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INTRODUCTION
The EVERLASTING project (http://everlasting-project.eu/) will develop innovative technologies to
improve the reliability, lifetime and safety of lithium-ion batteries by developing more accurate and
standardized battery monitoring and management systems. This allows predicting the battery
behavior in all circumstances and over its full lifetime and enables pro-active and effective
management of the battery. This leads to more reliability and safety by preventing issues rather
than mitigating them. To raise the awareness of the vital and positive role of battery management
systems, a three-monthly white paper will be written on different BMS topics, aimed at a general
technical public. These white papers are a few pages long and will be distributed via the
EVERLASTING website and through the partners.
The first white papers focused on typical battery topics, such as BMS functions, the definition of
State-of-Charge and State-of-Health and how to evaluate them. This white paper focusses on the
need for energy management on the vehicle level so as to mitigate range anxiety, which is present
when batteries are used in electric vehicles.

1

ELECTROMOBILITY

In the last years, the electrification of transport systems has raised as a promising approach to
mitigate effects caused by the environmental role of transportation and to face the imminent
depletion of fossil fuels. If the electricity consumed by electric transportation systems is produced
from renewable energy sources, the impact on the reduction of CO2 emissions is direct. Under the
same assumption, it is expected that electric transportation drastically reduces the high oil
dependency of the modern society [1].

1.1 DEFINITION
The electrification in automotive sector has been studied as electromobility in [2], which can be
defined as vehicles that are propelled by electricity. This is a simple yet broad definition due to the
fact that not only encircles (hybrid) electric vehicles (EV), this definition also includes vehicles that
obtain energy form the grid or converts other energy sources to electricity, such as biomass and
hydrogen. Hence, the term electromobility allows for flexibility of the electrified vehicles to have
different energy sources [2].

1.2 ADOPTION
The evolution of the EV market in the recent years have opened the door for optimistic predictions
about the future market for electromobility. For instance, in 2016. the EV made up 29% of the
market in Norway, while in China, the number of EV units increased from 100.000 in 2014 to
650.000 in 2016 [2]. This tendency indicates that by 2030 electromobility might reach a stage of
mass market adoption. This global optimism is also supported by the novel research announcements
related to batteries, charging infrastructure and energy efficiency in vehicles.

1.3 CHALLENGES: MITIGATION OF RANGE ANXIETY
The goal of a complete acceptance of electromobility in the market is still far and several problems
need to be solved. It has been identified that one of the main reasons that limits the penetration
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rate of EV in the market is range anxiety [3,4]; which is defined as the concern (experienced by
users) that the vehicle has insufficient energy to reach the next charging station [2]. There are
several factors that influence range anxiety, e.g., limited capacity of batteries to store energy,
weather and traffic conditions that affects drastically the prediction of the remaining driving range
[5], limited number of charging stations and the time- consuming charge process [6]. As a response
to these factors, the mitigation of the anxiety range can be achieved by a combination of the next
approaches:
• Lightweight and energy dense batteries.
• Fast charging.
• Extended charging infrastructure.
• Energy management strategies (EMS).
The use of lightweight and energy dense batteries is the most logical choice to reduce the energy
anxiety effect by extending the driving range of the EV. Similarly, the extension of charging
infrastructure and the development of fast charging technologies aim to reduce the range anxiety by
offering the user the possibility to always have a reachable charging station where the charging
process is performed in a reduced time, which is resembles the functionality of the current gas
stations.
Vehicle energy management complements the other approaches to mitigate range anxiety. Vehicle
energy management aims at extending the driving range of the vehicle by maximizing the energy
efficiency during its operation. For instance, by using regenerative braking energy directly for the
climate system, instead of storing the energy it inside the battery first and use it later, energy can
be used in a more efficient way, as the energy is not dissipated in the battery (due to ohmic losses).
For most of the cases, these strategies can be applied directly as software in the vehicle. Hence, the
implementation cost is marginal. For this reason, energy management strategies have been a topic
of intensive research in the last years and defines the global scope of the contents treated in this
white paper.

