples

Induction Motors (IMs) and Permanent Magnet Synchronous Motors (PMSMs) are
nowadays the most common electric motors in the automotive market [50]; PMSMs stand
out in terms of torque density, being the best choice for high performance vehicles and
for purely tractive efforts, while IMs are very robust, easy to control and, because of the
absence of expensive permanent magnets, their cost is much lower, although they are
bulkier and heavier.

To combine the best of these two technologies, in the last decade, many studies have
been carried out on Switched Reluctance Motors (SRMs) [51,52]; the low-cost rotor in place
of the more expensive permanent magnets and the higher efficiency in comparison with the
IMs are the great advantages of the SRM motor. However, because of the highly complex
control mechanism, they have been implemented on working prototypes only recently.
Nonetheless, due to the promising cost/performance ratio, SRMs have been pointed out as
the biggest future improvement in electric motors for both the on-highway and off-highway
industries [53].
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5. State of the Arts and Trends

To find the common trends of the electrification process within the off-highway
vehicle industry, the authors believe that a market analysis focusing on the most developed
category of the industry may be regarded as representative. Therefore, this paper focuses
the market analysis on the construction vehicle category, in particular, the case of excavators
and front-end loaders, as they are the two most common types [42]. It should be noted that
while the data were collected from OEM websites, scientific papers, and trade magazines,
they remain indicative values; when they were incomplete, they were consciously derived
by the authors.

Figure 3 shows the ratio between the operative weight and ICE power of excavators,
along with their electric counterparts, where EM continuous power is considered in place
of ICE power; the linear regressions between the two are also reported. As can be seen,
the power-to-weight ratio is almost identical, meaning that almost all the electric vehicles
are designed by simply substituting the ICE with an electric motor of equivalent power
(continuous mode). Things are different when considering the peak power of the electric
motors. Indeed, in this case, as can be seen in Figure 4, the power-to-weight ratio of the
electric excavator is constantly higher than the ICE-powered one. It should be noted that,
in the case of peak power, the plot is restricted to smaller excavators because of the highly
scattered data of the bigger ones.

Figure 3. Power-to-weight ratio of ICE excavators and EM excavators (continuous power) with
linear regressions.
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Figure 4. Power-to-weight ratio of ICE-powered excavators and EM-powered excavators (peak
power) with linear regressions.

Another fundamental aspect visible in the plot is that the majority of the vehicles
belong to the compact segment, characterized by a weight below 5000 kg and a maximum
power of 30 kW. This is due to two key reasons: on the one hand, the electrification of
compact vehicles is less expensive for manufacturers, providing the opportunity of hav-
ing cost-efficient running vehicles, from which useful operating data can be collected for
scaling up toward bigger and more remunerative vehicles [54]; on the other hand, the
emission regulations and the increasing number of “zero-emission” city centers [55] makes
electrification necessary for the compact class of excavators in the immediate future. In
this regard, manufacturers like Volvo CE (Gothenburg, Sweden) and Wacker Neuson SE
(Munich, Germany) are already conducting customer field tests on emission-free construc-
tion sites [56,57], while municipalities like Helsinki, Amsterdam, Brussels and others are
exploring the possibility of limiting public construction tenders to free-emission vehicles
and projects only [58].

In Figure 5, another interesting aspect of the electrification process is shown, which
is the rather common choice of keeping the voltage below the high-voltage automotive
limit of 60 V DC (Direct Current) [59], providing an advantage in terms of costs reduction.
On the one hand, the low cost is made possible by the higher level of standardization of
the components for systems below 60 V [60] (they have been used for decades on electric
forklifts and they are currently used on most of the automotive hybrid systems, including
start and stop systems), while on the other hand, above this limit, much more sophisticated,
protective and reliable systems for preventing short-circuits are needed [61]. In this regard,
the automotive industry is already moving towards high-voltage systems because of their
inherent increased efficiency [62], while their higher costs are mitigated thanks to their
suitability for mass production.

Regarding efficiency and energy consumption, it can be seen from Figure 6 that the
operational runtimes of electric excavators are very scattered; the main reason for this is the
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absence of a standard duty cycle commonly recognized by manufacturers. Therefore, many
of the available data regarding running times are neither accurate nor validated. Even if
there are scientific papers and published manufacturers’ reports in which the operational
runtimes are calculated by means of the published duty cycles, like the one by the Swiss
manufacturer Suncar HK AG (Oberbüren, Switzerland) [24], these are barely comparable
to the others.

Figure 5. System voltage in relation to the operating weight. Labels refer to different excavator
models according to manufacturers’ datasheets.

Figure 6. Operational runtime in relation to operating weight. Labels refer to different excavator
models according to manufacturers’ datasheets.
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As a matter of fact, most of the electric excavators are retrofittings of existing ICE-
powered vehicles, where the design efforts were limited to the integration of the electric
motor, battery pack and charging system in place of the ICE and the fuel tank, with
additional efforts devoted to the implementation of the control system for the new power-
train architectures.

The situation is similar for front-end loaders, as can be seen in Figure 7, even if there
are some differences: first of all, the number of electric vehicles is much lower; secondly
the data are much more scattered.

Figure 7. Power-to-weight ratio of ICE-powered loaders and EM-powered loaders (continuous
power) with linear regressions.

