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ABSTRACT

Energy Management on Parallel Hybrid Electrical
Vehicles

Turgay GUCUKOGLU

Department of Control and Automation Engineering

Master of Science Thesis

Advisor: Asst. Prof. Dr. Levent UCUN

Many researches regarding to optimization of power and energy consumption in
hybrid electric vehicles to reduce fuel-rate and emission parameters have been made
for years. As a summary, applied methods are classified into two major groups:
rule-based and optimization-based. There are many types of application under these
groups such as Traction Mode Transition Control, Fuzzy Logic, Model Predictive
Control (MPCQC), etc.

In this study, it is aimed to apply a new energy management optimization method
for parallel-hybrid electric vehicles. Big bang-big crunch optimization (BBBC) as new
strategy is chosen for tuning Fuzzy-PID controller and conventional-PID parameters.
Firstly, controllers and method are integrated to selected parallel hybrid vehicle
drivetrain for simulation. Then, F-PID and conventional-PID parameters are tuned
by BBBC to find minimum error between speed reference and vehicle actual velocity
considering fuel consumption. Results indicate that Fuzzy-PID control leads to lower

fuel-rate [L/100km] as it is compared to conventional-PID controller.

Keywords: Energy management, parallel-hybrid electric vehicle, big bang-big crunch

optimization, fuzzy-PID
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OZET

Paralel Hibrit Elektrikli Araclarda Enerji Yonetimi
Turgay GUCUKOGLU

Kontrol ve Otomasyon Miihendisligi Anabilim Dali

Yiiksek Lisans Tezi

Damisman: Dr. Ogr. Uyesi Levent UCUN

Hibrit elektrikli araclarda yakit oranini ve emisyon parametrelerini azaltmak icin gii¢
ve enerji tiiketimini optimize etmeye yonelik bircok arastirma yillardir yapilmistir.
Ozet olarak, uygulanan yéntemler kural temelli ve optimizasyon temelli olmak {izere
iki ana gruba ayrilir. Bu gruplar altinda Cekis Modu Gegis Kontrolii, Bulanik Mantik,
Model Tahmini Kontrolii (MPC) vb. bircok uygulama tipi vardir.

Bu tez calismasinda, paralel hibrit elektrikli araclar icin yeni bir enerji yonetimi
optimizasyon yontemi uygulanmasi amaclanmistir. Bulanik Mantik-PID kontrolori
ve geleneksel-PID kontrolorii parametrelerinin ayarlanmasi i¢in yeni strateji olarak
biiyiik patlama-biiyiik ¢okiis optimizasyonu (BBBC) secilmistir. ilk olarak, kontrolérler
ve yontem, simiilasyon icin secilen paralel hibrit ara¢ aktarma organlarina entegre
edilmistir. Daha sonra, F-PID ve konvansiyonel-PID parametreleri, yakit tiiketimi
dikkate alinarak hiz referansi ile ara¢ gercek hizi arasindaki minimum hatay1 bulmak
icin BBBC tarafindan ayarlanir. Sonuclar, Bulanik PID kontroliiniin, geleneksel
PID kontrol yapisindan daha diisiik bir yakit oranina [L / 100km] sahip oldugunu
gostermektedir.

Anahtar Kelimeler: Enerji yonetimi, paralel-hibrit elektrikli arag, biiyiik

patlama-biiyiik ¢okiis optimizasyonu, bulanik mantik-PID

YILDIZ TEKNIiK UNIVERSITESI
FEN BILIMLERIi ENSTITUSU
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1

Introduction

1.1 Literature Review

Recently, due to restricted global emission regulations, Hybrid Electric Vehicles (HEV)
and Battery Electric Vehicles (BEV) are being more popular. Besides, the vehicles are
also encouraged by many governments to reduce air pollution and carbon emission, so
that many countries will have pure electric or hybrid electric vehicle in the following

years [1].

It is observed that there are many studies, researches, discussions that investigate
energy management on Hybrid Electric Vehicles (HEV). While performing energy
management between two main power sources, battery and ICE, selected control
strategy is subject to optimizing fuel consumption and emission as well as powertrain
efficiency. Energy management in hybrid electric vehicles is quite challenging due
to vehicle complexity and required data acquisition on torque and speed profiles. In
the literature review, existing studies are summarized and are classified as relevant
groups. Therefore, control strategies are divided into two groups: Rule-Based control

and Optimization-Based control [3].

1.1.1 Rule-Based Energy Management Strategy

Rule based type utilizes human skill and heuristic knowledge of system. Rule-based
strategy can be split into two parts which are Fuzzy Control and State Machine Control
(SMC) [2]. SMC is related to defining operating mode transition based on battery
constraints and driving conditions [3]. Those modes are usually named as charging

mode, electric mode, engine mode, hybrid mode and regenerative breaking mode.

In fuzzy control strategy, conventional fuzzy controller application is utilized such as
fuzzification, fuzzy rule table, and defuzzification. Fuzzy rule based control types
define predetermined linguistic knowledge of application. Methods can be improved

to acquire adaptive or predictive solutions. Fuzzy controller can be set by load leveling



which utilizes knowledge on driving condition such as road type and driving situation
[2]. In addition, another research is about a sophisticated fuzzy controller which

contains driver’s intention predictor (DIP) and power balance controller (PBC) [4].