2

ENERGY MANAGEMENT STRATEGIES

Energy efficient operation of vehicles can be described as the solution to an optimal control problem
that aims to obtain the optimal conversion of energy between the energy consumers in the power
network of the vehicle. As previously stated, the main advantage for these strategies is that in
principle they could be easily implemented in vehicles. In the following sections we will provide a
description of the state of the art in term of the different kind of EMS.

2.1 CLASSIC EMS
Traditionally, energy management problems are focused on controlling the power split between the
combustion engine and the electric machine of a hybrid electric vehicle. By storing regenerative
braking energy and shifting the operating points of the combustion engine, a significant amount of
fuel can be saved. In [7], [14, Ch. 4] optimization techniques for energy control on hybrid vehicles
are summarized. Furthermore, the books [9,10] present a complete introduction of this research
area.
Classic EMS literature can be classified in an ad hoc solutions and optimal control approaches.
Additionally, the optimal control approaches can be subdivided into off-line and on-line control
problems.

2.1.1 AD-HOC SOLUTIONS
The set of EMSs that are included in this classification are normally characterised to be
computationally fast, which make them suitable candidates for on-line implementations. Historically,
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this type of approaches was the first to appear in EMS literature [17,18]. Fuzzy logic [11] and
neuron networks [12] are popular strategies among this classification. The disadvantage of these
strategies is that the performance of the systems is sensitive to changes in operation, and the global
optimality of the solution cannot be guaranteed. Nevertheless, some authors are currently proposing
solutions to properly recalibrate these strategies using dynamic programming (DP) [13], thus
obtaining an acceptable approximation of the global solutions.

2.1.2 OFF-LINE OPTIMAL CONTROL PROBLEMS
The EMSs under this category are normally used as benchmark solutions for specific applications or
configurations of the optimal control problem since that global optimal solutions are typically
achieved.
A representative optimization technique in this category is Dynamic Programming (DP) [14]; for
instance, in [15], applying DP forces the convergence to the global optimum of the energy
management problem proposed. However, DP has the inherent disadvantage that the computational
burden increases with the number of states.
Optimization methods based on the Pontryagin’s Maximum Principle (PMP), see, e.g., [16,17] can
handle computational complexity of multi-state energy management problems. In PMP, the problem
is reduced to solving a two- point boundary value problem, which can be difficult to solve in the
presence of state constraints. Moreover, the global optimality of the solutions obtained can only be
guaranteed if the formulation of the optimal control problem is convex. Similarly, static optimization
methods can guarantee a global optimality only for convex approximations of the energy
management problems, e.g., see [18] and the references therein.
Finally, it is important to remark that the EMS that belong to this classification need to have a priori
complete information related to driving cycle. This is the main reason that limits the use of this EMS
approach for on-line implementation. On-line implementation require modifications and are often
based on estimates or predictions of the driving cycle.

2.1.3 ON-LINE OPTIMAL CONTROL PROBLEMS
In this case, algorithms that requires a low computational effort are described. Furthermore, the
requirement of a priori information related to the velocity and road profile is relaxed, which normally
leads to suboptimal solutions.
In [19,20] stochastic DP is used to performance an off-line calculation of the optimal EMS, which is
given by a stochastic policy that is implemented as a look-up table in a low computational power
embedded system. A fast-computational approach that uses PMP is known as the equivalent
consumption minimization strategy (ECMS) [21]. In this strategy, the energy consumption in the
battery is transformed into an equivalent fuel consumption, which is represented by a co-state
function related to the battery energy. The co-state can be estimated at every time instant, thus
eliminating the necessity for the complete driving profile information in advance. Consequently,
ECMS can be implemented on-line. However, updating the co-state is a delicate task that often
produce to suboptimal solutions. Model predictive control (MPC) is also used to implement on-line
EMS [22,23]. A finite-time horizon prediction of the future the energy consumption is used to
calculate optimal control strategy, from which only the first control decision is implemented. A
successive execution of this procedure obtains a suboptimal energy management policy that
depending on the quality of the predictions can be very approximated to the optimal solution.