Another relevant difference is related to the changes in the powertrain architectures
adopted for the electric vehicles; for instance, in the majority of the front-end loaders,
manufacturers prefer the adoption of two EMs instead of the single ICE (Figure 8), differen-
tiating the power flow requested by traction from the power flow requested by hydraulic
actuators and ancillaries. The typical mission of front-end loaders indeed requires great
tractive effort, while excavators usually work at a fixed point, and consequently, the choice
to double the motors allows a great improvement both in productivity and in efficiency.
The results are visible in Figure 7, where it is clear that the continuous power of electric
loaders is usually lower than the corresponding ICE-powered original versions.
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Figure 8. Simplified power scheme of a front-end loader. (a) ICE-powered loader. (b) EM-powered loader.

The lower number of electric front-end loaders can be justified by the higher cost
of development, but, in the same way as for excavators, the greatest number of electric
applications can be found within the compact segment, characterized, once again, by
weight under 5000 kg and the power below 30 kW.

However, the common and most important aspect of the current electrification process
is the attempt to maintain reasonable costs by limiting difficult innovations, developing
retrofitted electric vehicles from existing ICE based ones and/or outsourcing much of the
design process to more specialized and agile companies, such as Green Machine (Buffalo,
NY, USA), who have played an extensive role in the electrification of many pieces of
construction equipment from different manufacturers such as Case CE (Amsterdam, The
Netherlands), Takeuchi Mfg (Sakaki, Japan) and Bobcat (West Fargo, ND, USA) [54].

In this scenario, predictions from Frost and Sullivan [63] foresee an increase of the
battery electric compact excavator market share from the current 1% to 4% in 2030, as well
as an increase in compact battery electric front-end loaders to 6% before 2030.

Regarding the other categories of off-highway vehicles and machineries, the number
of electric products is much more limited; consequently, it is impossible to statistically
verify the identified trends identified above. Nevertheless, picking some vehicles for
any category, case-by-case they generally confirm these trends. For instance, the electric
telehandler 525-60E by JCB [64], which is considered to be within both the construction
and agricultural categories, has two electric motors (17 kW and 22 kW), and it follows
the trend of the front-end loaders, since, due to a relatively better efficiency, its power-to-
weight ratio is slightly lower than the ICE-based one. Still, with respect to agricultural
machinery, in [65], the retrofitting of a 9.6-kW diesel tractor is presented, whereby the
engine is replaced with a 10-kW electric motor, with a slightly higher operating weight.
Lastly, in the mining category, the biggest battery electric vehicle is the Swiss e-dumper,
retrofitted from a Komatsu HD-605 [66]; while the original version has a diesel engine of
578 kW, the electric one has a 673-kW motor, but, at the same time, the operating weight of
the electric version is higher and the power-to-weight ratio remains similar.

In conclusion, it is worth mentioning that the trends cited above are in agreement
with the electrification roadmap of some of the major Tier 1 companies, such as ZF
Friedrichshafen AG (Friedrichshafen, Germany) [67], Bosch Rexroth AG (Rolf am Main,
Germany) [68] and Deutz AG (Cologne, Germany) [69].

6. Relevant Off-Highway Electric Vehicles

In this paragraph, some compact off-highway vehicles are presented in order to give
practical instances of existing electric and hybrid vehicles; while some of them are purely
research projects or experimental prototypes, other are already available on the market.

It should be noted that, even if the focus is on compact machines, some very interesting
non-compact vehicles are included to give a more complete overview.
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6.1. Tractor and Agricultural Machinery

Within the category of tractors and agricultural machinery, electrification has been
pointed out as the next important milestone [70], since the technology has almost reached
its optimization limit, but the need for agricultural equipment is increasing due to global
population growth. Market research reported in [9] states that the current electric solutions
are sufficient only for a small niche of greenhouses and orchards.

Regarding the farm tractor market, the most interesting partition is determined on the
basis of power output, which divides the tractors in three main categories: below 49 HP,
between 50 HP and 79 HP, and above 80 HP [71]. For the purposes of this article, the most
interesting projects are those below 79 HP, which can be defined as compact.

One of the most interesting compact electric project is the Fendt e100 Vario (Figure 9a)
which is equipped with a 50-kW electric motor and a 100-kWh lithium battery at 400 V,
with a stated working autonomy of 5 h and the possibility of restoring the battery state
of charge (SOC) up to 80% in 40 min. Implements can be attached via traditional power
take-offs (PTOs) or hydraulic, but there is also a 150-kW electric plug [72].

Figure 9. Electric tractor. (a) Fendt e100 Vario. (b) Rigitrac SKE 40. (c) Monarch MK4. [72–74].

Two other interesting electric projects are the Rigitrac SK-50 and SK-40 (Figure 9b).
These are actually market products, and they are characterized by the use of five electric
motors: two traction motors, one motor for each of the two power take-offs, and one
motor for the hydraulic system. The operational runtime is stated to be about 5 h, with the
possibility of rapid charging the battery to 80% SOC in 2 h [73].

Another very interesting project is the Monarch MK4 (Figure 9c), which is not only
the first orchard and vineyard tractor of the Californian start-up company, but is also the
first automated tractor available on the market. It has two 30-kW electric motors, one for
traction and one for the PTO, and the company claims an operational runtime longer than
4 h, with the possibility of swapping the entire battery pack to rapidly come back to work
instead of waiting for the complete charge, which takes more than 4 h at 220/240 V [74].

Lastly, the Farmtrac 25G is a 15-kW electric tractor [75]. It is commercially available,
and, thanks to its 22-kWh NMC lithium battery, the operational runtime is stated to be
about 8 h, with the charging time estimated to be close 5 h with a common domestic socket.