One of fuzzy rule based controllers for energy management is identifying a quantity
defined as battery working state (BWS) [5]. BWS is adjusted according to battery
nominal voltage and state of charge (SOC) to prevent from over-discharge of battery.
Power split between battery and engine is achieved by a fuzzy controller considering
BWS.

Some inputs are also considered to build a fuzzy rule based controller. S. D. Farrall
and R. P Jones constructed fuzzy universe of investigations as gas pedal data and
requested armature current while X. He, M. Parten and T. Maxwell process SOC, and
engine torque demand [6, 7]. Furthermore, electric motor speed and driver power

demand are considered as data inputs to fuzzy controller.

1.1.2 Optimization-Based Energy Management Strategy

In optimization-based control strategy, the most popular technique is to set up a
controller to minimize fuel consumption as cost function. The cost function is
derived from system equation and requirements and may be evaluated in terms of
fuel consumption, emission, battery ageing, power split depending on powertrain
configuration [3]. Basically, the function consists of fuel consumption equation which
is subject to physical boundaries of the HEV’s powertrain elements like battery current

limits, engine torque limits, etc.

Optimization-based strategy is split into three main sub-clusters based on application
style. In general, those are called as offline control, real-time control (prediction-based
control) and learning-based control strategy. Off-line methods are mainly supposed
to gather entire cycle for global optimization. Real-time control strategies account
predicted following driving horizon. Learning based method is a kind of machine

learning application [8].

One of offline control strategies is Dynamic Programming (DP) method which is very
often issued as energy management method is used for determining optimal solutions
globally by knowing entire drive cycle and its basic benefit is that it can lightly struggle
with system boundaries and non-linearity of system equations [9]. In addition to that,
some applications support identifying rule-based strategies [10]. C. Lin, H. Pengl, and
J.W. Grizzle tried to gather stochastic modeling of driver request to fix optimization

problem via stochastic dynamic programming [11].



Genetic Algorithm (GA) method as off-line control is also studied for energy
management in HEVs. In the strategy, power optimization is done depending
on engine status to find relationship between e-motor current and engine fuel
consumption and Quadratic Programming (QP) is used for gathering optimal battery
power based on engine power limits [ 12]. Another release as GA application is utilized
by Fuzzy-PID controller type for vehicle velocity control on HEVs is usually studied for
power split powertrain structure [13]. To the my best of knowledge, There is a lack of

study in the literature that applies Fuzzy-PID controller in the other powertrain type.

The main aspect of real time control method in HEVs is that solving optimization
problem with predicted torque demand and driving road map [9]. MPC and ECMS /

PMP is assigned as real time control strategy classification.

The ECMS application which is the most popular strategy is used with Pontryagin’s
Minimum Principle to find optimized fuel consumption cost function [14].
Hamiltonian function is defined in the ECMS to manage the balance between fuel
consumption and various costs in the system such as battery discharge power, battery
ageing, etc. Adaptive ECMS (A-ECMS) aims adapting equivalence factor according to
changing environment conditions. B. Gu and G. Rizzoni developed ECMS according
to driving pattern recognition to release an adaptive algorithm for HEV energy

management [15].

For learning based control strategy, two types are reviewed in literature. One of these
control strategies is called as Q-learning algorithm. In [16], it is developed with
Neuro-Dynamic Programming (NDP) including predicted future road map information
which is able to obtain in-vehicle learning. The other learning-based method is defined
as Reinforcement Learning (RL). In [17], management works like that system captures
rest of trip map via Global Positioning System (GPS) and the algorithm tries to learn

adjusted future energy behavior.

1.1.3 Strategy Summary

As a result of these literature survey activities, HEV energy management strategies are

classified and illustrated as a structural column in Figure 1.1.
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= 5 =
™ Adaptive = ECMS / PMP

Figure 1.1 Control Strategy Structure in Literature

1.2 Objective of the Thesis

There are many studies that issue optimization of energy management and fuel
consumption of HEVs. Main objective of the thesis is to apply a new optimization
method to decrease fuel consumption and CO, emission in HEVs which have parallel
type powertrain structure. In addition, it is also examined that the difference between

conventional PID and Fuzzy-PID vehicle control in terms of fuel consumption.

1.3 Hypothesis

The novelty of thesis is that Fuzzy-PID controller combined to big bang-big crunch
optimization method is implemented to energy management without battery SOC
control. Moreover, that kind of application has never been employed in power
and energy optimization of parallel-HEVs. In addition, there is lack of resource
about Fuzzy-PID controlled parallel-hybrid electric vehicle topology for energy

management.



2

Vehicle Model

HEVs have two propulsion sources as ICE (Internal Combustion Engine) and battery.
Energy management plays a critical role in determining power split between those
power sources by considering system constraints. Therefore, energy management
system (EMS) in HEVs is quite challenging and complicated due to many variances
like driver demand, route condition, High Voltage battery capability, vehicle range,

CO, emission, etc.

2.1 Basic Hybrid Powertrain Topologies

Basically, HEVs are classified in 3 main powertrain configurations which are titled as
Series, Parallel and Series-Parallel (Power Split) [18]. In series topology, HV Battery is
basic energy source for traction, ICE (Internal Combustion Engine) is used for charging

the battery in order to extend vehicle range. Series HEV style is shown in Figure 2.1.

