
ISS Paper

Robert Kempowski

October 2019

1 Introduction

In times of rising electric vehicle usage there is a urgent need for improvement
in efficiency and durability of electric vehicles. To achieve this there are many
different approaches discussed in the literature. But most of them specify on
different aspects or have different vehicles and driving cycles for testing their
methods on improving their vehicles efficiency. This makes it very difficult to
compare those approaches.
Thous this paper is dedicated to create a framework that will compare a cou-
ple of approaches on hybrid and electric vehicles to improve battery lifetime or
energy consumption.
To achieve these goals different energy management systems were chosen. Their
tasks is to distribute the power demand of the electric or hybrid vehicle on the
different power sources to achieve a smooth and efficient way in running the
vehicle.
The following work is structured as follows Section 2 will talk about the impor-
tance of electric vehicles in today’s world and the difference between full-electric
vehicles to hybrid vehicles, detailing in the different goals regarding papers deal-
ing with those vehicle classes. In the following section 3 the importance of a
good energy management system(EMS) is empathised. Section 4 is an in depth
explanation of the regarding papers and the constructed framework to help com-
paring those individual papers. This work will be closed off with a conclusion
about the considered papers and the created framework.

2 Motivation

The approaches to get more efficient electric vehicles are very complex and hard
to compare. This results from the discrepancies between the ideas and the ways
of testing.
This starts already in the different testing vehicles. Only common aspect in the
papers to compare is that they all have a battery as energy source, but not only
a battery.
Now some papers test on hybrid vehicles, that have a combination of electric
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motor and hydraulic motors. That means not only an electric power/energy
source, but also one based on fuel.
A different common approach is on full electric vehicles, which are powered by
a combination of a battery and an ultra capacitor. These advances are more
environment friendly, since they are fully powered on electricity, resulting in a
lack of travelling distance and battery lifetime.
Approaches on both vehicles have very close goals, the lowering of total energy
consumption to gain a higher traveling distance and the reduction of power
stress on the batter to extend its lifetime.
Reducing power stress on the battery is important, because it is very expensive
to replace a battery and it is the part of the car with the lowest lifespan, since
the constant charging and discharging cycles.

2.1 Fuel-based hybrid vehicles

As earlier mentioned have these approaches two sources of power and ways of
creating mechanical torque. Here the battery is most often used as an way of
holding an already achieved speed and to allow regenerative braking.
Regenerative braking is the process of decelerating and using the produced en-
ergy to refuel the battery. This is an aspect that can only be used if the battery
is not already full, so a good energy management has to ensure a not fully
charged battery before an incoming braking phase.
The main aspects of these approaches is to improve battery lifetime by reducing
the power stress on the electric storing system or lowering fuel consumption by
effective battery usage.

2.2 Full electric vehicles

In a full electric vehicle not only a battery is powering the vehicle, but often it
is supported by an ultra capacitor.
This combination results on the different physical aspects of batteries and ultra
capacitors. Batteries have a high energy density, but a low power density. Ul-
tra capacitors on the other hand have a high power density, but a low energy
density.
Therefore the tasks of a good electric management system in a full electric ve-
hicle should be to use both energy sources at their strengths to negate their
weaknesses.
So the ultra capacitor should be used for high power demands like accelerating,
while the battery is more effective in high electric demands like maintaining
speed.
Main focus in approaches with full electric vehicles is to gain a higher driv-
ing distance by minimizing energy consumption. But also trying to keep a low
power stress level on the battery, ensuring a longer lifetime.
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3 Energy management systems(EMS)

The importance of energy management systems is in both types of discussed
cars present, because of using the advantages of the different power sources at
its best.
The optimal distribution of power could of course be calculated with dynamic
programming and full knowledge of the driving situation ahead. The problem
is that the future driving conditions are unknown for the energy distribution in
the moment, so the need of real time management strategies arises.
To achieve this goal there are many different approaches discussed in the liter-
ature. Hereby the usage of knowledge of current state of charges of battery or
capacitor and about the road ahead are used to gain a good energy distribution.

4 Framework

The goal of this framework is to compare different approaches to extend battery
lifetime or minimize energy consumption in electric vehicles.
To achieve such an comparator we first have to introduce the framework that
will be used to analyse and finally compare the paper. This is going to happen
in the following subsection, afterwards the parameters which will be used for
comparing are introduced.
This section closes with the comparison and introduction of the papers, to
achieve an overview how to work this framework.