Among the electric agricultural vehicles that cannot be considered as compact, the
concept machinery and working prototypes of John Deere (Moline, IL, USA) are surely
worth mentioning; indeed, the John Deere SESAM (Sustainable Energy Supply for Agricul-
tural Machinery) and the John Deere GridCON are testament to the interest of the company
in researching novel approaches to face similar problems. The SESAM tractor is equipped
with a 150-kWh battery pack for 1 h of intense work before recharging [76], while the
GridCON is a tethered, fully autonomous and unmanned tractor equipped with a 100-kW
electric motor for traction, and 200-kW electric motor directly connected to the PTO in
order to transfer mechanical power to implements [77].
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The last highly interesting agricultural vehicle is the E-OX 175 [78], which is the most
recent development of the innovative Multi Tool Tractor, and it probably represents one of
the most groundbreaking examples of how much electrification can transform the common
architectures. Indeed, not only the traction is guaranteed by four wheel-drive electric
motors, but it can also change its wheelbase and turning radius in order to optimize its use
on fields without damaging the crop.

6.2. Municipal and Property Maintenance

The most important municipal and property maintenance vehicles are municipal
vehicles and street sweepers, which are also among the most interesting vehicles for the
electrification process due to their urban use, their highly fluctuating duty cycle, and
the use of many different types of equipment for sweeping, cleaning and vacuuming.
Furthermore, these vehicles usually work during the night, meaning that a reduction of the
noise level is a very attractive feature, and finally, these are very interesting applications
for the automation process.

In [79], a feasibility study is performed for an electric street sweeper, including the
definition of a representative duty cycle, modeling of the vehicle, and the selection of
suitable components for the powertrain and driveline. The simulated duty cycle results in
an operational runtime below 5 h, where the cleaning equipment requires more than half
of the gross power of the electric motor.

Dulevo International S.p.A. (Fontanellato, Italy), one of the leading companies in street
sweeping vehicles and equipment, already offers an electric vehicle called Dulevo D.Zero2

(Figure 10a), equipped with a lithium battery pack and capable of working for an entire
work shift [80]; another instance is the Swiss Boschung Holding AG (Payerne, Switzerland),
which has an electric street sweeper called the Urban-Sweeper S2 (Figure 10b), equipped
with a 54.4-kWh battery capable of providing up to 10 h of autonomy with the possibility
to fully charging the battery in 100 min thanks to the rapid charger [81].

In [82], an electric municipal vehicle by Esagono Energia S.r.l. (Pozzuolo Martesana,
Italy) (Figure 10c) was used to validate a mathematical model able to predict with sufficient
accuracy the working range of a L-7 vehicle, also taking into consideration the effect of
slopes; the tested vehicle was equipped with a 15-kW induction motor, a LiFePO4 battery
of 15.3 kWh and it is available with many different types of equipment. Because of the aim
of the paper and the equipment of the vehicle under testing, the duty cycle is a simple drive
cycle, and it is registered via an experimental campaign; the working autonomy results
were adequate for a complete work shift, but further investigations would be useful to
predict the impact of different equipment on the same base model.

Figure 10. Electric maintain property vehicle. (a) Dulevo D.Zero2. (b) Boschung Urban-Sweeper S2. (c) Esagono Energia
Gastone. [80,81,83].

Examples of non-compact vehicles are the electric refuse trucks that are entering
the customer testing phase, like the ones used in Nottingham, where the City Council
has declared that they are outperforming the ICE-powered counterparts, with lower fuel
consumption and greater speed in completing the shift route [84].
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6.3. Transportation of Goods and Material Handling

There are specific applications in which electric vehicles and machinery already rep-
resent a suitable and highly appreciated solution, such as in the case of forklifts, which
are also the most widely known compact goods transportation vehicles. Indeed, electric
forklifts were the first off-highway vehicles to be converted into electric ones and, as a
consequence, they are currently very popular for the use inside warehouses, where the
absence of exhaust gas emission and lower noise levels are considerable advantages and
where the charging infrastructure is easily available. The technology is mature and com-
petitive to such an extent that, according to Toyota Material Handling (Kariya, Japan) [85],
even electric forklifts up to 9000 kg are gaining acceptance among consumers, and their
upfront cost is only 10-15% higher than ICE-based counterparts. Consequently, all the ma-
jor forklift manufacturers, such as Toyota Material Handling (Kariya, Japan), Hyster-Yale
Materials Handling Inc. (Cleveland, OH, USA), KION Group AG (Frankfurt, Germany)
and Jungheinrich AG (Hamburg, Germany) have a very large portfolio of electric forklifts
with lead acid or lithium batteries (Figure 11a). Furthermore, it is worth mentioning that
much of the current 48-V technology for the electrification of compact vehicles descends
directly from the research on forklifts. Currently, forklifts remain among the most inter-
esting vehicles for research and testing purposes, since their duty cycles can be easily
monitored, and the available movements of their actuators are limited. For instance, in [86],
the researchers investigated the application of two hydraulic motors to recover energy,
while in [87,88], a powertrain based on fuel cells was analyzed.

Figure 11. Goods transportation and material handling vehicles. (a) Hyster-Yale forklift. (b) Simai towing tractor.
(c) Sennebogen material handler. [89–91].