-
#

| i
I 5 |
| |
I 2 =1
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I 2 s
1| 2 =
| 5 |
I oCC g gy — I

Figure 2.1 Series HEV Topology [19]



In parallel topology, HV Battery and ICE are basic energy source for traction. Both
energy sources are used for power demand separately or in combination [ 14]. Parallel
HEV style is illustrated in Figure 2.2. Hybrid topology to be utilized in the study is
Parallel HEV model. Parallel HEV powertrain equation will be obtained via relevant

vehicle model to be selected.

A B -
l g Internal i
| = combustion . N
| > engine % Ejl
| s =1
I Electric o [ Transmission |
a
| achine ) 5
I Battery I
\ P charger ]
B - -

Figure 2.2 Parallel HEV Topology [19]

In power split topology, both series and parallel energy sources are combined to each
other via planetary gear set. Energy transition strategy is based on many conditions
such as power demand by driver, SoC value for battery, etc. Power Split HEV style can

be seen in Figure 2.3.

T

&

Differential gear

T —— — — — — i —

AN

Figure 2.3 Power Split HEV Topology [19]



2.2 Vehicle Longitudinal Dynamics

Equation of vehicle longitudinal dynamics (2.1) is obtained from Newton’s second law

of motion and vehicle diagram with related forces can be found in Figure 2.4.

f:r"e )
C
+Cliop,

Figure 2.4 Vehicle Traction and Resistance Forces

Foee— Fg— F,— F,— J, 0, =m,q, (2.1)
1 2
F,= Epairchv (t) (2.2)
F.= c,m,gcosy (2.3)
F,=m gsiny (2.4)
The formulas are derived to;
do (t) 1 (Tnet 1 ) . )
= — —P.i-CiAV(t)— ¢c.m,gcosy — m,gsin 2.5
dt m(t) rW zpalr d ( ) r vg Y vg Y ( )
m(t) parameter given in (2.5) is calculated as;
2
J., Jang (£)
m(t)=m,+ 2+ g (2.6)
r2 r2
w w
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where F,,, is total traction force; F, is aerodynamic drag force; F, wheel rolling
resistance force; F, is gravitational force due to road slope; J,,, is equivalent inertia of
vehicle; w,, is wheel rotational speed; m, is vehicle mass; a, is vehicle acceleration;
P.ir 1S air density; c; drag coefficient; A is vehicle frontal area; is vehicle velocity; c,
rolling resistance coefficient; g is gravitational acceleration; T,,, is total net torque;

r, is wheel radius; J,, is total inertia of wheels; J,, is e-motor inertia; n, is gear ratio
[20].

Vehicle and powertrain elements’ specification related to a passenger car which has
been applied to simulation are demonstrated in Table 2.1.



Table 2.1 System parameters used in simulation

System Parameter Value [Unit]

Vehicle Mass 1200 kg
Frontal Area 2.46 m”
Wheel Radius 0.32m
Wheels’ Total Inertia 3.78 kgm*
Air Density 1.24 kg/m’
Rolling Res. Coefficient 0.012
Air Drag Coefficient 0.25
Gravity 9.81 m/s”
Brake Actuator Bore Diameter 50 mm
Mean Radius of Brake Pad 150 mm
Brake Pressure 1 MPa
Number of Brake Pads on Each 9
Wheel

Electric Motor | Inertia 0.00435 kgm?
Max Torque 120 Nm
Min Torque
(Generator Mode) pr20 Nm
Max Speed 6000 rpm
Power 20 kW
Efficiency 90%

Engine Max Torque 155 Nm
Max Speed 5000 rpm
Power 90 kW

Battery Capacity 40 Ah
Installed Energy 10.36 kWh
Min Voltage 201.6V
Max Voltage 303.8V
Current Limits
(Charge/Discharge) 80A/80A
Continuous Power
(Charge/Discharge) -10 kW / 10 kW
Max. Power (Charge/Discharge) | -20.7 kW / 20.7 kW
Number of cells in series 72
Number of cells in parallel 1

Overall vehicle Simulink model is given in Figure 2.5. Vehicle representative model
consists of three main blocks which are ‘Driver Demand’, ‘Hybrid Control System’,
‘Powertrain’. Driver Demand block where controller is placed creates requested torque
based on speed reference and actual vehicle speed. According to driver demanded
torque, Hybrid Control System block decides traction torque split between engine and
motor. In case braking, it defines required regenerative braking and frictional braking
torques and the block sends the torque value to powertrain block. In addition to torque

data, it also provides gear number decided on AP position and vehicle velocity.
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Figure 2.5 Vehicle System

10



2.3 Driver Demand Model

Driver Demand block contains controller structure and it releases required torque
for traction or brake. Traction torque request is equal to product of by multiplying
acceleration pedal (AP) position rate and instant total torque capability of engine
and motor and it is given in (2.9). Brake pedal (BP) position rate is sent to hybrid
control system for braking block. Acceleration and brake pedal position rates are also
illustrated in (2.7) and (2.8) and they are depended control input of controller block.
Torque demand, AP and BP are obtained like;

1 ifu(t)>1
ea(t)=<u(t) if1=>u(t)=0 (2.7)
0 ifu(t)<o0

0 ifu(t)>0
ep()=<u(t) if —1<u(t)<0 (2.8)
-1 ifu(t)<-1

Ty (6) =T, (t) a(t) (2.9)

where ¢, is acceleration pedal position rate; (g is brake pedal position rate, u is
control input; T, is instant traction torque capability of vehicle system; T; is torque

demand sent to traction block in hybrid control system.