4.1 Framework composition

The creating of a framework to compare the proposed papers stood out to be a
challenging objective, since different testing scenarios where established in ev-
ery approach. Furthermore there were different goals set and therefore different
parameters looked at in the test results.
To overcome these problems common aspects were found in the tested criteria,
to construct the framework, which will now be introduced:.

The framework in Figure 1 consist out of four essential parts: the objectives,
the electric management system(EMS), the physical layer and the evaluation
layer.
Hereby the physical layer lays the foundation for the whole framework, here are
information processed, concerning the vehicles physical parameters like the ve-
hicle type or specific battery parameters, also here are the optimal parameters
implemented, delivered from the EMS, furthermore this layer gains knowledge
of the testing situation from the evaluation layer, so it knows what speed needs
to be achieved.
The objective layer determines the goal that the EMS is supposed to achieve.
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Figure 1: Proposed framework

The two main goals are driving range extension by reducing energy consumption
and battery lifetime extension, as earlier mentioned. To achieve this transition
it gives parameters to the EMS scaling from zero to one to display the impor-
tance of each of these goals.
Between the two mentioned layers is the energy management layer(EMS) this is
the main part of most papers. Here are the information of objective and phys-
ical layer taken to calculate optimal driving parameters for the physical layer
to implement while performing in a driving situation. This calculation differs
between the different approaches and creates therefore the main difference be-
tween looked at papers.
Finally at the bottom is the evaluation layer, here are the information about the
driving cycle or the current driving situation. These are given to the physical
layer so this can gain knowledge of power and torque to be achieved by the
vehicle. In addition to giving information to the physical layer it gains infor-
mation by all layers to perform the testing simulation and determine test results.

After the introduction of the framework now the most influencing param-
eters concerning the objectives are put into perspective using the structure of
the framework.
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4.2 Framework parameters

In a framework are many different information flows and depending on the use
case there might be some deviations. Therefore it is important for a comparison
to focus on the similarities, that are important for all approaches.
In the following subsections the chosen comparators are introduced and their
importance for energy management systems in electric vehicles is explained.
Therefor these parameters are categorized after their place in the framework.

4.2.1 Flow between Physical layer and EMS

The highlighted parameters of this information flow build the foundation for the
later implemented energy management system and help putting the test results
of different approaches in perspective.
The chosen criteria are the maximum speed of the vehicle(vmax) and the exist-
ing of a fuel engine(fe).
Their importance helps to gain an better understanding in a difference of the
other criteria. A hybrid vehicle will have an easier task having a low electric
energy consumption(Econs), since the fuel engine can just take a part carrying
the power load.
The maximum speed of the vehicle makes also an impact on the electric energy
consumption and maximum battery stress(Pmax), due to determining the max-
imum power to be produced by the power sources. A higher maximum speed
results therefore in a higher energy consumption and battery power distribution,
depending on the energy management system.

4.2.2 Information about achievements in range increment flowing
between objective layer and evaluation layer

Here are restrictions listed regarding the vehicle range. This includes the dis-
tance of operation before refuelling is necessary(test) and the average energy
consumption(Econs) determined in testing.
Hereby is the distance of operation the maximum distance the vehicle can travel
before the need of refuelling appears. This is a big goal in the electric vehicle re-
search, since fuel based vehicles have commonly a far bigger traveling distance.
A higher travelling distance would properly end up in higher usage of electric
vehicles.
The average energy consumption is just focusing on electric energy used in the
testing scenario.
Therefore a good knowledge of the testing situation is important to put this
parameter in perspective. Bigger vehicles will consume more energy, just as
higher speeds in the test driving cycle or an frequent start-stop cycle.
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4.2.3 Information regarding the battery lifetime extension in the
objective layer

This group consists out of the most parameters concluding from the high im-
portance of battery lifetime extension in the compared paper.
Parameters are maximum depth of discharge(DoDmax), number of occasions
reaching this depth of discharge(NDoDmax), the maximum power distributed
by the battery(Pmax) and the estimated battery lifetime(test).
Hereby is the maximum depth of discharge often determined by the energy
management system to prevent deep-discharges, but in some test occasion it
just gives indications about the maximum usage of electric power distribution.
This and the number of occasions combined with the maximum power distribu-
tion by the battery make up the main influences on the battery lifetime, since
(de-)charging and high power demands take their toll on the battery’s lifetime.
As earlier mentioned battery lifetime extension is an important goal for most
of the looked at papers, because of the high expenses concerning the battery as
vehicle part with the lowest lifespan.

