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Energy Management of Hybrid Vehicle using
Artificial Intelligence for Optimal Fuel Efficiency

S.L. Badjate, Zoonubiya Khan Ali, R.V Kshirsagar

Abstract: In general, hybrid systems can be commanded by
splitting the required power between the electric machine and
ICE to meet the specific needs like fuel consumption, efficiency,
performance, and emissions. This power splitting scenario, which
is the key point of hybridization, isin fact the control strategy or
energy management of the hybrid automobile. Performance of
the system, therefore, depends on the control strategy which
needs to be robust (independent from uncertainties and always be
stable) and reliable. Moreover, in order to improve the system,
the control strategy should be adaptive to track the demand
changes from the driver or drive cycle for optimization purposes.
In order to fulfill these conditions, there is a need to develop an
efficient control strategy, which can split power based on
demands of the driver and driving conditions. Hence, for optimal
energy management of PHEV, interpretation of driver command
and driving situation is most important. In view of this, a fuzzy
logic based strategy for interpretation of driver command is
proposed in this paper.

Keywords. Hybrid vehicles, fuzzy logic, driver command,
parallel hybrid vehicles.

[ INTRODUCTION

The global scenario of environmental conditionsvesy
alarming. The continuous and uncontrolled use afsifo
fuels is responsible for deterioration of the hatbiThe large

The proposed MFIS based strategy is implementeithign
paper to various Driving Cycles and it was obsenyed the
proposed methodology works well for any type ofvithg
cycle irrespective of its length, speed profile aadiety of
road.

1. LITERATURE REVIEW

With the advent in automobile engineering, inteigratof
embedded system and sophistication in programrmrtimegy,
complex configurations of hybrid vehicles are cognin the
market. However, these configurations are inspirech the
classical configurations. The energy managementesys

are always at the heart of HEvs. These systems are

responsible to reduce fuel consumption and tailpipe
emissions. There are two types of EMS based on mbde
operation

a) Online mode of operation

b) Offline mode of operation

number of vehicles around the world has caused and
continues to cause serious environmental problent a

health issues for human. Air pollution, global warghand
rapid depletion of the earth’s petroleum resour@es now
problem of paramount concern. More and more coesill
over the world are contributing towards development
greener vehicles with the ultimate objective ofmitiating
hazardous tail pipe emissions.
Vehicles) have thrives as a lucrative solutionhte above
mentioned global crises. HEV achieves superior agie

HEV (Hybrid Electric

and low exhaust emissions as compared to convehtion

Internal Combustion Engines (ICE). HEV is a ternediso
describe vehicles that use ICEs in combination witk or
more electric motors (EM’s) connected to battergkpas a
secondary energy storage system. Providing prapuls
the wheels either together or separatfiihsani, et al
(2005)] *

The proposed MFIS based EMS is a holisticraggh

which consider all the important modules require fo

efficiently managing energy in PHEV. The driver coand
interpreter is the important aspect of driving ddesed in
this work. Most of the previous approaches havegingn
any consideration to this vital aspect.
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Table 1 show online and offline methods and their comparison [Sabri et al (2016)] 2