As an example, Fuzzy-PID driver demand model can be found in Figure 2.6.

11
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Figure 2.6 Driver Demand Block

2.4 Hybrid Control System Model

Hybrid control system is constructed as it contains traction model, brake model
and gear selection model. The model processes following inputs: traction torque
command, AP and BP positions, feedback from powertrain system such as battery SOC,
motor speed, etc. Then, it releases required traction torque split between motor and
engine, brake torque, clutch command, gear number. Model representative overview

is given in Figure 2.7.
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Figure 2.7 Hybrid Control System Block Overview

2.4.1 Traction Model

According to torque demand, if AP position is greater than zero, traction, generates
related toque for engine and motor within their limits. Firstly, model checks if

requested torque is covered by motor and it is in battery discharge limit. As
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long as motor and battery satisfy the demand, engine is in off status and

clutch

is in dis-engaged mode. This is also called as ‘Electric Drive’. Block overview is

demonstrated in Figure 2.8. Motor is always initial traction element in the powertrain.

That means mobility starts at electric drive mode.
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Figure 2.8 Traction System Block Overview

Transition between hybrid mode (traction by both engine and motor) and

BattSOC. X E
o0 Gnsngma fr————————>(3)
—
L -
A D

electric

drive mode, it is handled by state flow diagram in the model as it requires engine
on-off control, engine idling status, clutch on-off control, etc. Engine control strategy
starts to work once Engine ON signal is triggered if requested torque is not handled

by motor. Engine status is decided to follow like flowchart in Figure 2.9.
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Figure 2.9 Engine System Integration Flowchart

2.4.2 Vehicle Brake Model

Parallel brake type including both frictional braking and regenerative braking is
applied, brake parameters come from MATLAB brake disc model block. Frictional

brake equation shown in (2.10) is formulated as;

Uk ﬂ'—DbszNpadsP

2 v (t)

Tb (t) = Nbrake
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where T, is brake torque on wheels; Ny, .. is number of brakes, u, is disc pad-rotor
coefficient of kinetic friction; D, is brake actuator bore diameter, R,, is mean radius of
brake pad force application on brake rotor which is equal to average radius of brake
pad to the hub; N

pads

is number of brake pads on each wheel, P is applied brake

pressure.; (y brake pedal position rate [21].

Regenerative brake torque is based on that instantaneous negative motor torque as
generator mode and it is proportional of both brake pedal position rate and regen
factor depended on vehicle speed and battery charge limits. Speed related factor works
like that it assigns proportional coefficient between 0 and 1 according to between 0-9
km/h. If velocity is greater than 9 km/h, the factor is equal to 1. On the other hand,
battery charge limit factor value is that it is proportional constant between 0 and 1
according to battery SOC due to battery characteristic. If battery SOC is lower than
70%, the factor is 1. In case battery SOC is higher than 70%, then factor decreases to
0 proportionally and it is assigned to O when battery is fully charged. Vehicle Brake

model is seen in Figure 2.10.
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Figure 2.10 Brake Model Block in Simulink

2.4.3 Gear Selection Model

Gear up-shift / down-shift decision map based on throttle position and vehicle speed
is shown in Figure 2.11. During acceleration, up-shift lines are reference points and
while vehicle is decelerating, dotted downshift lines are considered in the system
model. Gear number decision is made via state flow block of Simulink tool. Lines refer
to shifting threshold. For example, if we consider initial condition that acceleration

pedal is pressed to 50% constantly, vehicle speed is 0 km/h and gear is 1, gear will be
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shifted to 2 when vehicle speed is higher than 30 km/h.
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Figure 2.11 Transmission System Gear Selection Map

2.5 Powertrain Model

Parallel hybrid powertrain has following elements: battery, motor, engine and
transmission system and detailed representative model is touched in the following
chapters. Signal output of the block which is called as vehicle feedback is utilized
by driver demand block and hybrid control system. Vehicle feedback signal includes
fuel flow rate, battery SOC, motor speed, vehicle speed, actual engine, motor torque
and gear ratio. System drivetrain is illustrated in Figure 2.12 and it is transferred to

Simulink block like given in Figure 2.13.
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Figure 2.12 Powertrain Demonstration
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Figure 2.13 Drivetrain Block Overview

Model in Figure 2.13 and demonstration model in Figure 2.12 are based on formulas
given in Chapter 2.2.

2.5.1 Electric Motor Model

Electric motor model is based on a map in Simulink model instead of creating its
dynamic equations. It is presumed that efficiency between mechanical power and
electrical power is constant as 90% at every operating condition of motor and the

model works as if it delivers required torque within constraints indicated as;

0< w,(t) < Wymax (2.11)

Tm,mins Tm(t) < Tm (212)

,max

where w,, is motor rotational speed; T,, is motor torque and min torque value refers
to the highest torque during generator mode. Therefore, motor is assumed that it is
capable to provide relevant performance during energy generating.

Torque and speed of motor map is given in Figure 2.14.
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6000

Detailed information about motor model can be seen in Figure 2.15. Equation (2.13)

is carried over from mapped motor model in MATLAB Simulink tool and it is set up in

motor model. Motor power formula is expressed as;

P, (t) = w, () T, (t)

where P,, is mechanical output power of motor.