4.3 Analyzed papers

In this part the different papers are introduced, hereby the individual testing
situations, approaches and results are listed in detail.

4.3.1 Influence of energy storing system sizing on battery lifetime
(OZ):

In this work by Shaltz et al.(2009) the influence of over sizing the battery or
the ultra capacitor on the battery lifetime is conducted.
Hereby is the test vehicle a low speed(≤ 15km/h) fuel cell hybrid vehicle, which
has two sources of power. On the one hand a methanol powered fuel cell stack
and on the other an energy storing system consisting out of a Trojan deep-cycle
gel lead-acid battery and an ultra capacitor.
The tests are performed by giving the vehicle to a customer and monitoring his
driving circumstances and power distribution.
The energy management strategy is rule-based, therefore is the power distri-
bution decided by the current situation, state of charges of the energy storing
system, the current power need and the driving situation.
Furthermore the influence of over sizing of battery and ultra capacitor on the
battery lifetime is conducted. The results of this investigation were that on the
proposed vehicle an overrating factor of 2 for the ultra capacitor and of 4 for the
battery is the most efficient in maintaining good battery lifetime and keeping
size and volume of the energy storing system in an reasonable frame.
Therefore the test results of these factors are used in the later comparison.
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4.3.2 Energy management on a particle swarm optimization incor-
porating Nelder-Mead simplex approach(PSO-NM):

This approach by Mesbahi et al.(2017) is examining a full electric vehicle with
a power source consisting out of a Kokam Li-ion battery and an Maxwell super
capacitor.
Testing conditions are simulated on the ARTEMIS driving cycle, which is com-
bined out of an urban and an road cycle for a distance of 22km.
First the sizing of the energy storing system is discussed, hereby it is assumed
to be travelling at least 150km, because only from this threshold on the weight
of a dual power source surpasses the one of a mono-source vehicle.
Furthermore the energy management strategy is introduced. Here is again a
rule-based approach chosen. But this time the limits for switching the power
sources is determined by a combination of particle swarm optimization and
Nelder-Mead. For this the driving conditions need to be known in advance to
figure out the perfect parameters of switching energy sources.
Later on these boundaries are enforced by a rule-based algorithm depending on
the states of charge of battery and super capacitor.
For testing the ARTEMIS driving cycle is repeated to gain a test track of about
150km. This distance discharges the battery from 100% to around 20%.
These test results and an proposed aging-model are used to simulate the ex-
pected lifetime of the battery under the given circumstances.
This is compared to the expected lifetime of a battery in a mono-source vehicle
and in a dual-source vehicle with a classical energy management strategy.

4.3.3 Battery lifetime extension by using an FPGA controlled Buck-
Boost converter(FPGA):

This work by Blanes et al.(2013) has the goal of increasing the battery lifetime
in a vehicle, by using ultra capacitors limiting the power stress on the battery.
To achieve this goal an electric vehicle is used, combining four lead-acid batter-
ies and ultra capacitors as power sources.
To combine the two parts of the energy storing system an bidirectional converter
was chosen, this is also the main theme of the paper and how it is coordinated
by a field-programmable gate array(FPGA).
In this energy management strategy are two main phases visible, the buck and
the boost phase.
The boost phase uses the ultra capacitor to deliver power to the voltage bus
and the buck phase to absorb power into the ultra capacitor while regenerative
braking.
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Testing took place in once an urban driving cycle with lots of traffic and an
mail-delivery scenario.
In both tests the proposed method was compared to a traditional one. In both
tests a reduction of high power demands on the battery was visible. But this
happened on the cost of increased energy consumption and a high current ripple
in the battery.
The higher energy demands were explained with the inefficiency of the con-
verter, so this approach was probably neither suited for an urban road or a
mail-delivery, but rather for an rural road with few traffic, so that not many
conversions happen.
For the comparison the results of the high traffic urban road cycle were used,
cause of the closer connection to the test scenarios of the different approaches.