Reference M odeling appr oach Major Findings Typeof EMS
Statls.ucal a”"’?'ys's .& i) Automatically discriminates driving condition in
Huang machine learning with . .
real time. On-line EMS
etal.(2011) neural network i) fast computation type for online implementation
parallel HEV) P yp P
i) Three online intelligent energy controller was
Machine learning frame Proposed.
work using optimall .. , . I
etl\/lalljr(grg)?éj solution from dynami i) high performance regardless of initial SOC alu On-line EMS
proglrﬁlelmmzr\l/g (series iii) Increased fuel saving ranging between 5%- 10%
para ) depending roadway type & congestion level.
Model redictive i) Improved power train efficiency by regulating
Di cairano et. | control withIO roper engine transients
’ . prop i) Low computations burden for online On-line EMS
al.(2013§ smoothing algorithr) .~ .
(SeriesHEV) implementation. .
iii) Improved fuel consumption over rule based EMS
Stocasting mode] . - .
o i)Driver aware energy management controller
. prediction control and ) .
Di cairano et. X . 1 1)) quadratic programming handles layer stateb .
machine learning with /[ 7. . LS : n-line EMS
al.(2014§ . .| direction models while reconfiguring in real time
guadratic programming d di h i driver behavi
( Series HEV) epending on changes in driver behavior
I\_/Iulu objectlve_ non i) Varying time domain method used to switch
Zhang linear programming & ~’ . . L . _
. ; priority of objective based on current vehiclestat | On-line EMS
etal.(2014] genetic algorithm i) Flexible EMS over different driving condition
(Parallel HEV) 9
i) Optimization algorithm simulated total fuel
consumption treated as optimization goal
Zhan Fuzzy multi objective] ii) A portion of simulated fuel consumption trarield
ot al (20%23 optimization (Parallel | over to equivalent electrical energy based |o@ff-line EMS
" HEV) available SOC
iii) Improved fuel consumption over rule based and
fuzzy logic based EMS
i) Introduction of a second EM/generator for added
Borhan Non linear predictivg degrees of freedom
et.al (2012 control (Series parallel | ii) EMS division into supervisory and low level Off-line EMS
o HEV) controller
iii) Systematic and highly predictive EMS
Samanta Particle swarm i) First known PSO application HEV
et.al. (2013 optimization  (Series | ii) Optimization problem applicable across HEV,Off-line EMS
T Parallel HEV) PHEV and also EV
i) Global optimal power split curve calculation it
Keulen Numerical solution lesser computational requirement compared | to
et.al.(2013)" algorithm (Parallel | dynamic programming Off-line EMS
" HEV) i) Highly accurate equivalent approximation [f
optimization compared to dynamic programming

1. PROPOSED ENERGY MANAGEMENT
SYSTEM FOR HYBRID VEHICLE

are four different ways to operate the system, deipg on
the flow of energy: 1) provide power to the wheeith only
the ICE; 2) only the EM; or 3) both the ICE and B

Because of the potential of hybrid electric velsc{BlEVS) simultaneously; 4) charge the battery, using pathe ICE
to reduce fuel consumption and environmental Poliut power to drive the EM as a generator the other gal€E
HEVs have become one of the best alternatives power is used to drive the wheels. A power corgrols

conventional vehicles, which are driven by internaheeded to manage the flow of energy between all

combustion engines (ICEPowell et al(1998)'* Rahman et components, while taking into account the energgilable
al(1999)"]. HEVs comprises of two energy converters tan the battery. The power controller adds the ciipatior
generate the power required to drive the vehicke faifill  the components to work together in harmony, whiléha
other requirement. Typically, the architecture dfede same time optimizes the operating points of theviddal
vehicles includes an ICE with an associated fugk @nd an components. This is clearly an added complexityfaohd
electric machine with an associated energy stobagery. in conventional vehicles. Proper management of pdiea
For both the upstream and downstream configuratfere or distribution of torque is a critical issue fohet
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implementation of HEVs. This task is performed bi\H
control strategy using fuzzy. The HEV control stt
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driver's torque demand and the specific featuresthef
driving situation. The hybrid electric vehicle catexed for

determines which power source is use accordingh® tthis study has architecture as shown in Figure 1.

Interpretation of driver command
and environment condition
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Figurel Architecture of Proposed Hybrid System

3.1

Driving pattern is generally defined in terms o€ thpeed
profile of the vehicle in a particular environmdi3{.The

Driving Pattern

3.2.1 Roadway Type

The roadway type directly governs the fuel consummpit is
a qualitative measure describing operational cardit

driver command is used to extract the characterlsquthin a traffic stream based on service measuras to

parameters’ of driving pattern. While there is mmmgensus
among researchers as to the precise definitionhese
parameters, a number of studies have attemptedfioeda
list of such parameters E. Ericsson has given uytd
parameters to design driving pattern .These 9rlyipattern
parameters are further grouped into three inpuarpaters
for the generation of fuzzy rule base and outplit lvé the
fuel consumption. These three input parameterg agpeed
2. Stop factor and 3. Average Acceleration. Theedpis
considered in four levels low (15-30 km/hr), medi(806-70
km/hr), high (70-90 km/hr) and very high (90-110/kn).
The stop factor is considered in three levelsstep factor
equal to zero, equal to 2 and between 2 and 25avérage
acceleration is considered in three levels i.e0,z6r0.165
and -0.165 to 0. The output parameters are the fi
consumption and three levels are considered i.es, lo
medium and high. Based on this information, 19 gdee
formed. These 19 rules are utilized to infer abéuel
consumption based on the levels of the input.