[MechPwr] X
e-Motor Efficiency -

(2.13)
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Figure 2.15 Motor Block Overview in Simulink
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2.5.2 Engine Model
Engine is modeled as a map in Simulink and it is considered that engine provides

torque demand from driver as long as request does not exceed element boundaries

which are defined as;

0< w,(t) < Wemax (2.14)

0< T,(t) < T, nax (2.15)
where w, is engine rotational speed; T, is engine torque. Relationship between engine
torque and speed is demonstrated in Figure 2.16.
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Figure 2.16 Engine Torque vs Speed Map

Fuel consumption and CO, emission are function of engine speed and torque and are
obtained from a map indicated in Figure 2.17 and Figure 2.18 respectively. Related

equations are set up like;

My () = frue (. (t), T, (t)) (2.16)
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mCOZ(t) :femission (we(t): Te(t)) (217)

where i1, is mass of fuel consumption; ri¢, is mass of emitted CO,.
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Figure 2.17 Corresponding Engine CO, Emission Map Based on Speed and Torque
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Figure 2.18 Corresponding Engine Fuel Map Based on Speed and Torque
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Like issued in motor Simulink model, engine block is also modeled as if it delivers
needed torque within engine constraints the model is illustrated in Figure 2.19.
Look-up Table feature defined as a map is utilized for engine emission and fuel and
all map data is obtained from mapped engine model in MATLAB Simulink tool. In
addition, required engine torque is passed if clutch signal is ON which means engaged
status. Clutch signal is decided by Hybrid Control Block and traction control subject
is touched in chapter 2.4.1.

2-D T(u)

= ul

N
o =
h
@

) uZ

CO2 Emission Map

/

2-0 T(u)
1 I 300pd o ul
EngineSpd I,/ Lt »_1 :'
rad's to rpm = uZ FuelConsmp

Fuel Consumption Map

o

@ e >

EngineTgCmd o =0 > 2
ke 0to 155Nm ; " 2)

—= EnginaTg
D
CltchCmd
]

Figure 2.19 Engine Block Overview in Simulink

2.5.3 Battery Model

Lithium - Ion battery is represented by two types of math model which feed HEVs and
full electric vehicle studies [22]. Those types are circuit based and electrochemistry
based which refers to chemical reaction dynamics in a cell. In the model, basic battery
equivalent circuit for a cell representation is considered and it is shown in Figure 2.20.
In the circuit, one cell is modeled as if it consists of a voltage source (U,.) which is open

circuit voltage (OCV) and serial internal resistance (R;) depending on temperature.
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4 — — - Charge
———— Discharge

Figure 2.20 Basic Battery Equivalent Circuit [22]

According to basic battery equivalent circuit, following battery level (2.18) and (2.19)
electrical equations can be written as;

U, = U, (t)—1I,(t)R;(t) (2.18)

Uy () — /U2 (t)—4R; (t) P, (1)

I (t) = 2R (1)

(2.19)

where Uy, is cell terminal voltage; U,,. is cell open circuit voltage; I, is battery current;

R; cell internal resistance; P,, is motor power.

A cell OCV for a Li-Ion battery is depended on temperature, state of charge (SOC) and
cell chemistry [23]. Applied OCV vs SOC curve at constant battery temperature 25°C
in the vehicle model for simulations is demonstrated in Figure 2.21 which is carried
over from MATLAB Simulink battery model. During battery operation, it is assumed
that battery temperature is constant as 25°C.

SOC calculation is based on equation (2.20) in system simulation. In addition, battery
constrains are given in equation (2.21) and (2.22) as;

1
SOC(t)ZSOCm—ajlb(t)dt (2.20)
Ib,min < Ib (t) < Ib,max (221)
SOC,.. < SOC(t) < SOC,... (2.22)
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Figure 2.21 SOC vs OCV Curve at 25°C

where SOC;, is initial SOC of battery; Q is battery capacity, I, is battery current. SOC
constraint of battery is not considered in this study as applied drive cycle does not
require too much power from battery and battery is not started at very low SOC
level. However, due to battery properties, there shall be SOC window for operating
in vehicles. Otherwise, operating at either high or low level SOC lead to decreasing

battery capacity faster than normal operating life-cycle [24, 25].

Aux-power consumption from the battery is ignored during simulations.

2.5.4 Gearbox Model

Gearbox equations are formulated in (2.23) and (2.24) by considering basic

transmission dynamics as;

w, = @ng(t) (2.23)
T, ()= T,()n, (1), (2.24)

where w, is gearbox input shaft speed; is vehicle velocity; r,, is wheel radius; n, is
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gear ratio corresponding gear number, u, gear box efficiency which is assigned as 95%

and speed depended losses are neglected.

Gear ratios for each gear value can be seen in Table 2.2.

Table 2.2 Gear ratio values corresponding to gear number

Gear | Gear Ratio
1 10.78

2 5.88

3 3.75

4 2.61

Final drive of modeled vehicle is assumed that it is consisting of 1:1 gear system with

neglected efficiency parameter.
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3

Big Bang-Big Crunch Based Fuzzy-PID Controller Design

An optimization method should converge to an optimum point, but the method must
also contain different points in the search space that are descending in order to be
classified as a global method. In other words, most of the newly created individuals
should be around the optimum point, but a small part should be spread to the rest of

the space.