Other important compact material handling vehicles are the towing tractors, for which
there is already a great number of electric vehicles due to their use in warehouses, produc-
tion plants, ports and airports (Figure 11b). In all these cases, the routes are well defined,
as well as the time-tables, and consequently, their use can be carefully planned in order to
optimize their energy consumption and recharge times. Furthermore, electric powertrains
are perfectly suited for these types of vehicles due to their typical high torque and low
speed demands, with multiple speed variations that can be exploited to recover energy.

The last interesting vehicles in this category are the material handlers (Figure 11c). In
this regard, tethered electric machines are used for very intensive use applications, while
more compact battery electric ones are slowly entering the market; they are already suitable
for less demanding applications and for use in cases where the cable connection could
excessively limit the range of the machinery. However, one of the most advanced material
handler is the prototype built by Dolomitech S.r.l. (Castel Ivano, Italy) and Moog Inc.
(Elma, NY, USA) [92]: even if it cannot be considered as compact, being a 50-ton machinery,
it is a battery electric vehicle with direct-driven hydraulics capable of optimizing energy
consumption while guaranteeing the performance of an equivalent ICE-based counterpart.
It currently represents the state of the art of electric material handlers, and its innovative
hydraulic system is very interesting also for other off-highway vehicles.

102



Energies 2021, 14, 5565

6.4. Construction and Mining

The construction equipment industry is the biggest category of off-highway vehicles
and, as already mentioned in Section 5, is promising for the electrification process, especially
in the case of compact machinery that can be used in urban construction sites or indoor
environments. Indeed, both the market and the scientific literature have been experiencing
a remarkable increase in retrofitted electric vehicles in recent years, particularly with respect
to compact excavators.

For instance, JCB Ltd. (Rocester, England, UK) was one of the first manufacturers
to enter the market with an electric construction vehicle, and now it has many electric
products for zero-emission construction sites under the JCB E-Tech brand, such as the
compact excavator 19C-1E (Figure 12a), which is equipped with 19.8-kWh lithium battery
and a 7-kW continuous power PMSM motor. This solution can exceed 4 h of continuous
use, and also includes a proprietary rapid charge system able to reach 100% SOC in 2 h [93].

As already mentioned in Section 5, the second most common construction vehicle
types are front-end loaders; a typical example of an electric compact loader is the Tobroco-
Giant G2200E (Figure 12b), that is a four-wheel drive machinery with two different motors:
a 6.5-kW (continuous power) motor for traction and a 12-kW motor for hydraulics. It
is possible to choose between two lithium battery sizes, and the biggest one can store
24.9 kWh for an operational runtime up to 8 h [94].

Undoubtedly, one of the leading companies in the electrification process is Volvo
(Gothenburg, Sweden) and within its very large portfolio of off-highway vehicles is the
Volvo EX02 (Figure 12c), which is a full electric excavator equipped with electromechanical
linear actuators and a 38-kWh lithium battery pack [95]. Being a testing prototype and a
proof of concept, many technical details are unpublished, but Volvo claims a 10-fold fuel
reduction with respect to its ICE-powered counterpart and a considerable decrease in total
cost of ownership.

There are many other examples in the literature. For instance, in [23], a 2-ton electric
excavator was modeled by means of Matlab/Simulink. The aim of the research was to
create a model able to predict the operational runtime of the machine, and consequently
much attention was given to the modeling the overall system, including hydraulics. The
second purpose of the article was to develop a validated model to safely simulate new
control strategies. Thanks to a 9.6-kW (continuous power) electric motor and a 15-kWh
LiFePO4 battery pack, the electric excavator retrofitted from a Bobcat E19 is able to reach
up to 7 h of real working performance, and the power consumption is differentiated
between excavation, relocation and travel. Another case that is worth mentioning is the
compact excavator studied in [26], which has been used for multiple studies focused on
electrification and hydraulics [96,97].

Figure 12. Electric construction vehicles. (a) JCB 19C-1E. (b) Tobroco-Giant E2200. (c) Volvo EX02. [98–100].

Regarding the mining sector, there are already many electric loaders that are very
useful for reducing the air pollution issue at underground sites, but these are usually
tethered machines, and they cannot be considered as compact. It is worth mentioning that,
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more generally, compact vehicles are not suited for the mining industry. However, one
innovative project is HX-02 load carrier studied by Volvo (Gothenburg, Sweden) and tested
in the Swedish mining site Skanska: it is a battery electric, completely autonomous vehicle
with a continuous power of 200 kW. Thanks to its implementation in more digitalized and
automated mining sites, Volvo and Skanska state a reduction in total cost of operation of
about 25%, with a CO2 emission reduction of 95% [101].

7. Efficiency Enhancements

The focus on efficiency gains, power flows and, more generally, energy control strate-
gies is a crucial point for the electric vehicles. Indeed, every waste of energy directly
impacts the operational runtime and, accordingly, the battery pack, which is currently the
most expensive component. While in ICE-powered vehicles the inefficiencies of the entire
system are somehow negligible with respect to the even lower efficiency of the ICE, in
electric vehicles, every waste of energy is much more relevant. In this regard, the two main
possibilities for increasing the overall efficiency are the improvement and/or replacement
of hydraulic systems, and the possibility of recovering energy. In the following, the differ-
ent technologies are shown in a more comprehensive way, while in Tables 4 and 5, they are
simply listed for the clarity of presentation.

7.1. Hydraulics Systems and Actuators

As previously stated in Section 5, many of the existing electric vehicles derive from
existing ICE-based ones with only limited modification to the powertrain. Consequently,
in most cases, the hydraulic systems remain almost unchanged. On the one hand, this
choice allows operators to work as they are accustomed, with very little time required for
adaptation to the different dynamic response of actuators imposed by the electric motor,
while, on the other hand, it evidences the low efficiency of the current hydraulic systems.