3.2. Driving Situation

Driving situation is the next section of driver'sramand,
which determines overall traffic environment indhugl the
vehicle’s operating mode so it has to concentrate
Roadway Type, Driver Style, Driving Trend, and Dmiy
Mode.
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deal with Speed, Travel Time, Freedom to Maneuver,
Traffic Interruptions, Comfort, and Convenience. nee,
there are classified based on level of service. Daglway
type identification needs information regarding rage
velocity, stop factor and speed of the vehicle.alh 6
roadway types are identified, LOS A -Best Opertin
Conditions i.e. High Speed Freeway, LOS B - Good
operating conditions, LOS C - Moderate Operating
Conditions, LOS D - Worst Operating Conditioh§S

E - Ramp LOS F - Arterial Roads. The three lewds
average velocity are below 40 km/hr, between 40b6@0
km/hr and between 50 to 90 km/hr. The levels ofpsto
factors and speed are considered same as of dpeaittgrn.
Based on the available information, 31 rules asméd.

ese rules are utilized to predict the type ofrtedway.

3.2.2. Driver Style

Driver style can be predicted from the temperantdrihe
driver and it is analyzed using average acceleratiad ratio

of acceleration standard deviation and averageleretien.
This relationship is adapted by many researchefe T
reason is temperament can be analyzed from the
instantaneous change in the velocity and the spoéahis

Qemperament when observed over a period of timbred

types of driver styles are identified 1. Calm 2rial and 3.
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Aggressive. The levels of average accelerationidersd transient features of the drive cycle, such as kpeed
for this study are 0 to 0.4884 M/9.4884 to 0.7029 nfls cruise, high speed cruise, acceleration/deceleratiod so
and 0.7029 to 0.9027 ri/She levels of standard deviationon. These transient effects on driving trends can b
of acceleration are 0 to 0.1, 0.1 to 0.4 and 0.8.80 Based described by the magnitudes of the average spesey)v
on the available data, nine rules are generatedséhules and acceleration (aavg) values [39]. Cruising ithimg but
will be further utilized to predict the driving $&yof the running the vehicle at apparently constant velocity

driver. It is a style which used to assess thetstesm or

- ‘centroid’ method. The membership functions used ar
3.2.3 Driving Trend . . . . :

triangular and Gaussian. A user interface is geedrahich

Driving trend is used to assess the short ternramstent asks various questions to the user and takes fnput the
features of the drive cycle, such as low speedseruhigh yser. These inputs are further fed to the fistélebtain the
speed cruise, acceleration/deceleration, and soTbese matching rule. This matching rule is fired as autioh
transient effects on driving trends can be desdribg the  stating the levels of the input as correspondinguatu
magnitudes of the average speed (vavg) and actietera
(aavg) values. Cruising is nothing but running vike&icle at 4.1 Casel
apparently constant velocity. It depends on valwds If the magnitude of speed is small i.e. 15-30kmémd
average velocity and average acceleration. These twumber of stop factors are zero for total traveletiof 60
parameters are utilized to understand the cruiseliton seconds with the magnitude of acceleration 0-0.1§5m
and change in the velocity. The three levels ofraye during driving through same travel distance themngis
velocity are zero, less than 40 km/hr and grediant40 above mentioned data driving pattern should prethet
km/hr. The three levels of average acceleratiorsidened “low fuel consumption”. It is convinced from the
are zero, -0.5 mfsand +0.5 m/ These parameters areobservation of roadway type if speed is limited 16-
utilized to predict whether driving trend is no ising, low  30km/hr and numbers of stop factors are limitedeim with
speed cruising and high speed cruising and change Jelocity of 50km/hr then roadway type will be catesied
velocity is zero, positive or negative. by the system as “LOS C” i.e. moderate operatingditmn