Public

10 / 15

D8.12 – White Paper 09
Author: G.P. Padilla Cazar, M.C.F Donkers (TU/E) – August 2019
EVERLASTING - Grant Agreement 71377 (Call: H2020-GV8-2015)
Electric Vehicle Enhanced Range, Lifetime And Safety Through INGenious battery management

2.2 COMPLETE VEHICLE ENERGY MANAGEMENT (CVEM)
In general, the classic EMS approaches consider only a reduced set of subsystems, i.e., the power
interaction between the internal combustion engine, electric machine and batteries. This motivated
the emergence of the CVEM concept. CEVM aims to extend classic EMS approaches to incorporate
more subsystems in the optimal control problem. The extra degrees of freedom added to the
problem, makes CVEM appealing to be used in fully electric vehicles, where the power split between
the electric machine and the combustion engine has disappeared.
CVEM was first proposed in [9] and a deep discussion about the difficulties using classic EMS
techniques to solve the CVEM problem was also presented. For instance, DP can provide global
optimal solutions to CVEM problems, however, scalability becomes an issue due to the curse of
dimensionality observed in this technique. Similarly, the inherit set of state constraints presented in
the CVEM problem makes PMP approaches difficult to be used for this application. As a consequence,
centralized [10] and distributed optimization approaches have been proposed to satisfy the
requirements imposed by the CVEM concept [11,12].

Figure 1: CVEM strategy for a hybrid truck presented in [39].
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In [38], a case study of CVEM was presented on a hybrid truck with a low-voltage and a highvoltage battery, a climate control system, a refrigerated semitrailer and air-pressure system. The
results of applying a distributed CVEM strategy are presented in Figure 1. The results reported
shows that depending of the case the energy savings can go from 6% to 10%.

2.3 ECO-DRIVING
In the approaches mentioned above, the vehicle velocity (and thereby the power needed to propel
the vehicle) is often assumed to be completely given. Still, the vehicle inertia, which is the largest
energy buffer in the vehicle can have a large impact in energy savings and consequently in the
extension of the driving range. For instance, in [24] it has been reported that changes in driving
behavior could improve the energetic performance of the vehicle more than 30%. These promising
improvements in energy efficiency have contributed to the emergence of the eco-driving concept,
which aims to increase the energy efficiency of a vehicle by means of a convenient selection of
driving strategies; i.e. laws, technological implementations or simply changes in the driver’s
behavior. Hence, it is clear that eco-driving is a broad definition where government, manufacturers
and users participate [25]. The problem of optimizing the velocity profile (in isolation form the other
subsystems in the vehicle) to achieve optimal energy consumption has been considered for
conventional vehicles in [26]–[28], for hybrid electric vehicles by [29], [30], and for electric vehicles
by [31]–[35].
Eco-driving solutions have been widely implemented in Eco-Driving Assistance Systems (EDAS).
Depending on the method used to influence the driving profile, the implementation of eco-driving
solutions can be seen as an advisory system, where the driver receives suggestion to adjust the
driving style to save energy consumption [36] or as adaptive cruise control (ACC) system, where
the vehicle takes control on the velocity profile [37].

Figure 2: Eco-driving implementation for an Electric City bus presented in [40].
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In [39], and online implementation of eco-driving for an electric city bus is presented. In this case
study the bus driver received visual assistance to drive close to the optimal velocity profile. The
energy consumption of the bus where the driver was compared to a base line where the driver did
not receive any visual feedback is presented in Figure 2. It can be observed that the velocity profiles
of obtained in the cases where the driver was being assisted by the eco-driving algorithm are
smother. In fact, in those cases the average energy savings reported are approximately 11%.

CONCLUSIONS
In this white paper we have highlighted the role of EMSs to mitigate range anxiety in electric
vehicles. Two specific cases mentioned in this paper have shown that EMSs could let to energy
savings up to 11% which can be directly mapped to range extension of the vehicles. Additionally, we
have introduced a complete survey that classifies and describes the state of the art in EMSs that can
be currently found in literature.
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