As can be seen in Figure 13, in a conventional hydraulic system, the pump is mechani-
cally coupled to the ICE, so the hydraulic power is strictly correlated with the ICE speed
and torque; the higher the power requested by the load, the higher the corresponding speed
of the ICE. Because of the combined lack of efficiency of both the ICE and hydraulic system,
the net mechanical energy available is of about 25% at best, and even using an EM instead
of an ICE, the maximum overall efficiency of the machinery increases to only 56% [102].
In [103] the energy flow of an excavator was analyzed in detail and it was shown that the
actual energy to the final load was only the 26.6% of the hydraulic energy converted in the
pump, confirming the rather low efficiency of the hydraulic system. Furthermore, in order
to harness the benefits of electrification with respect to torque control, better dynamics,
more accurate movements, and so on, standard hydraulic systems require the control of
flow, pressure and direction, mainly by means of pressure drops, which can be regarded as
intentional losses of energy [104]. Nonetheless, hydraulics is still considered essential in
most off-highway vehicles and machinery due to its great power density; thus, its complete
replacement is currently limited to niche products. In this scenario, research has been
focused on two main strategies: reducing idle losses and lowering hydraulic ones [105].

Reducing idle losses, thanks to the inherent characteristics of electric motors, is the
easiest and more cost-effective approach to save energy; the main idea is to lower the
power output of the pump as soon as possible by limiting the swash displacement and/or
controlling the pump speed. Even if the former is already very common across the industry,
the control on the pump speed is something very difficult to achieve with ICEs, although it
is easier to implement with electric motors. For instance, in [26], the researchers investigated
the energy consumption of a micro-excavator retrofitted with an electric motor, in which
the original fixed displacement pump was replaced with a variable displacement pump;
the results showed great room for improvement and the main power losses were identified
as occurring in the main directional valve group. In [106], a 6-ton electric excavator
was simulated and tested in order to define the best strategy between the pure swash
variable displacement strategy and the variable displacement and speed one; while the
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former guarantees a maximum efficiency boost of about 10%, the second strategy allows
an additional improvement of 28.5%. Still regarding idle losses, while all the ancillaries
(cooling fans, heating ventilation and air conditioning system, etc.) are mechanically linked
to the engine shaft in ICE-powered vehicles, with electric vehicles and machinery it is
possible to use decentralized and much smaller electric drives, making them independent
of one another and optimizing the speed range of each of them, with those that are not
needed even being turned off. However, while the speed and displacement strategies are
already of great interest for compact vehicles, since they do not require additional room, the
application of decentralized drives requires a slightly new design of the vehicle architecture.

Figure 13. Hydraulic scheme of an ICE powered excavator. [105].

The other strategy, namely the reduction of hydraulic losses, requires many more
changes in terms of hydraulics, as it requires the replacement of one or more components. In
fact, the major loss is located in the main directional valve group, and consequently many re-
searchers have investigated the of replacing this very common, reliable and easy-to-control
component with Individual Metering Control systems (IMC). In [107], the researchers
conducted a comparative simulation study on an ICE-equipped excavator, comparing the
traditional valve group and an IMC system; the results revealed a foreseen energy-saving
up to 44% due to a decrease in the power consumption of the pump. This type of hy-
draulics has already demonstrated its potential in ICE-powered vehicles, and it can greatly
benefit from the more accurate control of EM over the pump rotor speed. Another possible
and already under-study method for eliminating the main directional valve group is the
replacement of the main pump with the so-called direct-driven-hydraulics (also known
as electro-hydrostatic actuator technology), meaning that every actuator is moved by an
independent pump and electric motor; consequently, this solution is suitable only for elec-
tric (or hybrid) machinery due to the need to distribute the power to the dislocated pumps.
In [96,97] a compact electric excavator was used as a proof of concept for the testing of three
independent direct-driven-actuators replacing the original hydraulic system, achieving an
overall efficiency up to 73% (Figure 14). As already stated, these solutions for the reduction
of hydraulic losses often require redesigning many parts of the vehicles, and therefore, they
are not ideal for retrofitted ones, irrespective of the size of the vehicle. However, because
of the room available on bigger machinery, considering their extensive use of hydraulic
systems, the mentioned solutions are more suitable for mid to large off-highway vehicles.
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Figure 14. Direct-driven hydraulic scheme for a compact excavator. [97].

To increase the efficiency of the hydraulic system, there are also patented solutions that
are undergoing testing by manufacturers (Table 4): one example is the Digital Displacement
® Pump by Danfoss (Nordborg, Denmark) [108], which makes it possible to operate multiple
actuators simultaneously by setting independent pressures and flows for each of them,
allowing for a stated fuel reduction of more than 30%. A second interesting example,
funded by European funds Horizon 2020 [109], is the multi-chamber actuators technology
from Norrhydro (Rovaniemi, Finland), known as NorrDigiTM, which claims an efficiency
increase up to 50% [110].