3.1 Big Bang-Big Crunch Optimization Method

Big Bang-Big Crunch Optimization algorithm based fuzzy modeling software is a
map-based modeling software designed in this thesis and is working in MATLAB tool.
In 2005, BBBC as a new optimization method was initiated by Osman K. Erol, Ibrahim
Eksin who inspired by the Big Bang and Big Crunch Theory [26]. The logic of this
method is the transformation of the convergent solution into a chaotic state consisting
of a new set of solutions [26]. The most important feature of BBBC optimization
algorithm is low projection time where high convergence rate is present [27]. BBBC
optimization algorithm was first used in online adaptation of fuzzy model output

parameters [28].

Strategy is kind of GA in terms of identifying primary population randomly as indicated
in Appendix-A. The BBBC algorithm generally includes two major phases. Main nature
of the optimization is that generation of initial population is done during Big Bang
phase which is called as first phase. Then, the Big Crunch phase as second phase
is chasing the Big Bang phase. In the second phase, the center of the population
mass (X,) or the most appropriate point is calculated. Calculation of X, is denoted in
equation (3.1) or is determined as the smallest value of cost function and Big Bang
point is decided. All big-bang items occur around the point in the big brunch phase.

Center of mass is computed as;
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= 2 i 3.1)
C Z]\]_ l °
i=17,

where X, center of mass; X; is position within n-dimensional search section created; J;
is cost function value of this point; N is the population dimension in Big Bang phase.
New candidate solutions around the center of mass are computed in (3.2) by including
or subtracting a random number whose value reduces as iterations elapse. This can

be indicated as;

XMW — X+ ra (Xmax _Xmin) (3.2)
¢ k
where X, center of mass; r is random number; a is parameter limiting factor of the

search space; X,,, and X,,;, are upper and lower limits; k is iteration step. While

n

the number of iterations is increasing, the number of individuals formed far from the

optimum point should decrease.

Applied model of this study utilizes equation (3.3) as cost function and population
consists of Fuzzy-PID and conventional PID parameters. Because, target is to meet
given velocity reference as much as possible in conjunction with minimum consumed
fuel rate. Fuel rate value has a weighted factor because fuel mass rate is more
important than speed compatibility. BBBC algorithm related equations for studied

system are expressed as;

S(t) :ﬁref(t)_ﬁactual(t) (3.3)

J = J (s (t)* + O Mgyl (t)) dt (3.4)

where ¢ is controller input error; ¥,,; is speed reference; ¥,.,q instant speed of
vehicle; mg,,, is mass of consumed fuel and is function of engine speed and torque; o

is weighted coefficient of consumed fuel.

BBBC algorithm has process steps in sequence and it is given in Table 3.1 [26].
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Table 3.1 BBBC algorithm process steps

Step No. | Remark

Create an initial generation of N candidates in random way.
Mind the limits of the utilization section

Evaluate cost function values of

all the candidate solutions

Find the center of mass according to Eq. (3.1).

3 The best appropriate individual can be selected as the
center of mass instead of applying Eq. (3.3).

Compute new candidates next to the center of mass by attaching or
4 removing random number whose value reduces

as the iterations progress.

Return to Step 2 until finishing

requirement is achieved

In the thesis, BBBC optimization strategy is combined to Fuzzy-PID and conventional
PID controlled systems to find controllers’ parameter. Detailed information about

system diagrams including controllers can expressed in following chapters.

3.2 Fuzzy-PID Controller Structure

Fuzzy-PID controller could be categorized into three main types as Direct action, gain
scheduling, Hybrid fuzzy PID controllers [29]. Direct action type is also divided into
three groups based on number of controller input as single, double, triple. In addition,
triple input controller has got two sub-cluster as type-1 and type-2 in terms of fuzzy

controller layer. All types’ hierarchy is illustrated in Figure 3.1.

In this study, system is controlled by double input type Fuzzy-PID and controller
parameters are tuned by BBBC algorithm.

— Single Input
(%)
v .
O | Direct Double Input
>
= Type-1
2 Gain Scheduling| YH Triple Input ~|:
;>~' Type-2
N Hybrid
L

Figure 3.1 Fuzzy-PID Categorization [24]
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3.2.1 Direct Action Type Fuzzy-PID Controller

Basic controller of direct type is called as single input. System error is only input for
FLC and output is linked to conventional PID structure as seen in Figure 3.2. Therefore,

it sets up one dimensional rule.
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Figure 3.2 Single Input Fuzzy-PID Controller

Second application of direct type is double input which is utilized in system
simulations. In this controller type which could be captured by combination of
Fuzzy-PI and Fuzzy PD application, inputs are error and its derivative. Figure 3.3

indicates how controller structure is implemented [29].
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Figure 3.3 Double Input Fuzzy-PID Controller
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Triple input controller structure is another member of direct type Fuzzy-PID controller,
which contains two types as Type-1 and Type-2. Basically, triple input types include
error, error derivative and integral of error. Two types of triple input Fuzzy-PID

controller are given in Figure 3.4.
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3.2.2 Gain Scheduling Type Fuzzy-PID Controller