4.3.4 Energy management strategy based on artificial neural fuzzy(AFL):

This paper by Kamal et al.(2018) tries to minimize total energy consumption,
by using an artificial neural fuzzy approach. Total energy consumption means
the combined fuel and electricity consumption.
This goal makes it clear, that this paper deals with a hybrid vehicle having an
hydraulic motor and an electric motor as power distributors.
The chosen energy management strategy is based on an artificial neural fuzzy
approach, consisting out of three level. The highest one determines the operat-
ing mode on different parameters concerning the environment, states of charges
and momentarily speed.
Second level is an intelligent optimal control strategy based on neural-fuzzy
logic.
The last and lowest level is the local fuzzy controller its purpose is to regulate
the vehicle subsystems set points reaching best operational performance.
This strategy is easy to implement online and achieves an reduction of total
energy consumption regarding conventional approaches.
Achieved results are a good power split between hydraulic and electric motor,
total energy consumption is reduced, compared to traditional approaches, and
the global efficiency was improved resulting in a longer driving distance between
refuelling.
Not much was said about battery lifetime extension and the power stress on
the battery was not mentioned. It could be assumed that on the low discharge
rate of the battery it would still deliver a reasonable battery lifetime, but not
for certain.
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4.3.5 Model predictive control based energy management of a power-
split vehicle(NMPC):

The hybrid vehicle discussed here by Borhan et al.(2012) is equipped with an
planetary gear set to split and combine the power produced by electric machines
and the combustion engine.
For the energy management strategy model predictive control was chosen and
implemented in an hierarchical control system. Hereby the higher layer finds
reference values for different parameters that are enforced in the lower layer.
First an quadratic cost function was introduced for minimizing the fuel econ-
omy, this did not deliver the expected results, but was more comparable to the
efficiency of PSAT.
Later on a second cost function was presented, this time nonlinear. Here better
results were observed in improved fuel economy.
The urban dynamometer driving schedule(UDDS cycle) and the highway fuel
economy driving schedule(HWFET) were used for testing.
For the comparison the results of the UDDS cycle test with the nonlinear ap-
proach was used, since the results for this driving cycle where more detailed and
the nonlinear approach had better results compared to the other one.

4.3.6 Energy management system based on stochastic model predic-
tive control with road grade preview(SMPC):

Here Zeng et al.(2015) attempt to perform a good model predictive control for
decreasing fuel consumption. Using the road grade ahead as a random variable,
knowledge of terrain data of nearby roads, the vehicle position and travelling
direction the optimal power distribution is calculated.
Tests were simulated for an midsize SUV with an slightly underrated battery
in an mountainous area in California. Furthermore light traffic is assumed so
speed is only limited by speed limits, since in a high traffic scenario the predic-
tion about road grade ahead could be neglected cause of the bigger influence of
start-stopping.
For the energy management strategy the road ahead is modelled as Markov
chain where on every crossing the options of turning are given an probability
based on traffic history on this road.
These are then used in combination with an cost function to predict the best
power distribution between battery and combustion engine.
In the test results the proposed algorithm performed better than an traditional
ECMS approach and achieved almost optimal results
. No tests were performed on urban cycles or scenarios with high traffic, this
is reasoned with the fact that this approach is not suited for either of this ap-
proaches, since many crossings would end in too high computational costs and
high traffic is as already mentioned not suitable.
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Concluding this is probably one of the better approaches for mountainous areas
with low traffic, but not appropriate for different driving scenarios.

Table 1: Listing of parameters being compared regarding the framework

dmax test DoDmax NDoDmax vmax Econs Pmax fe
OZ - 88.000km 10% 2 15km/h 5.4kW yes
PSO-NM 150km 558.000 km 80% 1 110km/h no
FPGA 55km 43km/h 117.33 Wh/km 8kW no
AFL 6% 70 km/h 790 Wh/km yes
NMPC 0.33% 5 91 km/h 20kW yes
SMPC 60% 3 55km/h 7.3 Wh/km yes

5 Conclusion

This work presented the importance of further research in the field of electric
vehicles and provided a framework for comparing different works in this field.
Differences between fuel-based vehicles and full electric vehicles were explained
with mentioning of advantages and disadvantages of batteries and ultra capac-
itors.
Furthermore the importance of a good and suited energy management system
was made clear.
Finally a framework was proposed putting the main aspects of papers regarding
electric vehicles in relations to each other and a selection of papers were com-
pared on chosen parameters.
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