The more drastic approach to increase the efficiency is the replacement of as many
hydraulic actuators as possible with electro-mechanical actuators (EMAs), following the
trend already taking place in the aviation industry [111]. Even if it is currently restricted
for niche products, this strategy could be considered as the final goal of the electrification
process. Indeed, power-by-wire actuators would guarantee optimal efficiency, easier and
more precise control, easier maintenance, better diagnostic and, above all, the possibility of
designing vehicles and machinery with a comprehensive modular approach, due to the ease
of electric cable design layout. High performance EMAs are formed by a ball screw drive
coupled to an electric motor; the result is a compact, rigid, high-force capable and extremely
accurate position control actuator, with fewer vibration problems. Some manufacturers
predict an efficiency increase of about 50% [112], and in the literature there are instances
of transmission efficiency gains up to 83%, such as in [113], where the hydraulic lifting
system of an electric forklift is replaced by an electromechanical actuator.

Table 4. Hydraulic system enhancement.

Strategy Comment Vehicle References

Reducing idle losses

Variable displacement pump Main valve causes 60% of losses Excavator [26]
Variable displacement and variable speed pump Efficiency gain up to 28.5% Excavator [106]

Decentralized drive Independent drive of ancillaries Excavator [105]

Reducing hydraulic losses

Individual Metering Control Energy saving up to 44% Excavator [107]
Direct-driven hydraulics Overall efficiency up to 73% Excavator [96,97]

Digital hydraulics Fuel reduction up to 30% Excavator [108]
Multi-chamber actuators Fuel efficiency gain up to 50% Excavator [110]

Replacement of the whole hydraulics

Electro-mechanical actuators Efficiency gain up to 83% Forklift [113]
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7.2. Energy Recovery Systems

Energy recovery systems have been recognized as the main advantages of electrifica-
tion since the adoption of the first hybridization systems in the automotive industry. Due
to the fact that the off-highway industry is characterized by the absence of a one-size-fits-all
solution, based on the type of vehicle and especially its mission, the strategies for recov-
ering energy can be very different, as well as the type of technology. However, generally
speaking, the two most common forms of recovery are the kinetic energy regeneration and
the potential energy regeneration [114].

The most known strategy for recovering kinetic energy is regenerative braking, which
is already a must-have for hybrid and electric cars; thanks to the use of efficient transmission
systems, brake-by-wire systems and effective control strategies, it guarantees the recovery
of a high amount of energy. The basic principle is to recover the kinetic energy of the wheels
during deceleration instead of dissipating it by means of traditional friction brakes, which
remain mandatory due to their high braking power. In off-highway vehicles, this strategy
is very promising for vehicles that experience significant variations in speed, like front-end
loaders, or machinery with high-energy braking demands during descent from hills; for
instance, in [115], a 31% fuel reduction was achieved on a 20-ton hybrid front-end loader,
while in [82], the regenerative braking model constituted an essential part of the model
of a 15-kW electric municipal vehicle. These two vehicles had mechanical transmissions
between the wheels and the motor/generator; accordingly, they adopt supercapacitors
and batteries, respectively, to store the recovered energy, similarly to passenger vehicles.
However, in the off-highway industry, there are many vehicles that drive the wheels by
means of the hydraulic system, and consequently, while on the one hand this enhances
the possibility of storing the energy in hydraulic accumulators, on the other hand, it adds
a degree of complexity to the system. For instance, the Wirtgen Group (Tirschenreuth,
Germany) has a diesel hybrid tandem roller capable of recovering the braking energy into
hydraulic accumulators (Figure 15a); thanks to this architecture, the recovered energy can
be used to achieve the same performance as that of the pure diesel version while reducing
the ICE size from 85 kW to 55.6 kW [116]. In [117], a simulation of a battery-powered
hydrostatic vehicle was presented, with an in-depth comparison between the storage of
recovered energy in hydraulic accumulators, in a battery, and both; the results showed that
the highest energy efficiency was obtained when the energy was totally stored into the
battery pack, while pure hydraulic storage presented the worst efficiency gain. Even if the
deceleration of the moving vehicles is the main source of kinetic energy, there are vehicles
that usually work at fixed point, like excavators or material handlers; in such cases, the
aim is to recover the kinetic energy from the swing of the upper structure. In [118], where
a swing system with a hydraulic accumulator was designed and tested on a test bench,
the results showed a regeneration efficiency of up to 70%. Another example is the 20-ton
hybrid excavator by Hitachi Ltd. (Chidoya, Japan) [119,120] (Figure 15b); on this machine,
the swing hydraulic motor is directly connected to an electric motor/generator, and the
recovered energy is stored into a capacitor unit.

107



Energies 2021, 14, 5565

Table 5. Energy recovery systems.

Strategy Comment Energy accumulator Vehicle References

Potential energy

Third boom actuator Energy saving ratio up to 25.5% Hydraulic accumulator Excavator [121]
Multi-chamber actuator Reduction power consumption up to 50% Hydraulic accumulator Excavator [122]

IMC Energy saving up to 44% Hydraulic accumulator Excavator [107]
Direct-driven hydraulics Overall efficiency up to 73% Battery Excavator [96,97]

Kinetic energy

Regenerative braking 31% fuel reduction Super capacitator Wheel loader [115]
ICE downsizing from 85 kW to 55.6 kW Hydraulic accumulator Tandem roller [116]

Swing system Regenerative efficiency up to 70% Battery, capacitator Excavator [118]