L for driver. To identify the driver style averagecaleration
3.2.4 Driving Mode and standard deviation are used. Standard devié&bDi is
The instantaneous operating mode of the vehicleryev gne of indices of variability that can be used haracterize
second is the representation of the driver's indenfor the the dispersion among the measures in a given gafup
propulsion of the vehicle, such as start-up, acaét®n, samples. Acceleration criteria for determining drig style
cruise, deceleration (braking), and stationary.nFrthe are used for specific driving time of 60 sec, agera
viewpoint of energy management for parallel hybrigycceleration to be considered as 0.3752mrsl standard
vehicles, for each mode different energy managemegéyiation is 0.1then driver style will be declaras “calm
strategies are required to control the flow of ggein the  driver”. The purpose of driving trend is to asseke
drive train and maintain adequate reserves of gnerghe changing features of drive cycle such as low spreise,
electric energy storage device [14] to improve th@igh speed cruise, acceleration, deceleration, stag or
performance of the vehicle. The driving mode degeod gle. These transient features of driving trend dam
the information regarding speed of the engine aeddrque described by magnitude of average speed and average
requirements. The Engine Speed is to be maintatoed gcceleration if the values for speed is 22.5km/hd a
maintain the desired speed and is torque requimed facceleration is 0.375 mi/then drive cycle is assess as “Low
maintaining vehicle speed constant while overcomad speed cruise acceleration”. The instantaneous tpgra
load and torque required for acceleration or deagé®n i.e. mode of the vehicle every second is the representaf the
driver’s intentions, whereas torque of the vehitdethe griver's intention for the operation of the vehjcteich as
sudden requirement by the driver to acceleratecoelérate start-up, acceleration, cruise, deceleration idlstationary.
(driver's intention). The two levels of engine sge®e zero priving mode determines current operating modeetficle.
and greater than zero. The torque is considerethi®e The recognition of driving modes of the vehicle
levels i.e. zero, positive and negative. Based bis t jnstantaneous speed and torque require for actielerand
information 5 rules are formed and decision abdw t jeceleration. If speed is greater than zero anduéoris
driving mode can be made. The driving mode carntaméup, positive i.e. during acceleration condition theivitig mode
acceleration, deceleration, cruising and standl siil gives output as “cruising” condition output. So nggiall

stationary with no engine running. above condition of driving pattern, roadway typeividg
trend, driver style and driving mode the driver coamd
V. SAMPLE EXAMPLE will interprets as:

In order to evaluate the performance of the propaystem &) Low speed acceleration.

to predict driver command, three different casee aP) Calm driving implies anticipating other road tse
considered. These cases are considered from thiaga Movement, traffic lights, speed limits, and avoglihard
data which depicts real life situations. The prasbs acceleration.

approach is implemented using Fuzzy toolbox of MAB. ~ C) Battery power will be used to propel the vehicle

The 'mamdani’ method is used for fuzzification, Andl) Low power consumption.

Method="min', Or Method="max', Imp Method="min’,dan

Agg Method="max' whereas defuzzification is donéngis
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4.2.Case?2
Fuzzy rule base development starts with the patstiuthat
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with the magnitude of acceleration is -0.165-0°mlis the
driver command, information about roadway typesedito

fuel economy in HEVs operation can be achieved bjdex a fuzzy rule base paralleling to the giveadway

operating the ICE at the efficient region of thgiee and by
avoiding transient operations that would occur idrizing

type. Again, roadway type for the driving in pauntar
situation with specific time of 60 seconds and desd type

situation such as abrupt acceleration and/or deatide, Of roadway as “Los C” i.e. moderate operating coadifor
frequent stop-and-go event, and so on. Through tj5ksiving if speed is I.|m|ted to 30-70km/hr gnd nur@@f
literature survey [4][9], | investigated the drigirpattern Stop factors are high as 25.As stated in aboetioses
factors that affect fuel consumption and emissiand that driver style is used to identify drivers intention desire of
would be used in the development of the fuzzy hdse at driving in particular situation and declare as” mggive
particular situation in specific time of 60 secoraugl infer Style” of driving if conditions are as average decetion
as “Medium fuel consumption” if the magnitude oeepl is 0-833 m/s2 and standard deviation is 0.4. Theseirkes of
large of about70-90km/hr and number of stop factmes driving trend can be described by magnitude of ayer
two with the magnitude of acceleration is same as §Peed and average acceleration if the values &edsfs 50
0.165m/&.Fuzzy rule base for roadway type is fired angm/hr and accelera’_ﬂon is greater 0.57ten dnve_z cycle is
postulate type of roadway for driving and declase’ls0S ~ aSS€ss as “No cruise mode.”.. In the accelerationemad .
E” i.e. ramp type roadway for driving if speed iiited to W?" as non-level road driving .mode, such as up-hil
70-90km/hr and numbers of stop factors are very hig40 Climbing, power from the battery is used togethéthvthe
with velocity of 50km/hr. The rule base consistfaxility- ~€ngine power to cope with the high-power demand,
specific rule sets devised for driver style to preelstyle of consequently resulting in discharge operation. rigiee
driving as “normal driving” for a given style typaverage speed is greater than zero and torque is postiee dnvmg
acceleration to be considered as 0.667’rafel standard Mode will be display as “acceleration mode” of i
deviation is 0.3. When the vehicle is driving atanstant USing aforementioned interpretation driver commanid
speed, a small amount of torque is needed to raititie  INterprets following results:

vehicle speed and to overcome the road load. Initing @) Sudden gear change

mode, including acceleration and cruise mode, Bodit b) Sgdden v_elocny

battery charge by operating the ICE is not suggeseeause ©) High braking _ o

it may cause the overall performance to deteriosmtg/or d) SO rash or aggressive driving

the battery to be overcharged. Selective battergrgen €) Therefore high fuel usage.

operation may be needed for the operation of HEMbése

modes On the other hand; driving trend (i.e., modal V. OBSERVATIONS

transition of the vehicle) is identified with shaerm A fuzzy logic based system is developed to prettiet
driving data compared with the roadway type idéatfon,  driver command for the operation of parallel hybeldctric
since driving trend of the vehicle can change fgpid vehicle. This system utilized the data available tive
Driving trend will predict as high speed cruiserifgnitude |iterature to generate the rule base. When the tmmp
of average speed and average acceleration if fues/dor system was implemented to three different casesyai
speed is 22.5km/hr and acceleration is 0.375%WiH8 observed that the solution predicted by the systerearly
recognition of driving modes of the vehicle is male same as of answers given by the truth table / gathe
examining the following condition of speed and rieel information. The main observation was that when emnof
torque and declared as “accelerating mode” if spied rules is more, the system gives better answer mpaced to
greater than zero and torque is positive i.e. @urinless number of rules. At few experiment, it wasnibuhat
“acceleration”. At each section the fuzzy rule baséired changing the membership function from trapezoidal t
and generated aforementioned outputs so overalledri triangular improved the performance of the systdie
command system will interprets following conditidy  major aspect of this developed system is that hsasrto
considering the outputs from driving pattern, roagwype, have correct knowledge about various parameters lik
driver style, driving trend and driving mode as instantaneous speed, average velocity, averagéeeatien,

a) High speed acceleration engine speed and engine torque. This aspect mdlees t
b) Normal driving mode system highly suitable to interface with real-tirhgbrid
c) Battery and IC engine both are used to generaf@hicle and various sensors. The output of the gseg
power for hybrid vehicle. system is the intermediate output of the whole mbnt
d) Power consumption is medium. system for efficiently driving hybrid electric veth.
4.3 Case3 However, it is the most important aspect since airiv

command is going to decide the action to be peréairioy
the controller and other qualitative parameters lifkel
consumption, ride comfort and mileage.

The mission of driving pattern is to extract the kéatistical
features, or characteristics parameters, of thendyipattern
for fuel consumption and emission problem Whiler¢his
no consensus among researchers as to the prefiisiéiare
of these parameters, a fuzzy rule base is generated
driving pattern and it will fired and declare aigh fuel Inrecent years HEV has come up as a lucrativeeéfirdent
consumption” if the magnitude of speed is largeabbut solution for speedily depleting fossil fuels andotul
30-70km/hr and number of stop factors are betwe@s 2 warming. However an adaptive and intelligent tedbgy is

VI. CONCLUSION
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necessary to tap the advantages from the hybriéclesh
For an effective design of EMS, the parametersiredqare

big in number. Hence, it is necessary to decide the
prominent parameters and their relationships uamtigjcial
intelligent technique. The main issue in operatiigVs is
obtaining balance between limited energy sourced an
performance optimization. The tradeoff between ciibjes
subject to variety of constraints makes this energy
management system a very good candidate for ogattioiz
problems
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