This type of Fuzzy-PID controller system contains FLC that determines conventional
PID parameters via FLC inference with double input [31]. That kind is used to

maintain PID controller as tuned appropriately. Block diagram of the type is illustrated
in Figure 3.5.
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Figure 3.5 Gain Scheduling Type Fuzzy-PID Controller Structure
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3.2.3 Hybrid Type Fuzzy-PID Controller
The hybrid Fuzzy-PID controller is set up by joining of a double-input direct type fuzzy

PID controller and conventional PID controller. Controller diagram representation is
indicated in Figure 3.6.
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Figure 3.6 Hybrid Type Fuzzy-PID Controller Structure

3.3 Implementation of Controller and Energy Management
Strategy

In this chapter, it will be issued how energy management algorithm is implemented
and how controller is integrated into the system. Entire vehicle system is combined to
double input Fuzzy-PID type controller and optimized controller gains are identified by
BBBC algorithm where the cost as function of vehicle speed error and consumed fuel
rate [L./100km] is minimum. With found fuzzy-PID controller parameters, simulation
is performed once again, and result are discussed in Chapter 4. How system released
in Figure 3.7 is working without BBBC optimization method can be explained that
Fuzzy-PID controller firstly checks square of error as gap between speed reference
and actual vehicle speed which is feedback from powertrain system then it releases
required either traction or brake torque rate signal of driver demand. Traction torque
demand is proportional rate of gas pedal. Lastly, demanded torque is captured by
hybrid control system and it defines torque split between engine and motor based
aligned algorithms and powertrain elements’ toque is sent to powertrain system block

to feed vehicle propulsion.
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Figure 3.7 Fuzzy-PID Controlled System

Sugeno type fuzzy inference introduced in 1985 [30] is used as output membership
function is constant and input-output membership functions are denoted in Figure 3.8
where N is Negative; NM is Negative Medium; Z is Zero; PM is Positive Medium; P is

Positive. FLC properties der defined in MATLAB toolbox.

(a)
N NM .l PM p
1 -0.5 0 0.5 1
(b)

Figure 3.8 (a)Input MFs and (b) Output MFs

Since there are five membership functions of both inputs, controller has 25 rules and

they are also given in Table 3.2.
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Table 3.2 FLC rule table

e dot\e | N |NM | Z PM | P
N N N NM | NM | Z
NM N NM | NM | Z PM
Z NM | NM | Z PM | PM
PM NM | Z PM (PM | P
P Z PM | PM | P P

3.4 PID Controlled Application

Same strategy and algorithm of BBBC like performed in fuzzy-PID controller is also

applied to conventional-PID controlled model by defining new PID variables. Entire

system block diagram is given in Figure 3.9.
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Figure 3.9 Conventional-PID Controlled System
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4

Simulation Studies

In this chapter, simulation results applied to parallel hybrid electric passenger vehicles
are indicated to clarify utilities of a new energy management strategy issued in chapter
3.

Main purpose of the thesis is to simulate a parallel hybrid electric passenger car to
minimize vehicle fuel consumption value with comparison between conventional PID
and Fuzzy-PID controller performance by utilizing 765 second-HWFET drive cycle as

a reference. Total distance is calculated as 16.51 km.

This chapter includes two main sections to go through simulation results given as:
e Powertrain Elements condition during traction and braking on longitudinal
vehicle dynamics,

e Applied optimization method performance for energy management.

Simulation assumptions are

e Road slope is O,

e Wind speed is 0,

e Vehicle is cruising on flatted ground and straight road,

e Battery operating temperature is stable and is 25°C,

e Battery equivalent circuit contains voltage source (OCV) and internal resistance,
e Initial battery SOC is 50%.

e Motor efficiency is constant at every condition and is 90%,

e Auxiliary power consumption such as vehicle air conditioning, lighting is

ignored,
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e Engine brake and its inertia are not considered,

e Wheel has no slip on the road and wheel radius is implemented as constant

during simulations,
o Clutch losses and dynamics are neglected,
e Gear transitions are smooth and there is no disturbance between transitions,

e Motor is considered as first power source and engine is in support position as
long as battery SOC is higher than 20%,

e Hybrid traction mode, electric drive mode and regenerative braking mode are

simulated by ignoring other modes like battery charging, only engine mode, etc.

4.1 Powertrain Elements Performance

This section explains battery, engine and motor performance results. It is seen in
Figure 4.1 that values are inside motor torque limits [-120 120] for both controllers,
however it seems C-PID values at some points is slightly exceeding torque value from
F-PID data.

Instant Motor Torgque Comparison
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Figure 4.1 Actual Requested Motor Torque Value

As motor torque values indicated in Figure 4.1, it leads to consume much more

battery energy in C-PID controller application because it applies higher torque value.
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Therefore, it is seen Figure 4.2 that battery SOC rate reaches lower value in C-PID
controller at the end of simulation. Besides, that also affects on having more current
like illustrated in Figure 4.3.