The second form of recoverable energy is the potential energy; its principle is the
recovery of the gravitational potential energy of falling objects, like the boom of an exca-
vator or of a front-end loader, and the load moved by a crane, a forklift or a reach stacker
(Figure 15c). In [121], as shown in Table 5, an additional hydraulic cylinder and a hydraulic
accumulator were added to a 76-ton mining excavator, achieving a tested energy-saving ra-
tio of about 25%. In this regard, the use of novel hydraulic solutions can add the possibility
of storing energy in hydraulic form, like the innovative three chamber cylinders presented
in [122], where the simulation showed a reduction in power consumption of up to 50%;
indeed, thanks to their complex geometry, it is possible to use the single actuator as a small
hydraulic accumulator. A similar concept has been implemented in IMC systems, where
a descending actuator can be identified as a hydraulic motor for other actuators, allow-
ing the pump to stay idle for longer periods, and thus lowering the power consumption
(Figure 16). The excellent fuel efficiency performance obtained with the compact excavator
studied in [96,97] was achieved thanks to the enhanced possibility of electro-hydrostatic
actuators driving their own pumps while lowering, thus generating electric power that can
be stored in batteries or capacitors. Lastly, in [123], a combined recovery system (electric
and hydraulic) was modeled in order to estimate the maximum amount of energy that can
be recovered by exploiting the peculiar characteristics of both the energy storage systems,
the energy density of batteries and the power density of hydraulic accumulators.

Figure 15. Off-highway vehicles with energy recovery systems. (a) Wirtgen-Group tandem roller. (b) Hitachi excavator. (c)
Konecranes reach stacker. [116,124,125].
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Figure 16. Scheme of an Individual Metering Control system (IMC) and working modes. (Adapted from [107]).

8. Hybrid Vehicles and Architectures

Like electric vehicles, hybrid architectures are considered to be among the most
promising solutions for reducing energy consumption and local emissions, as well as
improving performance in terms of controllability and productivity [126]; indeed, the focal
point remains the optimization of the power flows in order to increase efficiency. The
key difference with electric machinery is the presence of the ICE, which remains the main
power source.

As mentioned in connection with duty cycles in Section 3, off-highway vehicles
and machinery are characterized by highly fluctuating power flows, where the average
power demand is much lower than the peaks. Consequently, hybridization can enable
the downsizing of the ICEs, using the energy storage systems and the electric drives to
respond to peak power demands.

The interaction between ICE, EMs, energy storage systems and loads (traction and/or
hydraulic and/or implements) define three main hybrid architectures: series, parallel
and series-parallel [127]; these are very similar to the automotive hybrid architectures,
but with the essential difference that off-highway vehicles have to supply energy to both
the traction system and the actuators and implements. In this regard, in contrast to the
automotive industry, in [128], a novel definition of the hybridization factor was provided.
In fact, while in the on-highway industry the hybridization factor considers only the
tractive effort (propulsion hybridization factor), for off-highway vehicles and machinery
is essential to consider the power demand of hydraulics and/or implements (loading
hybridization factor).

Based on the weight and power classes of off-highway vehicles, the drivers for hy-
bridization are slightly different. On the one hand, for medium size vehicles, which are
regarded as the most interesting in the near future [129], the main drivers are reductions in
the total cost of ownership and the enhancement of productivity; examples of machinery
that follows these trends include the off-highway vehicles shown in Table 6, where, if stated
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in the references, there are also reported their energy saving percentages in relation to the
ICE versions. Even if some of these vehicles have been on the market for several years, their
use has been limited thus far, mainly due to the much higher upfront costs; for instance, in
the on-highway industry, the same thing happened with hybrid buses, which never really
took off [5], even though they were able to achieve a fuel consumption reduction of up to
20% with respect to conventional buses [130].

Table 6. List of hybrid mid-size off-highway vehicles.

Manufacturer Vehicle Hybrid Architecture Energy Accumulator Energy Saving References

Komatsu 20-ton excavator Parallel hybrid Super capacitor 25–41% [131]
Hitachi 20-ton excavator Parallel hybrid Super capacitor 25% [120]
Kobelco 20-ton excavator Parallel hybrid Lithium battery 16% [132]
Hitachi 18-ton wheel loader Series hybrid Super capacitor 31% [115]
Rigitrac 91 kW tractor Series hybrid \ Unknown [133]

John Deere 140 kW tractor Series hybrid \ Unknown [134]
Huddig 116 kW backhoe loader Series hybrid \ Unknown [135]

On the other hand, regarding more compact machinery, manufacturers are analyzing
the hybridization of vehicles just above 56 kW mainly with the aim of avoiding advanced
exhaust gas treatment systems; indeed, above this power limit, the European Stage V
emission regulation [8] mandates the presence of an exhaust gas treatment system, which
is not only an expensive component, it also requires a large amount of space, which is
already very limited on compact vehicles.

Examples of this trend include the various projects on the hybridization of compact
agricultural tractors [18,19,136,137], where the main objectives are the possibility of down-
sizing the ICE and addition a pure electric mode, which could be useful for less demanding
tasks or for use inside greenhouses. However, even if there are some cases of hybrid
compact vehicles below 56 kW, like the hybrid skid loader studied in [20,21], their higher
efficiency does not justify their higher upfront cost.

A different but fascinating approach to the hybridization of compact tractors has been
shown by Landini (Fabbrico, Italy) with its REX4 Electra [138]: instead of reducing the
ICE, the main aim of the project was the improvement of productivity. Indeed, the electric
motors are only mounted on the front axle, and they allow for two essential benefits: the
first is the four-wheel drive mode with accurate slip control, the second is the use of the
torque vectoring to enhance steering capability.

Finally, it is worth mentioning that machinery equipped with hydrogen ICEs or fuel
cells are considered hybrid vehicles. Indeed, in both cases, the hydrogen is consumed to
satisfy the average power demand, while energy storage systems are used to achieve peak
loads and to recover energy.

Examples of hydrogen hybrid off-highway projects are the forklifts studied in [87,88],
the excavators studied in [22,139] and the reach stacker and terminal tractor used in the
experimental project explained in [140].

9. Conclusions

This paper gathers together all the main topics surrounding the electrification of
off-highway vehicles, with a clear focus on compact vehicles and the technologies that best
fit such machinery.

After a first, necessary classification of the off-highway vehicles, the main differences
regarding drive cycles and duty cycles were highlighted, evidencing, with respect to the
latter, the absence of standard and globally recognized cycles, mainly due to their high
complexity and the extreme variability of their operating conditions and tasks. The types
of electric vehicle architectures were presented along with the most important technologies
related to energy storage systems and motors/generators. It was shown that lithium
batteries are currently recognized as being the state of the art for the storage systems,
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while the choice of the electric motor is highly dependent on the application, even if much
attention has recently been given to switched reluctance motors. Then, the state of the art of
electric vehicles and machinery was described, focusing on the construction category, and
some common trends were found that can also be extended to other types of off-highway
vehicles. After the overview regarding some of the more interesting electric solutions
among the different off-highway categories, the current and future technologies related to
hydraulics, actuators and energy recovery systems were investigated.

The different topics and the current state of the art were analyzed, giving rise to the
following comments:

• In the off-highway machinery industry, the reduction of emission is not the only major
driver for electrification. Indeed, the decrease of fuel consumption, the enhancement
of productivity and, more generally, the clear convenience in terms of total cost of
ownership are key points to successfully breaking into the market. Nonetheless, the
political and technical choices of the authorities with respect to the environment and
sustainability will be essential, with the presence of economic incentives and/or taxes
being important variables to consider.

• The technical concept of mission and duty cycles has always been fundamental aspect
of the off-highway industry, and these factors will be even more important for bringing
effective, efficient and economically sustainable machinery to the market. Indeed,
there are already work environments where battery or tethered electric vehicles repre-
sent the best technical and economical compromise, such as underground mining or
indoor logistics. The continuous developments and the constant reduction in costs
contributes to the introduction of new electric vehicles, even in highly complex work
environments, like construction and agriculture.

• There are technical limits to a more widespread electrification within the off-highway
machinery industry, and these mainly depend on power demands and minimum
operational runtime. Less energy-demanding duty cycles in urban or indoor envi-
ronments or high profitable businesses like vineyards facilitate the use of electric
vehicles, especially in case of the compact ones. Conversely, bigger machinery with
more intense duty cycles in more harsh environments is less suitable for battery elec-
trification in the near future, mainly because the operational runtime achievable with
the current technology cannot guarantee the minimum number of working hours, and
the charging infrastructures are usually very difficult to implement in such contexts.

• Among the common trends, the most evident is the retrofitting of existing vehicles,
where the electric motors and the battery pack replace the ICE and the fuel tank, with
the rest of the machinery remaining almost unchanged (hydraulics, actuators, overall
design, etc.). This strategy allows manufacturers to put functional vehicles on the
market in the nearest future, but there is usually some distance to go before they are
fully optimized. Indeed, there is generally great room for improvement, especially
with respect to hydraulics.

• The application of new technologies regarding hydraulics, actuators and energy
recovery systems can greatly boost the efficiency of off-highway vehicles, both electric
and ICE-powered ones. On the other hand, the introduction of innovative technologies
can greatly increase the upfront costs, frequently exceeding the acceptable cost-benefit
ratio, as has already occurred in case of hybrid excavators.

In conclusion, compact vehicles can be an excellent application for boosting the
electrification process, mainly because they are usually more suited for zero-emission tasks,
while development costs can be more easily minimized. It is certain that, in the immediate
future, the demand for zero-emission compact vehicles will increase due to the increasing
focus on environmental sustainability; however, in order to design extremely efficient and
effective products, manufacturers and researchers still need to devote a great deal of effort
towards research and development, especially regarding the implementation of novel,
better-connected hydraulics and with respect to the in-depth study of the energy flows
during duty cycles. Furthermore, a more widespread development of the electrification
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of compact vehicles could be useful for speeding up the development of highly tailored
solutions, promptly responding to customers’ demands. Indeed, the application of many
different types of electric implements and accessories will be easier and faster compared to
actual hydraulic systems, with the final goal of achieving modular and highly alterable
machinery, capable of completing many types of duty cycles based on their equipment.
Eventually, the widespread electrification of compact vehicles would allow for a more
comprehensive understanding of the available technologies, reducing their costs and
allowing their use on bigger and more energy-demanding machinery, with resulting
benefits both in terms of productivity and environmental sustainability.

Author Contributions: Investigation, D.B. and S.U.; writing—original draft preparation D.B. and
S.U.; data curation D.B.; supervision, S.U.; writing—review and editing P.I. and L.T. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to University of Brescia privacy policy.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

DC Direct Current
EM Electric Motor
EMA Electro-Mechanical Actuator
ICE Internal Combustion Engine
IM Induction Motor
IMC Individual Metering Control
NCA Lithium Nickel Cobalt Aluminum Oxide
NEDC New European Driving Cycle
NMC Lithium Nickel Manganese Cobalt Oxide
OEM Original Equipment Manufacturer
PMSM Permanent Magnet Synchronous Motor
PTO Power Take-Off
SOC State of Charge
SRM Switched Reluctance Motor
WLTP World harmonized Light-duty vehicles Test Procedure
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