- Battery SOC Comparison
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Figure 4.2 Actual Battery SOC
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Figure 4.3 Drawn Battery Current
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Figure 4.3 obviously indicates drawn battery current and instant motor power given
in Figure 4.4 is similar to each other because vehicle auxiliary power is ignored during
simulations. Generally, motor requires 40A and 10kW power continuously because of
battery limit. If power demand by driver is higher than 10kW, then engine will handle
remaining requested torque. As mentioned in previous chapters, Figure 4.6 illustrates
engine torque is greater than 0 in minor points due to the fact that motor primary
source of vehicle propulsion in relative battery limits.
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Figure 4.4 Actual Motor Power Value

Although engine torque is performed at very short duration like seen in Figure 4.5, it
does not mean that engine is stop. In that conditions, engine is stand by status and
clutch is engaged. However, engine torque is set to 0 and it is assumed that there is no
fuel consumption. Comprehensive information about Engine status transition can be
found in chapter 2, traction model. Therefore, how actual engine speed is issued can
be found in Figure 4.6. Motor speed also draws same speed graph as clutch is nearly
engaged in whole drive cycle.
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Instant Engine Torque Comparison
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Figure 4.5 Actual Requested Engine Torque Value
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Figure 4.6 Actual Engine Speed
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4.2 Optimization Performance

As it is defined in Chapter 3, BBBC optimization method is used for having minimum
cost function demonstrated in equation (3.3) and obtained controller parameters
based on BBBC algorithm in Appendix-A are given in Table 4.1.

Table 4.1 Optimized controller parameters

F-PID C-PID
Gain | Ke Kd a p Kp Kd Ki
Value | 3.6652 | 0.0356 | 0.9755 | 10.0652 | 9.6492 | 0.0425 | 0.7571

Table 4.2 summarizes that following figures. In addition, Table 4.2 shows that F-PID
controlled system consumes 1.37 L./100km and C-PID controlled model releases 1.408
L/100km. That means fuel rate in F-PID system is decreased by 2.70% compared to
C-PID controlled vehicle. Due low fuel mass in F-PID controller application, it also
causes lower CO, emission rate by 2.72%.

Table 4.2 Consumed fuel and released emission rate

Fuzzy-PID Conventional-PID

Fuel CcOo, Final Fuel Cco, Final
Parameter | Consump. | Emission | Battery | Consump. | Emission | Battery
[L/100km] | [g/km] | SOC [%] | [L/100km] | [g/km] | SOC [%]

Value 1.37 31.53 36.78 1.408 32.41 36.73

Figure 4.7 and Figure 4.8 are derived from mapped engine parameters based on
instant engine rotational speed and torque. In summary, C-PID responses are usually
exceeding required torque values in F-PID response and that leads to higher fuel and

emission rate cumulatively while simulation is reaching to last seconds.
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Fuel Consumption Comparison
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Figure 4.7 Consumed Fuel Rate

As CO, released compound once fuel is ignited, Figure 4.8 shows emission rate is
proportionally higher like seen fuel consumption graph.
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Figure 4.8 Released CO, Emission
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Obviously, it is observed in vehicle speed result, vehicle follows given speed reference

quite well. However, F-PID controller application refers to better results than C-PID.
Due to the fact that vehicle speed and fuel rate in both controller application are very
similar to each other, results refer to nearly same values.
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A Y .

100

200

300

400

200 G600
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Figure 4.9 Vehicle Speed Reference and Actual Vehicle Speed for both Controllers

To summarize all simulation studies, it is realized that performance values are

convenient with limits defined as specification in Chapter 2, Vehicle Model.
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5)

Results and Discussion

Main purpose of the thesis is to investigate a new energy management method
performance to be applied in parallel type hybrid electric powertrain structure, as

well as advancement of fuel consumption and emission rate.

In this thesis, a parallel hybrid electric passenger car is modeled and is discussed for
optimized energy management. BBBC algorithm depended on speed error and fuel
consumption has been applied as energy management strategy to gather optimum
result for Fuzzy-PID and conventional PID gains. And then, the effect of both
controllers on fuel rate, emission rate and the output of drivetrain components are
reviewed and compared via MATLAB Simulink tool. The vehicle model is tested for

only one drive cycle called as 765 second-HWFET.

Results indicate that Fuzzy-PID controller leads to better performance compared to
classical PID in terms of fuel consumption, CO, emission and battery SOC. It concludes

that F-PID controller is more robust than C-PID controller for modeled vehicle system.
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A

BBBC Algorithm for Controller Coefficient

glcbal wvariablel %Lssignment of new wvariable Fe,Ed,Fp..
global Variable?Z
glcbal Variable3
glocbal Variabled

n=vVariable Count; %Number of wvariable Ee,Ed,Ep.. n=4 for F-PID, n=3 for
C—-FID

iteration=Number; %Defines how may times population is generated
popsize=Number; %Definss populaticn cluster

upper=[Values, Valus.Valus, Valus] ; fupper bound
lower=[0.01,0.01,0.01]1; %lower bound

for i=l:n % Creating primary populaticon

pop (:,1)={upper(i)-lower (i) ) *rand(popsize,l)+lower(i}; % Random
Individuals
end

for i=l:iteration
for j=l:popsize
variablel=pop(3j,1);
variableZ=pop(3J,2);
variable3=pop (J,3);
variabled=pop(J,4);

sim{'Model MName') % Start up related simulation
cost (j)=8imulated Cost{end);
end
pop=bbbef (pop, cost, upper, lower,1); % BBBEC algorithm starts for
min cost function
end

pop (popsize, 1)

Variablel=pop(popsize,l) % coptimum values are =s=ent to Simulink
Workspace

Variablel=pop (popsize, 2)

Variakbled=pop (popsize, 3)

Variabled=pop (popsize, 4)

2im{'Mode]l Name') %Run simulation with optimum wvalues lastly
cost (end) %Becord cost wvalus
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